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Abstract

Compressed carbon dioxide, either by itself or in combination with an ionic liquid, can
serve as a promising reaction/separation medium for many potential applications. This work
addresses the subject of solubility of carbon dioxide in relatively new, or less explored, families
of ionic liquids, and its influence on particular properties, i.e. volume expansion or melting
point depression. For the purpose of measuring carbon dioxide solubility at high pressures, a
new, especially designed apparatus, was custom-built and its detailed description is provided
here. The application of carbon dioxide as a solvent for a process and subsequent separation of
product is discussed, giving a perfect example of the currently developing field of carbon
dioxide utilisation.

lonic liquids based on tris(pentafluoroethyl)trifluorophosphate and tetracyanoborate
anions coupled to 1-alkyl-3-methylimidazoilum cations presented one of the greatest capacities
for carbon dioxide capture by physisorption mechanism among ionic liquids investigated in the
literature. Exceptional volume expansions of the liquid phase upon carbon dioxide dissolution,
reaching values of approximately 55 and 60 % for ionic liquids bearing fluoroalkylphosphate or
tetracyanoborate anion, respectively, have been found. Results seem to confirm that the high
carbon dioxide solubility is a consequence of the weak coordination between anion and cation,
which allows for easy creation of cavities and more CO, molecule accommodation. Although
still much smaller than commonly observed for mixtures of carbon dioxide and organic
solvents, this notably high volume expansion of IL-CO, systems validates the free volume
effect and the interspace filling mechanism of dissolution.

The solubility of carbon dioxide in ammonium-based ionic liquids, which display
abnormally high carbon dioxide-induced melting point depressions was carried out. These
solubilities do not show any positive correlation with previously measured melting temperature
depressions.

Finally, a successful example of an application of carbon dioxide as both reaction and
extraction medium in the process of C-H insertion of diazoacetamides is given. The process
produces the expected lactam in yields over 97 %. Recycling experiments proves that carbon
dioxide is capable of selectively extracting the product, leaving the catalyst behind for its

reutilisation.

Key words: ionic liquid, supercritical carbon dioxide, high-pressure solubility, volume

expansion, melting point depression, supercritical extraction
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Resumo

O dioxide de carbon comprimido, quer por si proprio, quer em combinagdo com um
liquido i6nico, constitui um meio de reacdo/separacdao prometedor para muitas aplicacdes. Este
trabalho foca o assunto da solubilidade de diéxido de carbono em familias de liquidos i6nicos
desenvolvidas recentemente, ou menos exploradas, e da sua influéncia em propriedades
especificas da mistura, a expansdo volumétrica e o ponto de fusdo. Para efeito da medida da
solubilidade de diéxido de carbono a altas pressdes, foi propositadamente projetada e
construida uma nova instalacdo experimental, cuja descricdo detalhada é feita nesta tese.
Discute-se também uma aplicacdo de didxido de carbono como solvente num processo quimico
com subsequente separacdo do produto, proporcionando um exemplo perfeito da arae em
desenvolvimento da “utilizacdo de didxido de carbono”.

Os liquidos idnicos baseados em anides tris(pentafluoroetil)trifluorofosfato ou
tetracianoborato e com catido 1-alquil-3-metilimidazolio apresentam das maiores capacidades
de captura por fisissorcdo de didxido de carbono de entre os referidos na litaeratura. Neste
trabalho foram obtidas expansdes volumétricas por dissolucdo de dioxido de carbono de 55% e
60% para os liquidos iénicos com anides trifluorofosfato ou tetracianoborato, respetivamente.
Estes resultados parecem confirmar que a alta solubilidade nestes liquidos idnicos é
coinsequéncia duma fraca coordenacgdo anido-catido, que permite uima criagdo mais facil de
cavidades e uma melhor acomodacdo de moléculas de CO,. Embora esta ordem de grandeza
das expansdes volumétricas seja muito inferior as registadas para solventes organicos, elas sao
notavelmente altas para sistemas IL-CO, e constituem uma validagdo dum mecanismo de
dissolucéo através dum efeito de volume livre e de preenchimento de espaco interionico.

Foi também estudada a solubilidade de diéxido de carbono na fase liquida de sais de
amonio que apresentam depressdes anormalmente altas da temperatura de fusdo em contacto
com CO, sob pressdo. N&o foi encontrada nenhuma correlagédo positiva entre a solubilidade e a
depressao crioscopica destes sais/liquidos ionicos.

Finalmente, apresenta-se um exemplo da aplicagdo com sucesso de diéxido de carbono
simultaneamente como meio reacional e de extracgdo no processo de insercdo C-H em
diazoacetamidas. O processo produz a lactama esperada com rendimentos superiores a 97%. O
CO2 extrai seletivamente o produto, deixando o catalisador no meio reacional para futura

reutilizag&o.

Palavras chave: liquidos i6nicos, dioxido de carbono supercritico, solubilidade a alta

presséo, expansdo de volume, depressdo do ponto de fusdo, extracdo

supercritica
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1. Introduction

1.1. Problem definition

Within the worldwide efforts to combat global warming and to reduce the amount of
carbon dioxide released to the environment, new strategies for carbon dioxide capture are being
developed. As a result, it can be predicted that captured and compressed carbon dioxide will
become a readily available and cheap feedstock, leading to a demand for new, environmentally
friendly pathways for its utilisation.

1.2. Problem description

The World Commission on Environment and Development (WCED) by The United
Nations Framework Convention on Climate Change (UNFCCC) defines sustainable
development as “meeting the needs of the present generation without compromising the ability
of future generations to meet their own needs” [1]. Sustainable development refers to the
concept that the present generation should seek for resources and methods that do not
compromise the welfare of future generations. This is closely linked to the definition of Green
Chemistry given by the US Environmental Protection Agency “as the design of chemical
products and processes that reduce or eliminate the use or generation of hazardous substances;
green chemistry applies across the life cycle of a chemical product, including its design,
manufacture, use, and ultimate disposal” [2]. That is: “If Sustainability is the goal, Green
Chemistry will show the way!” [3].

The underlying idea of Green Chemistry is “benign by design” of both products and
processes [4]. The strategy is concisely included within “12 Principles of Green Chemistry”
proposed by Anastas and Warner nearly 20 years ago (Figure 1.1b) [5]. These principles,
together with 12 Principles of Green Engineering, presented by Anastas and Zimmerman [6]
shortly afterwards [Figure 1.1a], serve as a key to the evolution of sustainable technologies.
More recently, Poliakoff and co-workers summarised Green Chemistry and Green Engineering

principles in the readily communicative form of mnemonics (Figure 1.1c) [7,8].
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Figure 1.1.

Inherent Rather Than Circumstantial
Prevention Instead of Treatment
Design for Separation

Maximize Efficiency

Output-Pulled Versus Input-Pushed
Conserve Complexity

Durability Rather Than Immortality

Meet Need, Minimize Excess

e A N e

Minimize Material Diversity

—
(=]

Integrate Material and Energy Flows

,_.,_.
o =

Design for Commercial "Afterlife®
Renewable Rather Than Depleting

I - Inherently non-hazardousand safe

M — Minimise 3 material diversity

P _ Prevention instead of treztment

R - Renewable materialand energyinputs
O-Outp ut-led desigh

V - Very simple

E - Efficient use o[:mass, enerqy, space & time
M — Meetthe need

E — Easy to separate by design

N - Networks f’orexchahge oﬂoca\ mass ahd energy

T - Test the life cycle of the design
$ - Sustainability throughoutproduct life cycle

Prevention (b)
Atom Economy

Less Hazardous Chemical Synthesis
Designing Safer Chemicals

Safer Solvents and Auxiliaries

Design for Energy Efficiency

Use of Renewable Feedstocks

Reduce Derivatives

Catalysis [F—_J

Design for Degradation
Real-time Analysis for Pollution Prevention
Inherently Safer Chemistry for Accident Prevention

P - Preventwastes

R — Renewable materials

O - Omit derivatization steps

D- chradab|c chemical products

U - Use of safe Syhfhefic methods

C - Catalyticreagents

T - Temperature, pressure ambient

| - In-process monitoting

V- \r’eryf’ewaux[“arysubsfanccs

E - E-factor, maximize feed in product
L - Low toxicity of chemical products
Y- Yes itis saFe
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¢) Mnemonic version of the 24 principles of Green Chemistry and Green Engineering [7,8].

“green principles” in order to minimise the environmental footprint. There are numerous ways
to improve “green-ness” of a process (Figure 1.2) [9,10]; for example, by utilisation of
renewable raw materials, reduction/elimination of waste, energy conservation, avoidance or

replacement of toxic and/or hazardous substances with safer and/or more environmentally

Design, development and implementation of any industrial process should follow

friendly ones.
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Energy and the environment are two of the most important issues this century.
Anthropogenic emissions of greenhouse gases (GHG) have increased since the pre-industrial
era, driven largely by economic and population growth, reaching a value of 49 + 4.5 gigatonne
of COy-equivalent per year (GtCO.-eg/yr) in 2010, the highest value in History [11].
Concentrations of carbon dioxide (CO,), methane (CHy,), nitrous oxide (N,O) and fluorinated
gases (hydrofluorocarbons, perfluorocarbons, and sulphur hexafluoride) have all shown large
increases since 1750 (Figure 1.3). The energy-related emissions account for roughly two-thirds
of all anthropogenic GHG emissions today [12,13]. Emissions of carbon dioxide from fossil
fuel combustion and industrial processes contributed to about 78% of the total GHG emissions
increase from 1970 to 2010.
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Figure 1.3.  Total annual anthropogenic GHG emissions for the period 1970 to 2010. FOLU stands for
Forestry and Other Land Use [11].

The international political response to climate change had its beginning at the Rio Earth
Summit in 1992, where UNFCCC was adopted. The objective of the convention is to “stabilise
atmospheric concentrations of greenhouse gases at a level that will prevent dangerous
interference with the climate system” [14]. The annual Conferences of the Parties (COP) are
intended to review the Convention’s implementations. Very recently, during the last session in
Paris, COP21, a universal agreement on climate emergency has been achieved [15]. All of the
196 parties to the UNFCCC agreed to reduce their GHG emissions in order to limit global

temperature rise to less than 2°C, with an aspirational target of a 1.5°C boundary, by 2100.

4
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According to the research of the Intergovernmental Panel on Climate Change (IPCC), a
temperature increase of over 2°C would lead to serious consequences, such as greater frequency
of extreme climate events [11].

Stabilising temperature increase to below 2°C will require substantial and sustained
reductions in global emissions by 40 to 70% till 2050, compared to 2010, and near zero
emissions in 2100. Taking into consideration the scale of energy-related emissions, the power
sector transformation is central to limit global warming. In recent years, progress has been
made in developing cleaner and more efficient energy technologies. It was observed that while
the global economy had grown by around 3% in 2014, the energy-related carbon dioxide
emissions had stayed flat, mainly due to usage of low-carbon energy sources. This is the first
time in at least 40 years that such an outcome has not been tied to an economic crisis. However,
increased efforts are still needed in order to attain the ambitious goal of remaining under the
2°C. The recent COP21 (21% Session of the Conference of the Parties), held in Paris in
December 2015, ended in a comprehensive agreement on a scale that had never been
approached before. Each country attending the COP21 will need to estimate its individual
contribution to the globally adopted plan, according to national circumstances, capabilities and
priorities, for the benefit of future generations.

Adaptation, understood as adjustment to actual or expected climate and its effects, and
mitigation, as intervention to reduce the sources or enhance removal of GHGs, are
complementary approaches for reducing risks of climate change within the framework of
sustainable development [11]. A potential mitigation scheme includes capture of carbon
dioxide, from carbon dioxide point-sources [16,17,18], or directly from the atmosphere
[19,20,21,22], to obtain concentrated carbon dioxide and subsequent sequestration (Carbon
Capture and Storage, CCS) or alternative functional utilisation (Carbon Capture and Utilisation,
CCU). In the first solution, compressed carbon dioxide is simply transported to a storage
location, i.e. terrestrial or marine reservoir, for long term isolation from the atmosphere
[23,24,25]. The second option concerns utilisation of carbon dioxide as a product, i.e. as a
versatile processing fluid [26,27], or its conversion into other useful products [28,29,30,31,32].
Global emissions and increased interest in large-scale carbon dioxide capture technologies will
result in an abundance of easily available and cheap carbon dioxide as a non-depleting, thus a
renewable, feedstock. Therefore, new environmentally friendly methods for carbon dioxide
utilisation, either as reaction/separation medium or as a reagent, or even as both simultaneously,

will be of great value.
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1.3. Scope, objectives and structure of the thesis

1.3.1. Scope

Compressed, supercritical carbon dioxide (scCO,) and ionic liquids (ILs), or, in
particular, biphasic systems composed of them (scCO,/ILs system), are examples of systems
that may lead to improvements in reaction and processing technologies, beyond just simply
replacing hazardous conventional solvents. The search for alternative, more environmentally
friendly solvents is perhaps the most active area of the Green Chemistry field, in both industry
and academia [33,34,35,36]. Solvents are one of the major contributors to industrial waste
streams. Many conventional solvents are toxic, flammable, and/or corrosive. Their recovery
and recycle, if possible, is usually associated with energy-intensive distillation and can cause
cross-contamination. A “green” solvent can be defined as “a solvent that addresses
environmental issues, contributes to the optimisation of the overall process, and is cost-
effective” [34]. In industry, the choice of solvent depends on a specific process or application.
It is less important how “green” the solvent is itself, if it can make the overall process more
sustainable [33].

In recent years, the strong interest in these two alternative solvents is primarily driven
by two reasons, i.e., their potential application in advanced devices and processes, and scientific
curiosity to understand underlying structure-property correlation. The latest research has been
so far mostly centred on the usage of ionic liquids as solvents for reactions involving permanent
gases, gas separation or storage applications, for instance CCS, and the use of gases (mainly
carbon dioxide) to separate solutes from ionic liquids solutions.

The scope of this work is to investigate the properties of carbon dioxide + ionic liquids
mixtures, as well as the evaluation of the possibility of using compressed carbon dioxide as

reaction/separation medium.

1.3.2. Objectives

The main objective of this thesis is to determine the solubility of carbon dioxide in
relatively new, or less explored, families of ionic liquids, and its influence on particular
properties, i.e. volume expansion or melting point depression. Additionally, it aims at verifying
the feasibility of carbon dioxide as both reaction and extraction media in the process of C-H
insertion of diazoacetamides leading to formation of lactams, biologically active heterocycles.

Thus far, the most investigated ionic liquids are those based on imidazolium cations
coupled with hexafluorophosphate, tetrafluoroborate or bis(trifluoromethanesulfonyl)amide

anions. Although ammonium-centred ionic liquids provide a cheaper and easier to synthesise
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alternative, not much carbon dioxide solubility data can be found in the literature. Regarding
anions, relatively new classes of fluoroalkylphosphate- and tetracyanoborate-based ionic liquids
are gaining more attention due to their advantageous characteristics. It has been found already
several years ago that ionic liquids with fluoroalkylphosphate anions show improved capability
to capture carbon dioxide, compared with other ionic liquids reported in literature [37,38]. Not
only till a few years ago though, the research became interested in these ionic liquids for their
potential application in carbon dioxide capture/separation from exhaust gas streams of power
plants or natural gas resources [39,40,41,42,43,44]. lonic liquids with tetracyanoborate anion,
besides exhibiting high carbon dioxide solubility, are characterised by low viscosity, which is
very important in a perspective of potential gas processing applications [45,46].

B-lactam compounds demonstrate biological activity as inhibitors of a wide range of
enzymes. Unfortunately, they are typically prepared in organic solvents, e.g. dichloromethane
[47]. New catalytic processes for their synthesis, employing more benign reaction media, are
therefore required. Dense-phase carbon dioxide may serve as a reaction solvent and extraction

medium for products in supercritical extraction process.

1.3.3. Structure of the thesis

The present chapter describes the problem of worldwide climate change and explains
the urgency for the reduction of greenhouse gases emission. It introduces the concept of
sustainable development and Green Chemistry as possible pathways to combat global warming.

The scope and objectives of the thesis were defined here.

The other chapters are organised as follows:

Chapter 2 — Background

A brief overview of alternatives to traditional organic solvents is given. Characteristic
properties, challenges and applications of ionic liquids, dense-phase carbon dioxide, and a

biphasic system composed of thereof are described in a view of sustainable development.

Chapter 3 — Case study 1

The solubility of high-pressure carbon dioxide in ammonium-based ionic liquids,
exhibiting carbon dioxide-induce melting point depression, is reported. The study aims at
determining whether there exists any correlation between the magnitude of solubility and the

decrease in melting temperature upon carbon dioxide dissolution.
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The described work was published in Fluid Phase Equilibria [48], and presented at 11"
International Conference on Carbon Dioxide Utilisation in Dijon, France, in a form of a poster
(M.E. Zakrzewska, V. Najdanovic-Visak, M. Nunes da Ponte, “Solubility of CO, in quaternary
ammonium ionic liquids”).

Personal contribution:

Matgorzata E. Zakrzewska was responsible for the experimental work performed under
high-pressure carbon dioxide. All syntheses and analyses of ionic liquids were performed by
Professors Carlos A.M. Afonso and co-workers, at the Faculty of Pharmacy of the University of
Lisbon.

Chapter 4 - Case study 2

Volumetric and phase behaviour of mixtures of ionic liquids based on tetracyanoborate
and tris(pentafluoroethyl)trifluorophosphate anions with high pressure carbon dioxide are
presented. The high solubility of carbon dioxide in the studied ionic liquids, as well as the
considerably larger volume expansion of the liquid phase, brings on speculations about the
origins of such behaviour.

The described work was published in Journal of Supercritical Fluids [49,50].
Previously, some results were presented at the 41* Conference on Phase Equilibria in Coimbra,
Portugal, in a form of a poster (M.E. Zakrzewska, M. Nunes da Ponte, “Solubility of CO; in
fluoroalkylphosphate ionic liquids”), and at the 2™ EuCheMS Congress on Green and
Sustainable Chemistry in Lisbon, Portugal, in a form of an oral presentation (M.E.Zakrzewska,

M. Nunes da Ponte, “lonic liquids that expand upon carbon dioxide dissolution”).

Chapter 5 — Case study 3

The potential application of carbon dioxide as both reaction medium (for the
intramolecular C-H insertion of diazoacetamide catalysed by dirhodium(ll) complexes), and
separation solvent in supercritical extraction, is discussed. The results were published in Green
Chemistry Letters and Reviews journal [51].

Personal contribution:

Matgorzata E. Zakrzewska was responsible for experimental work performed under
high-pressure carbon dioxide. All syntheses and analyses were performed by Professor Carlos
A.M. Afonso and Pedro Gois, and co-workers, at the Faculty of Pharmacy of the University of

Lisbon.

The last section provides conclusions and future perspectives for these research topics.



M.E. Zakrzewska PhD thesis in Sustainable Chemistry

2. Background

2.1. lonic liquids — custom-made media

lonic liquids are composed entirely of ions, a bulky organic cation weakly coordinated
to either an organic or an inorganic anion. The weak coordination and asymmetry of ions result
in a reduction in the lattice energy and crystalline structure of the ionic liquid, and thus, lowers
its melting point. The melting temperatures of ionic liquids are below 373.15 K. They also
display a wide (200 — 300 K) liquid range [52]. Examples of some ions constituent of common
ionic liquids can be found in Figure 2.1.
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bis(trifluoromethanesulfonyl)amide  frifluoromethanesulfonate methanesulfonate

Figure 2.1.  lons in common ionic liquids.

Although the first low melting salt, ethylammonium nitrate ([(C,Hs)NH;][NOs]), with
melting point of 285.15 K, was synthesised by Paul Walden in 1914 [53], the golden age of
ionic liquids began only in the late 1990s [54,55,56]. Early investigations used mainly
haloaluminate-based ionic liquids (so called first generation ionic liquids), which unfortunately
are very reactive towards certain materials and unstable in the presence of water [57,58,59,60].
The first water- and air-stable ionic liquids, developed in 1992 by Wilkes and Zaworotko [61],
included 1-ethyl-3-methylimidazolium tetrafluoroborate ([emim][BF,]) and 1-ethyl-3-

methylimidazolium acetate ([emim][Ac]). Since then, there has been a dramatic growth in the
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development of new, water-stable (referred as second generation) ionic liquids [62,63]. It is
estimated that there are approximately 10 possible combinations of ionic liquids [64].
Recently, a third generation of “task specific” ionic liquids (TSILs) have emerged [65,66,67].
These novel ionic liquids possess chemical functionalities designed for particular applications.

Being composed entirely of ions, ionic liquids possess an abundance of charge carriers
and, as such, appear a perfect choice for many electrochemical applications. It has been shown
that ionic liquids have wide electrochemical window (even up to 7 V), broad range of ionic
conductivity (0.1-20 mS/cm) and negligible vapour pressure, indicating that they are non-
flammable and thus can be used safely [68,69,70]. In fact, ionic liquids first utilisations were as
solvents in studies of solution electrochemistry, electrodeposition, and as electrolytes in
electrochemical devices, i.e. semiconductors or batteries [71,72,73]. lonic liquids have high
chemical stability and excellent dissolving power for a wide range of compounds. However,
among many useful properties, there are three particularly important intrinsic properties that
distinguish ionic liquids from conventional organic solvents and water, i.e., nonvolatility,
thermal stability and tunability [52,74]. Negligible vapour pressure eliminates loss of the
solvent to the air, and thus, the negative impact on the environment, and reduces working
exposure hazards. Additionally, in case of separation of reaction product by vapour phase, ionic
liquids do not cause any contamination and can be easily recycled and reused. High thermal
stability (decomposition temperature normally above 573.15 K [52]) makes ionic liquids
suitable for higher temperature applications. However, it is the unique tuneable/designer nature
of ionic liquids that may prove to be their most useful feature. Structure and properties of ionic
liquids can be easily tailored, by changing cation/anion combinations and/or by attaching
functional groups. Properties such as, for example, melting point, viscosity, conductivity or
hydrophobicity, can be optimised according to the requirements of the intended use.

lonic liquids are intrinsically heterogeneous liquids, with regions of high polarity,
where the electrical charges of cations and anions group together, and other regions of low
polarity, where the hydrocarbon tails of the cations superimpose on each other [75]. Such a
self-organisation of ionic liquids creates spatially heterogeneous nonpolar domains embedded
into the charged network. As a consequence, ionic liquids are able to dissolve both inorganic
and organic compounds.

lonic liquids have a large number of potential applications in many fields, such as
electrochemistry, synthesis and catalysis, process technology, biorefinery, pharmaceuticals or
functional fluids (lubricants, surfactants, anticorrosive agents), to mention just a few
[70,76,77,78,79,80,81,82,83]. Recently, there is a considerable interest in ionic liquids as gas
processing media. It has been observed that ionic liquids exhibit large solubility differences
among various gases [84]. Carbon dioxide usually shows a higher solubility in ionic liquids

than other gases, such as carbon monoxide, oxygen, nitrogen, hydrogen, methane, ethane or

10
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ethylene. This high solubility, combined with the desirable selectivity, makes ionic liquids an
interesting alternative for carbon dioxide removal from exhaust gas streams of power plants or
natural gas sources [40,85,86,87,88,89].

However, there are some challenges related to any application of ionic liquids on an
industrial scale, which need to be addressed before any process commercialisation. From all
theoretically possible cation/anion combinations, only a limited number of ionic liquids are, at
the same time, actual liquids near room temperature and possess selected characteristics for a
particular application. Moreover, ionic liquids are very expensive when compared to
conventional solvents. They are also more viscous, which can lead to problems with mass
transfer (lower reaction rates, extraction efficiencies, etc.) [90]. The smaller solubility of
various gases, which was mentioned previously as an advantage for carbon dioxide separation,
will be a disadvantage in case of reactions in ionic liquids that involve gaseous reagents [91].
Environmental impact, toxicity and biodegradability have yet to be fully examined [92,93,94].

Separation and recovery of ionic liquid seems to be one of the major challenges in
future industry applications [95]. Due to their negligible vapour pressure, extraction of non-
volatile products with organic solvent and distillation of volatile solutes/impurities from ionic
liquids are still the most common separation methods used. These approaches are energy
demanding and costly. Additionally, liquid-liquid extraction suffers from cross-contamination
between phases and further organic waste production. Extraction with supercritical carbon
dioxide is an alternative strategy that can separate both volatile and relatively non-volatile

compounds from ionic liquid, without any contamination of the ionic liquids phase.

2.2. Supercritical fluids — an attractive process tool

A supercritical fluid (scF) is a fluid heated to above its critical temperature and
compressed to above its critical pressure (Figure 2.2). At these conditions, the distinction
between the gas phase and the liquid phase does not exist. As the temperature is raised, the
density of a liquid decreases due to expansion, whereas the density of a gas increases due to
increase in pressure. Under supercritical conditions densities become identical and vary rapidly
with temperature and pressure. As a result, the thermophysical properties of supercritical fluids
are also very sensitive to small changes in operating conditions, and hence, can be easily
adjusted by small modifications of temperature and/or pressure. Supercritical fluids have the
ability to diffuse through materials like a gas (lower viscosities or enhanced diffusion
coefficients compared to traditional solvents), and to dissolve organic compounds like a non-
polar solvent. The special combination of these properties makes them excellent solvents for

various applications.
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Figure 2.2.  Pressure-temperature phase diagram.

Supercritical fluids are a tool that brings benefits, not only in the form of a replacement
for volatile organic solvents, but also by improving products and processes [96]. There exist
already several processes with supercritical fluids developed to commercial scale in
pharmaceutical, food, and textile industries, and a large number and diversity of new potential
applications are continuously being reported [26,97,98,99,100,101]. The early applications of
supercritical fluids were extraction and separation, with the first major industrial application
being decaffeination of roasted coffee beans using supercritical carbon dioxide [102].
Nowadays, supercritical fluids serve as solvents for reactions and extraction of solids and
liquids, as heat carriers, refrigerant, or in materials processing, just to name a few.

Theoretically, any compound can be used in its supercritical state. However, what
decides about its suitability for a particular application is mainly its technical viability (critical
parameters, P, and T,), solvation power, toxicity and cost. Carbon dioxide (T, = 304.25 K, P, =
7.38 MPa) is the most common choice, because of its critical temperature just above room
temperature, and its non-flammability, non-toxicity, and affordability (it is inexpensive and
abundant as a major industrial waste) [103].

Carbon dioxide is only slightly polar, as it has a permanent quadrupole. Its solvent
power is therefore generally low, and highest towards non-polar or slightly polar solutes, and it
decreases with increasing molecular weight of the solute. It may cause some limitations due to
the lack of solubility of polar organic compounds and currently used catalysts. However, as
mentioned before, the density of carbon dioxide dramatically increases with pressure (Figure

2.3) [105], and so does solvent power. In order to ensure complete solubilisation of reactants,
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commercial reactions are typically carried out at pressure higher than 10 MPa, and in a very

narrow temperature window (below 343.15 K).
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Figure 2.3.  Variation of CO, density with temperature and pressure. [105].

A requirement of high process pressures makes industrial implementation less
straightforward, since it is connected with higher investment and operating cost. There exist
strategies to reduce energy consumption though. Examples include running sequential reactions
without depressurisation between them, generating supercritical fluid from liquid precursors or
simply using carbon dioxide compressed previously elsewhere, as a part of a different process,
e.g. in a CCS facility, or compressed to a lower pressures, merely to expand liquid reactants or
solvents (so called gas-expanded liquids, GXLs) [27].

A major advantage of using dense phase carbon dioxide is the possibility of running
unique continuous processes using small, high-throughput reactors, where substrates are
converted into products, while carbon dioxide is recycled [27,106]. Many of the more studied
supercritical fluids, and in particular supercritical carbon dioxide, can be readily separated from
the reaction mixture by mere depressurisation. Hence, it can be easily recovered, recycled and
reused.

A great attention is focused on catalytic reactions in supercritical carbon dioxide
[27,97,104,105,106,107]. In chemical reactions, carbon dioxide is relatively, but not
completely, inert towards reactive compounds. Therefore, by-products owing to side reactions
with carbon dioxide are rare. Since carbon dioxide is completely oxidised, it is particularly

beneficial and safe to use in oxidation processes. More, because carbon dioxide is generally
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immune to free radical chemistry [108], it is an ideal solvent for use in polymerisation
processes, despite the fact that it is typically a poor solvent for high molecular weight polymers.
The interesting property of supercritical carbon dioxide, though, is its complete miscibility with
gases (especially, reaction gases such as hydrogen, oxygen, carbon monoxide, etc.). For these
reasons, supercritical carbon dioxide is reasonably established for hydrogenations, hydro-

formylations, or oxidations, and controlled polymerisation reactions [97,109,110,111,112].

2.3. Facing challenges — biphasic systems

When an organic liquid (substrate, solvent) is pressurised by carbon dioxide, and if
carbon dioxide dissolves in this phase, causing its expansion (below the critical pressure of the
mixture), it is called a gas-expanded liquid (GXL) [113]. By applying such a lower pressure of
carbon dioxide, merely to expand liquid reactants or solvents, the solubility of polar and non-
polar solutes of a mixture is enhanced, compared to pure supercritical carbon dioxide. Gas-
expanded liquids offer the possibility to tune the solvent power and physiochemical properties
of a mixture, in a range from the properties of a neat conventional solvent to those of pure
supercritical fluid, by adjusting the gas pressure. There are many processes that were shown to
display improved reaction performance with respect to rates, selectivity and separations
[114,115,116]. Unfortunately, despite of the substantial share of a compressed gas in a mixture,
the system still relies on the usage of environmentally unfriendly organic solvents.

An interesting answer to such a concern is the combination of supercritical carbon
dioxide with ionic liquids. This unique case of gas-expanded liquid provides a versatile
biphasic reaction and separation environment [117,118]. The main reason of the attention given
to scCO,/ILs system is its unusual phase behaviour noticed for the first time by Brennecke and

co-workers [119], and presented here in Figure 2.4.
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Figure 2.4.  Phase diagram for CO,-[bmim][PF¢] system [119].

While the ionic liquid is immeasurably insoluble in the pure carbon dioxide phase, up
to high pressures, the solubility of carbon dioxide in the ionic liquid-rich phase is remarkably
high. It increases rapidly with pressure, up to about 10 MPa, and may reach values of the order
of 0.5 to 0.7 CO, mole fraction [84]. Further increase in pressure causes the carbon dioxide
phase to become more dense, but the two phases will never become identical, i.e., a mixture
critical point will never be reached [119], unlike carbon dioxide with most organic solvents,
which become miscible (supercritical) at moderate, 8-20 MPa, pressures [113].

Brennecke and co-workers were the first to prove that supercritical carbon dioxide can
be used to extract relatively non-volatile compound from ionic liquids, without any cross-
contamination, allowing for easy recycling of both, ionic liquid and carbon dioxide [119,120].

Shortly after, they demonstrated a new method to separate ionic liquid from organic
solvent [121] or water [122], using carbon dioxide as a separation switch. When carbon dioxide
pressure is applied to a mixture of ionic liquid and organic solvent (Figure 2.5a), an additional,
ionic liquid-rich phase is formed (Figure 2.5b). Consequently, the bottom liquid phase is rich in
ionic liquid, the middle liquid phase is rich in organic solvent, and the upper vapour phase is
rich in carbon dioxide and contains no ionic liquid. As pressure is increased, the relative
volume of the organic-rich phase increases until it merges with the carbon dioxide phase. The
system becomes biphasic, with an upper organic liquid + carbon dioxide phase, and a lower

ionic-liquid-rich one.
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Figure 2.5. Schematic phase behaviour of IL/organic component mixture with increasing CO,
pressure.

Since publications of these reports, many examples of such carbon dioxide-induced
phase-transitions, for ternary [123,124,125] as well as quaternary [126,127,128] ionic liquid
systems, have been published. More, many diverse applications have been developed for
supercritical carbon dioxide/ionic liquid systems [129,130,131]. It was demonstrated that
carbon dioxide can extract the product from the ionic liquid, leaving behind, not only ionic
liquid, but also catalyst to reuse. In addition, the method can be adapted to continuous flow,
where carbon dioxide delivers the substrates to the ionic liquid/catalyst phase and extracts the
products out of it. Regarding the phenomenon of miscibility switch, it was shown that carbon
dioxide can act also as anti-solvent in precipitations [132,133].

As pointed out previously in the text, extraction with dense carbon dioxide is an
alternative strategy to distillation or extraction with traditional organic solvents to separate both
volatile and relatively non-volatile compounds from ionic liquids, without any contamination of
the ionic liquid phase. Coupling ionic liquids with carbon dioxide may overcome also other of
ionic liquids limitations. It was shown that supercritical carbon dioxide can significantly
decrease the viscosity of ionic liquids, and thus, increase the diffusivity of compounds
[134,135,136]. The additional benefit is that carbon dioxide can enhance the solubility of
reaction gases into the ionic liquid phase [137,138]. Moreover, the presence of carbon dioxide
may lead to very large, up to 120 K, melting point depressions [139,140,141], allowing many
more of estimated 10'® possible combinations of ionic liquids to be actually liquids near room
temperature [64]. Considering the economic aspect of implementation of ionic liquids into
industry, it is expected that the cost of ionic liquids will steadily decrease, along with their
increasing demand. Plus, application of ionic liquid/carbon dioxide biphasic mixtures allows

for the efficient recycling and reusing of the ionic liquid, minimising the relevance of their
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initial cost. The last challenge concerns ionic liquid toxicity and environmental impact. The
limited data available in the literature on this topic is the main barrier to fully consider (or not)
ionic liquids as “green” solvents [142,143,144]. Undoubtedly, the subject should be addressed

with more detailed studies before employing ionic liquids in large scale industrial applications.

2.3 Solubility of carbon dioxide in ionic liquids

Dense carbon dioxide has become a partner of ionic liquids. These two
environmentally friendly solvents could be utilised together in various applications, but for that,
a complete understanding of the molecular-level interactions between them is necessary.
Recently, the study of interactions of carbon dioxide and ionic liquids has become a focus of
attention, due to the potential of ionic liquids as agents for CO, capture [42,85]. Most of these
studies have been carried out at atmospheric or relatively low pressure. But, although mixtures
of high pressure, supercritical carbon dioxide with ionic liquids play only a minor role in the
undergoing research in this area, many applications in separations and chemical and
biochemical reactions have been proposed [117,118,145]. The knowledge of the high pressure
phase behaviour of these specific partners will be crucial for future development.

Since the pioneer report of Brennecke and co-workers on the phase behaviour of an IL-
CO, system [119], various studies speculated on the different factors governing the gas
solubility in ionic liquids. Over the years, the effects of pressure, temperature, ionic liquid
structure (the choice of anions and cations), as well as the influence of water and other
impurities, have been discussed.

There is no doubt that the solubility of carbon dioxide in ionic liquids increases with
increasing pressure and decreases with increasing temperature. The choice of the anion has a
strong effect on the carbon dioxide solubility, greater than the choice of the cation, and it was
even proposed that the interaction of CO, with the anion plays a dominant role in the
mechanism of gas dissolution in ionic liquids [146,147,148,153]. Cadena et al. [146], by means
of molecular dynamics simulations on ionic liquids containing hexafluorophosphate ([PFe])
anion, demonstrated a strong association between the carbon on the CO, molecule and the [PF]
anion. Kazarian et al. [147] showed, using attenuated total reflection infrared spectroscopy
(ATR-IR), that CO, molecules dissolved in 1-butyl-3-methylimidazolium hexafluorophosphate
([omim][PFe]) or 1-butyl-3-methylimidazolium tetrafluoroborate ([bmim][BF,]) are
perpendicularly oriented to the P-F or B-F bonds, respectively. Kanakubo et al. using X-ray
scattering experiments for [bmim][PFs]-CO, system deduced that molecules of carbon dioxide
even slightly penetrate into hollows of the fluorinated anion [148]. However, even Kazarian et

al. mentioned in their study that the strength of the anion-CO, interactions cannot be solely
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responsible for the carbon dioxide solubility in the investigated ionic liquids. The contribution
of free volume in the ionic liquid structure was soon to be found as an important contributor, as
discussed, among others, by Hu et al. [149] and Shannon et al. [150].

According to “free volume mechanism”, cations and anions are arranged to form a
somewhat rigid network, with the carbon dioxide filling the interstices in the fluid. Berne et al.
[151], using classical molecular dynamics simulations for the system [bmim][PFs]-CO,,
showed that the size of the originally available cavities in ionic liquid is not big enough to
accommodate a CO, molecule. They speculated that upon the addition of carbon dioxide, the
anions undergo small angular rearrangements to form larger voids. All of that happens without
causing any significant perturbation in the underlying structure of the ionic liquid, thereby
without causing any volumetric expansion. This mechanism offers an explanation for the small
increases in the liquid phase volume of ionic liquid-CO, mixtures, even when high quantities of
carbon dioxide are dissolved, a fact noticed by Brennecke and co-workers [152,153]. It also
explains why, having a finite free volume originally present within the structure of the ionic
liquid, only a certain amount of carbon dioxide can be accommodated, even under very high
pressure. Further addition of CO, molecules into ionic liquid framework would require a
disruption of the strong cohesive structure of ionic liquid.

It was reported that the amount of free volume is a good indicator for ion cohesion in
ionic liquids [154]. The strength of ion cohesion is primarily determined by the ion density,
which in turn is given by the size of the constituting ions. Large and asymmetric ions lead to
larger average distances between cations and anions, and thus weaker mutual attraction. Weak
electrostatic cation-anion interaction densities, i.e., weak ion cohesion, allows for easy
enlargement of cavities of the ionic liquids structure, which in turn results in higher carbon
dioxide solubility as more CO, molecules can accommaodate within the voids.

However, even ionic liquids with small and highly symmetric anions can exhibit weak
cation-anion interactions, as shown by Babarao et al. [155]. The authors, using molecular
dynamics simulation and quantum mechanical calculations, investigated the correlation
between the interaction energy and carbon dioxide solubility. They showed that the cation-
anion binding energy and carbon dioxide solubility (at atmospheric pressure and room
temperature) for four ionic liquids with the same [emim] cation and different anions ([BF4],
[PFe], bis(trifluoromethanesulfonyl)amide ([NTf,]) and tetracyanoborate ([B(CN),])) show
good correlation, contrarily to CO,-anion interactions and solubility (Figure 2.6). It is
speculated that the free volume lies in the interionic space between cation and anion, indicating
that the weaker interaction between cation and anion is favourable for increasing carbon

dioxide solubility.
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Figure 2.6  Correlation between gas-phase a) cation-anion and b) CO»-anion interaction energy and the
experimental CO, solubility at 1 bar and 298 K for four ionic liquids with the same [emim]
cation but different anions [155].

There are a large number of experimental and theoretical studies on the solubility of
carbon dioxide in ionic liquids [84], with a focus on describing the physical mechanism of
dissolution. Although lots of improvements have already been made in order to increase the
solubility, the carbon dioxide capacity of ionic liquids with physical dissolution is still rather
low when compared to amine-based methods currently used in industry. Another strategy,
initiated by Bates et al. [65], is based on the chemical reaction of carbon dioxide with, so
called, task-specific ionic liquids (TSILs). The physical mechanism is considered for ionic
liquids that do not bear any functional moieties and is dominated by van der Waals forces. It
implies an easier desorption process (lower energy of regeneration), because only a decrease in

pressure or an increase in temperature is required. The concept of chemical mechanism
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combines the advantages of ionic liquids with the incorporation of functional (task-specific)
groups to allow, in this particular case, enhanced (chemical) bonding of carbon dioxide to the
absorbent. Bates et al. showed that appending a free amine (-NH,) to the cation of the
imidazolium ring of an ionic liquid results in the formation of a carbamate, when exposed to
carbon dioxide [65]. Such a designed 1-n-propylamine-3-methylimidazolium ([NH,-bmim])
tetrafluoroborate was capable of chemically bonding carbon dioxide in a ratio of 1:2 for
CO,:[NH,-bmim][BF,]. Since that discovery, the research in this area has received an increased
attention [156,157,158]. Very recently, a new possibility of utilisation of mixtures of ionic
liquids has been proposed [159,160,161,162].
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3. Carbon dioxide-induced melting point depression of ionic liquids

3.1 Introduction

The melting temperature is one of the most important properties of an ionic liquid. The
possibility of decreasing the melting temperature of various organic substances by dissolution
of compressed gases has long been known. Usually these melting point depressions are in the
range of 10 K to 30 K. De Loos explained the thermodynamics of solid-liquid-gas equilibria in
binary mixtures of a solid substance and a supercritical gas [163]. He concluded that negative
slopes of the pressure-temperature equilibrium curve, that is, melting point depressions
(MPDs), occur when the solubilities of the gas in the liquid (molten solid) are high. The first
example of a high CO,-induced melting point depression of an ionic liquid-like compound,
tetrahexylammonium hexafluorophospate, [(CsH13)4sN][PFs], was given by Niehaus et al. [164],
who reported that pressurisation with moist carbon dioxide reduces the melting point of the salt
up to 64 K. Later, Kazarian et al. studied the melting temperature of 1-hexadecyl-3-
methylimidazolium hexafluorophosphate, [Cismim][PFs], under pressure of dry carbon dioxide,
using ATR-IR spectroscopy [165]. They reported a decrease from 348 K to 323 K at a pressure
of 7 MPa. Their estimated solubility of carbon dioxide in the melt was 0.55 mole fraction at this
pressure and 323 K.

Recently, it has been shown that, while carbon dioxide pressure induces “normal”
melting point depressions for many ionic liquid-like salts, in the 10 to 30 K range, a few
guaternary ammonium salts display very large MPDs, up to 120 K [139,140,141]. Examples of
strikingly high values include: 120 K for tetrabutylammonium tetrafluoroborate
([(C4Hg)4N][BF4]); 81 K for methyl-tris(2-methyl-propyl)ammonium trifluoromethanesulfonate
([(IC4Hg)3(CH3)N][CF3S0O4]); 71 K for tetrahexylammonium bromide ([(CsH13)sN][Br]).
Equally striking is the enormous effect of small changes in the cation structure or alteration of
the anion, which drastically reduce the effect of carbon dioxide pressure. Examples are
[(C4Hg)sNT*, where changing the anion from tetrafluoroborate to tosylate ([tos]) reduces MPD
from 120 K to 33 K, or tetrapentylammonium bromide ([(CsH11)sN][Br]), with a melting point
depression of 19 K, which is 52 K smaller than for the above mentioned [(CsH13);N][Br].

A better understanding of the causes of this peculiar behaviour is needed to predict
which ionic liquid-like salts may show high melting point depressions, as the resulting carbon
dioxide-induced ionic liquids/salts may have interesting applications. Cimpeanu et al. have
recently demonstrated their potential, using CO,-induced molten [(C,H,);N][BF;] (MPD =
120K), around 100 K below its normal melting point, to produce catalytically active matrix-

embedded rhodium nanoparticles [166].
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Scurto et al. [140] investigated the melting point depression of a large number of ionic
liquids, and for few of them with the highest melting point depressions, presented the pressure—
temperature projection of the solid-liquid-vapour (SLV) line. The change in the SLV
temperature of these ionic liquids with pressure is extremely large and negative in the lower
(<15 MPa) pressure range, whereas at higher pressures, the increase in the melting point
depressions with added carbon dioxide is marginal. This kind of behaviour is not noted if the
pressure is induced mechanically, which normally increases the melting temperature. This
shape of the SLV line indicates that the effect of the hydrostatic pressure is overcome by the
solubility of the gas in the liquid phase. Valderrama and Arce were able to successfully
correlate the data obtained by Scurto et al. [140] using the Peng—Robinson equation of state,
with the Wong-Sandler mixing rule, and the van Laar model for activity coefficients and
excess Gibbs free energy [167,168]. Cocero and co-workers measured the melting point
depression of imidazolium chloride ionic liquids and observed analogous behaviour [169].
They correlated the results using the Group Contribution Equation of State (GC-EoS) of
Skjold-Jgrgensen adopting the solubility data already available in the literature. There are
however no studies on whether the solubility of carbon dioxide in different ionic liquids is
anyhow related to the above-mentioned striking differences between the values of their melting
point depressions, as published solubility data for ammonium-based ionic liquids are very
scarce.

We have therefore started to measure carbon dioxide solubility in different ammonium-
based ionic liquids for which melting point depression results exist. The solubility of carbon
dioxide in five different molten salts/ionic liquids was measured. Three of these salts have high
melting temperatures (from 368 K to 429 K) and high (60 K) to extremely high (120 K) melting

point depressions.

3.2. Materials and methods

3.2.1. Materials

The ionic liquids used in this work were tetrahexylammonium bromide,
[(CeH13)sN][BT], tetrabutylammonium tetrafluoroborate, [(C4Hg)4N][BF.],
trioctylmethylammonium tosylate [(CgH17)s(CH3)N][tos], trioctylmethylammonium
trifluoromethanesulfonate  [(CgH17)3(CH3)N][CFsSO;s] and  didodecyldimethylammonium
saccharine, [(C12H2s5)2(CHs),N][sac].
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Tetrahexylammonium bromide was purchased from Sigma. The other salts were
synthesised by Professor Carlos A.M. Afonso and co-workers at the Faculty of Pharmacy of the
University of Lisbon. The procedure for their preparation was adapted from the literature [170]

with several modifications as described:

Preparation of trioctylmethylammonium trifluoromethanesulfonate [(CgHi7)3(CH3)N]
[CF3SO3]:  trioctylmethylammonium chloride (Aliquat®336), 3.71 g (8.58 mmol), was
dissolved in 10 cm® of ethanol, and mixed with an aqueous solution of KCF3;SO3 (1.2 equiv,
1.94 g in 10 cm® of water). The mixture was stirred overnight, at room temperature. After that
the mixture of solvents was removed by evaporation (till dryness), and 50 cm® of
dichlorometane was added to the residue forming a precipitate. The mixture was filtered and
the solvent evaporated in a rotaevaporator and then kept under vacuum for 48 h at (1-4)x10
mbar (rotatory pump) and 4 h at up to 6x10° mbar. [(CsH17)s(CH3)N]J[CF5SO5] was obtained in
89.9% (4.21g) as a white solid. '"H NMR (400 MHz, CDCl5) & 3.22 (dd, J = 10.2, 6.7 Hz, 6H),
3.04 (s, 3H), 1.64 (s, 6H), 1.50 — 1.14 (m, 30H), 0.86 (t, J = 6.8 Hz, 9H). *C NMR (101 MHz,
CDCly) 6 61.62, 31.80, 31.58, 29.37, 29.31, 29.21, 29.03, 28.96, 26.15, 22.61, 22.53, 22.22,
14.04, 13.99. Anal. Calc.: C, 60.31; H, 10.51; N, 2.71; S, 6.19 Found: C, 60.38; H, 10.50; N,
2.54; S,6.17.

Preparation of trioctylmethylammonium tosylate [(CgH17)s(CH3)N][tos]: A solution of
trioctylmethylammonium chloride (Aliquat®336), 10 g (23.1 mmol), in methanol (75 cm®) was
passed through a column with Amberlite IRA-400 (OH) resin. A solution of p-toluenesulfonic
acid (1 equiv., 4.4 @) in methanol was slowly added to the methanolic solution of
[(CgH17)3(CH3)N][OH] obtained from the column and the mixture was stirred at room
temperature for 30 minutes. The solvent was removed under vacuum, and then kept under
vacuum for 48 h at (1-4)x10? mbar (rotatory pump) and 4 h at up to 6x10®° mbar.
[(CsH17)3(CH3)N][tos] was obtained as a white solid in 98.7% (12,96 g). 'H NMR (400 MHz,
CDCl3) 6 7.72 (d, J = 8.1 Hz, 2H), 7.09 (d, J = 7.9 Hz, 2H), 3.30 — 3.15 (m, 6H), 3.09 (s, 3H),
2.31 (s, 3H), 1.55 (s, 6H), 1.23 (m, 30H), 0.86 (td, J = 6.8, 1.9 Hz, 9H). *C NMR (101 MHz,
CDCl;) 6 143.50, 139.19, 128.50, 126.03, 61.33, 31.83, 31.65, 29.43, 29.40, 29.26, 29.15,
29.09, 29.04, 26.24, 22.63, 22.57, 22.28, 21.24, 14.06, 14.03. Anal. Calc.: C, 71.19; H, 11.39;
N, 2.59; S, 5.94; Found: C, 71.27; H, 11.57; N, 2.44; S, 6.00.

Preparation of tetrabutylammonium tetrafluoroborate [(Cs;Hq)sN][BF4]: A solution of
tetrabutylammonium chloride, 2.5 g (9.1 mmol) in ethanol (50 cm®) was mixed with a aqueous
solution of sodium tetrafluoroborate (1.5 g in 10 cm® of water). The mixture was stirred at room
temperature for four days. The solvent was removed under vacuum, and ice was added to the

solution, so the desired product precipitated. The precipitate was filtered off and washed with
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water. The tetrabutylammonium tetrafluoroborate was kept under vacuum for 48 h at (1-4)x102
mbar (rotatory pump) and 4 h at up to 6x10™ mbar. [(C4Hs).N][BF4] was obtained as a white
solid in 65 % (4.6 g). "H NMR (400 MHz, CDCls) § 3.17 (dd, J = 10.0, 7.1 Hz, 8H), 1.65 — 1.52
(m, 8H), 1.45 — 1.33 (m, 8H), 0.96 (t, J = 7.3 Hz, 12H). *C NMR (101 MHz, CDClI;) & 58.37,
23.69, 19.53, 13.52.

Preparation of didodecyldimethylammonium saccharine [(Ci,H5),(CHs).N][sac]: A
solution of didodecyldimethylammonium bromide, 4.09 g (8.8 mmol), in methanol (75 cm?)
was passed through a column with Amberlite IRA-400 (OH) resin. A solution of saccharine (1
equiv., 1.6 @) in methanol was slowly added to the metanolic solution of
[(C12H25)2(CH3),N][OH] obtained from the column and the mixture was stirred at room
temperature for 30 minutes. The solvent was removed under vacuum, and then kept under
vacuum for 48 h at (1-4)x10? mbar (rotatory pump) and 4 h at up to 6x10®° mbar.
[(C12H25)2(CH3),N][sac] was obtained as a white solid in 98% (4.89 g). *H NMR (400 MHz,
CDCly) 6 7.78 — 7.73 (m, 1H), 7.73 — 7.68 (m, 1H), 7.56 — 7.48 (m, 2H), 3.41 — 3.31 (m, 4H),
3.28 (s, 6H), 1.63 (s, 4H), 1.34 — 1.09 (m, 36H), 0.86 (t, J = 6.9 Hz, 6H). *C NMR (101 MHz,
CDCls) & 169.88, 144.84, 134.96, 131.76, 131.13, 123.13, 119.52, 77.43, 77.11, 76.79, 63.81,
51.10, 31.88, 29.57, 29.44, 29.35, 29.30, 29.09, 26.16, 22.65, 14.09. Anal. Calc.: C, 70.16; H,
10.71; N, 4.96; S, 5.68; Found: C, 70.07; H, 10.78; N, 4.91; S, 5.61.

Additionally,  1-butyl-3-methylimidazolium  bis(trifluoromethanesulfonyl)amide,
[bmim][NTf,], was purchased from lolitec (Germany).

In order to reduce water and volatile organic content, vacuum at 343.15 K was always
applied to the salts for at least 72 hours prior to their use. The water contents after vacuum
procedure, determined by Karl Fischer coulometric titration (Metrohnm 831 KF coulometer),
were no higher than 150 ppm in all studied cases. Carbon dioxide (99.98 % purity) was
supplied by Air Liquide and was used without further purification. Dichloromethane of > 99.9
mass% purity was used as a solvent, in order to wash the lines and dissolve the salts
precipitated after carbon dioxide expansion from the sample loop, as described below.
Chemical names, abbreviations, purities and sources for all chemicals used in this work are
presented in Table 3.1.
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Table 3.1.  Chemicals used in this study.

Purity/mass%

Name Abbreviation (method’) Source
Tetrahexylammonium bromide [(CeH13)sN][BI] >99 (S) Sigma-Aldrich
Tetrabutylammonium .
tetraﬂzomborate [(C4Ho)sN][BF4] > 97 (EA) this work
Trioctylmethylammonium tosylate [(CgH17)3(CH3)N][tos] > 97 (EA) this work
Didodecyldimethylammonium .
ysaccharﬁ’ne [(C12H2s)2(CHs),N][sac] > 97 (EA) this work
Trioctylmethylammonium .
trifluo):ometh);nesulfonate [(CaHi)s(CHNIICFsSOs] > 98 (EA) this work
1-Butyl-3-methylimidazolium . .
bis(trifluoromethanesulfonyl)amide [omim][NTF] >99(S) lolitec
Carbon dioxide Co, 99.98 (S) AirLiquide
Dichloromethane CH,CI, 99.8 (S) Sigma-Aldrich

" S stands for stated, EA stands for elemental analysis

3.2.2. Apparatus and experimental procedure for solubility measurements

The measurements of solubility were performed using an isochoric saturation,
analytical method in an especially designed apparatus, which was custom-built in our
laboratory to carry out the measurements presented here. A scheme of the apparatus is shown in
Figure 3.1.

The design objectives were: (1) to measure the solubility of a gas in a molten solid that
becomes liquid only under the gas pressure; (2) to avoid dead volumes and precipitation of
solids in the sampling process. The core of the apparatus is a 3.5 cm®, fixed volume, movable-
position high-pressure cell, with a sapphire window allowing visualisation of the internal
volume. Relatively wide bore tubing (1/8 inch inside diameter) connects the cell to the
sampling valve. The cell was placed inside an air bath equipped with a transparent
polycarbonate window. The temperature was measured by a RTD probe from Hart Scientific
(model2622) coupled to a controller from the same supplier. The pressure was measured by a
Setra pressure transducer (model Model204/C204). The transducer was calibrated against a
Bourdon tube pressure gauge (Heise model CMM). The calibration of the temperature and
pressure sensors was initially checked by measuring values of the vapour pressure of pure
carbon dioxide. The estimated precision of the pressure determination is £0.07 bar, while the

estimated temperature uncertainty is £0.1 K.
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Figure 3.1.  Scheme of the apparatus for solubility measurements: 1 - CO, supply; 2 - screw injector
pump; 3 - air bath; 4 - movable-position high-pressure view cell; 5 - magnetic stirrer;
6 - sampling loop.

During the measurement process, the cell may be moved from a “horizontal” position
to a “vertical” one, using appropriate handles that permit moving the cell from outside the bath
(Figure 3.2). In the horizontal position, the sampling tube is on the gas side, and the molten salt
phase is all inside the cell body and magnetically stirred to reach equilibrium with the gas
phase. When the cell is rotated to the vertical position, after equilibration, the tube leading to
the sampling valve is moved to a location below the liquid, which falls into the tube, displacing
the gas to the cell body. Such a mechanism enabled the equilibration of phase composition and
subsequent sampling, avoiding a non-equilibrated liquid phase in the dead volume near the
sampling valve. Sampling of the liquid phase into a loop of 0.4 cm® volume is carried out

through an on—off ball valve that maybe quickly opened and closed from outside the air bath.
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SAMPLING

Figure 3.2.  Operation of the cell from an outside (left); equilibration in a “horizontal” position (right,
top corner), sampling in a “vertical” position (right, bottom corner).

After depressurisation of the cell, the sampling loop, containing carbon dioxide and
ionic liquid under high pressure, is disconnected from the apparatus and connected to an
expansion assembly (Figure 3.3). This assembly consists essentially of previously calibrated
volumes. The expansion of the carbon dioxide content of the loop into those volumes, at
monitored temperature, results in sub-atmospheric pressure. The quantity of carbon dioxide
dissolved in the ionic liquid in the loop may then be calculated through the equation of state of
Span and Wagner [14,171], using the measured pressure, and the calibrated volume of
expansion. The mass of salt (ionic liquid) is then determined by weighing, after washing the
loop with dichloromethane and subsequently evaporating the solvent.
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SAMPLING LOOP

CALIBRATED
VOLUME

Figure 3.3.  Expansion assembly.

Some experiments were repeated several times at the same conditions to ascertain the
reproducibility of the measurements. The overall experimental uncertainty is less than +0.02

mole fraction of carbon dioxide.

3.3. Results and discussion

Table 3.2 presents values of the solubility of carbon dioxide in five molten salts/ionic
liqguids — trioctylmethylammonium trifluoromethanesulfonate, trioctylmethylammonium
tosylate, didodecyldimethylammonium saccharine, tetrahexylammonium bromide, and
tetrabutylammonium tetrafluoroborate. Measurements were performed at 369.2 K and 15 MPa
for all five substances. For the first two salts, solubilities of carbon dioxide were also measured
at 329.2 K and 347.2 K. Table 3.2 also presents the values of the melting point depression
measured at the given pressures [139,140,141].
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Table 3.2.  Experimental solubility of CO, in ammonium-based ionic liquids. Xco, stands for mole
fraction of carbon dioxide. Values of melting point depressions (MPDs) taken from
literature [141].

T K] p [MPa] Xcon MPD / K

[(CgH17)3(CH3)N][tos]

55 0.66
10 0.69
347.2
12 0.72
42
15 0.75
329.2 10 0.75
369.2 15 0.75
[(CgH17)3(CH3)N][CF3SOs]
3.7 0.57
329.2 10 0.74
12 0.79 o5
15 0.80
347.2 10 0.69
369.2 15 0.70
[(C12H25)2(CHs),N][sac]
369.2 15 0.79 60
[(CeH13)4N][Br]
369.2 15 0.76 71
[(C4aHo)aN][BF4]
369.2 15 0.57 120

The solubility of carbon dioxide in the ionic liquid [bmim][NTf,] was first measured, in
order to compare the obtained results with literature values. At 313.2 K and at 6.0 MPa, the
obtained solubility was 0.608 (mole fraction), which agrees within experimental error with the
value reported by Aki et al. [153] These authors studied the same binary system, at an identical
temperature, within a pressure range from 1.6 MPa to 7.8 MPa. A solubility of 0.627 was
calculated, at 313.2 K and at 6.0 MPa, from a second degree polynomial fit to their data. Shin et
al. [172] reported a solubility of 0.6642 at 6 MPa and at slightly higher temperature314.1 K. A
value of 0.5852 was reported by Raeissi and Peters [173], at 313.7 K and 5.5 MPa.

Figure 3.4 displays the results obtained at 347.2 K and 329.2 K for the two ionic liquids
with trioctylmethylammonium cations. Although there are no published results of carbon
dioxide solubility for these specific ionic liquids from other authors, two recent papers of
Manic et al. [174] and Nam and Lee [175] report data on trioctylmethylammonium

bis(trifluoromethanesulfonyl)amide. These sets of data are in good agreement with one another.
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Figure 3.4.  Solubilities of CO, in the following liquids: [(CgH17)s(CH3)N][tos] at 329.2 K (A),

347.2 K (A); [(CgH17)3(CH3)N][CF3S05] at 329.2 K (), 347.2 K (O); and data taken
from [175] for [[(CgH17)3(CH3)N][NTT,] at 343.2 K (k).

In Figure 3.4, the results of Nam and Lee at 343.2 K are plotted. The solubility of
carbon dioxide in the three ionic liquids is very similar, in spite of the different anions, although
slightly higher in the liquid with the bis(trifluoromethanesulfonyl)amide anion. Both the
trifluoromethanesulfonate and the tosylate anions contain SO3; groups with a dense negative
charge. Although the presence of fluorine atoms in the trifluoromethanesulfonate anion might
be thought to enhance the solubility of carbon dioxide [37,176], the toluene group of the
tosylate anion is bulkier and more apolar, probably leading to equally strong interaction with
carbon dioxide. On the other hand, the bis(trifluoromethanesulfonyl)amide anion is known to
lead to higher CO, solubilities in imidazolium-based ionic liquids than
trifluoromethanesulfonate [37]. The compositions of the liquid phase at the onset of freezing
measured by Scurto et al. [140] for CO, + tetrabutylammonium tetrafluoroborate refer to
liquid—solid equilibrium. They cannot be compared directly with the carbon dioxide solubility
in the ionic liquid presented in Table 3.2, as this value corresponds to liquid—vapour
equilibrium. Scurto’s data may however be taken as lower limits to the gas solubility in the
liquid, as, for each temperature and pressure, the liquid phase exists in a window of
compositions, between the liquid-solid equilibrium line (lowest CO, mole fraction) and the
liquid—vapour line (maximum CO, mole fraction). In this respect, the highest value of 0.539
CO, mole fraction given by Scurto et al. is consistent with the 0.57 CO, mole fraction solubility

presented in Table 3.2

30



M.E. Zakrzewska PhD thesis in Sustainable Chemistry

The measurements at 369.2 K and 15 MPa were designed to provide the possibility of
comparison between melting temperature and solubilisation of carbon dioxide, as all five ionic
materials studied in this work are liquid under those conditions. On the other hand, 15 MPa is a
sufficiently high pressure for the solubility of carbon dioxide to be only slightly sensitive to
temperature. In those conditions, the solubility of carbon dioxide in the studied ionic liquids
decreases in the following order: [(Ci2H2s)2(CHs),N][sac] > [(CeHis)sN][Br] >
[(CgH17)3(CH3)N][tos]> [(CgH17)s(CH3)N][CF3SO3] > [(C4Hg)4N][BF,]. As to the corresponding
melting temperature depressions, the order is completely different. For the three ionic salts with
high MPD, from 60 K to 120 K, measured at 15 MPa, the order is indeed the reverse
one:[(CsHo)sN][BF4] > [(CeH13)aN][Br] > [(C12Hzs)2(CHs).N][sac].

As to the [(CgH17)3(CH3)N]-based ionic liquids, their melting temperature is close to
ambient. Therefore, the existing melting depression results are limited to relatively low carbon
dioxide pressures, as going further would require cryogenic equipment [140]. Their MPD at
15 MPa should be higher than the values reported in Table 3.2, but there is no way to predict

them with good precision.
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0.8
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Figure 3.5  Solubility of CO, (Xco.— mole fraction), at 369.2 K at and 15MPa, vs. melting point
depression (MPD) [139,140,141], for [(C12H25)2(CH3),N][sac] (A),

[(CeH17)s(CHg)N][tos] (©O),  [(CeHi7)s(CH3)N][CFsSOs]  (#), [(CeHis)uN][Br] (m),
[(CsHo)uN][BF,] (®).
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In Figure 3.5, the values of solubility are plotted as a function of the melting point
depression for the five substances studied. The inclusion of [(CgHi7)3(CH3)N][tos] and
[(CgH17)3(CH3)N][CFsSO3] must be regarded as merely indicative, for the above-explained
reasons. But even if only the three higher MPD ionic salts are taken into consideration, no
positive correlation can be found between the magnitude of the melting temperature lowering

and the solubility of the gas in each liquid.

3.4. Conclusions

The solubility of carbon dioxide in molten salts/ionic liquids displaying melting
temperature depressions under CO, pressure ranging from 25 K to 120 K was measured. No
positive correlation was found between the solubility in each ionic liquid and the melting
temperature depression. Perhaps, the cause for the extremely high differences between CO,-
induced melting point depressions in structurally similar ammonium-based ionic salts is related
to interactions between carbon dioxide and the solid framework of these ionic liquids, possibly
leading to a disruption of its solid structure.
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4, Volumetric and phase behaviour of mixtures of ionic liquids with high pressure

carbon dioxide

4.1. Introduction

Carbon dioxide is, in general, remarkably soluble in ionic liquids, but ionic liquids with
fluorinated anions show particularly high carbon dioxide solubility. Well-known and widely
used imidazolium-based ionic liquids with hexafluorophosphate ([PF¢]) or tetrafluoroborate
([BF4]) anions are sensitive to moisture and air, especially at elevated temperature [177].
Changing anion to bis(trifluoromethanesulfonyl)amide ([NTf,]) or tris(pentafluoroalkyl)-
trifluorophosphate ([FAP]) ([PFsRF:;] where RF is CF; C,Fs, CsF;) generates stable,
hydrophobic ionic liquids with some of the largest carbon dioxide solubility observed among
ionic liquids with physical absorption mechanisms [37,39,178,179]. The class of ionic liquids
possessing [FAP] anion was first synthesised in 2005 by Ignat’ev et al. [180], and in 2007
Muldoon et al. noticed, for the first time, its capability to solubilise considerable amounts of
carbon dioxide [37]. [FAP]-based ionic liquids have been proposed for use in electrochemistry
[181,182,183], or lubrication [184,185,186], and only a few years ago have they started to
attract attention as a potential material for carbon dioxide capture/separation processes
[39,40,41,42,43,44].

The hydrolytic stability of tetrafluoroborate ionic liquids can also be improved by
replacing fluorine atoms with nitrile groups. Until recently, interest in the [B(CN),]-family of
ionic liquids has been limited to use as electrolytes in dye-sensitised solar cells [187,188]. They
provide many desired properties for this kind of application, such as a wide electrochemical
window, high electrical conductivity, high chemical and thermal stability, hydrophobicity, and,
very importantly, low viscosity [189,190,191]. lonic liquids, in general, are highly viscous
fluids with viscosity values of 2 — 4 orders of magnitude higher than for conventional molecular
solvents. This poses serious limitations to their use, from the chemical technology and
engineering point of view, as viscosity influences many mechanical operations (stirring,
mixing, pumping etc.), as well as it affects other transport properties, i.e. diffusion. The
viscosity of tetracyanoborate ionic liquids is approximately 20 mPa s for [emim][B(CN),] [191]
and 50 mPa s for [hmim][B(CN),4] [46] at 298.15 K, which is even lower than for [hmim][NTf,]
(70 mPa s at 298.15 K [192,193]), the reference ionic liquid for thermodynamic and
physicochemical data, including viscosity, chose by IUPAC [194,195].

Recently, [B(CN),]-based ionic liquids have also been used as extraction and
separation media, for liquid-liquid extraction of alcohols from aqueous feeds [196,197], but
also with a high selectivity for aromatic/aliphatic hydrocarbons [198,199] and gas [45,200,201]

separations. For instance, a series of tetracyanoborate-based ionic liquids, paired with various
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cations, was tested for the separation of carbon dioxide from nitrogen in a supported liquid
membrane setup [200]. Interestingly, it was found that 1-ethyl-3-methylimidazolium
tetracyanoborate ([emim][B(CN),4]) exhibits a high CO,/N, permeability ratio and the solubility
of carbon dioxide is about 30% larger than in 1-ethyl-3-methylimidazolium
bis(trifluoromethanesulfonyl)amide ([emim][NTf,]). Babarao et al. [155] suggests that a weak
cation-anion interaction is crucial for the high solubility of carbon dioxide in [emim][B(CN)a],
more important than CO,-anion interactions, as opposed to the hypothesis previously stated in
the literature.

(a) (b)
C,F; NC
F\[[-/F ]L
e \ N —CN
F-C ) NC \
5%2 1!“ C,F; CN

Figure 4.1  Structure of tris(pentafluoroethyl)trifluorophosphate [eFAP] (a) and tetrafluoroborate
[B(CN),4] (b) anions.

One very interesting feature of ionic liquids is their volumetric behaviour in a mixture
with carbon dioxide. Brennecke and co-workers were the first to notice that the volume of ionic
liquids barely increases, even when large amounts of carbon dioxide are dissolved [152,153].
They measured the volume expansion of the liquid phase upon carbon dioxide dissolution in ten
imidazolium-based ionic liquids coupled to various anions: [PFe], [BF4], [NTf,], [CF:SOs],
[NOs], [N(CN),] (dicyanamide) and [methide] (tris(trifluoromethylsulfonyl)methide). The
largest total volume expansions, reaching a maximum of 35 %, were observed for [methide]
and [NTf,] ionic liquids with longer alkyl chains. For the other ionic liquids, the total volume
expanded by approximately 25 %, at most. This contrasted with the behaviour of dense carbon
dioxide with many organic solvent systems, where the total volume of the liquid phase expands
noticeably (up to 1000 %) upon addition of CO, [202,203,204]. For example, the total volume
expansion of 1-hexyl-3-methylimidazolium bis(trifluoromethanesulfonyl)amide,
([hmim][NTf,]), with carbon dioxide at 343 K and 12 MPa is only 25% despite the fact that the
carbon dioxide solubility at these conditions is approximately 0.7 mole fraction [153]. By
contrast, for the same liquid phase composition of 0.7 mole fraction CO,, the acetone-CO,
system, at 323 K and 6.3 MPa, will reach an approximately 150 % increase in volume of the
liquid phase, meaning 2.5 times greater volume of the liquid phase than before the addition of
carbon dioxide [204].
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The high-pressure data on carbon dioxide solubility in tetracyanoborate-based [46] or
fluoroalkylphosphate-based [37,205] ionic liquids is scarce. Therefore, we present here high-
pressure data on carbon dioxide solubility in ionic liquids based on
tris(pentafluoroethytrifluorophosphate  anion  paired with a series of 1-alkyl-3-
methylimidazolium cations ([C,mim][eFAP] with n = 2,4,6), at the temperature of 313 K and
pressures up to 10 MPa. To our best knowledge, the high-pressure solubility data of carbon
dioxide in 1-butyl-3-methylimidazolium tris(pentafluoroethyl)trifluorophosphate,
[bmim][eFAP], has not been reported in the literature. Additionally, we report results of high
pressure solubility measurements of carbon dioxide in tetracyanoborate-based ionic liquids:
1-ethyl-3-methylimidazolium ([lemim][B(CN),]) and 1-hexyl-3-methylimidazolium
([hmim][B(CN),]), at the temperature of 313 K and pressures up to 19 MPa. Finally, we present

also the volumetric behaviour of mixtures of those ionic liquids with carbon dioxide.

4.2, Materials and methods

4.2.1. Materials

The ionic liquids used in this work, 1-ethyl-3-methylimidazolium
tris(pentafluoroethyDtrifluorophosphate ([emim][eFAP]), 1-butyl-3-methylimidazolium
tris(pentafluoroethyDtrifluorophosphate ([bmim][eFAP]), 1-hexyl3-methylimidazolium
tris(pentafluoroethyDtrifluorophosphate ([hmim][eFAP]), 1-ethyl-3-methylimidazolium
tetracyanoborate  ([emim][B(CN),]) and 1-hexyl-3-methylimidazolium tetracyanoborate
([hmim][B(CN)4]), were purchased from Merck KgaA, Germany, and used without further
purification. The water content, determined by Karl Fischer coulometric titration (Metrohm 831
KF coulometer) was no higher than 300 ppm in all studied cases. Carbon dioxide (99.98%
purity) was supplied by Air Liquide and was used as received. Dichloromethane of >99.9
mass% purity (Sigma—Aldrich) was used in solubility measurements as a solvent, in order to
wash the lines and dissolve the salts precipitated after carbon dioxide expansion from the

sample loop.

4.2.2. Apparatus and experimental procedure for solubility measurements

The measurements of solubility were performed analogously, and with the same
apparatus, as described in the previous chapter (See section 3.2.2 Apparatus and experimental

procedure).
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4.2.3. Apparatus and experimental procedure for volume expansion measurements

The apparatus used for volume expansion experiments is the same that has been used in
our research group for the measurement of vapour-liquid equilibrium. It was described for the
first time in 1993 [206], and the most up-to-date version has recently been described in detail in
the work of Rebocho et al. [207]. The main part of the apparatus, shown in Figure 4.2,
comprises a high pressure sapphire tube cell with the following dimensions: height — 15 cm,
external diameter — 3.2 cm and internal diameter 1.9 cm (ca. 30 cm® volume), with a ruler
attached to its side. It is placed inside a thermostatic air bath with high-power ventilator
ensuring uniform bath temperature. The temperature is controlled by a Hart Scientific
temperature controller (model 2100), with a stability of £0.005 to £0.02 °C. This controller uses
a RTD probe from the same supplier (model 2622), as well as a heater. The pressure in the
system is measured by a Setra pressure transducer (model Model 204/C204). The accuracy of
the pressure determination is +0.007 MPa, while the estimated temperature uncertainty is
+0.1 K.

In a typical experiment, ionic liquid is loaded into the cell, up to the level above a
magnetic stirrer, and the required temperature, 313.15 K, is settled. The initial level of the
liquid (at atmospheric pressure, Py, and temperature, T, equalled to 313.15 K) is read out from
the ruler and the whole system is flushed a few times with carbon dioxide. An experimental run
starts with an addition of a small portion, ca. 0.5 MPa, of carbon dioxide into the cell. The
mixture is stirred for approximately 20 minutes and then left to rest for another 20 minutes for
equilibration. The resting period can be extended, if the pressure does not remain stable for 10
minutes, in order to ensure equilibrium. A new level of the liquid is recorded and an
experimental run repeated until no significant change in the liquid level is observed. All
experiments were performed twice to ascertain the reproducibility of the measurements.

The determination of volume expansion is based on the visual observation of the liquid
level measured with a ruler with a precision of £0.05 cm. The volume expansion is calculated
by using the internal cross section area of the sapphire tube and by measuring the difference in
height of the meniscus at the starting and final points. The calculated precision of the reported
volume expansions is £7 %.

As the phase equilibrium compositions were determined, once the volume expansion is
known, the molar volumes of the liquid mixtures could be easily calculated. The main source of
error for these values is the uncertainty in the measurement of the volume of the initial quantity
of pure ionic liquid in the cell, especially because of the uncertainty in the volume of magnetic
stirrer (0.7 = 0.1 cm®) that is immersed in the liquid. The estimated uncertainties of the

calculated molar liquid volumes are 2 cm®/ mol.
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Scheme of the apparatus for volume expansion measurements: 1 — CO, supply; 2 — screw
injector pump; 3 - air bath; 4 — high-pressure cylindrical view cell; 5 - magnetic bar;

6 - ruler.

Figure 4.2.
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4.3. Results and discussion

Table 4.1 presents high pressure solubility data of carbon dioxide in
tris(pentafluoroethytrifluorophosphate-based ionic liquids: [emim][eFAP], [bmim][eFAP] and
[hmim][eFAP], at the temperature of 313.15 K and pressures up to 10 MPa.

Table 4.1.  Experimental solubility of CO, in [emim][eFAP], [omim][eFAP] and [hmim][eFAP] at
313.15 K. Xco2 stands for mole fraction of carbon dioxide.

lonic liquid p/ MPa Xcoz
1.98 0.38

4.02 0.57

[emim][eFAP] 6.07 0.68
8.07 0.74

10.24 0.78

2.02 0.44

4.00 0.62

[bmim][eFAP] 6.05 0.69
8.06 0.77

10.14 0.78

2.05 0.50

3.72 0.62

[hmim][eFAP] 6.09 0.73
8.08 0.79

9.99 0.80

The solubility of carbon dioxide in fluoroalkylphosphate-based ionic liquids at high
pressures was measured experimentally by Muldoon et al. [37] and Peters and co-workers [46].
The first group studied carbon dioxide absorption in [hmim][eFAP] and 1-pentyl-3-
methylimidazolium  tris(pentafluorobutytrifluorophosphate  ([psmim][bFAP]) at two
temperatures, 313.3 K and 333.3 K, and pressures up to 9 MPa. The second group investigated
the solubility of carbon dioxide in [emim][eFAP] in the temperature range of 278.75 - 364.13 K
and pressure up to 12 MPa. A comparison with carbon dioxide solubility in [emim][eFAP]

measured in the current study indicates a very good agreement with the data reported in the
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literature (Figure 4.3). The solubility values obtained for [hmim][eFAP] differ slightly from

those found in the literature, but remain mostly within the established uncertainties.
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Figure 4.3.  Solubility of CO, in several ionic liquids at 313.15 K: @ [hmim][eFAP] [this work];
e, [nmim][eFAP] [37]; M, [bmim][eFAP] [this work]; A, [emim][eFAP] [this work];
A, [emim][eFAP] [205]; O, [hmim][NTf,] [216]; O [bmim][NTf,] [215];

A, [emim][NTf)[214]; X [hmim][PFs] [210]; + [omim][ PFe] [211]; s [emim][PFe]
[212].

Table 4.2 presents high pressure solubility data of carbon dioxide in tetracyanoborate-based
ionic  liquids: 1-ethyl-3-methylimidazolium  ([emim][B(CN),]) and  1-hexyl-3-
methylimidazolium ([hmim][B(CN),]), at the temperature of 313.15 K and pressures up to
19 MPa.
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Table 4.2.  Experimental solubility of CO, in [emim][B(CN)4] and [hmim][B(CN),] at 313.15 K. Xco»

stands for mole fraction of carbon dioxide.

lonic liquid p [MPa] Xco2
1.71 0.34
3.66 0.52
5.28 0.62
7.3 0.67
[emim][B(CN),]
8.79 0.73
12.25 0.76
15.32 0.78
18.45 0.79
4.8 0.61
6.86 0.70
8.95 0.74
11.58 0.80
[hmim][B(CN).]
12.65 0.80
15.59 0.82
17.11 0.82
18.64 0.82

A comparison of CO; solubility in [emim][B(CN),] and [hmim][B(CN),] measured in
this work with the data reported by Makino et al. [208] and Peters and co-workers [46],

respectively, indicates fair agreement (Figure 4.4 a) and Figure 4.4 b)). The solubilities reported

here are slightly higher than those found in the literature, but remain mostly within mutual

experimental uncertainties. In both studies, the same binary systems, at an identical temperature

but only up to moderate pressures, were studied. Results presented here provide a continuation

to higher pressures of their plots.
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Solubility of CO, in several ionic liquids at 313.15 K: a) ¢, [emim][B(CN),] [this work]; ¢,

A, [emim][NTF,] [214]; +[emim][NTf,] [215]; b)

o [hmim][B(CN),] [this work]; o, [hmim][B(CN),] [46]; o [hmim][NTf,] [216]; x

[hmim][NT#,] [217].
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The compatibility of fluorinated substituents with CO, is commonly used to improve
the CO,-philicity of organic compounds [209]. Therefore, it was expected that ionic liquids
with anions analogous to [PFg], where three fluorine atoms are replaced by three fluoroalkyl
chains, can absorb more CO,. Zhang et al. [38], using a computational screening methodology,
indeed found that the solubility of CO, in ionic liquids with the [eFAP] anion is among the
highest, and confirmed it experimentally. For the same 1-hexyl-3-methylimidazolium cation,
[eFAP]-IL can dissolve approximately 15 % and 70 % more CO,, compared with [NTf,]- and
[PFe]-IL, respectively, at 0.8 MPa and 298 K. A similar observation can be made here, as seen
in Figure 4.3, where CO, solubility in ionic liquids with imidazolium cation and [eFAP] anion
is slightly higher or about twice that in [NTf;] [214,215,216] or [PFe]-based [210,211,212]
analogues, respectively. Blath et al. studied the solubility of various gases (carbon dioxide,
carbon monoxide, nitrogen, and methane) in ionic liquids with several cations and anions [213].
Their results of CO, solubility, expressed in Henry’s law constant at 333.15 K, also confirmed
that [eFAP]-based ionic liquids have the highest affinity to CO, among most commonly
investigated ionic liquids. Additionally, Blath et al. showed that [B(CN),]-based ionic liquids
have comparable affinity to CO, with ionic liquids possessing [NTf,] anions.

In the current study, CO, solubility in tetracyanoborate ionic liquids is equal to, or
slightly higher than, solubility in fluorinated CO,-philic ionic liquids, 1-alkyl-3-
methylimidazolium bis(tri(fluoromethylsulfonyl)imides [214,215,216,217] (Figure 4.4 a) and
Figure 4.4 b)). This result is consistent with another report for imidazolium-based ILs [200].
Mahurin et al. investigated the solubility of CO, in imidazolium-based ionic liquids attached to
four different anions with an increasing number of nitrile groups, namely [bmim][N(CN),]
(dicynamide), [bmim][C(CN);] (tricyanomethane) and [emim][B(CN)4]). They showed that
[emim][B(CN),] exhibits higher capacity for CO, absorption than [emim][NTf,]. Similar trend
was found for pyrrolidinium, and piperidinium cations [45]. In order to compare the influence
of the nature of the cation in fluoroalkylphosphate-based ionic liquids, Costa Gomes and co-
workers studied the solubility of several gases (carbon dioxide, nitrous oxide, ethane, and
nitrogen) in ionic liquids bearing [eFAP] anion and 1-butyl-1-methylpyrrolidinium or
trihexyl(tetradecyl)phosphonium cation, at 293.15-353.15 K temperature range and pressure
close to atmospheric [40]. Phosphonium-based ionic liquids presented a higher mole fraction
solubility of all four gases examined, while ionic liquids with pyrrolidinium or imidazolium
cation showed comparable solubilities. The large differences in the mole fraction solubility
were less pronounced though when the solubility is expressed in mass fraction. For the same
reason of larger molecular weight, [B(CN)4]-based ionic liquids exhibit even higher CO,

capacity when compared to [NTf,]-based analogues.
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The effect of the cation is often regarded to be minor, with the difference being more
apparent at higher pressures. A slight improvement of CO, solubility associated with an
increase of the alkyl chain length on the imidazolium cation is commonly observed
[152,153,213], and also in the cases of fluoroalkylphosphate- [39] and tetracyanoborate-based
[45] ionic liquids. Costa Gomes and co-workers, analysing the solubility of carbon dioxide,
nitrous oxide, and ethane in [eFAP]-ILs, at 303.15 K and atmospheric pressure, observed that
the solubility increases from [emim] to [bmim], but seemed to remain constant when the alky!l
side chain increases from [bmim] to [hmim] [39]. In the current study, where high pressure
allows a better discrimination of solubility values, it consistently increases with the increase in
the number of carbon atoms in the imidazolium alkyl side chain, from [emim] up to [hmim]
(Figure 4.3). More, [hmim][B(CN),] also demonstrates slightly higher CO, solubility than
[emim][B(CN),] (Figure 4.4 a) and Figure 4.4 b)). Mahurin et al. [45] showed that not only
increasing the alkyl chain length from [emim] to [bmim] enhanced the CO, solubility, but also
replacing the C2 hydrogen with a methyl group on the imidazolium ring has the same effect for
tetracyanoborate-based ionic liquids.

In order to investigate the volumetric behaviour of mixtures of ionic liquids with high
pressure carbon dioxide, the volume expansions were measured as percent changes of the total
volume of the liquid phase, when the initially pure ionic liquid, at ambient pressure, was

compressed with carbon dioxide:

ﬂ% _ Vi(T,P,x)- Va(T,Py)

v’ Vy(T,Py) X100 (1)

where V| is total volume of the liquid mixture at a given temperature, pressure and composition
and V, is the volume of the pure liquid at the same temperature and ambient pressure.

Calculated from these results are the percent molar volume expansions:

AV o VL(T,P,x) - V5(T,Py)
- %= """
\%4 Vo(T,Py)

X 100 (2)
where both V_and V, are corresponding molar volumes.

To calculate the total volume expansion of the liquid phase, first variations in the level
of the liquid phase of IL-CO, system need to be determined. The height of the head of the ionic
liquid compressed with carbon dioxide is measured and plotted as a function of pressure
(Figure 4.5). It can be seen, that as the pressure of carbon dioxide increases, the level of the
liquid phase rises similarly for all [eFAP]- and [B(CN),]-based ionic liquids. There is a notable
difference though between the behaviour of these ionic liquids and [bmim][BF,], a system

already investigated in the literature [153] and studied here once more for the purpose of

43



M.E. Zakrzewska PhD thesis in Sustainable Chemistry

comparison. For all ionic liquids, as pressure of carbon dioxide goes beyond 8-10 MPa, the
slope of the curve gets steeper, meaning that even large changes in the pressure lead to only
small increment of the liquid phase level, until there is no visible additional total volume
expansion. In the case of [bmim][BF,], the slope of the plot is higher since the beginning

indicating a lesser increase in the volume.
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Figure 4.5. Change in the level of the liquid phase of IL-CO, systems measured with an increasing
pressure of CO, at 313.15K: x [emim][eFAP]; e, [bmim][cFAP]; A, [hmim][eFAP];
o, [emim][B(CN),]; + [hmim][B(CN),]; m, [bmim][BF,].

Pictures of the maximum liquid phase levels observed for all of IL-CO, systems
investigated in the current study can be found in Appendix A.

Knowing the difference in height of the meniscus at the starting and final points, the
total volume expansion can be calculated using the internal cross section area of the
experimental cell. On the basis of the experimental solubility data, the mole fraction of carbon
dioxide, at a particular pressure corresponding to the measurement of the liquid phase level, can
be estimated by interpolation. Eventually, using the density data present in the literature
[39,46,189,218] the molar volume expansions can also be calculated.

The interpolated molar composition as well as the calculated total and molar volume
expansions are summarised in (Table 4.3 and Table 4.4). Volume expansions in Figure 4.6 and

Figure 4.7 were calculated with equation (1) and in Figure 4.8 and Figure 4.9 with equation (2).
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Table 4.3.  Calculated volume expansions of CO,-[emim][eFAP], CO,-[bmim][eFAP] and CO,-
[hmim][eFAP] systems at 313K. X0, stands for mole fraction of carbon dioxide.

p [MPa] Xco2 AV/V % AVIV % p[MPa]  Xco» AV/V%  AVIV%
CO,-[emim][eFAP] CO,-[bmim][eFAP]

0.72 0.15 5 -11 0.48 0.10 5 -6
0.99 0.22 6 -17 0.94 0.25 6 -20
1.61 0.33 9 -27 1.74 0.41 8 -36
1.88 0.37 11 -30 1.90 0.44 9 -38
2.28 0.42 13 -35 2.54 0.51 11 -46
2.58 0.46 14 -38 2.97 0.56 12 -50
3.11 0.51 17 -42 3.28 0.58 14 -52
3.39 0.53 19 -44 3.77 0.61 17 -54
3.71 0.56 19 -47 4.43 0.64 20 -56
3.99 0.57 21 -48 5.69 0.69 26 -60
4.44 0.60 24 -51 6.45 0.72 31 -63
5.07 0.64 27 -54 7.21 0.74 36 -65
5.51 0.66 28 -56 7.96 0.76 40 -66
5.96 0.68 32 -57 8.67 0.77 42 -67
6.54 0.71 35 -60 9.23 0.78 44 -68
7.24 0.73 38 -62 9.85 0.78 45 -68
7.56 0.73 40 -62 11.96 0.79 48 -68
7.86 0.74 41 -63 15.17 0.79 51 -69
8.17 0.75 43 -64 18.38 0.80 53 -69
8.86 0.77 44 -66

9.54 0.78 46 -67

10.67 0.79 47 -68

11.93 0.79 49 -69

13.79 0.80 51 -70

18.03 0.81 54 -71

p [MPa] Xco2 AV/IV % AVIV %
CO,-[hmim][eFAP]

0.49 0.20 2 -18
0.97 0.35 4 -32
1.48 0.43 6 -40
191 0.49 8 -44
2.48 0.53 10 -48
3.05 0.57 13 -52
3.56 0.60 15 -54
4.27 0.65 18 -58
4.76 0.67 21 -60
5.18 0.70 24 -62
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5.80 0.73 27
6.73 0.76 31
7.63 0.78 36
8.36 0.80 41
8.91 0.80 43
9.56 0.80 43
10.29 0.81 45
11.95 0.82 46
14.00 0.82 48
16.20 0.83 49
17.93 0.83 50

density data for [emim][eFAP], [bmim][eFAP] and [hmim][eFAP] used for calculations taken from [39].

Table 4.4.  Calculated volume expansions of CO,-[emim][B(CN)4],
CO,-[bmim][BF,] systems at 313K. X0, Stands for mole fraction of carbon dioxide.

CO,-[hmim][B(CN),] and

p [MPa] Xco2 AV/V %  Figure 4.8 | p[MPa] Xcoo AV/V%  AVIV%
CO,[emm][BCN)] CO,-[hmim][B(CN).]

0.59 0.11 2 9 054  0.13° 3 10
1.08 0.26 3 23 101 0.20° 6 -16
1.64 0.35 7 31 147  028° 8 22
2.18 0.41 10 35 205  035° 11 -28
2.89 0.47 13 40 255  041° 14 33
3.62 0.51 17 43 307  0.46° 17 37
4.06 0.54 20 45 352  051° 20 41
453 0.58 24 47 419  057° 21 47
5.21 0.61 27 50 478 060 25 -50
5.79 0.64 30 52 536  0.63 29 52
6.39 0.66 35 53 598  0.66 34 54
6.96 0.68 39 55 658  0.68 36 56
7.71 0.70 42 57 711 070 39 58
8.34 0.71 46 58 761 072 42 -60
8.91 0.72 47 59 818 074 45 -62
9.29 0.73 49 59 899  0.76 45 -65
9.76 0.73 51 59 991 077 46 -66
1030  0.74 52 -60 1093  0.79 47 -68
1093 075 52 61 1225  0.80 49 -69
1234 076 54 62 1320 081 49 71
1322 077 55 64 1449 081 50 71
1550  0.78 56 -66 1796 0.82 53 72
1746 0.78 57 66

1938 0.79 59 67
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p [MPa] Xco2 AVIN %  AVIV %
CO,-[bmim][BF4]

0.51 0.04° 1 -3
1.02 0.12° 3 -9
1.40 0.16° 5 -11
2.22 0.23° 6 -18
2.50 0.25° 8 -19
3.47 0.31° 11 -24
4.05 0.35° 11 -28
4,54 0.37° 13 -29
5.16 0.41° 14 -32
5.79 0.43° 16 -34
6.52 0.46° 17 -36
7.29 0.49° 20 -39
7.97 0.52° 21 -41
8.54 0.53° 22 -42
8.96 0.53° 24 -42
10.03 0.54° 24 -43
14.48 0.55" 25 -44

@ solubility data taken from [46]; ° solubility data taken from [153]; density data for [emim][B(CN),],
[hmim][B(CN),] and [bmim][BF,] used for calculations taken from [189], [46] and [218], respectively.

For the purpose of comparison, the literature data for [bmim][PF¢] and [bmim][BF,]
was included into the figures due to their structural resemblances to the newly examined ionic
liquids. Additionally, the data for [NTf,]-based ionic liquids was selected since this ionic liquid
is among the ones with the highest CO, solubility and, at the same time, shows the largest

volume expansion [153].
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Figure 4.6. Volume expansion based on change in total volume of the liquid upon addition of CO, to
various ionic liquids at 313.15 K as defined by eq (1); ¢, [emim][eFAP] [this work];
O, [bmim][eFAP] [this work]; o,[hmim][eFAP] [this work]; e, [bmim][PFs] [153];
A, [hmim][NTf,] [153].
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Figure 4.7.  Volume expansion based on change in total volume of the liquid upon addition of CO2 to

various ionic liquids at 313.15 K as defined by eq (1); ¢, [emim][B(CN),] [this work];
e [hmim][B(CN),] [this work]; A, [bmim][BF,] [this work]; o, [bmim][BF,] [153];
x, [nmim][NTf,] [153].
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All investigated ionic liquids show analogous behaviour to ionic liquids examined by
Brennecke and co-workers in a way that the plots of total volume expansions are similar.
However, a remarkable difference can be noticed in the magnitude of the measured volume
expansions. Carbon dioxide mixtures with all fluoroalkylphosphate-based ionic liquids studied
in this work, [emim][eFAP], [bmim][eFAP] and [hmim][eFAP], reach approximately 55% total
volume expansions, almost twice and triple the size of total volume expansions obtained for
[NTf,]- and [PFg]-based ionic liquids, respectively (Figure 4.6). Even higher total volume
expansion, of almost 60%, were obtained for either [emim][B(CN),] or [hmim][B(CN),]
(Figure 4.7). For the arbitrary pressure of 10 MPa, approximately 75 mol % of CO, can be
dissolved in ionic liquids investigated in this work (75 mol % in [hmim][NTf,] [153], 77 mol %
in [hmim][B(CN),], and 73.5 mol % in [emim][B(CN),]). The magnitude of total volume
expansions equals to 35%, 46 % and 52 %, respectively. Conversely, [bmim][PFs]-CO;
system, with 69 mol % of the gas (at 8.5 MPa) exhibits a mere 18 % volume increase over the
pure ionic liquid [152]. At higher pressures, the volume of tetracyanoborate-based ionic liquids
expands to approximately 55 and 60 % for [hmim][B(CN),] and [emim][B(CN),4], respectively,

corresponding to 80 mol % of CO..
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Figure 4.8.  Volume expansion based on change in molar volume of the liquid upon addition of CO, to
various ionic liquids at 313.15 K as defined by eq (2); 0, [emim][eFAP] [this work];
0, [bmim][eFAP] [this work]; o,[hmim][eFAP] [this work]; e, [bmim][PF¢] [153];
A, [hmim][NTf,] [153].
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Figure 4.9.  Volume expansion based on change in molar volume of the liquid upon addition of CO, to
various ionic liquids at 313.15 K as defined by eq (2); ¢, [emim][B(CN)4] [this work];
o, [emim][B(CN),] [208]; e, [hmim][B(CN)4] [this work]; A, [bmim][BF,] [this work];
o, [bmim][BF,] [153]; x, [hmim][NTf,] [153].

Comparing equations for the total and molar volume expansion, it can be easily shown

that the two volume expansions are related by a simple equation:

vV oav
T = v %2~ Xcoz 3)

From this correlation, and from Figure 4.8 and Figure 4.9, some general conclusions
about the slope and shape of AV/V vs. Xco, plot can be drawn. When AV/V is small, the molar
volume expansion can be negative. Once the total volume expansion increases and AV/V
reaches high values, i.e. in the case of mixtures of carbon dioxide with many organic solvents,
the molar volume expansions may turn positive. For ionic liquids this does not happen and the
molar volume expansion continuous to decrease until no more CO, molecules can be dissolved.
As during the dissolution more and more carbon dioxide is being introduced into the ionic
liquid phase, the molar density must be increasing. Since the liquid phase of 1L-CO, does not
expand significantly, it means that the mechanism governing the dissolution must be influenced

by the free volume effect.
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Another observation from equation (3) is that the molar volume expansion is a less
sensitive quantity than the total volume expansion. With an increase in AV and simultaneous
decrease in X,, the quantity obtained from their multiplication varies slowly. As a consequence,
the values for AV/V for all ionic liquids presented in Figure 4.8 and Figure 4.9 are
indistinguishable. For this reason, the systems with small total volume expansions should be
analysed considering the change in the total, and not molar, volume of a mixture, as opposed to
the conclusions previously stated in the literature by de la Fuente et al. [203], who investigated
organic solvents + CO, mixtures exhibiting large AV/V values.

The enhanced carbon dioxide solubility in [eFAP]-based ionic liquids was attributed by
several authors to favourable interactions between carbon dioxide and the highly fluorinated
anion [37,205,209]. When electronegative fluorine atoms are present, the C—F bond (Lewis
base) may interact with the electron-deficient carbon atom of CO, that acts as a Lewis acid.
Additionally, the oxygen atom of CO, (Lewis base) can be involved in hydrogen-bonding with
the relatively more acidic protons of the ionic liquid because of the presence of neighbouring
fluorine atoms.

The structure of ions, the size and shape, has a significant influence on the mechanism
for carbon dioxide dissolution in ionic liquids. Recently, a strong correlation between the ratio
of unoccupied space in pure ionic liquids (free volume) and its ability to absorb carbon dioxide
has been found by molecular dynamics simulations [154]. Large and asymmetric ions lead to
larger average distances between cations and anions, and thus weaker mutual attraction. Weak
electrostatic cation-anion interaction allows for easy enlargement of cavities of the ionic liquids
structure, which in turn results in higher carbon dioxide solubility as more CO, molecules can
accommodate within the voids. Magnin and co-workers showed that there are three kinds of
high density areas of carbon dioxide around bulky [eFAP] anion [219].

Therefore, a possible explanation for such a remarkable increase in volume expansion
as obtained in this work may originate from a weakly coordinating nature of ionic liquids
[155,220,221,222,]. Babarao et al., using molecular dynamics simulation and quantum
mechanical calculations, investigated the structural correlations in [emim][B(CN)4]-CO, and
[emim][NTf,]-CO, systems [155]. By analysing the atom-atom radial distribution functions
they found out that the [B(CN)4] anion is located slightly farther from the [emim] cation than is
the [NTf;] anion, H-bonding within [emim][B(CN)4] is weaker and organisation of CO, around
[B(CN),] anion is stronger. Thus, easy enlargement of cavities of the ionic liquid structures is
possible. Additionally, they reported that the cation-anion binding energy and carbon dioxide
solubility (at atmospheric pressure and room temperature) for four ionic liquids with the same
[emim] cation and different anions ([BF4], [PF¢], [NTf;] and [B(CN),]) show a good
correlation, on the contrary to CO,-anion interactions when compared to solubility of carbon
dioxide. Gupta [222] also found that [bmim][B(CN)4] have lower than [bmim][NTf,] binding
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energy. Additionally, he analysed the binding energy of four more tetracyanoborate-based ionic
liquids with different cations and showed that it increases in the order of 1-butylpyridinium
(IC4Py]) < [bmim] < 1-propargyl-3-methylimidazolium ([HCC-Cimim]) < N-((dimethyl-
amino)methylene)-N-methylmethanaminium, ([(N12).CH]) < 1-ethanenitrile-3-
methylimidazolium ([NC-Cymim]). [C4Py][B(CN)4], with the lowest cation-anion binding
energy, was predicted to possess the largest fractional free volume, the highest carbon dioxide
solubility and diffusivity.

All of that indicates that the weak interaction between cation and anion allows for easy
enlargement of cavities of the ionic liquids structure, which in turn results in higher CO,
solubility, as more CO, molecules can accommodate within the voids. As a result of this,
Babarao et al [155] predicted that the liquid phase should also experience a bigger volume
expansion. The experimental results presented in this work are consistent with these

computational finding and seem to confirm the proposed mechanism of CO, dissolution.

4.4, Conclusions

The high pressure solubility data of carbon dioxide in ionic liquids based on
tetracyanoborate and tris(pentafluoroethytrifluorophosphate anions, as well as the volumetric
behaviour of their mixtures, have been presented in this study. Fluoroalkylphosphate-based
ionic liquids show one of the greatest affinities for carbon dioxide among ionic liquids with
physisorption mechanisms. High degree of fluorination, together with a bulkiness of the
constituting ions, seems responsible for such high carbon dioxide solubility and exceptional, (in
the case of CO,-ionic liquids mixtures) volume expansion of the liquids phase. Intriguingly,
similarly high carbon dioxide solubility, and even higher volume expansion of the liquid phase,
was found for the systems with ionic liquids bearing the small and highly symmetric
tetracyanoborate anion. These results reaffirm the ongoing debate over the mechanism
governing gas solubility in ionic liquids. It seems that the weak coordination of the anions with
the 1-alkyl-3-methylimidazolium cation plays a crucial role in the dissolution process.

Notably higher, but still much smaller than for organic solvent + carbon dioxide
mixtures, total volume expansion of IL-CO, systems indicates the free volume effect. Weak
anion-cation interactions within the structure of the investigated ionic liquids allow for easy
creation of cavities for accommodation of CO, molecules, thus, higher absorption capacities.
The lack of any appreciable increase in the total volume at the time of the increase in molar

density confirms the interspace filling mechanism of dissolution.
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5. Carbon dioxide as a reaction and extraction medium

5.1. Introduction

The C-H insertion reaction of diazo compounds catalysed by dirhodium(Il) complexes
has developed into a very reliable methodology to form new C-C bonds from otherwise
unreactive C-H bonds. As shown in Figure 5.1 this reaction involves the generation of a
metallocarbene which undergoes the C-H insertion forming the new C-C bond at the same time
that it regenerates the catalyst [47,223,224,225,226,227,228,229].

R2C=N2
©
R2(|3-RhL4
N5
®
-B
BRhL, == RhL,
+B
S N,
R2C=Rh|_4
SCR,

Figure 5.1.  General mechanism for the generation of metallocarbenes from diazo compounds and
dirhodium(l1) complexes.

From the sustainability point of view, the catalysed C-H bond insertion starting from
diazo compounds is an ideal process, as it affords important C-C bonds generating nitrogen as
the sole waste, if only the C-H insertion step is considered. In order to further improve the
sustainability of this methodology, it is important to introduce more benign reaction media, as
the reaction is typically carried out in organic solvents such as dichloromethane, in order to
avoid catalyst inhibition due to solvent coordination onto the complex axial positions (Figure
5.1) [47,223,224,225,226,227, 228,229]. In addition to this, dirhodium(Il) complexes are quite
expensive and for that reason methodologies that enable the catalyst recycling are of pivotal
importance [230,231,232,233,234,235,236,237,238,239,240,241].
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Over the years, it has been shown that new solvents are available to perform this
reaction and enable the catalyst reutilisation. lonic liquids and water have proven to be efficient
reaction media, in which the catalyst reutilisation was achieved in 6 and over 11 cycles,
respectively [242,243,244,245,246]. However, despite the usefulness of these approaches, both
required product extraction with organic solvents and subsequent purification. An ideal
methodology would involve the reaction taking place in a solvent that affords the product in
high yields, and, at the same time, enables the product/catalyst separation, leaving the complex
ready for another reaction cycle. Taking that into consideration, supercritical carbon dioxide
seemed a proper solvent for this process.

5.2. Materials and methods

5.2.1. Materials

Preparative thin layer chromatography plates were prepared with silica gel 60 GF254
MercK (Ref. 1.07730.1000). Reaction mixtures were analysed by TLC using ALUGRAM7{ SIL
G/UV254 from MN (Ref. 818133, silica gel 60), and visualisation of TLC spots was effected
using UV and KMnQ, solution. NMR spectra (Appendix B) were recorded in a Bruker AMX
400 using CDClI; as solvent and (CH5)4Si (1H) as internal standard. All coupling constants are
expressed in Hz. The enantiomeric excess of 14 was determined using high-performance liquid
chromatography with a Chiralcel column in the following conditions: Chiralpak AD column,
Hexane/iso-Propanol 97:3, 0.7 cm®/min, 225 nm, Rt = 11.3 min (major), and Rt = 13.1 min
(minor).

Dirhodium(ll) complexes: tetracetate, perfluorobutyrate and octanoate complexes were
purchased from Aldrich and Rh,(S-PTPA), and Rh,(S-PTTL), were prepared accordingly with
reported procedures [223,224]. The diazoacetamides: 1, 3, 5, 7, 9, 12, 14 and 17 were prepared
according with reported procedures [225,226,227]. Lactam 2 was obtained as characterised in
reference [225], lactams 8, 11, 13 and 16 in reference [226], lactams 6 and 18 and hydroxy
acetamide 15 in reference [227].

All syntheses and analyses were performed by Professor Carlos A.M. Afonso and
Pedro Gois, and co-workers, at the Faculty of Pharmacy of the University of Lisbon.
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5.2.2. Apparatus and experimental procedure for the cyclisation process

A 3.5-cm® high-pressure cell was charged with diazoacetamide (0.173 mmol) and
dirhodium(ll) complex (1 mol%) and placed inside a constant temperature water bath. Carbon
dioxide was introduced into the cell by a screw injector pump, at a constant temperature of
303.15 K. The mixture was stirred with a magnetic stirrer for 24 hours under 303.15 K and
7 MPa. After which, the system was depressurised and the conversions and cis:trans
stereoselectivities determined based on 'H or *P NMR. In specific cases, the product was
filtered through alumina in order to epimerise the product form from cis to trans.

5.2.2. Apparatus and experimental procedure for the cyclisation process and

supercritical carbon dioxide extraction

In the case of the recycling experiment, a 3.5-cm® high-pressure cell was charged with
diazoacetamide (0.173 mmol) and dirhodium (1) complex (1 mol%) and placed inside a
constant temperature water bath. Carbon dioxide was introduced into the cell by a screw
injector pump, at a constant temperature of 303.15 K. The mixture was stirred with a magnetic
stirrer for 24 hours under 303.15 K and 7 MPa. Subsequently, supercritical extraction was
performed at a constant pressure of 17 MPa and 313.15 K. The extraction was considered
finished when 0.35 mol of CO,, corresponding to displacing 19 cm® of the volume of the screw
injector pump, had passed through the system. The product was collected in cold traps filled
with dichloromethane and cooled by a (ice + sodium chloride) mixture (Figure 5.2). After this,
the system was depressurised, and a fresh quantity of diazoacetamide (0.173 mmol) was added
to the dirhodium(ll) complex that remained in the cell after the extraction. The collected

product purity was determined based on *H NMR.
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Figure 5.2. Schematic diagram of the apparatus for the cyclisation of diazoacetamide with
dirhodium(ll) complexes in CO,: 1 — CO, supply; 2- screw injector pump; 3 - constant
temperature water bath; 4 - high-pressure cell; 5 - magnetic stirrer; 6 - cold traps.

5.3. Results and discussion

Dense-phase carbon dioxide has already been successfully used as a solvent in many
homogeneously metal-catalysed reactions [114,247,248,249,250,251]. However, as far as our
knowledge goes, the intramolecular or intermolecular C-H insertion with diazo compounds
catalysed by dirhodium(ll) complexes has never been reported.

The formation of B-lactams was investigated on the example of diazoacetamides 1, 3, 5,
and 7, bearing different a-substituents (Figure 5.3). The cyclisation reactions were performed at
303.15 K and 7 MPa of carbon dioxide, for 24 hours and with 1 mol% of a catalyst, being either
the perfluorinated dirhodium(ll) complex Rhy(pfb), (tetratkis perfluorobutanoate di-
rhodium(l1)) or a complex featuring octanoate or acetate as the dirhodium(ll) bridging ligands
(Rh,(Ooct), - tetratkis octanoate di-rhodium(ll) or Rhy(OAcC), - dirhodium(ll) tetra-acetate).
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Intramolecular C-H insertion of diazoacetamide 1, 3, 5 and 7 using dirhodium(Il)

complexes in CO, at 303.15 K and 7 MPa, for 24 hours and with 1 mol% of a catalyst.
Conversions and cis:trans stereoselectivities determined based on *H and 3P NMR.

57



M.E. Zakrzewska PhD thesis in Sustainable Chemistry

The presence of a bulkier and more hydrophilic phosphoryl group in 7 resulted in its
less selective transformation and the lactam 8 was obtained in 67%. However, the
diastereoselectivity obtained in the cyclisation of 7 in carbon dioxide (cis:trans 93:7) compares
favourably with the results obtained in dichloromethane (cis:trans 88:12), water (cis:trans
62:38), or under photochemical conditions in hexane (cis:trans  33:67)
[244,245,246,252,253,254,255,256].

The synthesis of five-membered rings in dense phase carbon dioxide as a reaction
medium was also investigated. As shown in Figure 5.4, different phosphoryl diazoacetamides
successfully underwent the C-H insertion in the presence of Rh,(pfb),, to form the expected
lactams in good yields.

o o]
(EtO)zOP%N /w/ Rh2(pfb)a _ (Et0)0P _ipr (EtO)20P.
No )\ 71% conversion +
Me

(E0)20P % /I Rha(pfb)a (E10)20P N~ Bu
H\ Et

13->97%
cis:itrans 10:90

\

O (0]

|
@)
(Et0)20 \VH‘\N /ﬁ Rho(pfb)s (EtO)ZOP%N/ﬁ 0 j
0 - + (Et0)20P,
Na H o 85% conversion OH Ho\ N

O (0N @)
15 - 20% 16 - 80%
cis:trans 20:80
) 0
(EtO)ZOP\’H‘\ ~Ph Rha(pfb):  _ (Eto)0P ~,.

60% conversion

17 18 ->97%

Figure 5.4. Intramolecular C-H insertion of phosphoryl-diazoacetamides 9, 12, 14 and 17 using
Rh,(pfb), in CO, at 303.15 K and 7 MPa, for 24 hours and with 1 mol% of a catalyst.
Conversions and cis:trans stereoselectivities determined based on *'P NMR.

The formation of the alcohol from substrate 14 is probably due to the hygroscopic
nature of this compound and the presence of water molecules nearby the metallocarbenoid

centre. The alcohol is formed exclusively when performing the cyclisation of this compound in
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water, as observed in previous studies [244,245,246]. In the case of substrate 17, the lower
conversion may result from a weaker solvent stabilisation of the zwitterionic intermediate in the
aromatic substitution.

Using chiral dirhodium(ll) complexes, Rh,(S-PTPA), or Rh,(S-PTTL), (structures can
be found in Appendix C), the asymmetric version of the C-H insertion of diazoacetamides in
carbon dioxide is also possible. It was verified that substrate 5 transforms into p-lactam 6
quantitatively with 52% and 65% ee after epimerisation in basic alumina, using Rh,(S-PTPA),
or Rhy(S-PTTL),, respectively (the cyclisation conditions: 303.15 K, 7 MPa, 24 h and 1 mol%
of a catalyst).

For the purpose of evaluation whether high-pressure carbon dioxide is capable of
separating product from the catalyst, the system composed of substrate 5 and Rh,(OAC),
complex as catalyst has been studied. As mentioned earlier in the thesis, fluorination of
compound increases its affinity towards carbon dioxide. Therefore, a dirhodium(Il) complex
with a lower fluorine content would be less soluble in the carbon dioxide phase and,
consequently, would be less extracted. The cyclisation of substrate 5 affords the expected p-
lactam 6 exclusively, with cis:trans 83:17 stereoselectivity, at 303.15 K and 7 MPa of carbon
dioxide, for 24 hours and with 1 mol% of Rh,(OAc), complex as a catalyst (Figure 5.3). In the
recycling experiment, the substrate was submitted to such a C-H insertion in carbon dioxide,
followed by supercritical carbon dioxide extraction and new addition of substrate as shown in
Figure 5.2. As expected, the first cyclisation of diazoacetamide 5 took place in high yield and
lactam 6 was recovered in 75% vyield, after extraction with carbon dioxide at 17 MPa and
313.15 K. The second reaction with freshly added substrate afforded lactam 6 quantitatively
and confirmed that the Rh,(OAc), complex endured the extraction protocol retaining its
catalytic activity. This final reaction highlighted that the C-H insertion of diazoacetamides
proceeds very successfully using carbon dioxide as solvent and that the extraction with
supercritical carbon dioxide may indeed allow the catalyst reutilisation and, at the same time,

reduces the use of organic solvents in the isolation process.

5.4 Conclusions

We have established the intramolecular C-H insertion of diazoacetamide using carbon
dioxide as a solvent. This process afforded the expected lactams in yields over 97%. The
asymmetric intramolecular C-H insertion was also achieved, and p-lactam was obtained in 97%
yield and 65% ee using the chiral dirhodium(ll) catalyst Rhy(S-PTTL),. Finally, the
dirhodium(ll) complex Rhy(OAc), was used in two consecutive cycles in which complete

conversion to the lactam was possible. This recycling experiment demonstrated that carbon
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dioxide can be used as an efficient solvent for C-H insertions based on diazo
compounds/dirhodium(Il) complexes and that the extraction with supercritical carbon dioxide
may indeed allow the catalyst reutilisation reducing the use of organic solvents in the isolation

process.
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Concluding remarks and future perspectives

At present, among different climate change mitigation strategies, Carbon Capture and
Sequestration seems to be an indispensable technology to achieve the goals presently set for the
maximum temperature increase over pre-industrial values. If actually implemented, even if at a
smaller scale than currently envisaged, it will provide enormous amounts of carbon dioxide of
high purity at high pressure. With abundant amounts of this highly valuable and probably
extremely cheap resource, new environmentally attractive pathways for application of
compressed carbon dioxide will certainly be developed.

High-pressure carbon dioxide on its own, or combined with ionic liquids, may serve as
an interesting solution for many existing, or newly developed, technologies. However, any
process design and development depends on accurate, basic experimental and computational
data, and these, as for now, are still insufficient. For all applications involving solvents and
solutes, phase equilibrium and solubility are some of the most important informations.

In case of ionic liquids, the complex microheterogeneous nature makes it very difficult
to understand their structure-property relationships and molecular level of interactions. For the
same reason, it is extremely problematic to establish the exact factors controlling gas
dissolution. The results from the case study, where the solubility of carbon dioxide in
tetracyanoborate- and fluoroalkylphosphate-based ionic liquids, together with the volume
expansion of their mixtures, were measured, contribute to the ongoing debate over the
mechanism governing gas solubility in ionic liquids. It was shown that ionic liquids based on
tetracyanoborate anion, exhibited great capacity for carbon dioxide capture and higher than
usual volume expansion. This was the case despite their small size and high symmetry, which
might suggest a low free volume, and, thus, low gas solubility. It appears that weak anion-
cation coordination is more important than the COj-anion interactions, contrarily to the
hypothesis previously stated in the literature. In the other case study, where carbon dioxide-
induced melting point depressions where discussed, we were not able to find any positive
correlation between the solubility of carbon dioxide in each ionic liquid investigated and their
melting temperature depression. It is possible that the extremely high differences between CO,-
induced melting point depressions in structurally similar ammonium-based ionic salts be related
to interactions between carbon dioxide and the solid phase of these ionic liquids. Given the
background and the importance of the systems involved, it is crucial that improved
understanding and reliable predictive models of gas solubility in ionic liquids be obtained.

Finally, the case study of the intramolecular C-H insertion of diazoacetamide serves as
evidence that compressed carbon dioxide can successfully serve as both reaction and extraction

medium, facilitating the process and post-reaction separation of product. It supports the belief
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that supercritical carbon dioxide holds many promises to develop benign environmental
technologies.

In conclusion, despite the fact that still a lot of research is necessary to completely
understand molecular interactions between ionic liquids and carbon dioxide, both of these
media show a great potential for many interesting industrial applications. No doubt, they will

find them. It’s just a matter of time.
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Appendix A

Figure A.1 The observed maximum total volume expansion of 54% for [emim][eFAP] with
compressed CO; at 313.15 K and 0.81 mole fraction of CO,.

Figure A.2 The observed maximum total volume expansion of 53% for [bmim][eFAP] with
compressed CO, at 313.15 K and 0.8 mole fraction of CO,.
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EET T
~18 MPa |

Figure A.3 The observed maximum total volume expansion of 50% for [hmim][eFAP] with
compressed CO, at 313.15 K and 0.83 mole fraction of CO..

In
I:)0

Figure A.4 The observed maximum total volume expansion of 59% for [emim][B(CN),] with
compressed CO, at 313.15 K and 0.79 mole fraction of CO..
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Figure A.5 The observed maximum total volume expansion of 53% for [hmim][B(CN),] with
compressed CO; at 313.15 K and 0.82 mole fraction of CO,.

1
P0

Figure A. 6 The observed maximum total volume expansion of 25% for [bmim][BF,] with compressed
CO, at 313.15 K and 0.55 mole fraction of CO..
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Appendix B
List of NMR spectra:
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Figure B. 1 'H NMR spectrum of crude cyclisation reaction of 1 with Rh,(pfb),.
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Figure B.2 'H NMR spectrum of crude cyclisation reaction of 1 with Rh,(Ooct)s.
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Figure B. 3 'H NMR spectrum of control experiment of 1 without dirhodium catalyst.
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Figure B.6 H NMR spectrum of isolated cis-lactam 6.
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Figure B. 7 'H NMR spectrum of isolated trans-lactam 6, epimerised by filtration of cis-lactam through
neutral alumina.
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'H NMR spectrum of crude cyclisation reaction of 7.
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Figure B. 10 *H NMR spectrum of isolated lactam 8 (after filtration through basic alumina).
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Figure B. 11 *'P NMR spectrum of isolated lactam 8 (after filtration through basic alumina).
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Figure B. 12 *'P NMR spectrum of isolated lactam 11 (after filtration through basic alumina).
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Figure B. 13 'H NMR spectrum of crude cyclisation reaction of 12.

a A
4 8
| |
(0] (o]
(EtO)ZOP N ha(pfb)ﬂ mol% (Eto)zo N/nBu
3 CO,,70 bar
24h,30°C Et
12
>97% 13
cis:trans 1:9

0.13+

T
8

270 265 26.0 255 250 245 240 235 23.0 225 220 215 21.0 205 200 195 19.0 185 18.0 175 170 165 16.0 155 150
f1 (ppm)

Figure B. 14 *'P NMR spectrum of crude cyclisation reaction of 12.
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Figure B. 15 *H NMR spectrum of isolated lactam 13 (after filtration through basic alumina).
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Figure B. 16 *'P NMR spectrum of isolated lactam 13 (after filtration through basic alumina).

74



M.E. Zakrzewska PhD thesis in Sustainable Chemistry

424
423
422
421
421
4.20
4.19
4.19
388
387
385
384
355
355
354
353
352
351
1%
—3.04
—298
9

7

6

6

4

2

N334

s
X
!
)

24h,30°C

14 85% 15-13%

|
(EnO)zoP\(ﬁ\N/\J) Rh,(pfb), 1mol% (EtO)zop\(iN/j (Et0),0P :j
—_—
Ny i\ CO,,70bar OH i(

=0

16 -87%

cis:trans 2:8

— —— o T T T

R -] b1 [d Q ~

s s = N < s
LR s B o S S s e e e e L me o m s e e s e o LA B o m e e B NI s o p s e e
47 45 4.3 4.1 39 37 35 33 3.1 29 2.7 25 2.3 21 1.9 1.7 15 13 1.1 0.9

f1 (ppm)

Figure B. 17 'H NMR spectrum of crude cyclisation reaction of 14.

&8
1947
1680

\
(EtO)zOP\(ﬁ\Nﬁ Rh,(pfb), 1mol% Eto}zop\fﬁ\"/} (E10),0P :j
N, O CO,,70bar H \“
24h,30°C o
"o 85% 15-13% 16-87%
cis:trans 2:8
'
|
JL—JL‘ A
T T T
2 2 =
28 27 26 k3 24 23 22 21 20 19 18 17 16 15 14 13 12 11 10
1 (ppm)

Figure B. 18 *'P NMR spectrum of crude cyclisation reaction of 14.
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Figure B. 20 *'P NMR spectrum of crude cyclisation reaction of 17.
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Figure B. 22 'H NMR spectrum of crude cyclisation of 5 catalysed by Rh,(OAC),.
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Figure B. 23 'H NMR spectrum of crude cyclisation of 5 using recycled Rh,(OAc),.
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Figure C. 1  Structures of chiral dirhodium(Il) complexes.
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