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Abstract

The Hammett acidity functions (Hp) of mixtures of Brgnsted acids-ionic liquids
were measured using a *C NMR probe and several UV-Vis probes. Successful
measurements for all of the systems were demonstrated using the UV-Vis probes.
A suitable probe was chosen and used to measure each mixture with the estimation
of Hy values from the *C NMR probe. The 3C NMR probe can be used to calcu-
late the acidity of the mixtures approximately while the UV-Vis probe gave more
precise results. The Hy of Brgnsted acids-ionic liquids systems with different acids
were successfully measured using the '3C NMR probe. Additional measurements
were done using the UV-Vis probe to get a full acidity measurements for each
system that cannot be measured using the *C NMR probe. Finally, the effect on
acidity of the cation of the ionic liquid was found to depend on the strength of
the acid mixed with ionic liquids. There is no difference in the acidity of mixtures

with a weak acid.
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Chapter 1

Introductions

1.1 Ionic Liquids

Ionic liquids may be defined as salts that melt at or below 100 °C to afford materials
composed of cations and anions. The melting temperature (100 °C) is very often
cited as the cut-off point to distinguish ionic liquids from the related topic of molten
salts,[!l which are generally regarded as high temperature systems. In some cases,
ionic liquids are free-flowing liquids at room temperature where they are called
room-temperature ionic liquids (RTILs). These ionic liquids have real advantages
in applications over higher melting salts due to the practicality of handling these

ionic liquids.

1.1.1 A brief history of ionic liquids

Tonic liquids (ILs) have always been in a parallel interest in academic research
and industrial chemistry.[> * 4 The search for alternatives to replace volatile or-
ganic compounds have become a prime concern because cleaner technologies have
become a crucial concern in academic and industrial research. Solvents are con-
sidered as damaging chemicals because of their volatility, which makes these dif-
ficult to contain, and that they are being used in huge quantity. lonic liquids

were found to be suitable as solvents for synthetic processes and are potentially

23
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to be used as replacements for volatile organic compounds.[> % ¢ Applications of
ionic liquids are diverse in both academia and industry, including their use as
electrolytes in batteries,[” 8 in the textile processes,[® 1% 1l in the capture and
storage of CO,'> 13 and in the pre-treatment and dissolution of lignocellulosic
biomasgs.[14: 15 16]

In 1914, Paul Walden reported one of the first publications on ILs about the
physical properties of ethylammonium nitrate ([EtNH3|[NOs], Figure 1.2.1).' The
[EtNH;3|[NO3| (mp 13-14 °C) was formed by the neutralisation of ethylamine with
concentrated nitric acid. Walden investigated the electric conductivity and the
molecular size of some organic ammonium salts which he derived from the capil-
lary constant. These salts melt at relatively low temperatures (approximately 100
°C). The low melting points limit the degree of thermolysis of these salts and make
the experiments possible, which was not possible at the high temperatures required
to melt anhydrous mineral salts. Thus, it is possible to perform all measurements
using the methods and apparatus at usual temperatures. The conditions of the
low-melting salts are close to the actual experimental conditions used to measure
the conventional aqueous and non-aqueous solvents. The results were predicted
using the theory of electrolytic dissociation of Arrhenius and the theory of van’t
Hoff.'™ 8] The general results for the organic salts at low temperatures (below,
or around 100 °C) have a close similarity to the experiments made with inorganic
(single, non-complexing) molten salts at higher temperatures (between 300 - 600
°C).I'7% 181 Walden’s discovery of a new class of liquids did not gain any noteworthy
interest during that time despite his comprehensive description in the paper. How-
ever, it is acknowledged nowadays that Walden’s findings have left a remarkable
legacy and he is known as the pioneer of the field of ionic liquids.

The research into ionic liquids remained inactive until 1948 when the applica-
tion of mixtures of aluminium (IIT) chloride (AICl;) and 1-ethypyridinium bromide

[19.20] The report

(|C2py|Br) to the electrodeposition of aluminium was reported.
discovered that [Cypy|Br is liquid at or below room temperature with 67 mol %
of AICl;. Unfortunately, it is difficult to investigate the selected system as it was
based on mixed chloride and bromide salts which mean that the solvent was chem-
ically complicated. The issue was then solved in the 1970s and 1980s when there

were reports on so-called ’organic chloroaluminate’ ionic liquids.[?> 22! Both papers
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reported the of use Lewis acid molten salt systems to study the electrochemistry of
organometallics. The 'melts” were formed from the pairing of N-alkylpyridinium
halide salts with the strongly Lewis-acidic AICl3 (Figure 1.1.1). The molten salt
systems used were found to provide a new selection of media in which to study
the electrochemical and chemical properties of different compounds as these melts

can easily be maintained free of water, oxygen and proton.[?!l

0 @ e O o o -
. i Br /Cl |/ A | oAl AL
/\NHS 6/':]\0 NK Cl él Cl Cl él Cl él cl
[EtNH3][NO3] [EtPy]Br.AICl5

Figure 1.1.1 — Structures of early ionic liquid compounds : ethylammonium nitrate,
[EtNH;3||NO3| and the 'melt’ [Etpy|Br.AlCl3 (examples of observed anion structures)

The [Cypy|Br.AlCI; system developed by Osteryoung’s group had a significant
problem where the melt is liquid at room temperature but only with a very narrow
compositional range. Also, the cation was easily reduced, which cause limitations
to expand the applications in battery and electrodeposition.?!!

Tremendous effort was made to develop and improve the synthesis of a new
generation of ionic liquids with better properties. Second generation ionic liquids
were reported back in 1992, when 1-ethyl-3-methylimidazolium tetrafluoroborate
(|C2Cqim]|BFy]), mp. 12 °C) was prepared using the salt metathesis route of 1-
ethyl-3-methylimidazolium iodide (|[CyC,im]|I) with Ag|BF,] in methanol.?* The
tetrafluoroborate (|[BF4|") was used to substitute the moisture sensitive anion used
in first generation ILs to produce ’air and water stable ionic liquids’. Other new
ionic liquids using the salt metathesis route then followed with different cations and

124,25, 26] Qnarternary nitrogen centre cations are the most of-

anions (Figure 1.1.2)
ten used, followed by sulfonium- and phosphonium- derived ionic liquids. The an-
ions structures are more varied compared to cations from simple halide liquids to-
wards the complex, polyatomic anions such as the bis(trifluromethylsulfonyl)imide
anion [NTfy|. These second-generation ionic liquids have since found increased ap-

plications as reaction media for diverse types of organic reactions.[27 28: 29l
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Figure 1.1.2 — Structures of common ionic liquids cations and anions. The R groups
are usually H, -CHjs or other short chain aliphatic substituents
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1.1.2 Tonic Liquids Nomenclature

The high number of different abbreviations and naming schemes for ionic liquids
is growing significantly, together with the number of ionic liquids synthesised and
many research groups working in ionic liquids. These different abbreviations are
especially evident for ionic liquids cations. Thus, it is essential to use a standard
nomenclature system in naming the ionic liquids to avoid confusion.

Most abbreviations used in the literature were derived from the ion’s name and
often written either in upper- or lower-case letter short form for example: [bmim]|*
and [BMIM|* where both refer to the 1-butyl-3-methylimidazolium cation.3% 3!
Nevertheless, complications arise with the naming system as ambiguities are de-
tected especially when the same letter is being used to represent alkyl chains with
different lengths, such as for [pmim|". Should the [pmim]|™ acronym be used for
1-propyl-3-methylimidazolium or 1-pentyl-3-methylimidazolium cations? Or h in
the [hmim|" refer to hexyl or hydrogen?

To avoid the above-mentioned complications, an alphanumeric system is used
to describe the alkyl chains, with an alphabetic abbreviation for the charged centre.
Examples are listed below to show how the alphanumeric system has been applied

in naming the cation of ionic liquids:[* 32

1. 1-butyl-3-methylimidazolium cation becomes [C,C;im| and if it is a non-
linear alkyl chain (e.g. 1-tert-butyl-3-methylimidazolium cation can be ab-
breviated as [*C,C;im]).

2. In a case of the di-/tri-alkylimidazolium cation type (e.g. [Cp,Cyim| in Figure
1.1.2), a combination of letters and numbers can be used. The letter m and
n belong to the number of carbon atoms in the alkyl side chains. These side
chains are assumed to be connected to the nitrogen atoms of the imidazolium
ring, except when it is labelled with a superscript number which to the

position of the ring.

3. This nomenclature also can be used to name a non-carbon atom as substi-

tutions in the chain, for example, [C;OCqim]| cation.

4. When the type and position of the side chain are functionalized, the func-

tional group are noted as (e.g. [(OH)*C,C,im|); which means that there is
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an alcohol group on the terminal carbon of the butyl chain.
5. Alkyl chains are assumed to be saturated except if mentioned otherwise.

6. Alkylation is assumed to be on the heteroatom(s) in the cyclic cations unless
if not indicated by giving the numerical position of alkylation on the ring, for

example; [C,C;C,%im]|" is an abbreviation for 1-butyl-2,3-dimethylimidazolium.

The naming of ionic liquids anions is simpler than the cation due to their chemical
structures. The naming of the anion is based on the nomenclature of the anion is
being used throughout this thesis. For example, the standard abbreviation "Tf’ to
refer the "trifluoromethylsulfonyl’ is used instead of ’| TFSI|” and other alternatives

that appear in different literatures.3 34

1.1.3 Applications and Properties of ionic liquids

The unique properties of ionic liquids have sparked major interest from academia
as well as in industry due to their large number of potential applications. Ionic
liquids properties are determined by the interaction of ions in the melt and their
structure.’®! ITonic liquids are normally composed of large asymmetric organic
cations and inorganic or organic cations.!?! The properties of ionic liquids can be
modified by tuning the cations and anions, and this makes ionic liquids to be called
as 'designer solvents’. For example, the properties of the ionic liquids can change
by varying the length and branching of the alkyl groups in the cation. Hart et al.
reported that changing the ionic liquid cations affects the solubility of lignin.[3"]
In the report, the solvent-solute interactions of solutions of lignin in [C,Cyim|™,
[C,Csim]| ™, and |Cypyr|",and [Nyus|" -based ionic liquids was measured using 'H
and C NMR spectra. The report concluded that the planar cations have a subtle
effect on the lignin solubility. There is about 30 wt% difference in lignin solubility
between [C4Ciim|"and [Ny4s]t-based ionic liquids. It also mentioned that there
is no difference in solubility of lignin between ionic liquids with different anions.
The melting points of ionic liquids can be influenced by the H-bonding ability,
the charge distribution on the ions, the van der Waals interactions and the symme-
try of the ions. For comparison, the inorganic salt NaCl has a melting point of 801

°Cl3¥ while 1-propyl-3-methylimidazolium chloride’s melting point is 77-79 °C.[?
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The change of the small inorganic cations to large asymmetric organic cations has
decreased the melting points.

Ionic liquids have a wide range of polarities which offer many advantages in
the properties of the ionic liquids. Polarity can be defined quantitatively as a
polar solvent is one that will dissolve and stabilise charged or dipolar solutes.!?!
This definition causes ionic liquids to be considered as polar solvents. The polarity
of a solvent is critical as it directly influences the electronic environment of the
solute. Ionic liquids have the potential to be highly polar, yet noncoordinating
solvents since ionic liquids are usually composed of poorly coordinating ions.['> 3]
The reactivity of ionic liquids in organic reactions can be modified by enhancing
stabilisation of transition states or starting materials.l? Also, ionic liquids can pro-
vide a nonaqueous, polar alternative for two-phase systems because hydrophobic
ionic liquids are miscible with a number of organic solvents. Ionic liquids can also
be used as immiscible polar phases with water.[*0]

One of the properties that makes ionic liquids attractive especially from an
industrial and processing perspective is their extremely low volatility.[*!! The low
volatility makes ionic liquids non-flammable and have high thermal stability gives
wide liquidus temperatures. Moreover, it also makes ionic liquids an attractive
option to electrochemists as a conductive media. Ionic liquids will not suffer diffu-
sive losses or long-term evaporation, and they are easy to confine. With traditional
electrolytes, diffusive losses can reduce device lifetimes by causing salt deposits on
electrode surfaces.

In the last two decades, lots of literature reported on several applications of
ionic liquids in industry. They have been used as catalysts for different synthetic
transformations*?l and as alternatives to traditional organic solvents!?. Tonic liq-
uids, in addition, have been used as acid catalysts in many organic reactions as
well as in industry. In this subchapter, two examples that demonstrate the capa-
bility of ionic liquid technology as acid catalysts in the chemical industry will be
briefly discussed.

On 224 September 2016, Honeywell UOP released a press release on a new
application of ionic liquids in the refining industry.[**l Honeywell UOP announced
that Chevron U.S.A. Inc. had developed a new alkylation technology which uses
ionic liquids as a catalyst to produce high-octane motor fuels, called ISOALKY ™.,
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Quoting from the press release, Mike Millard (vice president and general manager
of Honeywell UOP’s Process and Technology and Equipment business) said that,
"lonic liquids alkylation offers a compelling economic solution compared to con-
ventional liquid acid technologies while delivering the same yields and high levels
of octane”. He also added that “This is a revolutionary new technology for refin-
ers to produce alkylate and improve the quality of their gasoline pool”. Alkylation
technologies are usually being used in the refining industry to produce high-octane
gasoline blending components to produce clean-burning fuels. It is the first new
successful liquid alkylation technology to be introduced in 75 years. At present,
most of the alkylation processes use a traditional technology that was developed
in between 1938-1942 by or in concert with UOP. ISOALKY™ technology is an
alternative to traditional technology that use sulphuric or hydrofluoric acid as a
liquid alkylation catalyst. Ionic liquids that have strong acid properties are used
as the acid catalyst to convert a typical stream from a fluid catalytic cracker into
a valuable high octane blending component. One of the many advantages of this
new technology is that a lower volume of catalyst is used to produce an alkylate
using a more extensive range of feedstocks. This technology also can be used
in both new refineries and existing facilities. Moreover, the ionic liquids can be
regenerated onsite, giving it a lower environmental footprint compared to other
technologies. %3]

Publicly, BASF™ is one of the industrial giants that has implemented the
ionic liquids technology. They have the broadest range of applications, the largest
patent portfolio and work openly with leading academics. BASIL™ (Biphasic
Acid Scavenging utilising Ionic Liquids) is one of the most successful examples

g.144, 45, 46, 47] Tig process

of using ionic liquids technology in an industrial proces
is used to produce a generic photoinitiator precursor, alkoxyphenylphosphines.
Triethylamine was used to scavenge the acid that was formed in the course of the
reaction in the original process. However, it is difficult to handle the reaction
as triethylammonium chloride (waste by-product) formed a dense insoluble paste.
1-methylimidazole replaced the triethylamine, which results in the formation of 1-
methylimidazolium chloride, which then separates out from the reaction mixture
(Figure 1.1.3). This reaction has proved that it is possible and practical to handle

large quantities of ionic liquids in the industry as the reaction is now being carried
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out on a multi-ton scale. The process was immediately acknowledged in 2004 as

the process won the ECN Innovation Award.[*8!

pure liquid product

OR ,
cl R
O
=

(\N - ionic liquid
N='
/ — -
recycle N Cl
toreooe | (7
H

Figure 1.1.3 — The BASIL™ process

1.1.4 Preparation of Ionic Liquids

There has been a rapid increase in the number of ionic liquids that have been
prepared during the past 20 years using a variety of methods. As a result, there is
a common two step route that is being used in the synthesis of ILs, although the
details may vary; step 1) alkylation of an amine/sulphide/phosphine to give an
intermediate salt and step 2) an anion exchange from the intermediate salt to give
the ionic liquid. Figure 1.1.4 summarises the steps used to synthesis ionic liquids
as illustrated by Welton and Wassercheid.[ Tt is important to follow a synthesis
route that can produce high-purity ionic liquids as it is not possible to distil most

ionic liquids in large quantities.
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NR;

[NR3RTH X
1. + metal salts M*[A]
+ Lewis acid MX, - MX

2. + Bronsted acid H*[A]
3. lon exchange resin

[NR3R'T" [MXy.4] [NRsR'T" [A]

Figure 1.1.4 — Typical synthesis steps for preparing ionic liquids, (NRj3 stands for
an initial amine substrate)

The preparation of ionic liquids is still an expensive process compared to molec-
ular solvents; which can be synthesised cheaply (e.g. acetone) or extracted directly
from nature (e.g. petroleum spirit, methanol or ethanol). The starting materials
used to prepare ionic liquids are expensive due to the complex structure of the
ions in ionic liquids.

The general preparations of ionic liquids listed below have been used to produce
ionic liquids in this work. There are a lot of other standard and optimised methods
described in the literature, and the details may vary between ionic liquids and

research group with a possibility of not being reported in detail.

1.1.4.1 Preparation of ionic liquids via halide intermediates

Aprotic ionic liquids can be synthesized using two-step procedure using alkylated
3]

cations and all other anions.!
Step 1: Making the halide salts The alkylation of tertiary amine or phos-
phine can be used to form the cation after purifying the starting materials. It is
important to exclude any moisture and air while performing this step. Haloalka-
nes are the most common alkylating agents as they are inexpensive and it is easy
to replace the halide salts formed during post reaction by other anions. Chloro-,
bromo- and iodoalkanes (ease of alkylation, I > Br > Cl) are used as alkylating
agents, where the nucleophilic substitution reactions occur.*! The nucleophilic sub-

stitution reactions are highly exothermic and can lead to runway reactions.*% %l
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Synthesis of [C,C;im|Cl shown is an example to prepare the halide intermediates
(Figure 1.1.5).

Ethyl acetate
=\ NN . ™\ -
N__N Cl /N\@N\/\/ Cl substitution
ch N
60 °C, 7 days
7\ - o
Z * — elimination

Figure 1.1.5 — Reaction scheme for synthesis of [C4C;im|Cl using the direct alky-
lation step

There is a possibility of formation of elimination products from the competing
reactions if the solution is overheated (Figure 1.1.5). Thus, the reactions are
usually conducted in a solution (with the addition of solvent) followed by adding
reactants drop-wise to avoid hotspots. The crude ILs obtained once the reaction
has completed are usually salts at room temperature. A recrystallization process is
necessary to purify the halide salts with the addition of solvents such as acetonitrile
and ethyl acetate to help the precipitation of the salt and removal of unreacted
starting materials. It is important to make sure that the alkylation is complete
as it is nearly impossible to remove the remaining tertiary amine or phosphine.
There has been a trend of practice in academic laboratories to leave the reaction
longer and reduce the temperature to make sure the reaction is fully completed
and to avoid coloured ionic liquids.

The alkylation synthesis of ionic liquids can also be done quickly with the
assistance of microwave heating.®!l The report claimed that the reaction time was
substantially reduced compared to the conventional methods with good yields.
However, there also has been a report mentioned that it is difficult to control
the reactions conditions where hot spots are possible which produce low-quality
products.®?!

Step 2: Metathesis - exchange of anions Metathesis of the halide salts with

a metal or ammonium salt or the conjugate acid of the required anion is then
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performed using the halide salts formed from Step 1. The standard procedure
of this method is by mixing the IL precursor (Figure 1.1.5) with metal a salt of
the required anion in a dry, water immiscible solvent (e.g. dichloromethane) to
prepare hydrophilic ionic liquids or water for the hydrophobic ionic liquid. The
addition of water will lead to separation of hydrophobic ionic liquids during the
reaction.!?3l Preparation of [C,C;im][NTf,] will be used as an example for salt

metathesis reaction (Figure 1.1.6).

/=) . RO _OF "o =) RO
/N@N\/\/ C|_ + L F%ﬁ/S—N—S\\‘eF > /N@N\/\/ F%—\
F O OF 2 days, RT FJ

remove LiCl

Figure 1.1.6 — Methathesis reaction of [C4C;im|Cl with Li[NTf;] to produce
[C4Crim][NTfy]

The formed lithium chloride salts will be precipitated from the solution during
anion exchange which will assist the reaction to completion. The aqueous solution
is then repeatedly washed with dichloromethane, and further isolation of the ionic
liquid from the dichloromethane solution will increase overall yield. Any remaining
water is then removed in vacuo to obtain a dry ionic liquid (< 20 ppm H,0O). For
hydrophilic ionic liquids, the resulting mixture (solvent + IL + halide salts) is
then filtered and the organic phase is then is washed with water to remove any
remaining halide salt. Tt is difficult to obtain a high yield as the miscibility of IL

in water increases.

1.1.4.2 Acid-base neutralisation

Acid-base neutralisation reactions are limited to the preparation of only one type
of ionic liquids called protic ionic liquids. However, it is the cheapest and the
quickest way to prepare protic ionic liquids. The heteroatom (N, P or S) of the
protic ionic liquid’s cation is charged by protonation. An acid-base reaction is
involved during the formation of the ionic liquid where a base reacts with an acid
(eqn. 1.1.1). The base becomes positively charged as the proton, H from acid is

transferred, and the acid anion becomes the anion of the ionic liquid.
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B+ AH — BH* + A~ (1.1.1)

The acid-base neutralisation reaction is a fast reaction compared to other meth-
ods. The reactions can be carried out in a neat condition and the synthesis of
1-butylimidazolium hydrogensulfate ([HC,im][HSO,|) is used as an example to de-
scribe the acid-base preparation of ionic liquid by reacting 1-butylimidazole with
97% sulfuric acid (Figure 1.1.7).

e} neat O

M\ _||_ [\ T o

N

Figure 1.1.7 — Acid-base reaction of reaction of 1-butylimidazole with sulphuric
acid to produce |[HC4im|[HSO4|

The reactions are often carried out in water, even though it can be done in
a neat condition, as the reaction is exothermic. Both the acid and base are well
miscible with water and the water helps to control the reaction as heat is produced
during the reaction. Coloured products will be obtained if the reaction is too
exothermic, thus it is important to add the diluted sulfuric acid in the base in a
slow manner. It was followed by purification and water removal steps after the
reaction is completed. The prepared ionic liquids must be further dried in vacuo
to remove water (<100 ppm H5O). This technique has been commercialised and
was used by BASF in the BASIL (biphasic acid scavenging utilising ionic liquids)
process.[*”l In this process the protic ionic liquid, 1-methyl-imidazolium chloride
1-methylimidazole (|C;Him|[Cl]) is produced during a proton transfer reaction
between 1-methylimidazole and HCl. 1-methylimidazole acts as an acid scavenger

to remove HCI.

1.1.4.3 Direct alkylation

Alkyl sulfate and dialkyl phosphate salts can prepared using dialkyl sulfates or

trialkyl phosphates as an alkylating agent respectively via the direct alkylation

[53, 54]

route. The direct alkylation route is a cheap and halide free method to prepare

alkyl sulfate and dialkyl phosphate aprotic ionic liquids. There was a report in the
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literature where the first alkyl sulfate ionic liquid [C4C;im]|[CsOSOs3], was prepared
using the halide intermediates route using [C,C;im|Cl and Na|CgOSO;].% The
most common alkylating agents used are dimethyl sulfate, Me;SO, and trimethyl
phosphate, Me3PO,. Figure 1.1.8 is used as an example for the direct alkylation

route.

(a) Alkylsulfates

0] neat O
/_\ _II_ / —\ __”_
(b) Alkylphosphates
(@) / neat = @)
/_\ _II_ — __“_

~

Figure 1.1.8 — Synthesis of ionic liquids by direct alkylation

The direct alkylation is also an exothermic reaction and care is required to
avoid overheating that can produce low-quality ionic liquids. It is also possible
to convert the ionic liquids prepared from the direct alkylation method into other
ionic liquids (e.g. [C4Cyim][HSO,]).P?! [C,C1im][HSO,4] can be produced by the
hydrolysis of the anion of [C,Cyim|[MeSO4| with methanol as a side-product that

can be easily removed by evaporation.

1.1.4.4 Purification of ionic liquids

Most ionic liquids prepared in the academic laboratory and commercially pro-
duced are bound to have colour which indicates reduced purity and quality of
the ionic liquids. Commercial ionic liquids available nowadays usually have a
purity claimed between 90% - 99% which is relatively poor compared to other

commercially available solvents. Even though the colour of the ionic liquids did
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56, 57] it is essential

not obstruct the ability of ionic liquids in industrial processes,
to acknowledge that it can cause a significant limitation for analytical measure-
ments (e.g. UV-Vis techniques). 8 In addition, there were reports mentioned that
the physico-chemical properties of the ionic liquids can be affected even with small

[59, 601 The impurities in the ionic liquids can come from

amounts of impurities.
various factors, from the starting material used to the temperature applied while
preparing the ionic liquid. It is important to remove the impurities to produce a
high-quality ionic liquids. The list below represents common impurities and their

removal methods.

1. Impurities from the starting materials: The starting materials must be puri-
fied prior use. The most typical purification step is distillation from a suitable
drying agent in an inert atmosphere. Prewashing of the starting materials
is used as an additional step whenever preparing a very pure “spectroscopic

grade” ionic liquids.l% 62

2. Excess starting materials: In the direct alkylation route, there is a possibility
of leftover base such as imidazole or pyrrolidine in this reaction. Small excess
amount alkylating agent can be added to maximize the alkylation of base
with the alkylating agents. The removal of solvent used in the reaction helps
to remove any remaining excess starting materials. The ionic liquids prepared

can be recrystallised with an anti-solvent for extra purity purposes.?!

3. Colour contaminants: The presence of trace molecular solvents or halogens
or the decomposition of the ionic liquid could be the reason of coloured ionic
liquids. Stirring the ionic liquid mixed with charcoal overnight can remove
the colour of the ionic liquid, followed by filtration step. Diluting the ionic
liquid with solvent is also possible if the ionic liquid is too viscous. The

solvent is further removed in vacuo.”

4. Acid or base contaminants: Ionic liquid with excess acid or base can be
removed by passing the ionic liquids through alumina powder. Excess base is

removed by acidic alumina while excess acid is removed by basic alumina.l®”]

The most persistent and major impurities found from today’s ionic liquids are

thought to be water and halides. Impurities can be detected by NMR spectroscopy
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if it is coming from the unreacted starting materials. Karl-Fisher titration is a
desirable method to determine the water content of the ionic liquids down to ppm
levels. Few samples and fast measurements are one of the advantages of this

titration method.[?¢l

1.1.4.5 Other synthesis routes

There are lots of other synthesis routes available to prepare ionic liquids with
some are innovative ideas towards greener solutions (e.g. less solvent, halide-free
or faster reaction). It is worth to mention their names although it will not be

discussed here in detail. Some of them are: methyl carbonate route 6364 jon

exchange with silver salts [?*l and ion metathesis with ion exchange resins [6%,

1.2 The theory of acidity

The hydrogen nucleus, i.e., the proton H', is a chemical species that plays a
privileged and unique role in acidity. The proton by itself has a powerful polarising
effect and is not prone to electronic repulsion since its 1s orbital is empty. It is
impossible for the proton to be in a free “naked” species in the condensed state
because of its strong electron affinity. The strong electron affinity of the proton
causes the proton to be always associated with one or more molecules of the solvent
or the acid itself. Free protons only exist in the gas phase (for example, in mass
spectrometry studies).l%! Proton transfer is a straightforward chemical reaction
because of its very small size (10° times lower than any other cation), and only the
1s orbital is used in the bonding by hydrogen. It is important to understand the
nature of the proton while studying the acidity measurements.

Between 1880 and 1890, Arrhenius explained the variation in the strength of

1671 Arrhenius defines

different acids using the theory of ionic dissociation in water.
an acid as a hydrogen-containing substance that dissociates into hydrogen ions and
anions when dissolved in water whereas bases dissociate to yield the hydroxide ion.

Equation 1.2.1 gives an example of an Arrhenius type of acid:

HCl— H" +Cl~ (1.2.1)
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The Arrhenius definition of acid is based on electrolytic experiments such as

conductance measurements. 58l

Acid strengths can be quantitatively compared by
measuring the conductivities of their aqueous solutions at equal analytical concen-
trations since conductivity increases with increasing acid dissociation. For exam-
ple, HCI (eqn. 1.2.1) is regarded as a strong acid since it exhibits high conduc-
tivities in aqueous solutions. The low conductivities of solutions of incompletely
dissociated acids is attributed to their weakness. Acid dissociation is described as
a dynamic equilibrium process where the rate of dissociation of electrically neutral

molecules is equal to the recombination rate of their ions (eqn. 1.2.2):

HA=H"+ A" (1.2.2)

The ionization or dissociation constant for acids (K,) can be derived by applying

the mass-action law to equation 1.2.2 :

[H][A7]
[HA]

where the brackets represent the concentrations of bracketed species. The acid

K, = (1.2.3)

dissociation constants derived by relating conductivity to the degree of ionisation
provide a means of quantifying the acid strength in aqueous solution. The dis-
sociation constants are useful in acidity measurements, the preparation of buffers
(solutions of weak acids and their salts) and titrations. Moreover, it is also corre-
lated well with estimations of relative acid strength from catalytic and indication
method.[68]

Although the Arrhenius concept of acids was able to explain several phenomena
such as salt hydrolysis and strength of acids, it has many shortcomings and is

known to be the most limited theory or concept to define acidityl®®:

1. Acid was defined in terms of aqueous of solutions of pure substances rather
than as pure substances. The presence of water is necessary. For example,
aqueous HCI is considered as an acid. Pure anhydrous hydrogen chloride

was not an acid and manifested no acidic properties.

2. Acid behaviour was not acknowledged in non-aqueous solutions.
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3. As a consequence of the general electrolytic dissociation theory of reactions
in solution, ionisation is required to be a necessary characteristic of an acid.
This characteristic caused a confusion when the acidity in nonionizing sol-
vents was involved. For example, HCI remained practically undissociated
in anhydrous sulfuric acid, toluene, benzene and in the pure liquid state al-
though it is completely ionized in water. This has led to an unclear situation
of whether HCI was an acid or not in other than aqueous solution using the
Arrhenius theory, from both of the aqueous solution and ionization limita-

tions.

4. The theory only applied to hydrogen-containing compounds with substances
with pronounced and obvious acidic properties with no hydrogen being ex-
cluded (for example, COs, SO3, and SnCly).

5. The free proton H' cannot exist for a long time in a water solution. The
H"is bound to added water and exists as the hydronium (or oxonium or hy-
droxonium) ion, H3O" . The catalytic and acid properties of the hydronium

ion were weak compared to that of free hydrogen ion.

Despite its shortcomings, the Arrhenius theory was the most prominent of the
acidity theories during the latter part of the 19'" and early part of the 20" cen-
tury. However, a further general acid-base concept was required to overcome the
shortcomings of the Arrhenius theory. It was important that the theory did not
deviate from the belief in the unique nature of the hydrogen ion relative to acids

and bases in particular and chemical species in general.

1.2.1 Brgnsted-Lowry Theory

Johannes Nicolaus Brgnsted generalised the Arrhenius concept to other solvents
in 1923. An acid is defined as a substance that is capable of giving up a proton,
and a base is defined as a substance that can accept it.[% The definition of an
acid did not have too much difference from the Arrhenius theory except where he
omitted water as a requisitive solvent. Brgnsted, however, rejected the definition
of bases from the Arrhenius theory as being too narrow. Equation 1.2.4 summarise

the theoretical relationship between acids and bases:
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Acid = Base + H* (1.2.4)

Thomas Martin Lowry on his observation of the “uniqueness of hydrogen” in
1923 independently came to the same conclusion as Brgnsted on the definition of
acid and base."™" As protons were already accepted as not capable of independent
existence, Lowry stated that a species that is capable of accepting a proton must
present for an acid to exhibit its acidity properties (to give up a proton). He
then defined bases as proton acceptors. The definition of acid and base from both
Brgnsted and Lowry is known as the Brgnsted-Lowry theory, and it is the most
used and well-known acid-base theory.

In the Brgnsted-Lowry theory, a double conjugate acid-base pair reaction rep-
resents an acid-base reaction as it involves the transfer of a proton from the acid
to the base. The dissociation of an acid to a base can be written as an acid-base

equilibrium:

acid + base = conjugate base + conjugate acid (1.2.5)

The products of an acid-base reaction are a new acid-base pair that differs only
by a proton. This product comprises conjugates of the original acid, and base and
it is called the conjugate acid-base pair. The acid-base equilibrium above is used

to drscribe the dissociation of an acid, HA in a solvent, S:

HA+S=A +HS* (1.2.6)

The ionisation of the acid (HA) in a solvent (S) produces a conjugate acid,
(HS™) and a conjugate base (A). Brensted defined that the acids and bases
involved in equations 1.2.5 and 1.2.6 are referred to as protolytes while the whole
equation is called protolysis.I”'l The advantages of equations 1.2.5 and 1.2.6 are
they can be applied to neutral, positively and negatively charged acid systems
and no free proton is required for proton transfer. The protolysis concept allows
extension of acid-base dissociation into nonaqueous solvents. As well as the concept
of acids and bases working for reactions taking place in solution, protolysis expands

these concepts towards proton-transfer processes in the gas phase and in melts.[?]



42 Chapter 1. Introductions

Bronsted also described an acidity constant, K, in terms of the concentration ratio

of the participating conjugate acid-base pair and the hydrogen ion activity[®:

[AT][HST]
[HA]

Equation 1.2.7 was derived from the application of the law of mass action and

K, = (1.2.7)

has been used in the quantitative aspects of the protonic theory. Bronsted used
(eqn. 1.2.7) to measure the acid strength, in principle independent of the solvent’s
nature. The dissociation constant, pK, is further derived from (eqn. 1.2.7) for

quantitative measurement of the strength of acids:

pK, = —log(K,) (1.2.8)

More negative pK, values suggest the acid is stronger and this led to a conclu-
sion that when AH is a strong acid, A~ will be a weak base. It is commonly found
in the literature where pK, values of their conjugate acids are used to express the
strength of bases. A higher (more positive) pK, is equal to a strong base and it
would have a weak conjugate acid. The Brgnsted-Lowry theory has apparently
overcome the shortcomings of Arrhenius theory in defining acid and base concept.
However, it is difficult to establish an absolute acidity scale using the protolysis
concept. The consequence of the protolysis concept is that the extent of ionisation
of an acid will depend on the basicity of the solvent in which of the ionisation
occurs. As acidity scales are energy scales, they are unpredictable and depend on
the reference point and to the magnitude of units chosen.

Fortunately, lots of common solvents are amphiprotic or amphoteric solvents
where they are capable of acting as Bronsted acids, and Brgnsted bases and they
can undergo self-ionisation. Self-ionisation or autopyrolysis can occur only in am-
phiprotic solvents because they possess both proton-accepting and donating abil-

ities. Equation 1.2.9 is an example of solvent self-ionization:

2H,0 = H30" +OH~ (1.2.9)

The equation is then re-written in general way as;
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2HA = HyAt + A~ (1.2.10)

The equilibrium of autopyrolysis is quantitatively characterized by an autopy-

rolysis constant, K, (eqn. 1.2.11):

[Hy AT)[A]

K .=
@ = T 2HA]

(1.2.11)

K, of solvents are usually very small (in HyO, K,, = 10"'*) compared to other
protolysis constants because amphiprotic solvents are weak acids as well as weak

bases.

1.2.2 Lewis Theory

In 1923, Gilbert Newton Lewis coincidentally came out with the electron-pair
donor-acceptor acid-base definitions.[”® He proposed that the transfer of a pair
of electrons defines Lewis acids and Lewis bases instead of the loss and gains
of protons in the Brgnsted-Lowry. In the Lewis theory of acid-base reactions,
acids accept pairs of electrons donated by bases. A Lewis acid is defined as any
substance that can accept a pair of nonbonding electrons and thus it is regarded as
an electron-pair acceptor. A Lewis base is then defined as any substance that can
donate a pair of nonbonding electrons and is, therefore, an electron-pair donor.
Lewis extended the theory of acids to cover systems that do not involve proton
transfers and non-aqueous systems. The equations below is one example of the

Lewis theory:

In the eqn. 1.2.12, the lone pair from the :O(CHj); is donated into the empty p-
orbital of the electron deficient boron in BF3. A covalent bond is formed when the
O(CHjs)s molecule is donating its pair of electrons to the BFs and thus O(CHs),
is a Lewis base. The BF3 is a Lewis acid since it accepts the lone pair electrons
donated by the Lewis base. There are a few advantages of Lewis theory over

Arrhenius and Brensted - Lowry theories:
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e Lewis theory complements the model of oxidation-reduction reactions. In
these reactions, a transfer of electrons from one atom to one another is in-
volved, with a net change in the oxidation number of one or more atoms.
The theory indicates that no change occurs in the oxidation numbers of any

atoms involved when acids react with bases to share a pair of electrons.

e Lewis theory has enlarged the number of acids and consequently the number
of acid-base reactions. Lewis defined an acid as any substance that can
accept a pair of nonbonding valence electrons. For example in the reaction

from equation 1.2.13 :
AT + 6H,0 = Al(H,0)¥" (1.2.13)

AI¥* form bonds to water molecules to give a complex ion. This complex ion
was formed because the Al ion has empty 3s, 3p and 3d orbitals that can be
used to hold pairs of nonbonding electrons from the water (Lewis base). The
Al(H,0)6*" acid-base complex or complex ion is then formed based on this Lewis

acid-base reaction.

e Lewis theory also explains why non-metal oxides such as COs dissolve in

water to form acids, e.g. carbonic acid, HoCOj3 (eqn. 1.2.14):

The carbon atom in COs no longer needs to form double bonds with both of the

other O atoms as it bonds with a pair of electrons from the water (Figure 1.2.1).

O: :O-H

e
: Q:C:Q : — : O:C\,, — : O:C\
B +/O—H :O-H
ro 1 H
I
H

Figure 1.2.1 — The formation of carbonic acid

Based on the advantages listed, it can be concluded that by using Lewis theory to
define acid-base reactions, many chemical reactions can be sorted out due the fact
the theory works when either electrons are transferred from one atom to another,

or the atoms come together to share a pair of electrons.
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1.2.3 Levelling effect

Theoretically, the order of acid strength is constant regardless of the solvent. The
constant order of acid strength happens because the ratio of the protolysis constant
of any two acids in any solvent is constant to the said ratio in any other solvent
and the ratio of the acidity constant of the species under consideration. However,
in practice, most protolysis constants exceed the minimum value required for the
basic quantitative reaction.l®¥l Thus, it is impossible to differentiate between acid
strength in a highly basic solvent or vice versa. Hantzsch’s levelling effect can be
used to understand this effect qualitatively, and the Bronsted-Lowry theory pro-
vides a quantitative interpretation based on protolysis constant. Hantzsch studied
various reactions of acids in different solvents and used the “levelling effect” ex-
pression to describe the influence of water in masking differences in the intrinsic

[74.75, 76 A weak acid in aqueous solution, for example; acetic

strengths of acids.
acid behaves like a strong acid and dissociates completely in liquid ammonia, a
more basic solvent.

The levelling effect gives limits on acidity depending on the nature of the
solvent.["" The upper limits in protophilic solvents of the acidity of solutions is
given by the levelling of the solute acid strengths to the strength of the conjugate
acid of the solvent, called the “lyonium” ion. Acids stronger than the lyonium ion
have acidity constants of a magnitude enough to produce a very large protolysis
constant in combination with the solvent K g and go through quantitative protol-
ysis. Thus, an acid that is stronger than the lyonium in a solvent does not exist.[®!
The acetic acid in liquid ammonia behaviour mentioned previously is an example
of such levelling.

The apparent strength of a protonic acid depends on the solvent in which the
acid is dissolved. Therefore, a solution of an acid in a levelling solvent acts as if
it were a solution of the lyonium ion. It is important to emphasize the difference
between the Brgnsted concept of acidity (the tendency to donate a proton) and the
protolysis process to avoid confusion between these two processes. For example,
HCl has a high acidity constant reflecting that it is a strong acid. However, aqueous
HCI solutions reflect this strengths since the protolysis constant of the HCl-water

reaction is high. HCl is still a strong acid even though the proton transfer may not
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be completed in a less basic solvent. Thus, it is possible to differentiate between
increasing true acidity in the Brgnsted sense and to increase visible acidity, which
stems from increasing solvent basicity. In consequence, HCI is a stronger acid in
glacial acetic acid than in water, even though HCI is completely ionised in water.
The situation happens because the extent of protolysis is reduced in the acidic
medium, which allows the presence of the strong acid HCI in its undissociated
form. On the other hand, in water, the levelling effect allows the presence of only
the relatively weakly acidic hydronium ion. Moreover, what protolysis there is
in acetic acid produces the formation of a stronger lyonium acid than hydronium

ion.[68]

1.2.4 Mesuring acidity, the pH scale

The pH of a solution is a measure of its acidity or basicity."® The acidity or
basicity of aqueous solutions relies on the concentration of hydrogen (H") ions
and hydroxyl ions (OH") present in it. The pH scale is a popular method used to
measure the acidity of solutions. The basic understanding of pH that is widely
known; that the lower the pH value, the more acidic the solution is; and in aqueous
solutions, a pH < 7 means acidic, while a pH > 7 means alkali. Sgrenson defines

the concept of pH as follows!™!:

1 +
pH = logm = —log[H™] (1.2.15)

or [H] =10"rH

Thus, the pH value is the logarithm to the base ten of the reciprocal of [HT|
ion in grams per litre. For example in pure water;

[HT) ~ 107 "g/L , pH =7

Further development of chemical thermodynamics concludes that Segrenson’s
experimental values did not yield the exact [H'] ion. The definition of pH by
Sgrenson were functions of the apparent concentrations of the electrolytes in so-
lution. Thus, the evident concentration is known as the activity, and the activity
coefficient defines the ratio activity concentration. The pH now is defined as the
hydrogen ion activity after replacing the ion concentration term. Thus, pH is
defined as;
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pH = —log o+ (1.2.16)

where ay+ is the activity of the hydrogen ion.

1.2.4.1 Measuring pH in water

pH is usually used to define the acidity of aqueous solutions. In an aqueous solution
of acid, an acid (AH) protonate water, where;

AH + Hy,O = A~ + H30"

For strong acids, pH is equal to -log [AH]|, because they are completely disso-
ciated to H3O" and A-. In weak acids, an equilibrium exists to cause the pH to
depend on the dissociation constant, K, (refer to the eqn. 1.2.7 and eqn. 1.2.8
for the definition of K, and pK,) and the concentration of acids. To calculate the
pH value, equation 1.2.8 can be rearranged into;

pH = pK, — log (%) (1.2.17)

which it is also known as the Henderson-Hasselbalch equation.[™: &

1.2.4.2 Measurement of pH

There are two primary methods used to measure the pH of a solution, the colouri-
metric or indicator method and the electrometric (pH meter) method. An indicator
method uses a dye where its colour is determined by the acid-base ratio of the so-
lution to which it is added. The dye used, such as phenolphthalein or methyl
orange or pH papers, behaves like a weak acid or a weak base. Both of the acid
or base will give a different colour where the colour produced is dependent on the
hydrogen ion concentration. The colourimetric method is a fast and low-cost way
to determine pH of a solution, but it only gives an approximate value of pH.
Electrometric methods are more accurate than the colourimetric method. In
the electrometric method, the electromotive force (EMF) generated by a galvanic
cell determines the pH value. According to the Nernst equation, the electrode

potential is proportional to pH, where;
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2.303RT
F

where E is the electrode potential of the measured solution, Eq is the standard

RT
E = E() + ?ln(alﬁ) = E() — pH (1218)

electrode potential, R is the gas constant, T is the temperature in Kelvin and F

is the Faraday constant. The galvanic cell is consists of:
Reference electrode | standard electrode || test solution | Hy | Pt

where || is a means of contact with the two electrodes and the standard electrode
used is a 3M KCl solution. The AFE is obtained when reference electrode (AgCl)
is immersed in the standard solution, and both of them is connected to a Pt/Hy
electrode immersed in the measured solution.

A modern pH meter uses a glass electrode to detect H" is used to to replace
the Pt/Hy electrode used in the galvanic cell. The modern pH electrode uses a
specially formulated pH sensitive glass in contact with the solution, which then
develops a potential (voltage) proportional to the pH of the solution. The reference
electrode is used to complete the pH measuring circuit within the solution and is
designed to maintain a constant potential at any given temperature. The reference
electrode supplies a known reference potential for the pH electrode. As the AFE is
directly proportional to pH according to the eqn. 1.2.17, a plot of AFE against pH
produces a straight line. The difference in the potentials of the pH and reference
electrodes provides a millivolt signal proportional to pH. The electrodes must be
calibrated with two standard buffer solutions with known pH prior use (usually 4
and 7, or 7 and 10).
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Ag

AQCI

HC glass

Figure 1.2.2 — Schematics of a glass electrodel8!]

1.3 Brgnsted Acids in Ionic Liquids

. “If Bronsted acids are involved we must remember that THE PROTON LIKES
COMPANY - IT WILL NEVER WALK ALONE” - Johnson et al., 2007.15?

Proton transfer is the most common chemical transformation in the chemi-
cal industry,!®! and it is known to be solvent dependent[®. Acidity is one of
the most crucial parameters in many industrial processes as it directly affects
the selectivities, rates and yields of chemical reactions. On both industrial and
laboratory scales, Bronsted acids have been used extensively in diverse chemical
reactions such as esterification, alkylation, dehydration, condensation and syn-
thesis of pharmaceutical products.[** #! In the Bronsted acid-catalysed reactions,
proton transfer marks the reaction where it can make one reacting partner more
electrophilic. Following this, acid catalysis may happen by two different routes:

general acid catalysis and specific acid catalysis. General acid catalysis refers to
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a system where more than one species behaves as an acid. Specific acid catalysis
is a process where the reaction rates depend on the specific acid in the solution.
Normally, the specific acid is the protonated form of the solvent in which the re-
action is occurs.’?l Regardless of the fact that homogenous Brensted acids are
commonly used in chemical reactions, serious drawbacks have been encountered
by using these chemicals. Strong homogenous acid (sulfuric acid) and even con-
centrated weak acids (e.g. acetic acid and formic acid) are corrosive. For example,
hazardous gas is produced when sulfuric acid rapidly reacts with some of metals,
which is harmful if released in the environment. Metallic wastes from a reactor may
also be produced which will crack the inside of the reactor body and/or pollute the

861 The substitution of homogenous acid catalysts with less hazardous or

products.
even better safe compounds is necessary to address problems mentioned above.
Heterogenous acid catalysts based on porous materials are a possible substitution
for homogenous acid catalysts have shown a good improvements in catalyst sep-

87, 88]

aration and recovery. Unfortunately, a limitation of heterogeneous catalyst

mentioned is the deactivation of the hydrophilic surface with water and weak mass
transfer.[89 90!

Tonic liquids are known as all-round chemicals in synthetic chemistry as there
are lots of applications of ionic liquids in acid-catalyzed reactions and the popu-
larity of ionic liquids as solvents has also increased.”!] Recently, Brgnsted acidic
ionic liquids (BAILs) have gained attention as efficient catalysts for the synthesis
of valuable chemicals. Brgnsted acidic ionic liquids are one of the subset of ILs
or known as protic ionic liquids (PILs). They are easily produced by combining
Brgnsted acid and Brensted base via proton transfer (e.g. Figure 1.1.7). They
are easily produced by combining Brgnsted acid and Brgnsted base via proton
transfer (Figure 1.3.1).?1 It is possible to improve the proton transfer process by
using stronger acids and/or stronger bases, and thus cause a greater driving force
for the proton transfer. The pKa values of acids and bases are usually used in
aqueous solutions to indicate how strongly a proton will be transferred from the
acid to base but it might not be suitable for the nonaquoeus BAILs.193 94

Theoretically, Brgnsted acids and Brgnsted bases react completely to produce
protic ionic liquids. However, in practice, neutral acid and base species are present,

as the proton transfer may less than complete. Thus, it is necessary to have
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standard techniques to measure the ionicity and the structure of the ionic liquids.
Literature reported that the ionicity or ionic characters of the PILs were measured
to assess the proton transfer in the final product.l?® 9% 95 9] Currently, there is no
“standard” method to classify which should be considered pure ILs nor to determine
the ionicity PILs. MacFarlane et al. have recommended that any concentration
of neutral species available in PILs must still lead to the mixture to be called an
ionic liquid when the properties of the mixture are clearly the ionic liquid’s rather
than the neutral species.l3 There are a few different techniques reported in order
to gain information about ionicity of PILs, for example IR spectroscopy,®” NMR

spectroscopy!®”! and ionic conductivity in the form of a Walden plot!®4.

Cations
Risg A Ri~NA3N-R N
NZ-INH N-Fe | Ri~n
© ©) b O
1-alkylimidazolium 1-alkyl-3-alkyllimidazolium  primary/secondary/ 1-alky-2-alkyllimidazolium
[CrrHim]* [CmCrim]* tertiary ammonium [ConCrim]*
Anions
0 O O
O CH3 F3C /O 1l - g - a
Y T FiG-5-0 FaC” 3 N” & "CFs
) ) 0O O O
acetate trifluoroacetate triflate bis(trifluoromethanesulfonyl)imide
[OAc] [TA] [OTH [NTf2]
2 :
HO-S-0O o
8 O Oc¥:
hydrogensulfate dimethylphosphate
[HSO4] [Me2PO4]

Figure 1.3.1 — Possible cations and anions of BAILs
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1.3.1 Applications of Brgnsted Acidic Ionic Liquids

Catalysis plays a significant role in materials synthesis, environmental protection
and human healthcare [ Thus, it is safe to say that catalysis is an important
technology in the sustainability of chemistry. An extensive range of ionic liquids
commonly containing imidazolium cations have been used as catalysts and solvents
for many organic reactions. The main reason for using ionic liquids as catalysts or
solvents is the environmental benefit of replacing solutions of strong acids in or-
ganic solvents with relatively benign ionic liquids. Most traditional methods used
in organic reactions produce waste molecular solvents and large amounts of acidic
waste. The catalyst is normally expensive and time-consuming catalyst-recycling
procedures are usually required. Ionic liquids are usually used as catalysts for
reactions that require a Brgnsted or Lewis acidic catalyst. Most of these ionic
liquids are cheap and easy to produce, often only produce one by-product, water,
and usually only involve simple reaction processes.l”?l Many papers were found
reviewing the application of ionic liquids as solvents or catalysts. In 1999, Welton
published an early review introducing the reactions that had been conducted in
ILs as solvents.?l Until that time, a large focus was on using chloroaluminate ionic
liquids as they are able to frequently catalyze the reactions without additional
catalyst. Sheldon has published a review that contains a section outlining general
considerations on catalysis in ionic liquids including general properties of ionic
liquids that are beneficial to this application. Potential scenarios where the ionic
liquids may act as the solvent or solvent and catalyst were also included.?! A re-
view by Muzart in 2006 discussed the use of ionic liquids as solvents for catalyzed
oxidation of organic compounds.'! A new alkylation technology which uses an
ionic liquid as a catalyst to produce high-octane motor fuels developed by Hon-
eywell was discussed before in the subchapter 1.1.3. A few examples of catalysis
applications using Brensted acidic ionic liquids that are thought to be interest-
ing will be discussed further in this subchapter. Alkylation or the attachment
of alkyl group can be achieved through nucleophilic, electrophilic and free radi-
cal alkylation reactions. Friedel-Crafts type alkylation is one common example of
electrophilic alkylation. Brgnsted acidic ionic liquids can be used to generate car-

bocations where they are usually more effective than common Lewis and mineral
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acids. A Friedel-crafts alkylation of indoles and cyclic ketones using a sulfonyl-
functionalized Bronsted acid ionic liquids as catalyst was investigated by Taheri et
al.°Y C3-cycloalkylated indole was synthesized via reductive alkylation of indole
with a cyclic ketone. Both of the ionic liquids used in these reactions have the
|OTH]” anion. The reaction yield obtained was 92% with the addition of 10 mol% of
the ionic liquids. The results were then compared with other common strong Bren-
sted acids such as triflic acid and toluenesulfonic acid. Only moderate yields were
obtained (51-60%) at the same reaction conditions. In the reaction, an oligomer of
indole (identified as most likely a radical initiator) was formed through oxidative
oligomerization with the presence of acid and oxygen. A cationic radical generated
from the carbocation intermediate formed the reduced alkylation product. Water
formed at the initial stage played a key role in making the reductive coupling pos-
sible. Overall, it was concluded that the C3-cycloalkylindole derivatives can be
synthesized using a new and efficient method, an acid-induced reductive Friedel-
Crafts alkylation. The new method was claimed to possess several properties of
green organic synthesis such as easy product isolation, solvent-free conditions and
high synthetic efficiency.

Tertiary alkenes or alcohols such as “butanol (TBA) are examples of common
alkylating agents used in the acidic ionic liquid catalyzed alkylation of phenol and
phenol derivatives. Elvarasan et al. measured the catalytic activities of Brgnsted
acid ionic liquids in the t-butylation of phenol with TBA (Figure 1.3.2).1'°2] The
triethylammonium based sulfonic acid functionalized ionic liquid gave the highest
phenol conversion (84.5%) after optimising the reaction conditions. The catalyst
was found to retain its catalytic activity even after 5 recycles. The alkylation of
5o-hutane with 1-butene is another widely studied application of acidic ionic lig-
uids. The mentioned alkylation process is an important process in the petroleum
industry as the products are usually used as premium blending stock for refor-
mulated gasoline. The gasoline produced has a low vapor pressure, low alkenes
and sulfur contents and importantly has a high octane number. Another study
reported that the alkylation of ““butane was conducted with ammonium-based
ionic liquids (with the [HSO4| anion) coupled with triflic acid (HOTT) as the cat-
alyst. The addition of the ionic liquids has dramatically increased the efficiency of
HOTY for the alkylation reaction.!'*l
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Figure 1.3.2 - ‘butylation of phenol with “butanol using different acidic
ionic liquids catalysts: [(HSO3)C4C1im][HSOy4|, [(HSO3)*C4(C2)N|[HSO4] and
[(HSO3)*C4pyr][HSO4]

Esterification is another widely studied acid catalysed reaction with ionic lig-
uids as catalyst. Esterification of ""butyl alcohol with acetic acid was tested using
[(HSO3)3C,Cyim][HSOy4] as a catalyst ', A high catalytic activity was exhib-
ited with 98% yield of ™butyl acetate was obtained. The catalyst showed good
efficiency in the reusability as it was reused for 13 times with only 7.3 % decrease
in the yield. In an esterification reaction of gallic acid with " propyl alcohol with
the [Cypyrr|[[HSO,] ionic liquid,!'%! the reaction was optimized using several pa-
rameters such as reaction temperature, molar ratio of reactants and the dosage
of catalyst loaded. The optimum reaction conditions produced 89.8 % yield of
propyl gallate and the synthesis was claimed as a green synthesis as no poisonous
water-carrying agent involved in this reaction.

Biodiesel synthesis is another good example of an esterification process, specifi-
cally the trans-esterification reaction is involved. Biodiesel is the fatty acid methyl
ester product formed by trans-esterification of animal fats or vegetable oils with
methanol. Ullah et al. used waste palm cooking oil with an acidic ionic liquid
as catalyst.['%! The synthesis of biodiesel usually uses alkaline based catalysts to
catalyse the trans-esterification reaction. However, it is not possible to use direct
transformation as the waste cooking oil used contains high free fatty acids (FFA).
The reaction was impossible due to saponification and separation of layers. A two-
step conversion was involved in this reaction; esterification and trans-esterification.
The |C4C;im|[HSOy4]| ionic liquid was found to be an efficient catalyst in this reac-
tion producing 95.65% of product. The non-edible feedstock sewage sludge lipids

is an example of a promising lipid source that can make biodiesel production prof-
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itable. As the sewage sludge lipids contain higher FFA, acidic ionic liquids are

[107] Alkane sulfonic acid functional group ionic lig-

preferred over basic catalysts.
uids (with [OT1]" anion) were found to be suitable acid catalysts in this reaction
compared to other imidazolium and ammonium based ionic liquids. The Brgnsted
acidic ionic liquids used in this reaction possess many advantages over the conven-
tional method that used sulfuric acid as the catalyst. The report listed advantages
such as avoiding the saponification problem while converting different lipid feed-
stocks into biodiesel. It is also possible to reuse the catalyst to reduce the cost of
the reaction. Overall, the low-cost sludge lipids can solve both environmental and
economic problems associated with biodiesel production and waste management.

Lignocellulosic biomass is renewable, abundant and offers a potentially carbon-
neutral alternative to petroleum.™®® The application of biomass for the global
energy supply is about 12% today, but most biomass is used for low-grade heat
applications.['%! Lignocellulosic biomass is the cell wall material of woody plants,
with a porous micro-structure composite mainly made up of cellulose, hemicellulose
and lignin. Lignocellulosic biomass can be utilized on a large scale as a source of
liquid fuels to replace petroleum, as bio-based materials and bio-derived chemicals
(Figure 1.3.3). One way to utilize the lignocellulosic biomass is by separating
the main components of woods, followed by valorising them individually through
biological and chemical processing. In the process of conversion of biomass to
renewable feedstock, lots of work has been reported with ionic liquids involved in
the process.['”) Some examples of the process will be discussed in this subchapter.

A number of Brensted acidic ionic liquids have proven to be capable of achiev-
ing highly effective fractionation or pretreatment of lignocellulosic biomass. 1-
H-3-methylimidazolium chloride was used for pretreatment of yellow pine wood
chips under mild conditions.l''*! The pretreatment caused the degradation of lignin
and the hemicellulose from the cell walls of the pine wood. The wood samples
were treated between 110 and 150 °C for 5 h producing a cellulose rich fraction,
lignin and an aqueous fraction. The lignin was depolymerized and later on dis-
solved in the ionic liquid. Brandt et al. reported on investigating ionic liquids
made up from the [C4Ciim|™ cation and [OTI]", [MeSOy4|", [MeaPOy]", [DCNT,
[C1], or [OAc] anions.[''?l Small wood blocks (10 x 10 x 5 mm) of air-dried pine

was treated with the ionic liquids. The ionic liquids were able to promote both
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Figure 1.3.3 — Lignocellulosic pathways. A scheme for a chemo-catalytic
biorefinery!!10l

dissolution and swelling of biomass except for |C4C;im|[DCN]. Hydrogen sulfate
[HSO,|" based ionic liquids are one of the popular ionic liquids that are able to

dissolve different types other biomass such as eucalyptus!''*l, hybrid aspen!''*

and Norway sprucel'™ (|C,C,im|[HSO4|), microalgae (|CpC,im|[HSO,|)["*?), corn
stover ([CoChim|[HSO,])M | grass / Miscanthus (|C4Him][HSO,])!**! and willow
(|C4Cim|[HSO,])H.

Recently, Brandt et al. reported on using a low cost Brgnsted acidic ionic
liquid [TEA][HSO,4]™™ with biomass using an efficient and repeated lignocellulosic
fractionation process. Virgin Miscanthus x giganteus biomass was pretreated with
aqueous solutions of [TEA|[HSO,4| was 120 °C for various lengths of time. 85 % of
the lignin and up to 100% of the hemicellulose were solubilized into the ionic liquid
solution. The [TEA][HSO4| solution can also be reused multiple times and showed
how the reuse impacts the properties of the lignin and cellulose pulp. About 99% of
the ionic liquid was recovered thanks to its non-volatility properties. The obtained
cellulose rich pulps then underwent an enzymatic saccarification to produce the
soluble sugar, glucose. The enzymatic saccharification was conducted for 8 h
producing 77% yield. Recycling the [TEA|[HSOy] solution did not have a negative
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impact on saccharification yields (72 and 71% after third and fourth recycling).
The lignin obtained was also recycled but unfortunately the precipitated yield after
recycling was lower than the amount of lignin extracted. Quoting from the paper,
"we hypothesise that the mechanism of self-cleaning involves lignin condensation
reactions between freshly extracted lignin and lignin fragments left inside the ionic
liquid from the previous cycle”. The dissolved hemicellulose was observed to be
solubilized mainly as monomers. The monomers were converted into furfural and
further unidentified degradation products during processing. The furfural can
be separated quantitatively from the non-volatile IL using a simple distillation
method. 5-hydroxymethylfurfural (HMF) was also produced but this process was
negligible as most of the glucose remained in the cellulose-rich pulp. Finally, they
predicted that the capital and operating cost of this process will be lower than the
bench-mark dilute acid pretreatment.

Since ionic liquids have been successfully used to separate cellulose from other
components of lignocellulosic biomass, there is continuous research on acid catal-
ysed dehydration of carbohydrates to furfural, 5-hydroxymethylfurfural and lev-
ulinic acid.[''® "1 Dehydration of fructose into 5-hydroxymethylfurfural was one
of the typical dehydration reaction studied. Amarasekara and Razzaq investigated
the conversion of HMF from D-glucose in DMSO with ionic liquids as catalysts.['18]
A mechanism for 1-(1-propylsulfonic)-3-methylimidazolium chloride was proposed
which involves an isomerization of D-glucose to D-fructose through open chain
forms during the dehydration reaction. A one pot conversion of cellulose to glu-
cose and finally to HMF can be conducted using acidic ionic catalysts.!''”] The
most efficient ionic liquid observed in this reaction for converting microcrystalline
cellulose (MCC) to HMF was (|[(HSO3)*C,C1im][HSO4|) with 69.7% yield. CuCl,
was added as co-catalyst and the Cu?" was thought to play an important role to
achieve high yield. Another report on one pot conversion was on depolymerizing
cellulose to glucose, followed by dehydration to HMF using MnCl, containing ionic
liquids.[*?° The highest conversion yield of glucose achieved was 91.2% and 45.7%
HMF was produced from the glucose. The acidity of the solution plays an impor-
tant role in this reaction as the acidic SOsH-functionalized ionic liquids help to
achieve higher conversion than non-functionalized ionic liquids.

Eminov et al. investigated a conversion of fructose to produce HMF using
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the [C4C,im|[HSOy| ionic liquid as the reaction medium.l'?!l Only 38 % of con-
version was obtained in the neat ionic liquid without any catalyst added. A low
loading of CrCly was added as well as chromium salt which have proved to be
particularly active to catalyze this reaction. The highest conversion obtained was
80% after 24 h of reaction. Interestingly, the effect of acidity on the reaction was
also discussed in this paper. Acetonitrile which acts as a catalyst (15% v/v with
the IL) was added leading to equally high yields with CrCls. The acetonitrile is
thought to help faster mass transport as it may act as diluent, which reduces the
viscosity of the viscous [C4Cyim|[HSO4] ionic liquid. The acidity of the neat IL and
the acetonitrile-[C4Cyim|[HSO,| was compared using the Hammett acidity method
(will be discussed in the subchapter 2.3) giving Hy = 1.96 and 1.12, respectively.
In this acidity scale, the higher Hy values means lower acidity. The Hy values ob-
tained suggested that by increasing the acidity of the solvent medium, the ability
of the [HSOy4|" anion to protonate the substrate will also increase and thus help
the reaction to achieve higher yields.

In fuel-cell applications, the use of acidic ionic liquids as electrolytes is an
emerging field due to their thermal, chemical and electrochemical stability and
their high conductivity.['?* 23] Diethylammonium trifluoromethanesulfonate ionic
liquid was found to possess positive electrochemical activity and bulk properties for
fuel-cell applications after screening more than 100 different protic ionic liquids.!'?!
Solid thin films containing the ionic liquids were fabricated using sulfonated poly-
imide as a matrix polymer. A non-humidifying fuel cell operated at 120 °C was
used in this process. The sulfonate polyimide in ammonium form showed good
compatibility and gave mechanically strong and flexible composite membranes. In
different research, protic ionic liquids were applied as a component in composite
proton exchange membrane (PEMs) for the next generation fuel cellsd.!1?4 125 126]
PEMs are a crucial component of a proton exchange membrane fuel cell. Pro-
ton exchange membrane fuel cells are predicted to be a promising power source
for automotive transportation. Alternative power sources with high efficiency en-
ergy conversion devices have attracted great interest for transportation to reduce
greenhouse gas emission significantly and to preserve oil resources.!'?”l Examples
of protic ionic liquids used in these applications are polymer electrolyte mem-

branes based on poly(ethylene oxide)/1-butyl-3-methylimidazolium hydrogen sul-
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fate [C4C,im|[HSOy4],*% 1-vinylimidazolium trifluoromethanesulfonate [(CH, —
CH) - Him||OTf]l**” and [C,Him||OTf]"?8].

1.3.2 Acidity measurements of ionic liquids

Bronsted acidity is one of the key properties of Brgnsted acidic ionic liquids. The
effect of acidity on catalysis is an interesting topic as many organic reactions can
be promoted or catalyzed in an acid environment.[? 692129 Acidic or acidified
solutions of ionic liquids have been prominently used since their introduction.
Acidic chloroaluminates have received a lot of attention as they were the first
ones to emerge and are able to act as dual solvent-catalyst and able to provide
acidic environment.['3% 311 They can catalyze C-C bond forming reactions, such

[132] or Friedel-Crafts alkylation!®” of benzene with

as arene alkylation with alkenes
halogenoalkanes. Despite that, chloroaluminates are very sensitive to water. The
composition of the melt can change with traces of water. Thus, it is difficult to
control the acidity of these ionic liquids. The interests in the development and
application for acidic reactions then changed onto nonchloroaluminate ionic lig-
uids which are air and moisture stable (e.g. [CLCiim|[NTfy|, [C,Ciim|[PFg] or
[C,C1im]|[BFy4]).[13% 134 135] These ionic liquids are not usually intrinsically acidic,
thus were investigated first with the addition of Brgnsted acids.['**! Further in-
vestigation was followed by incorporating the acid moieties into the ionic liquids
themselves.['3] It was then followed by measurements of protic ionic liquids where
their acidities are dependent on the strength of the acids and bases used to make
these.[136]

Lots of different techniques have been used to measure the acidity of these ionic
liquids to understand the correlation between their acidity and their catalytic ac-
tivity in organic synthesis reactions. Measuring dissociation constants using an
indicator is one of the ways to measure the acidity. The pK , values have been de-
termined using different techniques, for example; UV-Vis, NMR, IR spectroscopies,
and potentiometric, electrophoresis and conductometric measurements. However,
many of these were unsuitable to determine ionic liquid pK ,s (pK ™). Different
non-aqueous environments will produce different pK,"™, as a proton’s acidity is

usually defined by its solvation. Thus, it will be possible to connect the acidity
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of TLs with their catalytic activities in different acid-base reactions. In addition,
it is possible to modify the pK, values with a careful selection of solvent since a
higher chemical activity in slightly solvated protons were found. The pK, values
reported are mostly in aqueous solution and it is necessary to collect pK , values for
nonaqueous solutions.'3” 138l Spectrophotometric methods such as UV-Vis, NMR
and IR were used instead to measure the acidity of acidic ionic liquids.[2% 58: 139, 140]
UV-Vis spectroscopy is one of the most popular methods used to measure the acid-
ity of ionic liquids. The literature regarding these measurements will be disussed
in this subchapter.

Adam et al. reported on using Reichardt’s dye as indicator of acidity by mea-
suring the acidity constant values for protic several protic ionic liquids (pK ,F5)

(1401 This work aimed to analyse the effect of micro-

with UV-Vis spectrometry.
scopic properties of molecular solvents towards the chemical environment of the
PILs’ proton. Different polar molecular solvents with different abilities to donate
hydrogen atoms were mixed with the PILs. The results obtained showed that the
role of the solvent is dominant in the chemical equilibrium. Moreover, pK
values provide information about the relative ability of the PIL’s proton to inter-
act with a given solute, and the values depend on the medium. Thus, the authors
predict the H-bond strength of ionic liquids, depending on the cation, anion and
the type of ionic network formed. They concluded that it is possible to adjust the
strength of the PILs by selecting an appropriate molecular co-solvent.

Chiappe and Pieraccini investigated the solvent properties of ionic liquids by us-
ing Michler’s ketone (MK) and tetracyanoethylene (TCNE) as a UV-Vis probe.*4!
MK and TCNE give an electron donor-acceptor (EDA) complex in molecular sol-
vents. The EDA is a zwitterionic species or a radical pair depending on the ionising
power and the protic or aprotic nature of the solvent. The visible absorption max-
ima of the charge-transfer band of the EDA complex agreed with the 7*, § and
a parameters of the solvents. The H-bond has a donating ability (expressed by
Kamlet-Taft o parameter) that might be able to influence the spectral position
of the charge transfer absorption band of the EDA complex. Unfortunately, the
H-bond acidity of ionic liquids is not enough to measure the transformation of the
EDA complex into the zwitterionic species. One advantage of this technique is

that it can be used as a probe to detect the presence of water through the colour
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change of the solution or by UV-Vis measurements. Traces of nucleophile (amines
or chlorides) can also be detected as the formation of the EDA complex is strongly
influenced by the trace of impurities.

The determination of Hammett acidity functions (Hgy) using UV-Vis spec-
troscopy is another method to determine Brgnsted acidity. This method evalu-
ates the protonation extent of uncharged indicators in a solution. The substituted
dinitroanilines are the chosen indicators used for this method (Figure 1.3.4). Re-
searchers from the same research group from the Institut Francais du Petrole,
France and Universite de Liege, Belgium have published several papers from 2003
to 2010 about measuring the acidity scale of Brgnsted acids - ionic liquids sys-
tems. Hammett acidity measurements values were evaluated using different dyes
from the substituted nitroanilines. This subchapter will discuss each of the pub-
lished papers. Thomazeau et al. were the first to report on determining the acidic
scale of RTILs using the Hammett acidity functions.[®® The behaviour observed
for different Bronsted acids (e.g. H|NTf;] and HOTY) in different ionic liquids (
[C4Cyim|[NT1y| and [C4Cyim][BF,] ) were reported. The highest Hy values ob-
tained was -7.05 (with 105 mmolL™" of H[NTf,] in [C,C;im|[BF4] ). The paper
concluded that it is possible to measure the acidity of nonchloroaluminate ionic
liquids with the addition of an acid with Hy values ranging from -3.35 to -7.05, de-
pending on the ionic liquid and the acid. The solvents (ionic liquids) are assumed
as being totally dissociating, and thus, the known pK , values of the indicators are
also thought to be valid.

The same research group published complementary studies to the previous
paper in year 2007.['*?I Tn this paper, they discuss the importance of the influence of
impurities as well as measuring the acidity of Brgnsted acids - ionic liquids systems.
The same acid (H[NTfy|) was used, but additional ionic liquids with different
cations were measured. They found that the acidity of the same Brgnsted acids -
ionic liquids systems to be different when determined by two different indicators
of different pK,. The authors proposed either there is an experimental error in
the values of the pK, indicators or the ionic liquids are not as dissociating as
initially thought. Further experiments eliminated the first proposition The paper
concluded that it is possible to measure the acidity scale of the Brgnsted acids

- ionic liquids system using appropriate indicators. However, the measurement
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Figure 1.3.4 — Substituted dinitroanilines indicator

gave approximate acidity values as the behaviour of two different indicators in the
same solution indicates a weakly dissociating solvent. As a result, the Hammett
functions must be corrected for. Another interesting finding from this paper was
that the purity of the Brgnsted acids - ionic liquids systems is critical to obtain
meaningful results. Impurities (such as water) will act as strong bases, and all of
the chemicals used in these experiments are possible candidates that will disturb
the acidity measurements. All possible impurities, for examples methylimidazole,
water, acetone, chloride or bromide ions should be eliminated before performing
the analyses.

The research group then published another paper on measuring the Brgnsted
acids - ionic liquids systems with more ionic liquids (different cations and anions)

[143] Tn this paper, two primary foci were what is the

but still using the same acids.
average level of acidity expected by adding a Brgnsted acid into the ionic liquid

system and whether the ionic liquids behave the same way; i.e. the same acidity
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levels with different ILs. The results show an acidity range extending from -3
to -8 and ionic liquids’ cations play no role in the acidity level where the added
acid masks the acidity of the protons on the cationic nitrogen. In contrast, with
the anion an evident variation of acidity was observed. With a similar content
of acid, the order of the acidity levels are [PFg|" > [BF4|" > [NTfy| > |OTf|
and consequently it was suggested that the solvating power (or basicity) of the
anions follows the reverse order. However, the acidity scales obtained were still
considered as approximate values as the problem of the uncertainty of the right
indicator remained unsolved.

In the same year, the research group published the final paper on these Brgnsted
acids - ionic liquids systems series.['**] The objective of this report was to confirm
that different indicators in the same solvent does not necessarily lead to identical
Hy values and to evaluate another method to measure the acidity, electrochemical
measurements. This method was used to avoid the uncertainty of the indicators’
acidity constant. The results from the Hammett method shows that despite the
acid and the ionic liquids added being the same, two different indicators gave
different acidity level (difference in Hy — 0.6). Although the difference is small. it
is beyond the measurement error. The indicator was thought to be less dissociated
than in sulphuric acid-water solutions, and hence the electrostatic interactions
influenced the pK, values. Thus, to solve this problem, an electrochemical method
was used as an alternative. The electrochemical method measures the H/H,
couple potential. The results for potentiometry at zero current (an equilibrium
method) was used to measure the acidity level. The ferrocenium-ferrocene (Fc™-
Fc) and the authors calculated the R®(H") Strehlow function (which is analogous
to a pH function). This method has two critical problems where the quality of the
hydrogen gas stabilisation strongly influences the hydrogen potential, and residual
impurities were detected in the ionic liquids. Thus, the slopes of the measured
potentials versus the log of the added acid amounts were not the expected ones.
Nevertheless, it was concluded that the hydrogen electrode potential increases with
the amount of acid added and consequently increases the acidity level, provided
that all the impurities are neutralised. The acidity level range from -3 to -9 is
higher than that in water (R°(H")). Moreover, for all investigated acid solutions,

higher acidity levels were approximately calculated compared to the Hammett H
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function. This is in agreement with their proposition that the Hammett acidity
functions give only to a minimal acidity level, because the pK, of the indicators
are probably affected by ionic association.

Other literature also reports using the Hammett method using UV /Visible
spectroscopy for the determination of relative Brgnsted acidity in ionic liquid.
Xing et al. determined the acidity level of ILs with pyridine cations with sulfonic

(145 The acidity levels of

acid functional groups and alkylammonium-based PILs.
the N-propane-sulfonic acid-pyridinium cations (denoted as PSPy), were found to
depend on the nature of the associated anion. It is possible for the anion to act as
an available acidic site as well. The acidity order proposed ( [BF4|" > [HSO4]" > |p-
toluenesulfonate|” > [HoPOy|) was consistent with the acidity observed in certain
acidic reactions. A similar phenomenon was subsequently reported by Shukla
et al., where the strength of a carboxylic acid in different PILs and water were
assessed using Hammett acidity function (Hg).6l Three carboxylic acids (formic
acid, acetic acid and propionic acid) and protic ionic liquids (cations : ([HCyim |*
and ([HC,im |") and anions : (|[OAc| ) and [HCOs|) were measured. Changing
cation had more effect on the strength of carboxylic acids than the anions. The
relative interactions between anion and cation are different from PILs and thus
complicated the work. Overall, both PILs and water have different interactions
towards proton. The difference in the interactions are due to the electronic and the
distinct structural differences as they behave analogously towards the carboxylic
acid’s strength. A simple equation can be derived further by using the linear
correlation of Hy values for carboxylic acids between PlL-water and PILs. This
equation can be used to determine the strength of water and PIL.

Alternatively, the Hammett acidity functions (Hy) can be measured using NMR
Spectroscopy. Welton and co-workers recently introduced mesityl oxide as a probe
for measuring the acidity of Brgnsted acids - ionic liquids systems using *C NMR
Spectroscopy.™*" This technique introduces a quick, simple, robust method, and
measures the acidity range from Hy = -1 to -9. The range obtained is an ex-
tensive range that exceeds that of any single UV-Vis probe. The measurements
were modified based on the method developed by Farcasiu for the acidity of H,O
- H,S0, system.™¥ A wide range of different concentrations of H,SO4 added into
the [C4Him|[HSOy4] and [C4Cim][HSO4| ionic liquids were measured. The dif-
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ference (Ad) between the *C NMR signals of o and 3 carbons of mesityl oxide
(Figure 1.3.5 ) gives the Hy values. The method eliminates the need for colourless
ionic liquids, which is a significant problem in UV-Vis spectroscopy. The high
concentrations of mesityl oxide used in the measurements eliminate the sensitivity
of the measurement to small traces of impurities. This method saves a lot of time
in identifying a suitable probe because it is a single probe technique. However, the
large number of Hammett probes available means that one of these can usually be
used to produce a very precise acidity once the approximate acidity of the solution
being measured is known. The advantages of this NMR method will permit more

measurements of the acidity of acids-ionic liquids system in future

'
O OH OH
_> —_—
Figure 1.3.5 — Mesityl oxide protonation

Other literature reports using NMR spectroscopy using the NH shift for the
available proton which correlates with the Brgnsted acidity using 'H NMR. A
correlation between the chemical shifts was observed where larger chemical shifts
strongly suggest the higher Brensted acidity.['*”) The yield of the synthesized prod-
uct (1-pyridylimidazol|[1,5-a|pyridines) was compared with NH proton chemical
shift from the ILs. The polarity of the measured ILs also increases as the Bron-
sted acidity increases. The paper also points out that ionic liquids promote the
heterocyclisation reaction. A contribution by McCune et al. also used NMR, spec-

[150] Gutmann

troscopy to measure the acidity of Bregnsted acids in ionic liquids.
Acceptor Number (AN) values were used to determine the acidity of wide com-
positional range of Brensted acid-ionic liquids mixtures. Four systems of general
formula ([CoCim][A]-HA with A” = [NTf,|", [OTF], [OAc|, or [OMs|) were mea-
sured. AN values were determined using 3'P NMR with triethylphosphine oxide
(tepo) as a probe. In the measurement, partial protonation by Brensted acids or
formation of acid-base adducts with Lewis acids induces the chemical shifts in the
3P NMR (Figure 1.3.6). The results reported were that HOAc¢, HOMs and HOTf

were associated with the respective anions to form hydrogen-bonded anionic clus-
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ters [A(HA)|” when dissolved in ionic liquids. However, the authors claimed that
HNTf,; was solubilised as undissociated, discrete molecules. The acidity could be
buffered to a certain particular AN by binding the solubilized acid in the anionic
cluster form as the AN values were sensitive to the presence of anionic clusters.
Generally, this is an easy way to quantify and manipulate the Bronsted acidity of

an acid-ionic liquid mixture.

g N
Figure 1.3.6 — Interactions of the spectroscopic probem triethylphosphine oxide
with a Lewis acid (LA) and a Brgnsted acid (BA)

In the past decade, the ionic liquid field has spread into a broad subject area
with acidic ionic liquids as an important section of this subject. Catalysis, lig-
nocellulosic biomass processing and electrolyte applications are examples of the
latest advancements of utilising acidic ionic liquids. The acidity and the catalytic
activity shows a strong relationship in many organic reactions. Thus, it is essen-
tial to understand the effects of ionic liquids on acidity and proton transfer to
realise what happens between acids, ionic liquids, acidic ionic liquids and their
acidity. Improvement in the reaction conditions and yield will also be possible if
enough data on the acidic properties of ionic liquids are available for reference. To
date, there are several methods used to measure the acidity of these ionic liquids

available but less data on the acidity of ionic liquids are available.

1.4 Scope of thesis

The work described in this thesis aims to collect acidity data on five different ionic

liquids: 1-Butyl-3-methylimidazolium trifluoromethanesulfonate (|C,C;im][OT]),
1-Butyl-3-methylimidazolium bis(trifluoromethanesulfonyl)imide ([C4C;im|[NT1,]),
1-Butyl-3-methylimidazolium hydrogensulfate (|C4C,im|[HSOy4]), 1-Butyl-3-methylimidazolium
dimethylphosphate (|[C,C;im|[MesPOy4]) and 1-Butyl-3-methylimidazolium dimethylphos-
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phate (|[HC4im|[HSO4|). Since these ionic liquids are not usually intrinsically
acidic, they have been investigated with the addition of the Brgnsted acids, tri-
flic acid (H|OTY]), bis(trifluoromethanesulfonyl)imide (H[NTf,|), sulphuric acid
(HySOy4) and phosphoric acid (H3PO,). Hammett acidity function, Hy values will
be determined using two different methods of acidity measurement using '*C NMR
spectroscopy and UV-Vis spectroscopy. The Hammett acidity function, was cho-
sen instead of the pH scale, because the nature of the ionic liquids themselves are
non-aqueous, and thus make the pH measurements not suitable for this system.
The directions of this thesis will be set out as follows, with each point representing

an individual chapter:

1. Initial measurements of the acidity of Brgnsted acid-ionic liquid systems.
The Brgnsted acid chosen will be the conjugate acid of the anion of the ionic
liquid. The acidity of all systems will be measured using both *C NMR and
UV-Vis spectroscopic methods. Data obtained from both of the methods will
be compared with each other. Initial conclusion for each of the method used
will be made about which method will be suitable to measure the acidity of

the ionic liquids.

2. A further investigation and more data collection on the Brgnsted acid-ionic
liquid systems using the *C NMR specroscopic method. The effect of the
anion on the acidity of the system will also be explored, but with a more
complicated system. Each of ionic liquids is mixed with Brgnsted acids which

are different to the conjugate anions of the ionic liquids.

3. The final chapter will look into the effect on acidity of the cation of the ionic
liquid. The chosen ionic liquid is mixed with each of the Brgnsted acids used
in the previous system. The data obtained will be compared to study the

effect of the cation on the acidity values.






Chapter 2

The Acidity Measurements of
Brgnsted Acids in Ionic Liquids

2.1 Measuring the acidity of ionic liquids -

the reason why the pH scale is not suitable

The pH measurements fit well for a highly diluted acid solution in water. How-
ever, it cannot be simply applied when the acid concentration increases and/or if
nonaqueous media is used. The pH scale is limited to only aqueous solutions./™l
Although pH scales in molecular solvents are available, pH values in different sol-
vents are non-comparable.['®!] Also, the pH measurements method requires for it
to be in an ideal solution. The potential at the liquid junction in the reference
cell used also needs to be known. The hydrogen ion activity cannot be measured
independently and thus the equality pH = -log(ay+) cannot be established for any
solution. Another limitation of pH is in the pH electrodes, the glass bubble head
of the electrodes can get hydrated and break down. The counter ions of H" and
OH" will become too concentrated beyond the scale of pH in water (pH scale, 0-14)
and start to interact among themselves, causing the solution to not be ideal.
Autopyrolysis reactions of solvents are the reason why pH values of neutral solu-

[152

tions are different in different solvents.['*?l Autopyrolysis of some solvent molecules

in the absence of acids and bases produce protons. For example in pure water;

69



70 Chapter 2. The Acidity Measurements of Bronsted Acids in Ionic Liquids

H,O=H"+O0OH"~
Since the density of pure water is 1000g/L, the concentration of water at pure

condition is equal to 55.6mmolL!. Thus, the K, of the reaction above is:

K, = [H+I]{[QOOH*] — 10-1575

The [HT] and [OH| are equal because there are no other acids or bases exists
in pure water. The equation above can be rearranged to:

[H*] = /K, [H20]

—+/10~1575 . 556

=107

Thus, pH of neutral water is:

pH = —log[H"] =T7.0

Neutral pH values vary in different solvents. The variation is because the
concentration of protons obtained by autopyrolysis is dependent on the solvent’s
pK, values. For example, pure ethanol is neutral at pH 9.8 because in pure ethanol,
[H*] is equal to 1.58 x 107! molLL"!. Thus, pH values measured in different solvents
are non-comparable. The pH scale cannot be employed in the measurement of
the acidity of the ionic liquids as they are not aqueous. A quantitative scale is
needed to express the acidity scale of nonaqueous solutions or more concentrated
solutions to overcome the limited application of the pH scale.l%! It is necessary for
the scale to be able to estimate the degree of transformation of a given base to its
protonated form, its conjugate acid. Therefore, the Hammett acidity function, a
universal acidity function is thought to be more suitable to measure the acidity of

ionic liquids.

2.2 Hammett acidity function (Hy function) - The
UV-Vis Probe

In 1932, Hammett and Deyrup were the first to propose a method for measuring
the degree of protonation of weakly basic indicators in acid solution.!'®3] Hammett
suggested that the extent of protonation of a base could be used as an indicator
of how acidic a solution is, since the true acidity of a solution lies in its ability

to protonate a basic species. A set of indicators were carefully selected to de-
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velop an acidity scale in concentrated sulphuric acid-water mixtures. The chosen
indicator was a simple basic indicator that is a non-ionised or neutral substance
capable of adding one hydrogen ion per molecule without any complicating further
reactions. The Hy acidity function was derived from ionisation equilibria of these
probes (Hammett bases), with the bases behaving in the Brgnsted-Lowry sense as

uncharged bases,

B+H"=1B (2.2.1)
and is defined by the equation

Hy=pKpy+ + log@ (2.2.2)
[B]

in which pKgy+ is the pK, of the conjugate acid of the probe base (referred

to an ideal dilute solution in water) are the concentrations of the base in its proto-
nated and unprotonated forms. Equation 2.2.2 is derived based on the assumption
that the solvent is dissociating with regards to the base. The mathematical proof
for the transformation from eqn. 2.2.1 to eqn. 2.2.2 can be found in the appendix.
The “0” subscript of Hy denotes the charges of the probe bases. Thus, for acid

indicator whose colour change is determined by the reaction:!!%!

BH* + Ht* = BH*"

the acidity function H, is determined by the equations

H, = pKpp2+ — log <%)

Similarly, the acidity function H. is defined by the extent of the indicator
reactions;

B~ + H" = BH ; H. = pKpy — log (%)

The first application on the Hy function was for the HySO, - HoO system using
a series of nitroanilines as probe to measure the acidity of the mixture (Figure
1.3.4).11%% These nitroanilines are suitable as probes for measuring the acidity of
very acidic solutions, because they are very weak bases. The pKpp+ of these
nitroanilines range from 2.50 to -11 (where bases with conjugate acids with more
negative pK, values are less basic, see section 1.2.1 - Brgnsted-Lowry theory).
These nitroanilines are weak bases due to the highly electron-withdrawing nitro

group on the benzene ring, thus causing the lone pair on the NH; to be less basic.
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All Hammett bases have at least one nitro group. Different combinations of other
substituents produce bases with different pK g+ values. Other ring substituents
such as methyl groups increase the pK g+ values of the bases while chloro-, bromo-
or additional nitro groups decrease them.

The pKyy+ for probe that were used to established Hammett acidity functions
were compiled by Paul and Long in 1957 (Table 2.2.1).'**] These data cover the
whole acidity range from dilute acid to the superacid media. For the Hy values up
to -10, all indicators are a primary amine and therefore suitable to be used for the
measurement of the Hammett Hy function. For stronger acids, nitro-compound
based indicators have been used, which may not be a satisfactory extension of the
aniline indicator scale. However, Gillespie has shown that the most basic nitro-
compound indicator, 4-nitrotoluene overlaps with the weakest indicator in the
aniline series, 2,4,6-trinitroaniline ( pKpp+ = -10.10).11%% 156 Overall, the acidity
measurements using the nitro compounds are acceptable to give the best picture

of the acidity of the various superacid systems.

Table 2.2.1 — Selected pK g+ values for extended Hammett Bases!'>4l

‘ Base pKpu+
3-nitroaniline 2.50
4-nitroaniline 1.00
2-nitroaniline -0.29
4-chloro-2-nitroaniline -1.03

2,4-dichloro-6-nitroaniline -3.24
2,6-dichloro-4-nitroaniline -3.29

2,4-dinitroaniline -4.28
2,6-dinitroaniline -4.48
2-bromo-4,6-dinitroaniline -8.22
4-nitrotoluene -11.35

2.2.1 Determination of Hy values

The determination of Hy values can be divided into two separate calculations; the
[(BHY]
(B]

measurement with the chosen probe of and the measurement of pK gy+.
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2.2.1.1 Step 1: Measurement of %
The indicator or Hammett base has an acid (protonated form, BH) and a base
(unprotonated form, B), where those two forms must have different spectral ab-
sorptions using UV-Vis spectroscopy. The Hammett bases must be weak enough
to be partially protonated by strong acids, and UV-Vis spectroscopy must be easily
able to detect them. The concentration of the base must be low enough to make

sure that the Beer-Lambert law is relevant (eqn. 2.2.3):

A—c.c-] (2.2.3)

where A is the absorbance, ¢ is the extinction coefficient of the chromophore
(mol*Lem?), ¢ is its concentration and 1 is the pathlength of the cuvette used
(cm). Following the Beer-Lambert law, the absorbance of a chromophore at any
wavelength is directly proportional to its concentration as long as the concentra-
tion of the chromophore is lower than a certain threshold. Thus, any changes in
absorbance are directly relevant to the change of concentrations. In the UV-Vis
measurements, the spectrum of a UV active species will have the lambda max
(Amaz) which will give the wavelength of the maximum value of the extinction
coefficient and the absorbance (A) (Figure 2.2.1).
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Figure 2.2.1 — UV spectrum of 3-nitroaniline in DCM (example of UV spectrum
with (Apaz)

The UV-Vis spectrum of a solution containing an acidic solution with a suitable
Hammett base (when the base is partially protonated) will have two peaks in it.
The peaks belong to the BH" and B of the Hammett base. An example of the
UV-Vis spectrum for a partially protonated Hammett base in an acidic solution is
shown in Figure 2.2.2. Most of the Hammet bases have the peak for BH" at the
shorter wavelength than the peak for B. As the solution becomes more acidic, the
peak for BHT becomes more intense than the peak for B. Thus, since the peak of
B lies within the UV-Vis range, it is easier to observe the loss of B than the gain
of BHT (where usually only part of the peak is present).

The ratio of [B[g]ﬂ
erence solutions, where the base is completely protonated and unprotonated. In a

can be calculated after obtaining \,,,.values from two ref-

situation where the same concentration of the probe base was added into three so-
[BH*]

] of the unknown solution with absorbance A will be defined

lutions, the ratio

as:

[BH*]  Ag— A
[B]  A-Ay

(2.2.4)
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Figure 2.2.2 — UV spectrum of 4-nitrotoluene in neat H2SO4

where Ag is the absorbance of the unprotonated solution, A, is the absorbance
of the completely protonated solution, and A is the absorbance of the unknown
solution. However, sometimes it is impossible to measure the absorbance values for
the same concentrations of bases in all of the solutions, because of the limitations
in the maximum absorbance that can be measured by the machines. Therefore, it
is better to use the effective € values in place of absorbance and to have freedom
in the concentration of base.

By rearranging the Beer-Lambert Law equation, the effective epsilon can be

calculated by;

(2.2.5)

€E =

A
c-l

B A
~ ([B]+[BH)) -
The effective epsilon shows the loss of B due to the conversion BHT, so ¢ is
calculated by dividing absorbance of B over both ([B] + [BH"]). The ratio of %

of an unknown solution with epsilon € can be calculated by;

(2.2.6)
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[BH*] e —¢
R (2.2.7)

where A and e are proportional, €, is the epsilon when the base is completely
unprotonated and e, is the epsilon when the base is completely protonated. Ham-
mett and Deyrup mentioned that there is a possibility of spectral shifting of the
whole spectrum as the ¢y and e, are always measured in solutions of different
compositions from the test solution.['?3 Spectral shifts were found with certain
indicators in sulphuric acid-water solutions as the concentration of the acid was
changed. This is due to medium effects that are unrelated to acidity. In the pa-
per, Hammett and Deyrup also reported on measuring the ¢, and e, in solutions
that were as close in composition to the test solution to reduce the medium effect.
The ideal reference solutions can be found by measuring the absorbance of several
different acidities until the extinction coefficient is found. However, this method

is exceptionally time-consuming even though it is the most accurate.

2.2.1.2 Step 2: Measurement of pK gy+

The pK g+ is the dissociation constant of the conjugate acid of the base in an ideal
diluted aqueous solution. Once these constants are established, it is possible to

use these constants again and again. The pK -+ values used in this work are from

the compilation of Hammett bases’ pK pp+ values compiled by Paul and Long.[">
The pK g+ can be defined as!'®4;
BH™*
pKpy+ = —log [ ] —1 Joit (2.2.8)

og
[B][H] B fu+
where f, the activity coefficient is relevant to the value unity for an infinitely

dilute solution in water. As the concentration of the indicator is usually low,

log—me =0

foH+

and

PR = lim [log <[B£]+]> - zog[Hﬂ] (2.2.9)

where [A] is the molar concentration of strong acid, A in water. From the equa-

tion 2.2.9, the pK g+ value can be obtained by plotting the [log Cﬁg]ﬂ) - log[H*]}
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values against the concentration of strong acid present in the solution, followed by
extrapolation to zero concentration of A.

Since A is a strong acid, A completely dissociates into H" and protonates B
into [BHT]. Therefore, the concentration of acid added is equal to:

[A] = [H*] + [BH*]

assuming that the indicator is introduced in its uncharged form. Therefore,
the [ H] and [log (UB[g]ﬂ) - log[H*ﬂ can be calculated once the ratio of [B[g]ﬂ is
known. Originally, Hammett used average values of pK g+ available from litera-

ture where for example for 4-nitroaniline dye, the pK g+ is 1.40.157 Paul*®8! and
Braude!'®! reported on measuring the pK g+ values of 4-nitroaniline dye (one of
the strongest Hammett base). HCIl was chosen instead of sulphuric acid due to
the complications arising from the second ionisation of HySO4. The reports shows
that the [lOg ([BHﬂ) - log[H*]] varies linearly with the [HCI| concentration up

B
to at least 2M C(En]centration (Figure 2.2.3). In the Fig. 2.2.3 , the pKpp+ value
for 4-nitroaniline obtained by Paul and Braude are 0.99 and 0.98, respectively af-
ter extrapolating the straight line obtained from plotting [log <[B[g]+]> - log[H*]}
against [HCI]. As the purpose of work by Paul and Braude is to revise the

pK g+ value for 4-nitroaniline, the agreed pKpy+ values for 4-nitroaniline used

nowadays is 1.00.[16%

04 0.8
[HCl]

Figure 2.2.3 — Plot for determination of pKyy+ of 4-nitroaniline in hydrochloric
acid solutions. o Braude®! and O Paull'58l, Image taken from the paper by Paul
and Long.[1%4]
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The direct determination of pKyy+ for a weaker base is not practical using

153, 154] For a weaker base, the

the above method (e.g. in dilute aqueous solutions).|
[BH*]
(B]

is impossible to calculate any accurate pK py+ value using the physical measure-

ratio of

becomes less miniscule compared to the stronger bases. Thus, it

ments. A step-wise comparison method must be used by comparing two different
indicator bases, (for example; B and C bases). Both of these bases are studied in

the same solution where:

piccns e = tog ((SE) —tog (5)) —tag (o) (22.10)

Hammett concluded that if the bases B and C are have similar structure, then

[felfpu+)

o +fB}> ) terms."* The pKpy+ values can
H

it is reasonable to ignore the (log (

be determined by the relation:

pKcus — pKp+ = log ([C[fé;”) — log (%) (2.2.11)

provided that the ionisation constants values of the bases B and C are close

enough so that both ratios can be measured with good precision in the same
medium. By using the same procedure, it is possible to calculate the pKpp+ —
pKcp+ for an indicator D whose ionisation overlaps with C, and so on. Thus,
the pKgy+ values for all probes can be established if any one of the probes is
determined by a direct measurement in dilute aqueous solution. Hammett was
able to establish the pK g+ values of many nitroaniline bases using this step-wise
method (Figure 2.2.4). In Figure 2.2.4, Hammett shows the log of the ionisation
ratios of all the bases that he used, which cover the whole HoO-H,SO,4 mixture
(from pure water to pure HySO4). These findings support Hammett’s hypothesis
(eqn. 2.2.11) as most of the lines align parallel to each other in the graph. The
degree of parallelism is acceptable except at the concentration of sulfuric acid
from 60-80%, where the bases used gave off-trend results (bases 7-12). Hammett
discussed that at the medium effect is significant in these regions or with increasing
concentration of acid used. Thus, the molar activity coefficients and the transfer

activity coefficients of the two adjacent bases became too different for the log e
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(log <M> ) terms to be cancelled out.!'*3]
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Figure 2.2.4 — Logarithm of ionisation ratios of Hammett bases in sulphuric
acid-water solutions. Dye: (1) 4-nitroaniline, (2) 2-nitroaniline, (3) 4-chloro-
2-nitroaniline, (4) p-nitrodiphenylamine, (5) 2,4-dichloro-6-nitroaniline, (6) p-
nitroazobenzene, (7) 2,6-dinitro-4-methylaniline. (8) 2,4-dinitroaniline, (9) N,N-
dimethyl-2,4 6-trinitroaniline, (10) benzalacetophenone, (11) S-benzoylnaphthalene,
(12) p-benzoylbiphenyl, (13) 6-bromo-2,4-dinitroaniline, (14) anthraquinone, (15)

2.4,6-trinitroaniline. Image taken from Hammett’s paper.
[153]

The establishment of the Hammett acidity function, (Hy) by Hammett as an
early foundation of a truly robust acidity scale has gained considerable attention
by other researchers and offers an expansion in the study of the acidity measure-
ments of different solutions. More pK g+ values have been determined since then
by different research groups.'®!! Other research groups also measured the acid-
ity at lower and higher temperature than the temperature used by Hammett in
his acidity measurements (25 ©C).['%l Since it is acceptable to use the equation
2.2.11 for any solvent with high dielectric constants and water('>®!, the Hy values
of other acid systems were investigated using thep K py+ values obtained from the

[154] For example, Randles and Tedder reported on

[162]

sulphuric acid-water mixtures.
the Hy measurements of trichloroacetic acid and trifluoroacetic acid in water.
Also, data for the acidity of phosphoric acid, perchloric acid and hydrochloric
acid were also collected using this Hammett acidity measurement.['%3! The Hy val-

ues of acids in molecular solvents have also been reported, such as trifluoroacetic
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[164, 165] [166]

and phosphoric acid in dimethylformamide and methanesulfonic

ol164]

acid
The Hammett acidity function was further adapted and
[167, 168]

acid in 2-pyrrolidin
applied in measuring the acidity of strong acid and superacid catalysts.
Both of these papers used the '3C NMR spectroscopy measurements using a car-
bon base as an indicator to measure the Hy values of the strong acid. Following
these papers, Farcasiu and Ghenciu then developed a new method of measuring
the acidity of acidic solutions using "*C NMR Spectroscopy of unsaturated ketones

as the base indicator.!'4%: 169

2.3 Acidity functions from 3C NMR Spectroscopy
- The ¥*C NMR Probe

Although the methods developed by Hammett have set a foundation in the mea-
suring the acidity of solutions, the Hammett method requires an immense amount
of work to measure the acidity of a solution. The Hammett acidity measurements

also have several shortcomings which limit the application of the Hammett method:

1. A coloured or opaque solution is not suitable for UV-Vis spectroscopy. Many

acid catalyst systems are dark-coloured and sometimes opaque.*8l

2. The method is extremely sensitive to water impurity. The preparation of
the solution before the UV measurement is time-consuming and increases
the exposure of the solution into the air over time. Thus, it is possible to get

an inaccurate Hy value of the measured solution.

3. Since there are a lot of bases available, it is difficult to choose a suitable
indicator for a solution with an unknown acidity. Again, the process to
determine a suitable indicator will be lengthy and requires lots of work and

materials.

4. There is a chance of choosing a wrong indicator as it is possible for two dif-

ferent bases used for measuring a solution to give different Hy values.['*2 143l

Farcagiu’s research group has developed an alternative method overcome the short-

comings (point 1-4) of the use of UV-Vis spectroscopy in Hammett’s method.'®!
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The technique developed used *C NMR spectroscopy to generate the Hy value of a
measured solution. Instead of establishing another acidity function, the difference
between the chemical shifts of the signals for the probe used (Ad°) is correlated

with the Hy values for sulphuric acid solutions. Since the Hy value is calculated
[BH"]
(B]

using the Equation 2.2.2, the method was developed by finding both of the

and (pK,) values of the indicator used.

2.3.1 Principle and development of the method
2.3.1.1 Determination of the A¢° value

The principle used in establishing the NMR spectrum to determine the acidity
is; a single average chemical shift will show in the NMR spectrum when the two
forms of a base (the protonated form and the free base) undergo a fast-exchange,
which is faster than the time-scale of NMR spectroscopy. The acidity can then be
determined by calculating their ratios where:
[BAT] _ (% = 95) (2.3.1)
[B] (0py+ — 0p)

where d,, is the average chemical shift of the base when it is partially proto-

nated, dp is the chemical shift of the free base, and dgpy+ is the chemical shift of
the protonated base. The method was built on the well-established chemical shift
method to determine the Hy. For example, 'H NMR spectroscopy was used to mea-
sure the Hy value of perfluorooctanesulfonic acid with the hydronation of diethyl
etherl'™ F NMR (p-fluorobenzamide and p-fluoroacetophenone)!'™ 3C NMR
for the measurement of the protonation of aliphatic ketones in sulfuric acid['™!, 3'P
and "O NMR for measuring the protonation of selected bases in strong acids (e.g.
difluorophosphoric acid and nitric acid)!'™!, and *C NMR of acetone to measure

17 Fircasiu and Ghenciu suggested that the all these

the acidity of ionic liquidsl
NMR-derived Hy values mentioned above are questionable, because the chemical
shift is influenced by other factors in addition to the extent of positive charge,
especially of the magnetic properties of the acid as a solvent. To correct these
effects, the chemical shift difference between the signals of two atoms (A and B)

in the same molecule can be used instead of the chemical shift of a single nucleus
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in the base molecule. The correction will work ideally if A has all the charge while
B has none. The chemical shift difference between A and B will be proportional
to the extent of charge obtained by the molecule as the solvent effect is exerted
upon all atoms in the molecule, thus correcting the solvent effects!'*8l.

Fircasiu and Ghenciu choose *C NMR because the medium effects are in-
significant in the 3C NMR compared to "H NMR spectroscopy.!'™ They used the
well-established Hammett HyO-HSO,4 system and worked on finding a suitable
NMR acid indicator that works well with the system rather than establishing a
new acidity function. In the early development of the method, the difference in
the chemical shift was tested with aliphatic alcohols and conjugated alkenones as
an indicator. During the protonation, most of the charge is localised at C'z , while
a minimal charge is present at C,. The difference between these chemical shifts of
the two carbons (A0 = ¢, — d¢,) was correlated with acidity.

CH3;CH>OH + AH = CH3CH,OH, + A~

with the formation of ethyl hydrogen sulfate;

EtOH + Hy,SOy — EtHSO4 + H,O

The initial study concluded that the formation of ethyl hydrogen sulfate in the
solution did not change the overall acidity of the solution, but it did affect the
precision of the chemical shifts, although the results could be used for acidity eval-
uations. The accuracy of the chemical shifts was influenced by the similar acidity
of HySO, with EtHSO,4 (even though there are no accurate measurements).'”!
Moreover, the difference in the basicity of HoO with EtOH was not far apart (the
pK, for EtOH and water are 15.2 and 15.7 respectively).

The 3C NMR method was further developed using «, S-unsaturated ketones
as the probe. Mesityl oxide or 4-methylpent-3-en-2-one is a popular example used
to study strong acids!'"™> 178l and superacids to determine the charge distribution
in and structure of the conjugate acids!'™ 81, Thus, the work done in this thesis
will use mesityl oxide as the probe, due to the extensive literature reported on
this «, f-unsaturated ketones. The proton is attached to the oxygen during the

protonation (Figure 2.3.1).
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Figure 2.3.1 - Conjugation mode of mesityl oxide

In a superacid, the signal for the C-4 carbon of mesityl oxide moved downfield
by 50 ppm compared to the C-2 (12 ppm), and small upfield change in C-3 (3
ppm)!'8%. The difference in the chemical shifts indicated that C-4 carried most
of the positive charge compared to C-2 and left C-3 unchanged in charge. Hence,
the most protonated form of mesityl oxide is best represented by the canonical
form 3 (Figure 2.3.1). Farcagiu and Ghenciu decided that conjugated enones are
suitable probes for acidity measurements using the *C NMR spectroscopy, because
of their large changes in chemical shifts upon protonation and the type of charge
distribution. The chemical shift difference Ad can be used as an acidity dependent
parameter corrected for medium effects. Ad can be defined as:

A =04 — 03

However, Farcasiu and Ghenciu mentioned in the paper that there is a short-
coming in their developed method. The *C NMR method needs higher concen-
trations of indicator compared to the Hammett method. The Hammett method
needs higher concentrations of indicator compared to the Hammett’s method. The
Hammett’s method requires only small amount (in millimolar concentration) while
a higher amount of mesityl oxide is needed for it to be detectable in the *C NMR
method (1% - 8 % w/w). The higher concentration of indicator will affect the
acidity measured, which reduces the acidity of the solution. To solve this prob-
lem, the A° value is used instead of the A value. The Ad° is obtained from
the extrapolation of Ad vs. mesityl oxide concentration . AJ° is a parameter
the acidity at infinite dilution of mesityl oxide. Farcagiu and Ghenciu plotted H
values against concentration of 4-hexen-3-one (Figure 2.3.2) and obtained a linear

[169]

correlation between these two parameters!'™”!. They mentioned that mesityl oxide
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behaves the same manner as 4-hexen-3-one, so, it is possible to use the Ad° value
to calculate the Hy values (using the eqn. 2.2.2) in the *C NMR, method.

48 . .
Ad
N
B~y
46 - .
44 L 4
D\
a
42 : '
0.0 0.5 1.0 1.5

molar [B]

Figure 2.3.2 — Ad vs. concentration of 4-hexen-3-one in 75% HsSO,4 where A=
46.7 ppm.[169]

As there are several acidity functions in reference, '8! Fircagiu and Ghenciu did
not want to add furthermore another acidity function (Hag). Hence they decided
to use the same Hy function from the Hammett’s method. Farcagiu and Ghenciu
used the same water and sulphuric acid mixtures used in the Hammett’s method to
calculate the Ad° and the Hy values for each mixture (Figure 2.3.3). The results
show that the Hy value increases as the concentration of HySO, are increased,
which was the same as the trend in the Hammett’s method results. However, no
results were collected for less than 50 mol % of HoSO, due to the insolubility of
mesityl oxide in water. The data collected are thought to be interesting, as the
single mesityl oxide probe can cover a broad range of Hy values (-3.39 to 12.00).
Thus, from the calibration curve obtained from sulphuric acid, it is possible to
determine the acid strength of other acids by finding the Ad§° for the mesityl oxide

in the tested acids.
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2.3.1.2 Determination of the pK, of the mesityl oxide

85

The pK, of the mesityl oxide is calculated by plotting the slopes, s against the

A values. The s can be obtained by plotting Hy values vs the concentration of

mesityl oxide. As mentioned before, increasing the concentration of mesityl oxide

will decrease the Ad , and thus, reduce the overall acidity. This situation led to a
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Figure 2.3.4 — Plot of s, slopes of the linear correlations between AJ vs. total
concentration of mesityl oxide against Hg values obtained using UV-Vis spectroscopy.
Image taken from Farcagiu and Ghenciu’s paper.[169]

query on how much is the Ad affected by increasing the concentration of mesityl
oxide. Farcagiu and Ghenciu discussed that s is small in a weak acid because
hydrogen bonding is the only interaction that occurs between the indicator and
the mixture/solvent. The interaction that occurs is not significant enough to affect
the acidity of the solution. Conversely, in a strong acid, since the concentration of
mesityl oxide is smaller than the acid in the solution, there is enough excess acid
available to protonate the indicator fully. Thus, s will remain small in the normal
range of the concentration measured. Fércagiu and Ghenciu predicted that the
s is steepest at the acidity where the base is half converted to BH". To prove
this prediction, they plotted the measured s of various aqueous acidic solutions
against their Hy values (Figure 2.3.4). Results from the graph proved Fircasgiu
and Ghenciu’s prediction where the lowest value of s was spotted at the ends of
the graph and the steepest Hy values was at -4.4 4 0.4 for all of the aqueous acidic
solutions.

The pK, value of the mesityl oxide determined by Farcagiu and Ghenciu is equal
to (H0)1/2 provided that unsaturated ketones be the true Hammett indicators. At

half-protonation, the last term in the eqn. 2.3.2 is cancelled;
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[BH]
[B]

Hy =pK, —log (2.3.2)

Thus,

(Ho)ij2 = K, (2.3.3)

From the pK, value of the mesityl oxide obtained, the strongest acidity that
can be measured by the mesityl oxide probe (solution that can protonate 99%
mesityl oxide) should be Hy~ -6.5 and the plot of Ad® vs. Hy is expected to be
flat by Hp -7.5 (about 80% H3SO,). However, the curve steadily rises to 100%
HySO4(Ho-12) and beyond. A fast, reversible protonation occurs where the cation
can form a dication explains this situation (Figure 2.3.5). A second protonation
proved to happen in other indicators studied in other superacid solutions!'%®!. Thus,
mesityl oxide can be used as an indicator in a broader acidity range and in the
region of acid strength where the second protonation occurs. Farcagiu and Ghenciu
then used their '*C Spectroscopy spectroscopy method to measure other acids,

complexes and working catalysts. All these measurements can be found in the

articles published.[1*8]
W L W
OH QH

Figure 2.3.5 — Second protonation of Mesityl oxide

Note: From this point onwards, the *C Spectroscopy method will be referred
as the 3C NMR Probe while the traditional Hammett acidity method will be
referred as the UV-Vis Probe.

2.3.2 Applying the ¥*C Probe into Brgnsted acid-ionic lig-
uid systems
A paper on measuring the acidity of ionic liquids using the 1*C NMR Probe by the

Welton research group (Grisvik and co-workers) was published in 2014.1'47) The
paper measured the acidity of [C,C;im][HSO, | and [HC4im|[HSO, | mixed with
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H>SO4 at various concentrations. These ionic liquids were initially chosen to mimic
as close as they can to the HyO-HySO, system done by Farcasiu and Ghenciu. The
13C NMR Probe was found to work well in both of the acid-ionic liquids systems,
but with some modification in the calculation to obtain the Hy values. In this
method, the data points of the [C4Ciim|[HSO4 |-H2SO4 system is used as the
calibration points to recreate Farcagiu and Ghenciu’s method where they used the
calibration curve form the H,O-H,SO, system to measure other acidic systems.
The [C4Cyim|[HSO, |-H2SO4 calibration curve was then evaluated using the Ad°
values of the [HC,im|[HSO, |-H2SO, system. The Hy value is calculated using the
eqn. 2.3.2. Rearranging eqn. 2.3.2 gives:

[BH+] _ (5av - 5B)
[B] + [BH*] ~ (0pu+ — 6)

[BH+] (5av - 53)
B~ Cone — o) (234)

where d,, is the observed chemical shift when the indicator is partially proto-

nated, and dp and dgy+ are the chemical shifts of the acid indicator when it is
completely unprotonated and completely protonated. This equation applies to the
A6 values because it is applicable to any average chemical shift:

[BH*] _ (Adg, — ASY)

B (50, — Ad) (2:3.5)

BH+
By incorporating eqn. 2.3.5 into eqn. 2.3.2, the Hy value for the *C NMR

Probe is equal to:

(Ady, — Adp)

Ho=pRa=logrrm ——As)

(2.3.6)

The Ad% and Ad%H+ are an unknown parameter while the pK, value of the
mesityl oxide is -4. Grésvik failed to produce a good match in his attempts to fit a
curve to the Hy vs. AdY values of [C4Cim|[HSO,]-H2SO, using eqn. 2.3.6. Thus,
Grésvik used a normal smoothing function to connect the points and asymptot-
ically fitted the limits of the mesityl oxide *C NMR shifts by extrapolating the



2.3 Acidity functions from 3C NMR Spectroscopy - The *C NMR Probe 89

minimum Ad and the Ad maximum. An asymptotic behaviour was observed as

[BHT]
(B]

was calculated by assuming a linear behaviour between the two extremes, as the

the fully deprotonated and fully protonated states are approached. The ratio

NMR shift is associated to the relative amounts of protonated and deprotonated
mesityl oxide. Thus, the Hy value for the 13C NMR Probe was calculated as:

(A= A
HO = log (A57Qmm: - A(SO)
(A0 — 31.07)
Hy= —4— log-od = 2220 2.3.7
0 1095091 = Ag0) (23.7)

Figure 2.3.6 shows the comparison plot for the [C4C1im][HSO,4]-H,SO, calibra-
tion points, HyO-H,SO, system Farcasiu and Ghenciu and new calibration points
for [C4C1im||[HSO,|-HsSO, calculated using the eqn. 2.3.7. However, both of the
fits at very high or very low acidity are too steep and may arise due to the hydrogen
bonding effects between the mesityl oxide and the multiple anions. The hydrogen
bonding can reduce the relative activities of deprotonated and protonated mesityl
oxide, which would misalign the concentration profile. Grasvik then corrected the
equation with separate values for the hydrogen bonding factor, s for each side of

the function:

(A8 — 31.07)
(80.91 — AY?)

where s = 2.32 for Hy below -4 and s = 3.19 for Hy below -4 (Figure 2.3.7).
The results in Fig. 2.3.7 shows that the 3C NMR Probe acidity range covers the
range from to 1.93 to -11.3.

Hy=—4—sxlog (2.3.8)
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Figure 2.3.6 — Ad® vs. Hy for [C4C1im][HSO, |-H2SO4 (new IL points), HyO-
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Figure 2.3.7 — AS° vs. Hy for [C4C1im|[HSOy4 |-H2SOy4, [HC4im][HSO4 |-H2SO04
and HoO-HsSO4 system.[147]
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2.4 Results: The acidity measurements of Brgn-
sted acids-ionic liquids system with the same

conjugate anion using the 13C NMR Probe

The success in the measurement of the acidity of the |[HSO4|" anion ionic lig-
uids with H,SO, using the 3C NMR Probe shows the possibility of measuring
other Brgnsted acids and ionic liquids. Motivated by this possibility and the ro-
bustness of this single-step *C NMR Probe, the acidity of Brgnsted acids-ionic
liquids ([C4C1im][NTt], [C4C1im][OTH], [C4Ciim|[MeyPOy4| and [CoCqim|[OAc])
were measured with different Bronsted acids (bis(trifluoromethanesulfonyl) imide,
H|NTf,|; triflic acid, H{OTf]; phosphoric acid, H3PO, and acetic acid, H{OAc]).
Solutions with increasing acidity were prepared by adding a Brgnsted acid into
an ionic liquid and their acidity measured. However, no data could be collected
for the [CyCiim|[OAc]-H[OAc| system as the acidity of the 100 % H[OAc] fell be-
low the minimum detection limits of the '*C NMR Probe. The acidity of four
different Brgnsted acid-ionic liquid systems with general formula [C,C;im|[A]-HA
(A = NTf,, OTf and Me,PO,) were measured using the '*C NMR, Probe with
mesityl oxide as an indicator. The data for |C,C;im||HSO4]-H2SO, system were
recreated from the Griisvik’s paper!"*™ to expand the acidity measurements of the
ionic liquids-sulphuric acid system (in the chapter 3). The main objective of this
work is to investigate the acidity of the Brgnsted acids-ionic liquid systems as a
function of their composition by investigating both strong and weak acids. These
ionic liquids were chosen as they are useful in industrial processes and by knowing
their acidic properties, it can help to increase the effectiveness of these ionic liquids
in the application of each ionic liquid. Also, the data collected will provide more
understanding of the selection of ionic liquid system as homogeneous catalysts.
The acids chosen represent a broad acidity range. Strong sulfonic acids are
commonly used in catalysis while weak acids are known to form strong anionic

150]

clusters.!'"% Moreover, by measuring the acidity of strong acids, it is hoped to

extend acidity range that can be obtained using the *C NMR Probe with mesityl
oxide as indicator in the Brgnsted acid-ionic liquids system. The highest Hy val-

ues reported in the Bronsted acid-ionic liquids system calculated is = -11.93.[147]
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Each system shares the same anion, and conjugate base of the acid and the same
[C4Cyim]| ™ was used to provide a systematic investigation of the effect of the anion
on the acidity of the Brgnsted acids-ionic liquids system. It is worth to mention
that during the data collection for this thesis, another research group has published
a paper on measuring the acidity of ionic liquids with H[OT| in 2016.'®?l The pa-
per proved that the 3C NMR Probe is replicable by other researchers and this
method worked with different ionic liquids which motivate me more on measuring

the acidity of Bronsted acid-ionic liquid system.

2.4.1 The acidity measurements of [C4C;im][NTf;]-H[NTf,]

system

Solutions of the [C4Ciim][NTfy|-H|[NTf,| system were prepared with varying the
molar ratio of acid xgnrys,). To each of the different x g nry,), solutions, mesityl
oxide was added to make between three to five different concentrations from 1%
to around 8% w/w (refer to the synthesis section for sample preparations). These
samples were then transferred to separate NMR tubes with an external DMSO-d®
standard in a glass capillary and sent for 3C NMR spectrometry measurements.
Figure 2.4.1 shows an example for the '*C NMR spectra of [C,Ciim|[NTf,] +
XH[NTf)— 0.69 with the addition of mesityl oxide where the carbon peaks for
the ionic liquids and the mesityl oxide were assigned. The mesityl oxide peaks are
visible in the spectrum and make the acidity measurements of the [C,Cim|[NTf,]-
H|NTf,| system possible.



2.4 Results: The acidity measurements of Bronsted acids-ionic liquids system
with the same conjugate anion using the *C NMR Probe 93

PSR
4000000
Nr‘j:s\ _,f’= . |' : I : i +3500000
. - ;
3000000
2500000
2000000
1500000
1000000

S0000D

N e e o e S s e B e e B AN A S s S B s S s s S e B S
4 230 220 210 200 190 180 170 160 150 140 130 120 110 100 30 & 70 &0 ] 40 30 20 10 o -0 20
1 (ppm}

Figure 2.4.1 — 3C NMR spectrum of mesityl oxide in [C4Cqim][NTfs] + 0.69
XHNT f2]

In each of the *C NMR spectra obtained, the main focus would be on the
chemical shift of the C3 and C4 of the mesityl oxide. These chemical shift values
were used to calculate the A¢d for each of the mixtures with a different concen-
tration of mesityl oxide, followed by the extrapolation to the y-axis to give the
A6V, The A value was then incorporated into equation 2.3.8 to calculate the Hy
value for each mixture. Table 2.4.1 listed some of the Ad values obtained in the
[C4C1im][NT1,]-H[NTf,| system. By comparing the chemical shifts of C4 at lower
molar ratio of HINTf,| ( x g7 s,)= 0.085), and at higher molar ratio of x gnry,) the
C4 moves downfield for about ~40 ppm from the lower to the higher molar ratio
of H[NTf;]. On the other hand, small upfield changes were observed for the C3 of
the mesityl oxide. Since the chemical shift of the mesityl oxide behaves the same
for the HyO-HySO,M8! and the [C4C1im][HSOy ]-HySO4M7 systems, it is safe to
say that mesityl oxide works well as an indicator for the [C,Ciim|[NTfy|-H[NTf,]

system. A graph of A against the concentration of the mesityl oxide added was
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then plotted and extrapolated to the y-axis to obtain the Ad° (Figure 2.4.2). The
AS° is the intercept value of the plotted graph. The AdJ° values obtained is the
value that corresponds to zero concentration of mesityl oxide. All of the Ad° values

obtained were used to calculate the Hy values for each mixture in the system.

Table 2.4.1 — A¢ values for each different [mesityl oxide| for several X n7y,) in the
[C4Cllm] [NTfQ]—H[NTfQ] system.

| Xuvty) | [Mesityl oxide] (weight%) | C4 shift (ppm) | C3 shift (ppm) | Ad (ppm) |

4.996 155.21 123.40 31.81
0.0085 6.589 154.9 123.41 31.49
9.134 154.63 123.43 31.2
0.873 192.22 122.11 70.11
0.1525 2.593 190.27 122.18 68.09
2.850 190.06 122.34 67.72
4.375 187.59 122.35 65.24
0.691 194.14 121.99 72.15
1.579 193.83 122.11 71.72
0.399 2.047 193.61 122.17 71.44
2.732 193.16 122.06 71.10
3.258 192.93 122.06 70.87
2.368 194.48 121.99 72.49
0.514 0.385 192.79 121.09 71.7
8.011 192.52 122.16 70.36
10.410 191.45 122.12 69.33
2.335 198.09 121.74 76.35
0.775 5.715 195.54 121.95 73.59
6.045 195.31 121.96 73.35
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Figure 2.4.2 — Determination of A§° mesityl oxide in extrapolation [C,Cqim]|[NTfy]

In the [C4Cyim|[NTf,]-H[NTf,| system, homogeneous solutions were formed for
up to xunry) < 0.774. The acid was not fully solubilised at higher concentrations
of acid and formed a liquid-solid mixture. The Hy value of neat [C4Cyim|[NT1,| is
not available since mesityl oxide did not dissolve in the neat ionic liquid. This may
be explained by the lower acidity of [C4C,im|[NT1;] that falls below the minimum
detection limit of the mesityl oxide as an indicator in the '* NMR Probe. Mesityl
oxide is completely dissolved in this system for 0.003 < xpnryp,) < 0.774. It is
expected that the acidity will increase (decrease in Hy values) as the xpnry, is
increased, which was reported in other published literature.'® The results from
Figure 2.4.3 shows the compilation of Hy values against the molar ratio of H{N'Tf,|

where a sigmoid curve was observed in the graph.
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Figure 2.4.3 - The Hp values against the molar ratio xgn7y, for the
[C4C1im]|[NTfy]-H[NTfy] system

At the lower xpgnrys,) < 0.07, the addition of small amount of acid increases
the acidity, up to the Hy value — -5.125. At these points, the [C4Ciim][NTfy]
ionic liquids dominate the molar composition of this mixture, and the ionic lig-
uid has a very low acidity. Thus, the total acidity of the [C,Ciim|[NTfy|-H|NTf,]
may significantly be affected even with the small amount of acid added at these
concentrations. For 0.138 < xpnryp,) < 0.429, the acidity increases with a small
significant difference where Hy values obtained were between -5.959 to -6.252.
It can be assumed that HNT{, is dissolved in its molecular form and there are
no |[NTfy(HNTf)| clusters formed in this range. The assumption can be sup-
ported from the paper published by McCune et al. where a similar trend was
observed in the [C4Cyim|[NTf|-H|[NTf,| system (using the Gutmann Acceptor
Number method)!"™ and as reported by Stayanov et al. in their work on acid

183]

solutions in non-polar solvents! With further increase in the xpgnrys) > 0.6,

the acidity increases with more acid added. At this point, as the H[NTf,] is a
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strong acid and it dominates the mixture over the ionic liquids, and hence, the
overall acidity is based on the strength of the acid itself. As more acid is added
into the [C4Cim||NTf,|-H[NTf,| system, the protonation ability of the acid is also
increased which increases the acidity of the mixture.l'®!! The HNTf, is noted as
one of the strongest gas-phase acids measured.['®” The H, value of pure HNTY,
cannot be measured, because it exists in a solid form. However, HNTT; is only a
few orders of magnitude weaker that triflic acid (Hy = -14.101'") (when the pK,
values are measured in acetic acid solution!'®®l). The highest Hy value obtained in
this system is Ho—-7.981 at xgn1y,)— 0.774, whereas the pure triflic acid is about
-7. As the [C,Cyim||NTf;] has a weak acidity, it is possible that the presence of
the ionic liquid levels down the total acidity of the mixture.

Mass spectrometry analysis of the [C,C;im||[NTfy] mixtures with H[NTf;| was
done using the electrospray mass spectrometry method (ES-MS). Jackson and
Duckworth reported that ES-MS of undiluted RTILs is a more straightforward
approach to obtain the mass spectrometric information of the RTILs and their
composition without any remarkable loss in analytical performance.l'8"l The ES-
MS method is also suitable for the |[C4Ciim|[NTf,|-H[NTf,;| mixture and other
Bregnsted acids-ionic liquids mixtures most of which are hygroscopic, especially
at a higher concentrations of acid mixed with the ionic liquid. The results are
compiled in Table 2.4.2 and Table 2.4.3. Clusters of the cations and the anions
from the ionic liquid and the acid were detected in the positive mass spectra,
for example; ([C4Ciim]™ - F). In the negative mass spectra, only clusters from
the anion were detected. However, there are no [NTf,|(H|NTf,)| clusters present
may be due to the poor H-bond accepting ability of the [NTfy|" ion. Also, the
steric hindrance and the oxygen-oxygen and fluorine-fluorine repulsion make the
formation of N-H --- N bond difficult.l'®® It is important to take note that since
the technique used is electrospray, these fragments detected in the mass spectra

cannot be said to be certainly present in the liquid state.
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Table 2.4.2 — The positive mass spectra of [C4C1im|[NTfy]-H[NTf;] : Detected ion
fragments and their relative abundances

XH[NT 5] ‘ Ions ‘
0.012 [C4Crim]™ (100 %), [HC im|™ (10 %), (|C4Ciim|T-F) (5 %)
0.049 [C4Crim]™ (100 %), [HC im|" (10 %), (|C4Ciim|T-F) (5 %)
0.093 [C4Crim]|™ (100 %), [HCyim|" (5 %), ([C4Crim]"-F) (5 %)
0.290 [C4Cyim]™ (100 %), [HC1im]™ (15 %), ([C4Cqim]"-F) (10 %)
0.487 [C4Cqim]|™ (100 %), [Csim]™ (25%), [HC1im]* (25%), (|[C4Cqim]™

F)T (20%)
0.717 [C4Ciim]T (100%), [HCyim]™ (15%), [Csim]™ (5%), (|[C4Ciim]™ -F
)" (5%)
1 [CF5S|T (100%), [CSNO]™ (65%), [CF3HNS]™ (65%),
[CoFsHNO4Ss| T (25%), [C3F7HaNOgSo| ™ (5%)

Table 2.4.3 — The negative mass spectra of [C4C;im|[NTf;]-H[NTf;] : Detected ion
fragments and their relative abundances

XH[NT f] ‘ Ions ‘
0.012 | [(CF3S0,),N[ (100%), [(CF3S0,),NH][ (10%), [(CF3S02)N[ (5%)
0.049 | [(CF3S0,),N[(100%), [(CF3S0,),NH] (15%), [(CF5S0.)N| (5%)

0.093 | [(CF3S0,).N[ (100%),[(CF4S0,
1 [(CE3505)oN[(100%), [(CF3502)2NH[™ (15%), [(CE5S02)NJ (5%)

,NH] (20%), [(CF;S0,)N] (5%)

~— [ —

~—

Overall, the *C NMR Probe works well with the with the [C,C;im|[NTfy]-
H[NTf,] system for 0.003 < xpnryp) < 0.774 with the highest Hy value obtained
at -7.981. Since the acidity of this system is still in the published range from the
Grisvik’s paper™ it is a question whether the 3C NMR Probe will work for
acidity higher than -12 or not. Further investigation was explored on measuring

the acidity of another strong acid, triflic acid will be discussed in the subchapter
of 2.4.2.
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2.4.2 The acidity measurements of [C4C;im][OTf]-H[OTI]

system

The acidity of solutions of triflic acid, H{OT{] added into the [C,C;im][OT{] ionic
liquid were measured at a different molar ratios of the acid, xgjors) using the 13C
NMR Probe. As mentioned before, the Hy value of pure H{OT{] recorded using
the UV-Vis probe is -14.10, which is higher than pure sulphuric acid (Hy = -11.8).
The method used is the same as the acidity measurements of the [C,C;im|[NTfy]-
H|NTf,| system. Figure 2.4.4 shows the results of the acidity measurements of the
[C4Cyim||OTE]-H[OTY] system. From the graph, the Hy values were obtained for
0.030 < xmjors < 0.093 and 0.552 < xmjory = 0.905. No data were collected for
the molar ratio of H{OT{] in between 0.100 and 0.500, because the mesityl oxide did
not fully dissolve in these mixtures. At lower concentration of acid added (0.030
< xuors < 0.093), a gradual increase in the acidity is observed. The Hy values
obtained at these points are from 0.526 to -1.753. It is observed that with a small
amount of acid added cause a rapid increase in the acidity values (Hy values are
decreased). As the HJOTI] acid is a very strong acid, a small addition of the acid
into the ionic liquid significantly change the acidity values of the mixture. The
Hy values for xgjors < 0.030 cannot be calculated as the mesityl oxide was not
fully dissolved in the mixtures. Two separate layers were observed after leaving
the sample for a while. Afterwards, starting from the xgory = 0.552, the acidity
of the system continued to increase up to the xpory = 0.905. The highest Hy
values obtained for this system is -11.269. For the 0.552 < xyjory < 0.905 region,
the structure of the liquid changes to ionic liquid dissolved in acid rather than acid
dissolved in the ionic liquid (at a lower concentration of acid added).l'*"! Thus, the
Hy values obtained are from the protonation of the mesityl oxide by the acid. The
acidity measurements were done up to xgjory = 1. However, for the neat H[OTH],
the Ad° value calculated are 82.317 which is beyond the maximum detection limit
(A8 .. = 80.91) of the mesityl oxide indicator. Thus, the Hy value of the neat

max

H|OT{] cannot be measured using the *C NMR, Probe.
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Figure 2.4.4 - The Hp values against the molar ratio xpgjory for the
[C4C1im]|[OTH]-H[OT{] system

There were no data obtained from 0.100 < xgjory < 0.500. Samples for these
concentrations were actually prepared and sent for the '*C NMR spectroscopy.
However, in the NMR spectra collected for these mixtures, the peaks for mesityl
oxide were too small for the Ad of each mixture to be measured. Figure 2.4.5 to
Figure 2.4.7 compares the *C NMR spectra for different xpgjors added into the
ionic liquids. At the xpgjory = 0.0303 (Figure 2.4.5) and 0.732 (2.4.7), all NMR
peaks are clearly visible and all of the peaks can be easily assigned. Thus, the Ad
of these mixtures can be calculated and it is possible to calculate the Hy values
of this mixture. All of the peaks in the *C NMR spectra for 0.030 < xuiory <
0.093 and 0.552 < xgjors < 0.905 can be assigned and thus, the Hy values can be
calculated. Meanwhile, in the xgory = 0.100 to xgjors = 0.500 range, the A
cannot be observed as the intensity of the mesityl oxide peaks were too low makes

and it is impossible observe the chemical shift of C4 and C3.
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Figure 2.4.5 - *C NMR spectrum for [C4C1im|[OTf] + x gjors = 0.0303 + mesityl
oxide
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Figure 2.4.6 — *C NMR spectrum for [C4C1im][OTH] + xgjors = 0.300 + mesityl
oxide
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Figure 2.4.7 - 3C NMR spectrum for [C4C1im][OTf] + xajoT )= 0.732 + mesityl
oxide

Zhang et al. who measured the same [C,C,im|[OT{]-H|OT{] system using the
13C NMR probe also only managed to measure the acidity of 0.500 < XH[OTf] =
1.00.1'%21 They also mentioned the difficulty in detecting the mesityl oxide probe in
the 13C NMR spectra. Farcasiu and Ghenciu also reported on a similar problem
in the HyO-H,SO, ssystem where they only managed to measure the Hy values
for X #,50,> 0.523.1'%1 However, Fircasiu and Ghenciu mentioned that the mesityl
oxide was not dissolved in the mixture with xm,s0,< 0.523. In these results, the
mesityl oxide was completely dissolved in the mixture except xpmiory < 0.300.
Zhang et al. did not comment on solubility aspect / observation for the mesityl
oxide in the [C,C;im]|[OTf]-H[OTf] mixture in the paper.!'*?

Initially, it is assumed that the amount of mesityl oxide added was too low to
be detected in this concentration. Additional experiments were done by increasing
the amount of mesityl oxide in the mixture (10 - 18 wt%) for x mjory from 0.007 to

0.600. It is normally expected that the acidity of the mixture will decrease as more
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mesityl oxide is added in the mixture.['*8! However, the aim of these measurements
was to find out if the concentration of mesityl oxide added was not enough to be
protonated by the strong acid, HJOTf]. Table 2.4.4 compiles the results for 0.042
< xujory) < 0.190 with excess mesityl oxide added (10 - 18 wt%). By comparing
the results with the 10-18 wt% of mesityl oxide added, the same trend was observed
as with the results obtained with 1-8 wt% of mesityl oxide added (Figure 2.4.4)
where the acidity increases as the x gjory) increases. However, as expected the Hy
values obtained from the 10 - 18 wt% mesityl oxide added is lower than the 1-8
wt% of mesityl oxide results. The mesityl oxide peaks were clearly observed in
the 3C NMR spectra and make it possible to calculate the Hy values. Also, the
Hy values for xgjory < 0.030 could not be calculated as the A values obtained
were lower than the minimum detection limit for the mesityl oxide probe. However,
at 0.200< xgjory < 0.600, it is difficult to observe and measure the A¢ of the
mesityl oxide in this mixture.Thus, the initial assumption where the concentration
of mesityl oxide is not enough to be protonated by the acid is invalid. It is assumed
that the mesityl oxide decomposes at 0.200< x gory < 0.600.

There is a possibility that mesityl oxide completely reacted with the nucle-
ophilic anion, [OTf]" explaining the disappearance of the mesityl oxide peak where
mesityl oxide decomposes. The [OTI]" anion is a good nucleophile and it could
completely react with the mesityl oxide to give 4-trifluoromethanesulfonate-4-
methylpent-2-one (Fig. 2.4.8). Since both [C4Ciim|[OTf] and H[OT{] have the
same anion, it is predicted that the anion of the ionic liquid itself reacted with
the mesityl oxide instead of the anion from the acid. The assumption was made
because the Hy values can be started to be measured again from x gjory > 0.552
where the amount of acid is in excess over the amount of ionic liquid. Trang
To reported on the decomposition of mesityl oxide in the [C4C,im|[C]] and HCI
mixtures,!'*® supporting the assumption that the '*C NMR method is not suitable

when strong nucleophiles are present.
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Table 2.4.4 - 0.030 < xyjory = 0.093

XH[OT{] ‘ A(SO ‘ H() value

0.007 | 30.705 -
0.010 | 30.725 -
0.021 | 30.922 -
0.031 | 31.038 -

0.042 | 31.670 -0.44
0.055 | 31.752 -0.31
00717 | 31.984 -0.01
0.088 | 32.517 -0.46
0.095 | 32.644 -0.55
0.103 | 32.954 -0.74
0.125 | 34.621 -1.41
0.141 | 36.290 -1.84
0.165 | 37.250 -2.03
0.191 | 37.299 -2.04

ut
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Figure 2.4.8 — Decomposition of mesityl oxide in presence of [OTf]

Mass spectrometry data of [C4Cim||OTf]-H|OTf] mixtures at different x gjory
were collected and presented in the Table 2.4.5 and Table 2.4.6. Clusters of the
cations and the anions were detected in the negative mass spectra. In the negative
mass spectra, [CF3S03]" was observed, which possibly formed from the dissociation
of the H|OT] itself. There is no higher order cluster detected in either of the
positive or negative mass spectra except for pure H{OTf]. [CF3SOs| ion ion was
detected in all the mixtures of [C4C,im|[OTf]-H|OTf]. As the [CF3503] ion was
absence in the pure |C4C,im||OT{] and H|OT1], the formation of [CF3SO;]| ion is
thought to require both the [C4Ciim|" cation and the presence of acid. Burba et al.
reported that in a mixture of [C4Cim||OTf]-H|OTf] with lower concentrations of
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acid, the cations from the ionic liquid take part in the stronger hydrogen-bonding
interactions and the cation --- OTf is gradually replaced by the H*--. OTf as
the triflic acid content is increased.['8?) In the negative mass spectra, the intensity
of the peak for the ion [CF5SOs] is slightly increased at xuorys = 0.289 to 15%
and decrease again to 10% at xmjors = 0.495. This can be explained by as the
XH[oTy) increases, the hydrogen bonds between protons and triflate ions dominate
the species and thus reducing the hydrogen bonds between the imidazolium cations
and the triflate anions.

Table 2.4.5 — The positive mass spectra of [C4C;im|[OT{]-H[OTf] : Detected ion
fragments and their relative abundances

XH[OTY{] Tons
0 [C.Crim]' (100 %)
0.026 [C.Cqim]*™ (100 %), [HCim[* (5 %)
0.102 [C.Cyim]" (100 %), [HCyim|" (5 %)
0.289 [C4Cqim]|™ (100 %), [HC im|™ (5 %)
0.495 [C4Cyim|T (100 %), [HCyim|™ (5 %)
0.598 [C4Ciim|T (100 %), [HCyim|™ (5 %)
0.852 [C4Cyim|T (100 %), [HCyim|™ (5 %)
1 [CELS[F (100%), [CSOLH]* (75%), [CF2SO.H[* (35%),
[CoFS204]" (10%)
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Table 2.4.6 — The negative mass spectra of [C4C;im][OTf]-H[OTf] : Detected ion
fragments and their relative abundances

XH[OT{] ‘ Tons ‘
0 [CF5S05] (100%)
(10%)
(10%), [CF3S,06M,]" (5%)
0.289 [CF,S0,[ (100%), [SOs] (25%), [CES[ (15%), [CF,SO, [
(15%), [CF3S,06M]" (5%)
0.495 [CF,S0,[ (100%), [SOs] (25%), [CE,S[ (10%), [CF,SO5H]
(10%), [CF3S,06M]" (5%)
0.598 [CF,S0,] (100%), [SOs] (25%), [CES[ (10%), [CF,SO5 ]
(10%)
0.852 [CF,S0,] (100%), [SOa] (25%), [CF,S[ (10%), [CF,SO5M]
(10%)
T [CF5S0, (100%), [SOa[ (25%), [CF3SOT (10%)

The acidity of the [C4Cyim|[OT{]-H[OT{] mixtures are possible to be measured
using the "*C NMR probe at 0.030 < xgjors < 0.093 and 0.552 < xpgjory < 0.905.
In the next part, the acidity of a weak acid, H3POy dissolved in a [C4C;im][MeyPOy|
ionic liquid will be measured in order to collect more data on at less acidic acid
than H[OT{] and H[NT1].

2.4.3 The acidity measurements of [C4C;im][Me,PO4]-H;PO4

system

The next Bronsted acid-ionic liquid system measured was the [C4Cyim|[MeyPOy]-
H3POy, system. In this system, phosphoric acid, (H3POy) replaced the conjugate
acid of the ionic liquid anion, dimethyl phosphate [CoH;O4P|". Phosphoric acid
is cheaper and easily available compared to dimethyl phosphate. To date, the
cost for 100 mg dimethyl phosphate is £40.40 which is not cost-effective compared
to £87.20 for 100 g of phosphoric acid. It is possible to synthesise the dimethyl
phosphate in the laboratory but further purification and more isolation steps are

required in these methods because other compounds are also produced in the
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reaction.['% 191 This study aims to investigate whether the '*C NMR probe is
suitable for measuring the acidity of a weak acid. The pK, value for phosphoric
acid is equal to 2.16!"21, which widens the range of acidity to be measured in this
study. The same preparation method was used to prepare the [C4Ciim|[MeyPO,]-
H3PO,4 mixtures.

Figure 2.4.9 shows the results for the Hy values against different x p,po, in the
[C4C1im][MeyPO,|-H3PO, mixtures. For this system, the Hg values are obtained
from the 0.609 < xp,po, < 0.952 with the highest Hy value = -5.141 at xp,po, =
0.952. The mesityl oxide was not fully dissolved in the mixtures with xp,po, less
than 0.550. As |[C4Cqim||MeyPOy] is a viscous ionic liquid, it is almost impossible
to mix the mesityl oxide with the [C4C;im][MeyPO,4|-H3PO, mixture at the lower
concentration of acid in the room temperature. The mixtures are less viscous as
the acid concentration is increased, allowing proper mixing between the mesityl
oxide and the [C4,C1im|[MesPOy4]-H3PO4 mixtures. There is no Hy value calculated
for neat H3PO, as it exists in solid form. The acid was observed to be not fully
solubilised in the ionic liquids at xm,po, > 0.970. As expected, the Hy values

decrease with increasing acid concentration.
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Figure 2.4.9 - Hy values vs. xm,po, in the [C4Ciim|[MesPOy4]-H3PO4 mixtures

From the graph, a gradual increase in acidity was observed as the acid concen-
tration increases. At lower concentration of acid added, the H3POy is diluted with
the [C4Cim||MeyPOy| ionic liquid, thus explaining the lower Hy values obtained.
The same trend was reported by Fadeeva et al. on the Hy values of phosphoric acid
solutions in N,N-dimethylformamide*5%! using the UV-Vis probe where the acidity
of the mixtures increased as the concentration of phosphoric acid in the mixture
is increased. Phosphoric acid in its pure state in both crystalline structures forms
dimers linked in polymeric chains.!'?3] Thus, the pure phosphoric acid molecules are

166] These polymer-like chains

bound into dimers which form polymer-like chains.!
cause the pure phosphoric acid to be the most acidic and have highest protonation
ability. Although there is no Hy value recorded for pure phosphoric acid, in my
study the highest Hy value obtained at xp,po, = -5.141. It is possible that dimers
are formed in this mixture from the interaction of the anion from the ionic liquid
and the acid and because there is more acid present in the system compared to the

ionic liquid (also see mass spectrometry below). At lower concentration of acid
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added, the ionic liquid ions were incorporated into the acid structure and thus
lowers their proton donating ability. The proton donating ability was reduced due
to the hydrogen bonding that is formed between the acid and the molecules of the
ionic liquids. Thus, the acidity of the mixture is lowered as the proton donating
ability is decreased.['®!

Mass spectrometry data were recorded on few samples with different ratio of
molar concentration of phosphoric acid (Table 2.4.7 and Table 2.4.8 ). The mass
spectra data for xm,ro, < 0.600 were collected as well for comparison purpose
even though it is not possible to measure the acidity of theses mixtures using the
13C NMR probe. In the positive mass spectra, clusters of the cations and anions
were detected (for example ([HC;im|[HoPOy])™ and (|C4Cyim|[HoPOyly )™ in the
mixtures of [C4Ciim|[MeyPO4J-H;PO4. On the other hand, clusters of H3POy
and |[HyPOy[| of up to [Hy1;P4Oq6]" from the phosphoric acid were observed in
the negative spectra. No higher order clusters were seen in the mixtures with
XH;po, less than 0.48. These higher order cluster ions were present in the mixture
with xm,ro, 0.578 and in the pure phosphoric acid. The negative mass spectra
results support the proposed formation of dimers at higher concentration of acid
mentioned above. The mass spectrometry results suggested that once the ratio
of the concentration of acid added exceeds the concentration of ionic liquids, the
higher order clusters ions were formed (for example, the ratio of IL:acid, 1:1.344,
at Xmspo, = 0.578). The higher order clusters between the H3PO, and [HoPO4|
anions from the acid, is described as follows;

H3PO4 + [HoPOy| = [H5P2Og) or [HoPO,( H3POy)|

H3POy4 + [H5P20g]" = [HgP3015] or [HoPO4( H3POy)s|

H3POy4 + [HgP3015] = [HgP3012] or [HaPO4( H3POy)s|

The acidity measurements of the |[C4C;im|[MeyPOy4|-H3POy system is possible
using the *C NMR probe with xg,po, range from 0.609 < xx,po, < 0.952. The
mass spectra results obtained help to understand the reason behinds the increase
in the acidity as the concentration of the acid is increased. Therefore, 3C NMR
probe can be used to predict the acidity of weak acid but with limited acidity

range.
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Table 2.4.7 — The positive mass spectra of [C4C1im][MeyPO4]-H3PO4 system :
Detected ion fragments and their relative abundances

XH3PO4 Tons

0.303 [C4Cyim] T (100%), [HC,im]™ (5%)

0.482 [C,Cim|* (100%), [HC,im|" (5%)

0.578 [C,Cim|* (100%), [HC,im|" (5%)

0.755 [C,Cim|* (100%), [HC,im|" (5%)

0.962 | [C4Cyiim|" (100%), ([HCim|[HPO4)" (85%), [HC1im|™ (50%),

([C4C1im|[HoPOyls )t (30%)
1 [H505P[ 7 (100%), [HsO7P4] " (35%), [H12016P4] " (5%)

Table 2.4.8 — The negative mass spectra of [C4Ciim|[MesPOy]-H3PO4 system :
Detected ion fragments and their relative abundances

XH3PO4 IOHS

0 [MeaPOL[ (100%).[POs] (40%), [POT (10%)
0.303 [Me,POL] (100%), [POs (40%), [POo[ (15%)
0.482 [Me,PO,J (100%), [POs] (45%), [POs] (15%)
0.578 [MGQPO4]_ 100%), [POg]_ (45%), [POQ]_ (15%), [H5P208]_ (10%)
0.755 [MQQPO4]_ (100%), [POg]_ (50%), [POQ]_ (15%), [H5P208]_ (20%)
0.962 [H8P3012]_ (100%)7 [H5P208]_ (95%)7 [H11P4016]_ (50%), [HQPO4]_

(45%). [POS]" (40%). [MesPO4]" (20%), [POS]" (5%)
1 [PO3]_ (100%)7 [HQPO4]_ (60%), [H5P208]_ (35%), [HngOlg]_
(25%), [HPOs[" (20%), [H11P4O16]" (10%)
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2.4.4 Discussion and Conclusions for 13C NMR. Probe

Prior work has documented the acidity measurements of Brgnsted acids-ionic lig-
uids systems; |C4Cqim]||[NTfy]-H[NTf,] system and [C4Cqim][OT]-H[OTf] system
using the UV-VisP®! probe and *C NMR probel'®? respectively. However, the
studies of the acidity of [C4C1im|[NTfy|-H|NTf,| system reported was measured at
low concentrations of H[NTf;] (maximum 0.337 M) with Hy value = -5.05. Several
indicators and trials were done to obtain the Hy values. Grésvik et al. reported
on measuring the acidity of [HSO,|" based ionic liquids with sulphuric acid using
the '*C NMR probe."*l The publications reported a single-step method of mea-
suring the acidity of Brgnsted acids-ionic liquids mixtures using one indicator that
is capable of measuring acidity over a wide range of concentrations of acid. This
method was applied to the [HSOy4|" but only [HSO4|" based ionic liquids were used
using this method.

In this study, the measurements of Hammett acidity function (Hg) of [C4Cyim|[NTf,]-
H[NT1,], [C4Ciim][OT1]-H[OT1] and [C4Cyim|[MeyPOy4]-H3PO, were done using
the 13C NMR probe. The H, values obtained are varies for each system. The acid-
ity of |C4Cyim||NTf,|-H|NTf,] system was succesfully measured using this probe.
With this probe, the range of Hy values obtained are from 1 to -7, which shows an
improvement from the previous literature which managed to calculate the Hy
values from -1 to -9. The acidities of both of the |C,C,im|/OTf]-H|OT{] and
[C,Cim|[MeyPO4]-H3PO, systems can also be measured using the using the C
NMR probe. The highest acidity obtained in the [C,C;im]|[OT{]-H|OT{] system is
-11.26 at xgjory = 0.9. Further acidity measurements were not possible as the
A6 obtained were over the maximum detection limit of the '3C NMR probe. The
acidity of the [C4Ciim][MeyPO,|-H3PO, due to the insolubility of mesityl oxide
at lower concentration of acid added. Mass spectra data were obtained for each
system for further understanding of the acidity for each system.

The Hy values obtained using the 3C NMR probe provided early insight on
the scale of acidity for the Brgnsted acids-ionic liquids mixtures and possibly other
non-aqueous mixtures. In addition, this method only requires one indicator that
capable on measuring from low to high Hy values (0.938 to -11.81). The one step

method shows an advantage over the long and arduous UV-Vis probe specifically
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when measuring the acidity of [C4Cim][NTf,]-H[NTf,] system.>®! The results from
this study proved that the *C NMR probe is suitable for measuring other ionic
liquids besides |[HSOy4|" anion based ionic liquids as the method and calculation
used in this study is based on the development and the calibration using the ionic
liquids [HSO4]" anion. Moreover, the extension to lower acidity range was also
obtained, expanding the previously reported acidity range. The results achieved
in this study verified that the 3C NMR probe is suitable for wide range of acidity
from weak acids to superacids.

Unfortunately, some limitations are worth noting. The mesityl oxide did not
dissolve at certain molar ratios of acid added especially at lower concentration of
acid. Also, the mesityl oxide reacted with some of the mixture, causing the Aé of
the mesityl oxide to not be calculated. Further studies are suggested to find out

the interaction between the mesityl oxide and the mixture.

2.5 The acidity measurements using the UV-Vis
Probe

The acidity measurements of the Brgnsted acids-ionic liquids systems were re-
peated using the UV-Vis probe. As mentioned in the Chapter 1, the UV-Vis
probe is not a straightforward method and requires lots of trials for a successful
measurements. The main difficulty in this method is choosing the right Hammett
probe for each measurement as there are a lot of Hammett bases available with
different pKgp+ values. The base could be either too strong or too weak for a
particular solution. Usually the right base will have a pK g+ value close to the
Hgy value of the measured solution. An appropriate Hammett base or indicator
(the one which exhibits the right pKpy+) and concentration of the Hammett base
to provide an optimal absorbance are required in the Hammett acidity measure-
ments. Generally, several dyes are required to complete full acidity measurements
of one ionic liquid-acid system. In addition, the UV-Vis probe is very sensitive
to any impurities as the Hammett probe used is in a very small concentration
compared to the *C NMR pobe. In this subchapter, the acidity of three different
systems, [C4C1im][NTt,|-H|NTf,|, [C4C1im]|OTH]-H|OTH] and [C,C;im]|[MeyPOy]-
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H3PO, will be measured again using the UV-Vis probe. The aim of these experi-
ments is to validate the results obtained from the *C NMR probe measured in the
previous subchapter. Also, it is also to prove that by using the Hy values for each
mixtures from the '*C NMR probe helps me to make an educated guess in choos-
ing the right Hammett probe when measuring the acidity of ionic liquids-Brgnsted
acids mixtures using the UV-Vis probe. Moreover, it is expected that a lot of time
and materials can be saved by choosing the right dye if the approximate Hy value

of the mixture is known in advance.

2.5.1 Experimental procedures

All sample preparations and measurements were done at room temperature, under
inert Ny atmosphere. UV spectra were recorded using a Perkin Elmer Lambda 25

spectrometer. Samples preparations can be found in the synthesis chapter.

2.5.1.1 Measurement of ¢; in non-acidic reference solution

The non-acidic solvent used for the Hammett bases is dichloromethane (DCM).
Six data points of absorbance at A, against concentration were collected for each
of the Hammett bases used. The ¢, value (extinction coefficient)for each Hammett
base is a gradient obtained from a plot of absorbance against concentration of the
dye diluted in DCM (according to the Beer-Lambert Law).

2.5.1.2 Measurement of ¢ in Brgnsted acid-ionic liquids mixtures

Six data points of absorbance at A, against concentration were collected for each
of the Hammett bases used. The € value (the effective € of the base) for each Ham-
mett base is a gradient obtained from a plot of absorbance against concentration

of the mixture. Hy was calculated using eqn. 2.2.2 using the € obtained.

2.5.2 Measurement of ¢, of Hammett bases in dichloromethane

Dichloromethane (DCM) was chosen because it offer advantages for Hammett
acidity measurement due to its ability to dissolve all Hammett bases, the amount

of water impurity is very low and it is not viscous and it is easy to handle. To
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determine the egvalue, the concentrations of the solutions must be easily detectable
by UV spectroscopy. According to the Beer-Lambert law, absorption will remain
linear to the concentration as long as the concentration of the chromophore is lower
than a certain threshold. Thus, any change of concentration is directly reflected in
the change of absorbance. We need to assume that the extinction coefficient will
remain the same for the unprotonated peak across different solutions. Six different
concentrations of Hammett bases solutions in DCM were measured using the UV-
Vis spectrometer. The absorbance obtained were plotted against the concentration
of base used. Plot of absorbance against Hammett bases used in this study can
be found in the Synthesis chapter. The slope of each graph was the calculated ¢
value of the probe. The slope of each graph was is the calculatedey value of the
probe. Table 2.5.1 compiles the ¢y and the pKpgg+ values for each probe. The

pK g+ values were obtained from the literature.['>4

Table 2.5.1 — Extinction coefficients for Hammett bases in DCM

Base | pKpy+ | €0 | Standard error* [ Error (%) |
3-nitroaniline 2.47 347.03 9.45 0.02
4-nitroaniline 1.00 10465.96 459.46 0.04
2-nitroaniline -0.26 3855.46 173.89 0.03

4-chloro-2-nitroaniline -0.97 4162.62 245.89 0.05
2,4-dichloro-6-nitroaniline | -3.01 5606.56 92.25 0.03
2,6-dichloro-4-nitroaniline | -3.27 | 13119.91 165.54 0.03

2,4-dinitroaniline -4.27 | 11669.06 249.36 0.018
2,6-dinitroaniline -5.37 1405.50 55.85 0.03
2-bromo-4,6-dinitroaniline | -6.46 2455.27 194.27 0.07
4-nitrotoluene -11.35 | 2550.89 82.714 0.02

* Standard errors were obtained using regression analysis. The standard error
referred to the errors of the gradient of the best-fit line of the plot of absorbance
against the concentration of probe.

2.5.3 The acidity measurements of [C4C;im][NTf,]-H[NTf,]

system

The acidity measurements of [C,C;im|[NTf,]-H|[NTf;| system were measured using
the UV-Vis probe (Figure 2.5.1). The Hy value for the neat [C,C;im|[NTfy] is 1.99
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using the 4-nitroaniline as UV-Vis probe. Previously, the Hy value of the neat
[C,C1im][NTf,] could not be calculated using the '*C NMR probe due to the
insolubility of mesityl oxide in the neat ionic liquid. The UV-Vis probe chosen to
measure each mixture was decided based on the Hj value obtained from the '*C
NMR probe. For example, at xgnrs,) = 0.322, the Hy value obtained from the '*C
NMR probe is -6.296. In the UV-Vis probe, the right base will have pKgg+ value
close to the Hy value of the measured solution. In the Table 2.5.1, 2-bromo-4,6-
dinitroaniline has a pKpgy+ value of -6.46. Thus, the 2-bromo-4,6-dinitroaniline
was selected to measure the mixture at xgnrys,) = 0.306. The Hy value of mixture
at xanTR) — 0.306 calculated was -6.448. In this study, each of the mixtures are
freshly prepared prior to the measurements (for both UV-Vis probe and *C NMR

probe), hence the difference in XH[NTf,) 0 each set of probe measurements.

0.0 0.2 0.4 0.6 0.8 1.0

XHNTR)

Figure 2.5.1 - The Hp values against the molar ratio xpn7s,) for the
[C4Cllm] [NTfQ]—H[NTfQ] system
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Table 2.5.2 — List of dye used

| Xmvrg) | Ho | Dye

0 1.99 4-nitroaniline
0.006 | -0.550

0.012 -0.630 4-chloro-2-nitroaniline
0.024 | -1.628

0.042 | -3.810 | 2,4-dichloro-6-nitroaniline
0.053 | -4.685

0.079 | -5.700

0.107 | -6.067

0.130 | -6.156 2,6-dinitroaniline
0.196 | -6.171

0.256 | -6.208

0.306 | -6.448

0.344 | -6.460

0.396 | -6.510

0.458 | -6.512

0.502 | -6.703

8?33 :Sggg 2-bromo-4,6-dinitroaniline
0.642 | -7.384

0.716 | -7.409

0.757 | -7.589

0.800 | -7.784

117
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Figure 2.5.2 - The Hp values against the molar ratio xgn7y, for the
[C4C1im][NTf,]-H[NTfs] system using the 1*C NMR Probe and UV-Vis Probe

Table 2.5.2 lists the dye used for each [C4Ciim|[NTf,]-H[NTf,| mixtures at
different x N7y, . In this system, four different Hammett probe were used to
measure the acidity of [C4Cim|[NTf,]-H[NTf;| mixtures of 0< xpnrp < 0.79.
The results of the UV-Vis probe were then compared with the results obtained
from the *C NMR Probe (Fig. 2.5.2). The results show both of the probes
have good agreement with each other. There are differences in Hy values observed
starting from x gn7yf,) > 0.05, however the differences are small and did not deviate
too much from each other. The results from the UV-Vis probe are usually less
acidic than the NMR probe. As the Hammett probes used in the measurements
are very sensitive to moisture and the H|NTf,| itself is very hygroscopic, it is
possible that moisture from contact with air during the UV-Vis measurements has
affected these results. It is worth to mention that all of the samples were prepared
and transferred under nitrogen, however the UV-Vis measurements were done at

ambient conditions
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Table 2.5.3 — Calculation of the Hy values for various concentrations of H[NTfs] in
[C4Cim]|[NTfy]58]

‘ XH[NTfs)] ‘ H, ‘ Dye
0 -
0.012 -3.35
0.029 -4.00
88?3 :igg 2,4-dinitroaniline
0.130 -4.70
0.209 -4.90
0.337 -5.05

58] were done with the acidity results with

Data comparison with literature
the results in this study. Thomazeau and co-workers measured the acidity of
[C4Cyim|[NTH,[-H[NT1,| mixtures using the UV-Vis probes. The results from the
literature were compiled in Table 2.5.3. The author reported that initial measure-
ments were done using 4-nitroaniline as a Hammett probe. However, the probe
was found out to be fully protonated by the H|[NTfs] where the acidity level is
too high for the probe. 2.4-dinitroaniline was then used to measure the acidity of
the mixtures prepared. They were able to collect the Hy values of the prepared
mixtures. Figure 2.5.3 compares the acidity of [C4C;im]|[NTf,|-H[NTf;] mixtures
obtained in this study and from Thomazeau et al. In my results, two different
dyes with lower pKpy+ than 2,4-dinitroaniline were used (4-chloro-2-nitroaniline
and 2 4-dichloro-6-nitroaniline) to measure the acidity at similar y H[NTf,) With the

581 All of the probe were able to measured the mixtures, but my probe

report
gave different Hy values than 2,4-dinitroaniline. These results show that care is
required to select the probe to be used to measure a mixture with a particular
acidity. Overall, the results from the *C NMR Probe helps in selecting the right
probe for the UV-Vis measurement. Moreover, lots of time is saved as finding the

right dye can be skipped.
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Figure 2.5.3 — Comparison of data from Thomazeau et al.l°°! and my results for

[C4C1im|[NTf2|-H[NTf;] mixtures using the UV-Vis probe
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2.5.4 The acidity measurements of [C4C;im][OTf]-H[OTI]

system

The mixtures of the [C4C,im|[OTf]-H|OTH] system were prepared and their acidity
were measured using the UV-Vis probe. The results were compiled in the Figure
2.5.4. The acidity of the [C,C,im|[OTf]-H|OT{] system was successfully measured
for x gjory) between 0 to 1. Seven different probes were used for a complete set of
measurements of the |C4C,im||OT]-H|OT{]| system (Table 2.5.4). Previously, in
the C NMR Probe, there was a gap at 0.100 < xpgjory < 0.500 where mesityl
oxide decomposes, and consequently the Hy values could not be obtained. At this
gap, the probe chosen was based on the Hy range from -2 to -5. There are six differ-
ent probes (2-nitroaniline, 4-chloro-2-nitroaniline, 2 4-dichloro-6-nitroaniline, 2,6-
dichloro-4-nitroaniline, 2,4-dinitroaniline, 2,6-dinitroaniline) that have the pKpp+
from -2 to -5. At this step, several trials and error measurements were done to get
the right dye.
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Figure 2.5.4 - The Hp values against the molar ratio xpgjory for the
[C4C1im]|[OTH]-H[OT{] system
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Table 2.5.4 — List of dye used

‘ XH[OT{] ‘ Hog ‘ Dye
0 2.029
0.013 0.776 4-nitroaniline
0.023 0.631
0.055 -1.236 2-nitroaniline
0.071 -1.849 4-chloro-2-nitroaniline
0.092 -4.282 2,4-dinitroaniline
0.166 -5.084
0.231 -5.317
0.289 -5.353
0.300 -5.42
giii _?5'%5593 2,6-dinitroaniline
0.550 -5.587
0.599 -5.593
0.645 -5.649
0.674 -5.651
0.731 -6.595
0.787 | -6.962 | 2-bromo-4,6-dinitroaniline
0.836 -7.542
0.872 | -11.894
0.892 | -12.482
0.937 | -13.253 4-nitrotoluene
0.969 | -13.579
1 -14.031

The results from both of the UV-Vis probe and the '*C NMR Probe were
compared in the Figure 2.5.5. Results from the graph show that the acidity ob-
tained from both of the probes has a similar acidity except at yH|OTf] > 0.77.
During the measurements of xgjors> 0.77, three probes were used; 2-bromo-
4,6-dinitroaniline, 3-methyl-2,4,6-trinitroaniline and 4-nitrotoulene with pKgg+
— -6.46, -8.22 and -11.35 respectively. The results from the '*C NMR probe
at xmjors— 0.823 has the Hy — -7.65, hence 2-bromo-4,6-dinitroaniline probe
were used at this concentration and at higher concentration. However, at 0.872
< xujors < 0.892, the 2-bromo-4,6-dinitroaniline was fully protonated by the mix-

ture. Further trials were done by measuring the acidity of these mixtures using
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the 3-methyl-2,4,6-trinitroaniline probe. Again, the probe is fully protonated and
no Hy values can be calculated. The results shows that 4-nitrotoluene is the most
suitable probe to measure these mixtures. As the Hy values of the neat H|OTH]
is in agreement with the reference value, -14.100'7% it is safe to decide that the
Hy values obtained using the UV-Vis probe are more accurate than the *C NMR
Probe.

m  UV-Vis Probe
4- ® NMR Probe
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Figure 2.5.5 - The Hp values against the molar ratio xpnrs,) for the
[C4C1im][OTH]-H|OTf] system using the '*C NMR Probe and UV-Vis Probe

2.5.5 The acidity measurements of [C4C;im][Me,PO4]-H;PO4

system

The acidity measurements of the [C4C;im|[MeyPO,]-H3PO, system were measured
using the UV-Vis probe. The *C NMR probe only managed to measure the
acidity of this system at xpg,po, higher than 0.6 due to the insolubility of the

probe in the mixture. In this system the acidity of the mixtures were measured
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in reverse concentration (xm,po, 1 to 0) due to the incomplete data from the
13C NMR probe and to avoid random guessing in choosing the right dye at lower
XHspo,- The acidity of the |C4Ciim|[MeyPO4|-H3PO, mixtures were successfully
measured (Figure 2.5.6). As expected, the acidity increases as more acid added
in the mixtures. Unfortunately there is no data for neat |C4Ciim|[MeyPOy] as
it cannot be measured using the most basic probe available (3-nitroaniline). It
is assumed that the Hy value of neat [C4Ciim|[MesPO4| would be greater than
3.543. In this system, five different probes were used to obtained a complete
measurements (Table 2.5.5). Data comparison of both '*C NMR probe and UV-
Vis probe were compiled in the Figure 2.5.7). At 0.645 < xp,po, < 0.811, the
results from both of the probes did not agrees very well. However, as mentioned
in the [C4C,im|[OTf]-H|OT{] system, it is decided that the Hy values from the
UV-Vis probe is far more accurate than the *C NMR probe.

-10 4
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Figure 2.5.6 — The Hy values against the molar ratio xm,po, for the
[C4C1im|[MeaPOy4|-H3POy4 system
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Table 2.5.5 — List of dye used

| xmro, | Ho | Dye

0.029 | 3.543

0.044 | 3.462 3-nitroaniline
0.057 | 3.027

0.061 | 2.784

0.132 | 1.150

0.147 | 1.004

0.155 | 0.787

0.197 | 0.635 4-nitroaniline
0.240 | 0.454

0.272 | 0.297

0.353 | -0.202

0.404 | -0.829

0.450 | -0.915

0.516 | -1.103 2-nitroaniline
0.600 | -1.130

0.645 | -1.185

0.717 | -1.264

0.749 | -1.426 4-chloro-2-nitroaniline
0.811 | -1.560

0.843 | -2.290

0.902 | -3.938 | 2,6-dichloro-4-nitroaniline
0.950 | -6.028
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Figure 2.5.7 — The Hy values against the molar ratio xm,po, for the [C4C;im]|
[C4C1im][MesPOy4]-H3PO4 system using the *C NMR Probe and UV-Vis Probe

2.5.6 Discussion

The measurements of Hy values of three different ionic liquids-Brgnsted acids were
done using the *C NMR Probe and UV-Vis Probe. The acidity of [C,Cyim|[NTf,]-
H|NTf;| mixtures were significantly affected with a small amount of acid added
up to xanrts, — 0.1. The Hy values then remain constant or buffered at 0.138
< xujory) < 0.5, suggesting that there is no formation of higher order clusters
of H[NTfy]. The H|NTf,] is dissolved in its molecular form and the same buffer-
ing trend has been observed in the same IL-acid system!'®® and H[NTf,] in non-
polar solvents.['"®3l Measurements of Gutmann Acceptor Numbers of the closely
related ionic liquid-Brensted acid mixture, [CoCyim|[NTfy|-H[NTf,| also support

150, 183] NMcCune et al. has noted that this buffering arises because

this conclusion.|
the protonation of the IL anion yields the same acid H[NTf,|. Thus, the acidity

of the overall system is determined by the acidity of the H[NTf,] only.
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In the [C,Cyim|[OT{]-H|OT{] system, addition of a small amount of acid causes
an increase of the acidity of the mixture. A buffered or unchanging acidity was
observed at 0.2 < xgjors) < 0.65. The buffering has been explained due to the
formation of [OTf(HOTf)] speciation.'™ Although there was no [OTf(HOTf)|
detected in the mass spectrometry results, the speciation has been detected in
the [CoCyim|[OTH]-H[OT{] mixture using Raman spectra.l'® The acid speciation

formed that caused the buffering occurs due to the equation 2.5.1;

A(HA),]™ + HA = [A(HA) 1. (25.1)

where A = [OT1]" and x = 0.2 to 0.65. Equation 2.5.1 explains the dynamic
equilibria of the buffering trend where the equilibrium is strongly shifted to the
right.['°" Further increases in acidity which deviated from the buffering may due
to the presence of the pure acid.

In the [C4C1im][MeyPO4|-H3PO, system, several steps of increase in the acidity
were observed as Xxm,po, 1S increased. The steps may be due to the polyprotic
properties of the H3PO, added. H3PO, has more than one ionisable H* atom
in its molecule. Thus, protons are lost in separate steps with one proton loss
at each stage explaining the stepwise trend in the graph. H3PO, and its higher
order clusters were formed from the reactions of the acid when mixed with the
[C4C1im][MeyPOy| ionic liquid. When more higher order clusters were present
compared to the ionic liquid ions, the total acidity of the mixture increaes as more
acid is added into the ionic liquids. The formation of higher order clusters of
H3PO,4 was confirmed with mass spectrometry results.

The acidity measurements of ionic liquids-Brgnsted acids mixtures using the
UV-Vis probe is well-known as an extremely arduous and time consuming method.
Lots of trial and error is involved to obtain an acidity of a mixture. These difficul-
ties are the reason why there are few data available for neat ionic liquids and ionic
liquid-strong acid mixtures. A series of papers published by researchers from the
Institut Francais du Petrole, France and Universite de Liege, Belgium from 2003
to 2009 report on the measurements of the acidity scale of Brgnsted acids - ionic
liquids systems.[58: 142, 143, 144] The researchers point out that the Hammett probe

played an important role in measuring the acidity as two probes can give different
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acidities for one mixture. In this study, the step of choosing the right probe was
skipped as the H, values obtained from the the *C NMR probe has helped to
make an intelligent selection of the right probe. The chosen probe is based on the
Hgy values of each mixture where a probe with pKgy+ near to the Hy of the so-
lution will give the most reliable results. The acidity of [C4Cyim|[NTfy|-H[NTfy],
[C4C1im][OTH]-H|OT1] and [C4Ciim|[MesPO4|-H3PO, systems were successfully
measured using the UV-Vis probe. Each of the systems requires five to seven
probes to measure the Y.iq from 0 to 1.

The acidity measurements of the [C,Ciim|[NTf|-H|NTf,| system were easily
done and did not require lots of trial and error as results from the *C NMR
probe helped a lot in choosing the right dye. However, several trial and error were
required in measuring the other two systems because of the incomplete results from
the 3C NMR probe. The comparison of published datal®® in the [C4C;im]|[NTf]-
H|NTf,| system was also done with my results. In regards of this comparison, the
data from this work are more reliable than the published work. In this work, the
selection of probe was supported by the results from the *C NMR probe while
in the published report, the author chose the indicator based on trial and error.
The results for both probe in the [C,Cim]|[NTf,|-H|NTf,| system agreed well with
each other.

On the other hand, for [C4Cyim|[OTf]-H[OT{] and [C4C;im|[MeyPO,]-H3PO,
there were noticeable differences in some of the data produced. The Hy results
calculated from the UV-Vis probe are expected to be more accurate than the
13C NMR probe because of the big difference in the amount of concentration of
probe added in each method. In the UV-Vis probe, the concentration of probe
added into each of the Brgnsted acid-ionic liquid mixture is very small amount, for
example, 0.000311 M of 4-nitroaniline was added into the 2 mL of Brgnsted acid-
ionic liquid mixture. On the other hand, in the *C NMR probe, the concentration
of mesityl oxide added is varied from 0.2446 to 1.278 M (1- 8 wt/wt%) in 0.5 mL
of Brgnsted acid-ionic liquid mixture. Even though the Hy values from the 3C
NMR probe were calculated using the A§° value obtained at infinite dilution of
the indicator, the amount of probe added in the *C NMR probe are larger than
the UV-Vis probe. The concentration of the *C NMR probe is high enough that

it can contribute to the overall acidity of the system, so making it less acidic. The
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results from the UV-Vis probe shows that the probe are able to measure a wide
range of acidity where Hy values can be calculated from 3.5 to -14.08. This is due
to there being lots of Hammett probes that available compared to the single 13C
NMR probe.

2.6 Conclusions

The Hammett acidity measurements of three different systems were succesfully
measured using both of the *C NMR probe and UV-Vis probe. In the ¥C NMR
probe, the Hy prediction was found out to be suitable for measuring the acidity of
the whole [C4C,im|[NTf,]-H[NTf,| system. In contrast with [C,C,im||OTf]-H|OT{]
and [C,Cqim||MesPO,|-H3PO, systems, full measurements could not be achieved
due to the decomposition of mesityl oxide and/or insolubility of the mesityl oxide
in the mixtures. An extension of the acidity scale at lower Hy was obtained to 4
compared to the reported literature (Hy = -1). The single probe used in the '3C
NMR method saved a lot of time compared to the UV-Vis probe. In this chapter,
the results from the 3C NMR probe were used as a reference value in choosing
the right indicator for the UV-Vis probe. The acidity measurements of the three
systems were repeated using the UV-Vis probe. The purpose of these experiments
was to validate the results obtained from the *C NMR probe. Also, the repeated
measurements was also done to solve the long-time problem in the UV-Vis method
of choosing a right probe.

Successful measurements for all of the systems were demonstrated using the
UV-Vis probe. In these measurements a wide acidity scale was demonstrated using
five to seven probes. With the estimation of Hy values from the '*C NMR probe,
a suitable probe was chosen and used to measure each mixture. Disagreements of
data were found, however the data from the UV-Vis probe are more accurate than
from the *C NMR probe. It is important to mention that the *C NMR probe can
be used to calculate the acidity of the mixtures qualitatively while UV-Vis probe
gave a more accurate and reliable results. Nevertheless, thanks to the data from
the BC NMR probe, it has saved a lot of time and less experiments were required
in measuring the acidity of the Brgnsted acid-ionic liquids mixtures in the UV-Vis

probe.



Chapter 3

Acidity Measurements of Brgnsted
acids in 1onic liquids with different

conjugate bases

3.1 Aims and Objectives

The study of the acidity measurements of Brgnsted acid-ionic liquids mixtures
were further continued in this chapter. Previously, the acidity of Brgnsted acid-
ionic liquids systems were successfully done using the *C NMR probe and the
UV-Vis probe. The Brgnsted acids used had the same anion as the ionic liquids
themselves. In these systems, equilibrium exists between the anion of the ionic
liquid and the acid. Since the anion of the ionic liquids is the conjugate base of
the acid, both of the left and right hand sides of the equilibrium are identical.
Thus, the ionic liquids will possess no buffering ability. As more acid is added into
the ionic liquids, the acid will either form higher order clusters with the anion of
the ionic liquids or stay intact together. This explains the correlations between
the concentrations of acids and the Hy values.

In this chapter, the acidity of Brgnsted acids-ionic liquids systems were done
with different conjugate acids or anionic species. Fach of these ionic liquids:
[C4C1im]|NTH], [C4Cqim][OTH], [C4Ciim][HSO,| and [C4Ciim][MeyPO,| will be
mixed with Brensted acids with different conjugate bases (H[NTf,], H{OTf], HySO,4
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and H3PO,) which will produce 11 different systems. There were no data collected
for [C4Cqim||[NTf,]-H3PO,4 as the acid was not dissolved in the ionic liquid at all.
The '3C NMR probe was selected as a probe to measure the acidity of these sys-
tems as 13C NMR spectroscopy has successfully managed to give good Hy values
of the acidity of the Bregnsted acids-ionic liquids mixtures. Also, since the *C
NMR probe method is a single step method, lots of time will be saved compared
to the UV-Vis probe. It is expected that the *C NMR probe would not be able
to measure the complete systems (Xqeiq from 0 to 1) based on the results from the
previous chapter. Any gap obtained will be filled with data measured using the
UV-Vis probe in order to get complete data for each system.

Literature on measuring the acidity of Breonsted acids-ionic liquids systems
was found in several papers.[58: 142,143, 1821 A]] of the papers used '*C NMR probe
except the paper published by Zhang et al.,['*2) where the author used the *C
NMR probe. The author reported on measuring the acidity of [C,Cim][HSO4]
and [C4Cyim|[TFA] with H[OTf]. Since the paper was published during the data
collection time, the data collected for the [C,C,im|[HSO,]-H|OTH] system will still
be presented in this thesis.

The aim of this study is to investigate how far the ionic liquids can affect
the acid strength as each ionic liquid and acid mixture has a very different acid
strength. Also, this study is expected to expand the application of the *C NMR

probe in measuring the acidity of Brgnsted acids-ionic liquids systems.

3.2 Acidity measurements of |[C4C;im]|[NTf;| with

different acids

The [C4Cqim][NTfy| ionic liquid was mixed with three different acids, H|OTHI],
H,SO,4 and H3PO4. Only H3PO, did not dissolve at all in the [C4Cyim][NTf,].
The acidities of both of the [C4C,im|[NTf]-H[OTf] and [C4C,im][NTfy]-HaSO,
systems were measured using the C NMR probe. Sample preparations were

done using the standard procedure for the *C NMR probe.
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3.2.1 [C401im] [Nsz]—H[OTf] System

Figure 3.2.1 shows the Hy values plotted against the xgjory. A anticipated, the
acidity increases as more is acid added into the ionic liquid. At lower concentra-
tions of acid added, xgjory < 0.08, a gradual linear in decrease of Hy values was
observed. Since [C,Cim]|[NTf,] has low acidity ( Hy = 1.99), the acidity increased
rapidly as more xpy[ory was added into the ionic liquid. A noticeable increase in
acidity can be observed at xgjory = 0.079 and 0.0912 where the Hy values for each
of the mixtures are -2.819 and -5.753 respectively. Between XHINTfy = 0.0912 and
0.755, the Hy values remained buffered or increases with only a slight difference.
Afterwards, the acidity increrases up to xmjory) — 0.914. Further increase in the
XH[NT fy could not be measured as the Ad® exceeds the maximum detection limit
of the ¥C NMR probe.
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Figure 3.2.1 — The Hy values against the xyjory) for the [C4Cqim]|[NTf;]-H[OTH]
System

Mass spectrometry data were recorded for the [C,Cyim|[NTfy|-H[OTf] mixtures
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with different xyjors. In the positive mass spectra, clusters of the cations and
the anions was detected, notably ([C4C;im]-F)* clusters. The fragmentations are
the same as found in the [C,C,im||[NTf,|-H|NTfs| systems. There were no higher
order of H{OT{] containing clusters detected even at higher x gjors = 0.904. In the
negative mass spectra, the [(CF3SO3)N] ion fragments were found to be present
at highest intensity (Table 3.2.1). The [(CF3SO2)N]ion from the ionic liquid
were found to be the highest abundance even at the highest x o7y added. The
abundance of [CF3503| ion from the H|OTf] was increased up 15% for xmjory >

0.690. There were no higher order clusters detected in these systems.

Table 3.2.1 — The negative mass spectra of [C4C;im|[NTfy|-H|OTf] : Detected ion
fragments and their relative abundance

XH[OTY/] ‘ Ions ‘
[(CF3502)2N] (100%)

0.03 | [(CF350,),N] (100%), [(CF5S05):NI] (10%), [CF3504] (%),
0.065 | [(CF3S05)aNT (100%),[(CF3S0,oNH[ (10%), [CF3S0s] (10%),
0.445 | [(CF3S05)oNT (100%), [(CF3S0,),NH[ (10%), [CF5SO5[ (10%),
0.695 | [(CF3S05)oNT (100%), [(CF3S0,),NH[ (10%), [CF5SO05[ (15%),
0.854 | [(CF3S05)oNT (100%), [(CF3S0,),NH[ (10%), [CF5SO05[ (15%),
0 [CFSS05] (100 %), [CF3S05H] (15%), [SO-H] (3%)

3.2.2 [C401im] [Nng]—HzSO4 system

The acidity of the [C4C,im|[NTfy]-H,SO, system was measured and the data were
presented in Figure 3.2.2. The acid did not dissolve in the ionic liquid at xm,s0, >
0.700. For 0.09 < xm,s0, < 0.263, the acidity of the mixture increases gradually
as more acid is added into the ionic liquid. Upon further increase in the xm,s0,
up to 0.700, the increase in the acidity is not noticeable. The results were not
as seen in the [C,Cyim|[HSO4|-H3SO, system, where the acidity increases linearly

with increasing molar ratio of acid added. The highest Hj values obtained is -6.41
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at Xm,s0, = 0.0673. As the Hy value of neat HySO, is -11.98, it is expected that
the acidity of the [C,C,im|[HSOy4]-H,SOy4 at xmjory = 0.673 will be higher than
-6.41. The levelling effect was observed in this mixture. Since the |C,Ciim]|[NTfy]
ionic liquids has weak acidity properties, it levels down the acidity of the Hy,SO,
in the mixtures of [C4C1im][NTf,]-HySOy system. The results explain the absence
of higher order cluster of H,SO, in the mass spectrometry results. Clusters of the
cations and the anions, ([C4C;im|-F)™ was detected in the positive mass spectra in
the mixtures of this system. In the negative mass spectra, ions from the ionic lig-
uids; [(CF3SO9)NJ, [(CF3S04):NH| and [(CF3S02)sN]| were found in the highest
abundance up to xmjory = 0.700. Most of the relative abundance of [HSOy4| ion
was less than 10%.
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Figure 3.2.2 — The Hy values against the xm,s0, for the [C4C;im|[NTfy]-H2SO4
system

The acidity results for [C,Ciim|[NTf,] with three different acids; H[NT1],
H[OT{] and HySO,4 were compiled in Figure 3.2.3 to understand the effect of the
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acidity of each acid when mixed with the ionic liquid. At lower xgiq, the acidity
increases until y,.q < 0.200. As all of the three acids used in the measurements
are extremely acidic, it is expected that the acidity of the mixtures increases as
more acid added into the ionic liquid. With further increase in the molar ratio
of acid up to 0.500, the acidity remains constant which diminishes the difference
in acidity at lower concentration. This suggest that there are no cluster formed
in this range, and the acids are dissolved in its molecular forms.'*®! The acidities
for HJOTf] and HySO, added in to [C4C;im][NTf,| remain constant up to Xaeia =
0.650 while in the |C4C,im|[NTf,]-H[NT1;], the acidity of the mixtures increases
with increasing molar ratio of the acid. In the |C,Ciim|[NTf,|-H|NTf;| system,
the left and right side of the equilibrium are identical, thus the ionic liquid did not
have any buffering ability that will affect the acidity of the mixtures. In contrast,
in the ionic liquid mixture containing different conjugate acid, the acidity of the
mixture was levelled down by the ionic liquid. In the [C,Cyim|[NTf,]-H[OT1] sys-
tem, at > 0.68, the acidity increases gradually again. At this point, the structures
of the mixture changes from acid dissolved in ionic liquid to ionic liquid dissolved

in acid.
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Figure 3.2.3 — The Hy values against the X,cig mixed with [C4Cqim||[NTf]

3.3 Acidity measurements of [C4C;im][OTf] with

different acids

3.3.1 [C4Cim][OT{]-H[NTf,] system]

The results for the acidity measurements of [C4Cim][OTf]-H|NTf;| systems are
shown in Figure 3.3.1. The results show that the acidity increases as the xgnry,)
increased. However, for 0.80 < xpgn7s,) < 1.00 and because the mesityl oxide
did not dissolve completey in the mixtures. In the *C NMR spectra for 0.0751
< XmNTs < 0.186, there were no data collected because in the *C NMR spectra,
there are no mesityl oxide peaks detected or if any is detected, the concentration
would be too small. To fill in the gap in this system, the acidity of the mixtures
were measured using the UV-Vis probe (Figure 3.3.2).
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Figure 3.3.1 — The Hy values against the xgy7y, for the [C4Ciim|[OTf]-H[NTf]
system
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Figure 3.3.2 — The Hy values against the x gy7y, for the [C4Ciim|[OTf]-H[NTf]
system (results combined from the *C NMR probe and UV-Vis probe)

The results show that the acidity of the mixture increases gradually as more
acid is added into the ionic liquid until xgnrp) up to 0.200. There is a huge
difference in the Hy values between xpnrys,) — 0.082 and 0.102, where the values
= -1.873 and -4.85. Initially, 4-chloro-2-nitroaniline was used as probe in both of
the mixtures. However, at xgnry,) = 0.102, the probe was fully protonated by the
mixture, and no Hy value can be calculated. The mixture was then measured using
the 2,4-dichloro-6-nitroaniline which has pKgy+ = -3.01, but it is full protonated
as well. The 2,6-dichloro-4-nitroaniline probe was the used to replace the previous
probe and the probe was found to be suitable to measure the acidity of this mixture.
It is safe to say that the Hy value for the xg(n7ys,) — 0.102 is correct since several
trials were done using three different probe. Further increase in the xpn7y,
increased the acidity but not at any significant amount. The highest Hy value
obtained is -6.58 at xmn1s) — - 0.826. At this point, the acidity measured is
based on the acidity of the acid instead of the ionic liquids.



Chapter 3. Acidity Measurements of Bronsted acids in ionic liquids with different
140 conjugate bases

Mass spectrometry results were collected for this system. In the positive mass
spectra, clusters from the cations and the anions were detected i.e ([C4Ciim]-F)T.
The fragmentations are the similar to those found in the [C,Ciim||[NTf,|-H|NTf,|
systems. There were no higher order of H[NTf,| containing clusters detected even
at higher xpnryp,) — 0.826. The absence of higher order clusters in any of the
H|NTf;] solutions is because the [NTfy|" anion is a poor H-bond acceptor and
thus, H[NTf,] only existed in its molecular form or undergoes dissociation.'>l
The dissociation of the H[NTfy| into H" and the [NTf,|" can be supported in the
negative mass spectra results (Table 3.3.1). In this system, the [(CF3S03)N]| ion

was observed with highest abundance in each mixture up to highest x gn7y,)-

Table 3.3.1 — The negative mass spectra of [C4C;im|[OTf]-H|NTfy] : Detected ion
fragments and their relative abundance

XH[NTfs] ‘ Ions ‘
0 [CF5S05] (100 %)

0.010 | [(CF3S04)oN[ (100%), [(CF3S0,),NH[ (20%), [CF3S0s] (30 %),
[CF4SO:H[ (5 %), [SON| (5 %)

0.051 | [(CF3505)oN[ (100%), [(CF5S02)sNI[ (10%), [CF3S05] (5 %),
[CF4SO:H[ (5 %), [SON| (5 %)

0.132 | [(CF350,)oN[ (100%), [(CF5S05),NH[ (20%), [CF3S0s (10 %),
[CF4SO:H[ (5 %), [SON| (5 %)

0.186 | [(CF3S04)oN[ (100%), [(CF3S05)oNH[ (20%), [CF3S0s] (80 %),

0.425 | [(CF380,)oN[(100%), [(CFS05),NH[ (20%), [CF3SOs[ (90 %),

0534 | [(CF3S04)oN[ (100%), [(CF3S04)oNH[ (20%), [CFS0s] (50 %),

1 [(CF3S0,)oN[ (100%), [(CF3SO,)NH[ (15%), [(CF5S05)NT (5%)

3.3.2 [C401im] [OTf]—stO4 system

The acidity measurements of the [C4Ciim|[OTf]-HySO4 system were carried out
and the results can be found in Figure 3.3.3. In this system, the Hy values were
collected at xm,s0, from 0.028 to 0.960. At xpm,so, < 0.028. the mesityl oxide

was not dissolved in these mixtures. In the xm,s0, range between 0.028 to 0.960,



3.3 Acidity measurements of [C;C;im|[OTf] with different acids 141

there is a gap where the Hy values cannot be calculated using the *C NMR probe

The Hy of this system cannot be measured at 0.248 < xp,s0, < 0.459. The
peaks of mesityl oxide was not available or appeared in a very small peaks. At
these concentrations, the acidities of the mixtures were collected using the UV-Vis
probe (Figure 3.3.4).
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Figure 3.3.3 — The Hy values against the xm,s0, for the [C4C;im|[OTf]-H2SO4
system
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Figure 3.3.4 — The Hy values against the xm,s0, for the [C4C;im||OTf]-H2SO4
system (results combined from the *C NMR probe and UV-Vis probe)

Results from Figure 3.3.4 shows that the acidity increases as more acid is
added into the ionic liquids. A linear increase in the acidity was observed from
0.028 < x50, < 0.530. At 0.530 < x50, < 0.750, the acidity remains constant
and further addition of acid increases the acidity again. At 0.750 < xp,s0, <
0.960, the acidity measured in the mixture is the acidity of ionic liquid dissoved in
the acid.

In the positive mass spectra of mass spectrometry results, no higher order
clusters of sulphuric acid were detected. Clusters of the cations and the anions were
detected in the positive mass spectra, ([C4Cyim|-F)". Negative mass spectra of
the [C4C;im||OT1]-H,SO4 system are compiled in the Table 3.3.2. In the negative
mass spectra, higher order of sulphuric acid clusters were found in the xm,s0, >
0.600. The [H3S20g| can be suggested to formed from a small cluster when a
proton is solvated by two anions ([HSO4|,H)™
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Table 3.3.2 — The negative mass spectra of [C4C;im|[OTf]-H2SOy4 : Detected ion
fragments and their relative abundance

XH3S504 \ Ions ‘
0 [CF350, (100 %)
0.029 [CF5S05] (100 %), [CF3SO,H[ (10 %)
[CF3SOg'CngOQ]_ <15%)
[CF3S04-CF3S0,] (15%)

0.463 [CF3S05] (100 %), [CF5SOH[ (40 %), [SOa] (20%),
[CF4S04-CF3SOs] (20%), [HSO4] (40%), [HsS,Os]" (10%)
[CF4S0,-CF3S05] (20%), [HSO4] (80%), [HsSO4|" (30%),

[H35,0s]" (10%)

0.85 [CF,S04[ (100 %), [CF5SOH[ (15 %), [SOs] (30%),

[CF3S05-CF3S05] (20%), [HSO4 (80%), [HsSO4|" (30%),
[H3S2 0] (10%)

3.3.3 [C401im] [OTf]—H3P04 system

Acidity measurements were then continued with the [C,C,im||OTf]-H3PO, system.
In this system, the whole system was successfully measured using the 3C NMR
probe. There were no data collected at xm,po, < 0.086 as mesityl oxide did not
dissolve in the mixtures. Results from Figure 3.3.5 show that at xp,po, < 0.123,
the acidity increases gradually. The Hy value of the neat [C4C,im||OTf] = 1.93.
However, with the addition of xg,po, = 0.086, the acidity of the mixture lowered
down to Hy = -3.03. Further increase in Xxm,po, up to 0.889 shows a gradual
increase in the acidity. For xpm,po, > 0.889, the acid was not fully solubilised in

the ionic liquid.
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Figure 3.3.5 — The Hy values against the xm,po, for the |C4Ciim||OTf]-H3PO4

system

Mass spectrometry data recorded show that in the positive mass spectra, clus-

ters of the cations and the anions was detected, ([C4Ciim|-F)". There were no

higher order clusters from the phosphoric acid detected in the mass spectra. In

the negative mass spectra, higher order clusters of H3PO, were found starting from
Xtspo, 0.579 to xm,po, = 0.889 (Table 3.3.3). The higher order cluster detected
are [HgP20s]” and [H3P,015] that probably formed from the self-ionisation of the
H5;PO, itself.
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Table 3.3.3 — The negative mass spectra of [[C4C;im|[OTf]-H3POy4 : Detected ion
fragments and their relative abundance

XH;3PO4 \ Tons ‘
(15%)
(10%)

0.579 | [CF3SO3] (100 %), [CFsSOsH[ (20 %), [SOsH[ (30%), [HsPO4[
(20%), [HsP2Os| (20%) and [H3P,0q5] (10%)

0.823 | [CF3S03] (100 %), [CF3SOsH[ (20 %), [SOsH[ (40%), [H5PO4[
(20%), [HsP2Os| (30%) and [H3P,0q5] (10%)

3.4 The acidity measurements of [C,4C;im]|[HSO,]

with different acids

3.4.1 [C401im] [HSO4]-H[NTf2] system

The results for the acidity measurements of [C4Cyim]|[HSO4|-H[NTf,] system are
presented in the Figure 1.11. At xpmnrp) > 0.812, the acid was not fully dis-
solved in the ionic liquid. The acidity of the [C4Ciim|[HSO4]-H|NTf;| mixtures
increased as the xpnry,) was increased. The highest Hy value obtained is -6.933
at Xt > 0.400; the mixture is changing from acid dissolved in ionic liquid to
ionic liquid dissolved in the acid. The mixtures were further characterised using
mass spectrometry (Table 3.4.1 and Table 3.4.2). In both the positive and negative
mass spectram clusters of the cations and the anions was detected (for example;
[(CF3504),NH]"). Higher order clusters of HySO4 were found in both positive
and negative mass spectra (for example, ([H3S20g| and [HgS4O16]” ). In both of

the the positive and negative mass spectra, higher order clusters were detected at

XH[Nng] 2 0.613.
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Figure 3.4.1 — The Hy values against the x gy, for the [C4C1im|[HSO4]-H[NTfy]
system

Table 3.4.1 — The positive mass spectra of [C4C1im|[HSO4]-H|NTfs| : Detected ion
fragments and their relative abundances

XHINT fo] \ Tons ‘
0 [C.Crim] ' (100 %)
0.059 [C.Crim]" (100 %), [HCyim]' (20 %), ([C4Crim] -F) (5 %),
[SO,NH[" (10%)
0.121 [CoCrim]" (100 %), [AC.im]" (20 %), ([C4Crim] -F) (10 %),
[SO,NH[" (10%)
0.613 [C.Crim]" (100 %), [AC.im]" (40 %), ([C4Crim] -F) (15 %),
[SOQNH]+ (20%) , [H7S4016]_ (5%)
0.79 [CoCrim]" (100 %), [HC.im] (40 %), ([C4Crim] -F) (10 %),
[SOQNH]+ (20%) , [H7S4016]_ (5%)

There is no data collected at xpn7p,) from 0.250 to 0.350. Homogenous mix-

tures could not be achieved in this region. After adding the acid into the ionic
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Table 3.4.2 — The negative mass spectra of [C4C1im|[HSO4]-H[NTfs| : Detected
ion fragments and their relative abundance

XH[NTf] ‘ Ions ‘
0 [HSOLT (100 %)

[HgSQOg]_ <5%>

|HoS4016]" (5%)

[H3SQOS]_ (5%), [HQS4016]_ (5%)

Table 3.4.3 — The negative mass spectra of [C4C1im|[HSO4]-H[NTfs| : Detected
ion fragments and their relative abundances

Xuvrs, | (CF3S02)oNT [ [(CF5S0,),NH[ [ [HSOLJ | [(HSO,) - HJ |
0.25 100 % - 0o —
top layer
0.25
bottom layer 100 % 15 % 5 % -
0.35
100 % 15 % 15 % 5 %
top layer
0.35
bottom layer 100 % 15 % 5% -

liquid, the solutions became cloudy and separated into two layers after settling
down. Further investigations were done by sending the samples to mass spectrom-
etry analysis (Table 3.4.3). The positive mass spectra did not show any difference
in the ion fragmentations for each layer. The negative mass spectra also shows the
same abundance of each layer except for the [HSO4|™ ion and [(HSO,) - H] ion.
The top layer for both of the mixtures has more [HSO4| ion than the bottom
layer. On the other hand, there are no [(HSO4) - H]|" ion present in the either of
bottom layers. [(HSO4) - H| is the neutral acid H,SO, that might formed from
the proton exchange between the acid and the ionic liquid anion. Care is needed
in this assignment, because identification of the |[HSO4|" in an ES spectrum does

not prove that the species was present in the liquid phase.
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3.4.2 [C401im] [HSO4]-H[OTf] system

The acidity measurements of [C,C;im][HSO4|-H[OT{] system were done using the
C NMR probe. In this system, the acidity from 0.032 < xpgjory < 0.901 were
successfully measured using the the *C NMR probe. At xpjors < 0.032, the
mesityl oxide was not dissolved while at xgjors > 0.901, the value of the Ad° ex-
ceeds the maximum detection limit. Results in Figure 3.4.2 show that the acidity
increases as more acid is added into the ionic liquids for the whole concentra-
tion range. This is similar to the behaviour seen for [C,Cim][HSO4]-HySOy4 (see

below).[14]
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Figure 3.4.2 — The Hy values against the x gjory) for the [C4C1im|[HSO4]-H[OTH]
system

The mixtures were further characterized using the mass spectrometry. In the
positive mass spectra, (|[C4Ciim|") clusters was mainly found for all of the mixtures
at xmjory = 0.219, 0.595, 0.76 and 0.95. In the negative mass spectra, [HSOy|

anion were the most abundant ion found in each of previously mentioned x gjory).
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Also, higher order of clusters were found in the xgory = 0.219, 0.595, 0.76 and
0.95. The clusters obtained are [H5S2Og]" and [HeS4O16] .

3.4.3 [C4C1im] [HSO4]-H3PO4 system

The acidities of the [C,Cqim|[HSO4|-H3PO, system were measured using the '3C
NMR probe and is compiled in Figure 3.4.3. In this system, the acidity of the
mixtures increases as the xm,po, is increased. However, the mesityl oxide did not
dissolve in xg,po, < 0.370 and no data were able to be produced using the '3C
NMR probe. There is no data collected at xm,po, > 0.91 as well as the acid was

not fully solubilised in the ionic liquid.
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Figure 3.4.3 — The Hy values against the x g, po, for the [C4C1im|[HSO4]-H3POy4
system

In order to get a complete data for the |C4Cyim|[HSO4|-H3PO, system, the

acidity of mixtures at xg,po, < 0.370 were measured using the UV-Vis probe
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(Figure 3.4.4). The additional plots matched well with the data previously ob-
tained using the '*C NMR probe. The measurements were done from xpg,po, =
0.370 to 0.016. There are three different Hammett probes used in order to obtain
the Hy values of these mixtures (Table 3.4.4).
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Figure 3.4.4 — The Hy values against the x g, po, for the [C4C1im]|[HSO4]-H3POy4
System
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Table 3.4.4 — The Hy values and Hammett probe used in the UV-Vis measurements

of [C4C1im|[HSO4]-H3POy4 system at xm,po, < 0.370

‘ X Hs PO, ‘ Hy ‘ Hammett probe ‘

0.017 | 1.662
0.038 1.382 3-nitroaniline
0.123 | 0.572
0.162 | -0.514
0.208 | -0.575 4-nitroaniline
0.252 | -0.534
0.290 | -0.767 2-nitroaniline
0.362 | -1.227

Mass spectrometry data were recorded on a few samples with different ratio
of molar concentration of phosphoric acid (Table 3.4.5 and Table 3.4.6). In the
positive mass spectra, clusters of the cations and anions were detected. The cluster
of [(C4C1im) (HaPOy)2)]* was found only at xm,s0, = 0.06. The cluster is formed
from the cation from the ionic liquid and anion of the acid added. On the other
hand, clusters of H3PO, and [HoPOy4| of up to [H1;P4O16] from the phosphoric

acid were observed in the negative spectra. The higher order clusters of phosphoric

acid were found in all of the mass spectra samples measured. In addition the cluster

form the anion of the ionic liquid, [HSO4|" was also detected. However, there is

no ion interaction between the acid and ionic liquid found in the negative mass

spectra.

Table 3.4.5 — The positive mass spectra of [C4C;im|[HSO4|-H3POy4 system : De-

tected ion fragments and their relative abundances

XH3P04 IOHS
0 [C4Crim]' (100%)
0.06 [CoCrim[™ (100%), [(C4Cyim) (HyPO4)s)]
0.60 [C.Cyim[™ (100%), [(C4Cyim) (HyPO4)s)]
0.80 [C.Ciim|™ (100%), [(C4Cyim) (HyPO4)s)]
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Table 3.4.6 — The negative mass spectra of [C4Cim|[HSO4]-H3POy4 system : De-
tected ion fragments and their relative abundances

R ‘ [HSO4I]?I(liOO ) ‘
0.06 | [HoPO4]" (100%), [HSO] (40 %), [HPOS (40 %), [HsPyOs]
0.0 | [H,PO4]" (100%), [HSO.] (5(3%72), (PO, (60 %), [HsP20s]
0.25 | [HoPO4[" (100%), [HSO.J (AES(TO%?), (PO, (60 %), [HsP20s]
045 | [HL,POA]" (100%), [ASO: ((4200?), [EEPOS] (50 %), [HsP304]
0.60 | [H,PO4]" (100%), [HSO4J (i}oéz), (PO, (50 %), [HsP205]

(40%
0.80 [H,POA[™ (100%), [HSO4J (30 %), [HPOs] (60 %), [HsP20s]
(5%), [HsP3O1] (20%)

The results for each acid mixed with [C4C;im|[HSO,4| were combined in Figure
3.4.5. The acidities were successfully measured with the combinations of Hy values
from *C NMR probe and the UV-Vis probe. At Yeia < 0.03, the acidity of the
mixture depends on the acid added into the ionic liquids. Above this y,.q the
solutions of H3PO, are less acidic than the solution of all of the other acids, which
have approximately the same acidity values. This suggests that H3PO, is a weak
acid in this ionic liquid, whereas the HySO4, H|OTf] and H|NTf,| are all strong
acids in this ionic liquids and proton transfer from the acid to the ionic liquid
anion leads to the same acidic species, and therefore acidic strength, for all of
their solutions. Even when there is a greater amount of acid than ionic liquid,
this appears to remain true. This suggests that the sulphuric acid based clusters,
such as are [H5S20s]” and [HgS4O14]", are preferred to the H{OTf] and H|NTf,] free

acids. This is confirmed by the mass spectrometry results.
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Figure 3.4.5 — The Hy values against the x4ciq with [C4Ciim][HSO4]

3.5 Acidity measurements of [C4,C,im|[Me2POy4| with

different acids

The |C4Cqim||[MeaPOy| ionic liquid was mixed with three different acids; H[NTf],
H|OTf] and HySO,. The acidity of these three systems were measured using the
13C NMR probe. Since the [C4C;im|[Me,POy] has a very low acidity, it is expected
that each of the systems will require the acidity measurements using the UV-Vis

probe as well.

3.5.1 [C4Clim] [M62P04]-H[NTf2] system

Figure 3.5.1 shows the Hy values plotted against the xgnry,). The acidity values

could only be measured from x gn7p,) = 0.509. Initially a rapid increase in acidity
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can be seen until xgn7yp,) 0.603. Afterwards, the acidity increases gradually as
the xp(nTy,) increases. At xpnryp,) > 0.86, the acid was not dissolved and stayed

in the solid form.

'13-'|'|'|'|'|'|'|'|'|'|
0.0 01 02 03 04 05 06 07 08 09 10

KupNrez

Figure 3.5.1 - The Hp values against the molar ratio xgnrs,) for the
[C4Clim] [MGQPO4]—H[NTf2] System

Additional measurements were done using the UV-Vis probe to obtain the
full acidity scale (Figure 3.5.2). The acidity of mixtures measured are between
XHINTfy = 0.01 to 0.46. Three dyes were used; 3-nitroaniline, 4-nitroaniline and

2-nitroaniline to get the Hy values of these mixtures.
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Figure 3.5.2 - The Hp values against the molar ratio xgn7y, for the
[C4C1im|[MeaPOy4|-H[NTf;] system

The mixtures from the [C,C;im|[MeoPO4|-H|NTf,| system were sent for mass
spectrometry for data analysis. In the positive mass spectra, only the clusters from
the cation were detected with [C4Cyim]|" existing in high abundance in all spectra.
The negative mass spectrometry results for the [C4Ciim|[Me,PO,|-H[NTf,] system
can be found in Table 3.5.1. Clusters of cations and anions were detected ¢.e.
[(CF35032)2NH] in each of the samples measured. There are no higher order
clusters in any of the H[NTf;] because [NTfy|" anion is a poor H-bond acceptor.

Thus, H[NTf,] only existed in its molecular form or undergoes dissociation.!*’!
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Table 3.5.1 — The negative mass spectra of [C4Ciim|[MesPO4]-H[NTf;] system:
Detected ion fragments and their relative abundances

XHI[NTf5) ‘ Tons
0 Mo, PO, (100%)
0.102 [(CF3SOQ)2N]_ (100%)7 [(CFgSOQ)QNH]_ (20%), [MGQPO4]_ (20%) s
(CF3SO,N| (5%)
0.454 [(CF?)SOQ)QN]_ (100%), [(CFgSOQ)QNH]_ (20%), [MGQPO4]_ (5%) R
[( )
[( (

CF3S0.N|" (5%

CF3S0,),NH[ (15%), [MesPOL[ (5%) ,
[(CF3SO,N| (5%)
0.864 [(CF350,),NH| - (100%), [(CF3S04).NH[" (20%), [MesPO4[
(5%) , [(CF3SO.NT (5%)

0.613 | [(CF3S04)N[ (100%),

3.5.2 [C4C:im][Me;PO,4]-H[OT{] system

The acidity measurements of the [C,C;im|[Me,POy4]-H|OT] system were done and
the results can be found in Figure 3.5.3. In this system, the Hy values were collected
at xmjory = 0.500. At xgjors < 0.500, the mesityl oxide was not fully dissolved in
these mixtures, explaining the absence of data points at these regions. The acidity
of the mixtures increases as the xpory was increased. From xpgjory = 0.50 to
-5.140, the acidity increases sharply with the addition of the H{OTf]|. At this stage,
the [C4C1im|[MeyPOy| ionic liquid has a very weak acidity and the molar ratio of
H|OTHI] is higher than the ionic liquids. Thus, the ionic liquids is dissolved in the
acid causing a rapid change in the Hy value. At xpgjory > -5.140, the acidity
increases gradually until xgjory — 0.949 with highest Ho — -9.498. The solution

at xmjors > 0.960 solidifies preventing measurements of these mixtures.
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Figure 3.5.3 — The Hy values against the xpjory for the [C4Ciim|[MeaPOy]-
H[OT{] system

The data collection were completed using the UV-Vis probe for x gjory < 0.500.
The results were compiled in the Figure 3.5.4. In these mixtures, 3-nitroaniline is
the only probe used to measure all of the mixtures. The Hy values obtained from
the UV-Vis probe fits well with the results from the *C NMR probe.
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Figure 3.5.4 — The Hy values against the xpgjory for the [C4Ciim|[MeaPOy]-
H[OT{] system

The mass spectrometry results were collected for this system. In the positive
mass spectra, only ions from the cations were observed with [C4Cyim]|" ion as the
most abundant ion in all spectra. Results for negative mass spectra can be found in
Table 3.5.2. There were no higher order H{OT1] containing clusters detected. Pure
ion of H[OT] can be detected even at low concentration of xgjors. [CF3SOs] or
[OTH]" anion is the most abundant ion observed in the mass spectra followed by the
[MeaPOy] "anion. There is no evidence of any ion-pairing interaction happening
between these two anions. Thus, the Hy values obtained is based on the acidity of

the anion itself.
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Table 3.5.2 — The negative mass spectra of [C4C1im]|[MesPOy4]-H[OTH] system: De-
tected ion fragments and their relative abundances

XH[OTY{] ‘ Tons ‘
0 Moy PO, -(100%)
0.044 [CF3SO;},]_ (100%), [MGQPO4]_ (60%)7 [SOg]_ (40%)7 [CFgSOgH]_
(15%), [CFsS| (10%)
0.55 [CF3SO;},]_ <100%>, [MGQPO4]_ (60%), [SOg]_ (30%), [CFgSOgH]_
(20%), [CF3S| (10%)
0.65 | [CF5SO0s] (100%), [MesPO4| (40%), [SOs (30%), [CF5SO5H[
(20%), [CFsS| (10%)
0.900 | [CF3SO4] (100%), [MezPO[ (60%), [SOSH[ (30%), [CF5SOH[
(20%). [CFsST" (10%)

3.5.3 [C4Cllm] [M62PO4]-H2804 system

The acidity measurements of the [C,Ciim|[Me;POy4]-H2SO, system were done and
the results can be found in the Figure 3.5.5. Again, the full data scale cannot be
measured using the 1*C NMR probe due to the insolubility of the mesityl oxide in
the mixture with xg,s50, < 0.500. At 0.500 < xpg,50, < 0.766, an increase in the

acidity values was observed. Afterwards, the acidity increases until xp,s50, = 1.
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Figure 3.5.5 - The Hy values against the x g,s0, for the [C4C;im|[MesPOy4|-H2SO4
system

The acidity of the [C,Ciim|[MesPO4]-HySO,4 mixtures with xp,s0, < 0.500
were measured using the UV-Vis probe. The results were combined with the '3C
NMR probe and the data fits well with the *C NMR probe results. In the UV-Vis

measurements, one probe is used, which is 3-nitroaniline.



3.5 Acidity measurements of [C;Ciim|[[Mey;POy| with different acids 161

-10 4

12 4 |

r —— :
00 01 02 03 04 05 06 07 08 09 10

XHZSO4

Figure 3.5.6 - The Hy values against the xg,s0, for the [C4C;im|[MesPOy4|-H2SO4
system

Mass spectrometry data were collected for [C,Ciim|[MesPOy]-HoSO, mixtures
for further analysis. In the positive mass spectra, ions from the cations was ob-
served, where [C,Cyim|" ions was the most abundant ions in each spectrum. Re-
sults for negative mass spectra can be found in the Table 3.5.3. Higher order
clusters of [HSO4| and H3PO, were found in the negative spectra at xm,s0, >
0.65.



Chapter 3. Acidity Measurements of Bronsted acids in ionic liquids with different
162 conjugate bases

Table 3.5.3 — The negative mass spectra of [C4C1im][MeaPO4]-H2SO4 system: De-
tected ion fragments and their relative abundances

XH3S04 Tons
0 MeyPOs| (100%)
0.06 [MesPOL] (100%), [HSO4T (60 %), [SOs (20 %)
0.12 [Me,POL| (100%), [HSO4] (30 %), [SOs| (15 %)
0.25 [MesPO4[ (100%), [HSOa| (45 %), [SOs| (20 %)
0.45 [MesPOL| (100%), [HSO4] (50 %), [SOs| (20 %)
0.65 | [ASOA] (100 %), [M5S:08] (30 %), [A-P50s]" (5 %), [HsP30s] (3
%), [Hi1P4O6] (5 %), [MexPO4J" (65%), [H3SO4] (20 %), [SOs]
(40 %)

To understand the effect of the acidity of each acid when mixed with the
ionic liquid, the acidity results for [C,C;im|[MesPOy4| with four different acids;
H[NTf,|, H[OT1], HySO, and H3PO, were compared in Figure 3.5.7. The be-
haviour of the acids in this ionic liquid is very complex. At lower Xgeiq , H[NTf;]
and H3POy gives solutions of a similar acidity until x4eq up to 0.500, while H{OT{]
and HySO, give less acidic solutions (but similar to each other). This is followed
by a range of rapid increase in the acidity of the solutions for H[NTf,|, H|OTI]
and H,SO,4, when further acid is added, whereas the strength of the solutions of
[C4C1im][MeyPO,4|-H3PO, do not change so greatly. Hence at higher concentra-
tions of acid, the solutions of H[NTf,|, H{OTf] and HySO, are all much stronger
than the |[C,C;im|[MeyPOy4|-H3PO, system. This change appears to be associated
with the changeover from the mixtures being acid dissolved in ionic liquid to ionic

liquids dissolved in acid.
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Figure 3.5.7 — The Hy values against the x,q mixed with [C4Crim|[Me2POy]
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3.6 Discussion

3.6.1 Ionic liquids with different Brgnsted acids
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Figure 3.6.1 — The Hy values against the x,cig mixed with [C4Cqim||NTf]

The acidity of four different ionic liquids; [C4C,im|[NTf;], [C4Ciim][OT1], [C4C1im|[HSO,]
and |C4Cyim||[MesPOy| were successfully measured with different acids using the
13C NMR probe with some of the data measured using the UV-Vis probe. The
acidity results for [C,C,im|[NTfy] with three different acids; H{NTf,|, H{OTf] and
H,SO4 were compiled in Figure 3.6.1 to understand the effect of the acidity of each
acid when mixed with the ionic liquid. At lower x4eiq, (0.2 > Yaeia ), it does appear
that HySO, gives slightly weaker solutions, suggesting that relatively weakly acidic
H,SO, derived species are present. At lower Yyq.iq, the acidity increases until Y geiq
< 0.200. There are differences in the Hy values between the three acids where
H[NTf,] > H[OT1] > HySO,4. As all of the three acids used in the measurements

are extremely acidic, it is expected that the acidity of the mixtures increases as
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more acid is added into the ionic liquid. With further increase in the molar ratio
of acid up to 0.500, the acidity remains constant which diminishes the difference
in acidity for the different added acids. This suggests that the most acidic species
in these solutions are the same and is determined by the ionic liquid. At these
acid concentrations, it is assumed there are no clusters formed in this range, and
the acids are dissolved in their molecular forms.'®®! Another possible suggestion
is that at 0.200 < y.ea < 0.500, the acidity of these mixtures were buffered be-
cause all of these three strong acids react with the ionic liquid’s anion [NTf,| to
generate H[NTfy]. The H[NTf,] that is produced or resulting from the levelling
effect of the solvent is the strongest acid in the mixture and dominates the acidity
value of the mixtures at these acid concentrations.!'*3l The acidities for H{OTf] and
H,SO, added in to [C4Cqim|[NTfy| remain constant up to xaeiq = 0.650 while in
the |C,Cim||NTf,]-H|NTf,|, the acidity of the mixtures increases with increasing
molar ratio of the acid. In the [C4Ciim|[NTf,|-H[NTfy| system, the left and right
side of the equilibrium are identical, thus the ionic liquid did not have any buffering
ability that will affect the acidity of the mixtures. In contrast, in the ionic liquid
mixture containing different acids, the acidity of the mixture was levelled down
by the ionic liquid. At 0.68 < yaeiq < 0.78, H[NTfy] is the strongest acid followed
by H[OTf] and HySO4. In the [C4Cqim|[NTf,]-H[OT{] system, at Xqcia > 0.68,
the acidity increases gradually again. At this point, the structures of the mixture

changes from acid dissolved in ionic liquid to ionic liquid dissolved in acid.
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Figure 3.6.2 — The Hy values against the x,ciq mixed with [C4C;im]|[OT1]
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Figure 3.6.3 — The Hy values against the Y,eq mixed with [C4Cyim|[OT1] (13C
NMR Probe results)

The results for each Breonsted acid mixed with [C,C;im][OTf] are compiled
in Figure 3.6.2. The acidities were successfully measured with the combination
of BC NMR probe with the help of UV-Vis probe. All of the mixtures behave
differently depending on the acid added into the ionic liquids. H3PO, gives weaker
acid solutions at all concentrations, with this difference being greatest at higher
concentrations of acid. This is due to H3PO, being a weaker acid than H{OT{] and
so the strongest acidic species in the system is H3POy or its clusters. HySO4 gives
weaker acid solutions than H[NTf,| and H[OTf] at x4eiq < 0.4. This suggests that it
forms a relatively weak acid species, maybe through hydrogen bonding to the ionic
liquid. However, we see no evidence for what this is in the mass spectra. H|NTf,|
and H|OT| give very similar acidities at all concentrations, showing that these two
acids have very similar acid species in the [C4C,im|[OTf]-Brgnsted acids mixtures.
The similar acid species that affect the acidity of the mixture can be assumed to
be due to the formation of H{OTf| that is generated when the acids react with the
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[OTf]" anion. H|OTH] is the strongest acid in the mixture and dominates the total
acidity of the mixtures. Overall, the acidity behaviour of [C,C;im|[OTf]-Brensted
acids systems depends on the acid mixed with it.

Further analysis using the 3C NMR probe were done as it was noticed that
the acidity of [C,C,im][OT{]-Bronsted acids cannot be measured at certain acid
concentrations. Results from Figure 3.6.3 show that the acidity of [C4C,im||OT]-
Brgnsted acids mixtures were not able to be detected at Hy varied approximately
from -3 to -5 and it happened for all acids except H3PO,4. Previously, it was
assumed that the decomposition of the mesityl oxide is based on the interaction of
the nucleophile from the |[OTf]" anion of the ionic liquid. Since in this results, it
shows that the decomposition occurs at specific acidity values in the [C,C;im|[OTf]
ionic liquid with H[OTf], H[NTf;| and HySOy, it confirms that the nucleophilic

reaction occured selectively at specific acidity.
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Figure 3.6.4 — The Hy values against the x4eq with [C4Ciim][HSOy]
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The results for each acid mixed with [C4Cim|[HSO4| were combined in Figure
3.6.4. The acidities were successfully measured with the combinations of Hy values
from *C NMR probe and the UV-Vis probe. At Ygeiq < 0.03, the acidity of the
mixture depends on the acid added into the ionic liquids. At 0.03 < ygeiq < 0.2,
the acidity of all acids in the [C,C;im|[HSO4| are similar which might be due to
the same acidic species being present in the mixture. At yu.q > 0.3, the solutions
of H3PO, are less acidic than the solution of all of the other acids, which have
approximately the same acidity values. This suggests that H3PO, is a weak acid
in this ionic liquid, whereas the HySO,4, H[OT{| and H|NTf;] are all strong acids in
this ionic liquid and proton transfer from the acid to the ionic liquid anion leads
to the same acidic species, and therefore acidic strength, for all of their solutions.
Even when there is a greater amount of acid than ionic liquid, this appears to
remain true. HySO, and its higher order clusters were formed from the reactions
of all strong acids when mixed with the [C4C;im|[HSOy] ionic liquid. This suggests
that the sulphuric acid based clusters, such as are [H5S,0g|" and [HoS4O16], are
preferred to the HJOTf] and H[NTf;| free acids. This is confirmed by the mass
spectrometry results. In the [C4Ciim]|[HSO4|-H3sPOy4 (Xacia > 0.03), H3POy is a
weaker acid than H,SO, causing the total acidity of the mixtures to depend on
the acid species of H3PO,4. The higher order clusters of H3PO,4 were present and

detected using mass spectrometry.
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Figure 3.6.5 — The Hy values against the x4 mixed with [C4Crim|[Me2POy]

Finally for |[C4C,im|[MeyPO4|, HOTf] and HySO, give less acidic mixtures
than H|NTf,| and H3POy at xaeg > 0.5, but all of H|NTf,|, HIOTf| and HySO4
are give more acidic mixtures than H3PO, at higher concentrations (Figure 3.6.5).
The behaviour of the acids in this ionic liquid is very complex. At lower Yueiq ,
H|NTf,| and H3PO, gives solutions of a similar acidity until xueq up to 0.500,
while H[OTf] and HySO, give less acidic solutions (but similar to each other).
This is followed by a range of rapid increase in the acidity of the solutions for
H[NTf,], HIOTf] and HySO,, when further acid is added, whereas the strength
of the solutions of [C,C;im|[MesPO4]-H3PO, do not change so greatly. Hence at
higher concentrations of acid, the solutions of H[NTf,| , HHOT{] and HoSO, are all
much stronger than the [C4Ciim|[MeyPOy]-H3POy system. This change appears
to be associated with the changeover from the mixtures being acid dissolved in

ionic liquid to ionic liquids dissolved in acid.
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3.6.2 Brgnsted acids behaviour in different ionic liquids

With the same data, it is also interesting to observe the behaviour of Bregnsted
acids in different ionic liquids and to ask how each of ionic liquid affects the acidity
of different acids. By using all of the results measured, plot of Hy against the y4eiq

for each ionic liquid in a graph were presented below.
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Figure 3.6.6 — The Hy values against the X gn7y, for the H[NTfs]-ionic liquids
system

H|NTf,| is a strong acid and addition of any of the ionic liquids used, reduces
the acidity of the solution. The more ionic liquid added, the greater the reduction
in the acidity of the solution. At all concentrations, the acidity of the solution
is [C4C1im][NTfy| > [C4Cqim]|[OTH] > [C4Cqim][HSOy4] > [C4Ciim][MeyPOy]. For
XH[NTf, > 0.6, while there are small differences, all of the ionic liquids have similar
acidity. At this point, the ionic liquids are not basic enough to greatly affect the
strength of the acid. However, it can be seen that each ionic liquid has a different

effect at lower concentrations. For [C,C;iim|[MesPOy], there is a dramatic reduc-
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tion in the acidity at xunry, < 0.6, for |C4C1im]|[HSOy] this occurs at XHINT fy <
0.4, for [C4C1im]|[OT] this occurs at XHNTfy < 0.1 and for [C4C1im]|NTf;] it only
occurs at very low concentrations. Below each of these concentrations, the ionic
liquid begins to play a significat role in determining the acidity of the solution, the
concentration at which this happens infers the basicity of the ionic liquid anions:
[MeoPOy|” > [HSO4| > |OTH] > [NTfy].
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Figure 3.6.7 - The Hy values against the x g, 50, for the H{OTf]-ionic liquids system

For H[OTf] the behaviour is very similar to H[NTf;]. One change between
the two acid systems is that there is now less difference in the acidities of the
[C4Cyim|[NT1y| and [C4C1im]|[OTHf] solutions. This suggests that [OTf]" is more
basic than [NTf,|" and that H[NTfy] is protonating [OTf]". For [C4C;im|[HSO4],
it can be seen that the acidity begins to reduce at xpory < 0.5, indicating the
involvement of both ionic liquid and acid derived species in controlling the acidity
of the solution. [C4C;im|[MeyPOy| has very low and hardly changing acidity at

concentrations x o7y < 0.5. This suggests that only ionic liquid derived species
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are involved in controlling the acidity of these solutions and that [C4C;im|[MeyPO,|

is a acidity levelling solvent at these concentrations.
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Figure 3.6.8 - The Hy values against the x g, 50, for the HySOy4-ionic liquids system

For HySOy it can be seen that at xpory < 0.5, the acidity of ionic liquids are
different from each other with the order of the acidities of the ionic liquid solutions
being [C4Ciim][NTfy| > [C4Ciim]|OTE] > [C4Ciim|[HSOy] > [C4Ciim][MesPOy].
While this is the same qualitative trend as seen for HNTf,| and H[OT] it can be
seen that the differences for H,SO, are greater. This arises because HySO, is a
weaker acid in these ionic liquids and does not fully dominate the acidities of the
solutions until it is in much greater concentration. Starting from the x gjorys > 0.5,
all of the ionic liquid solutions have similar acidic properties with the exception of

the [C4Ciim|[MeyPOy|, which remains a weak acid at all concentrations.
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Figure 3.6.9 — The Hy values against the xm,po, for the ionic liquids-H3POy4
system

Finally, it can be seen that the acidities of all of the ionic liquids-H3PO, systems
are markedly lower than the others at all concentrations. It can also be seen
that while the solutions in [C4C;im|[OTf] and [C4C,im]|[HSO4| have slightly higher
acidities than the solutions in [C4Cim|[MeyPOy], the differences are much smaller
than had been seen for the other acids. This arises because H3PO, is a weak acid
in all of the ionic liquids used and the acidities of its solutions are controlled by

H3POy derived species alone.

3.7 Conclusion

Successful measurements of the Hammett acidity function (Hy) were demonstrated
for ionic liquids-Brgnsted acids using the *C NMR Probe. Additional measure-
ments using the UV-Vis probe were done to get a full acidity measurements for

each system that cannot be measured using the *C NMR Probe. It is important
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to recall that the Hy values obtained from the '3C NMR Probe is less precise than
the UV-Vis probe results. If the more precise Hy values is needed, the acidity
measurements using the UV-Vis probe should be done.

It can be seen that the acidity of ionic liquids-acids solutions is complex. It
depends upon the concentration of the acid, particularly whether the system is a
solution of the acid in a greater amount of ionic liquid, or a solution of the ionic
liquid in a greater amount of acid. The acidity of the solution also depends upon
the difference in the acidity of the added acid and the conjugate acid of the anion

of the ionic liquid.






Chapter 4

Acidity Measurements of Brgnsted
acid 1n ionic liquids with different

cations

4.1 Acidity measurements of [HC,im|[HSO4| with

different acids

In the previous chapter, the acidity measurements of Brgnsted acids in ionic liquids
were done using the same 1-butyl-3-methylimidazolium cation or [C4C;im|* for
easy comparison of the data obtained. With the results obtained, it is thought
to be interesting to measure and compare the acidity of ionic liquids with same
anion with Brensted acids. In this work, [HC4im||HSO4| ionic liquid was chosen
to measure its acidity with three different Brensted acids; H[NTf,|, H{OTf] and
H3POy4. The [HC4im|[HSO4-HySO,4 system will not be measured and discussed
here as it has been properly discussed by Trang To.'88] The [HC,im][HSO,] ionic
liquid chosen in this study has been used in many processes, especially in biomass
processes.!'¥ Furthermore, this ionic liquid is easily prepared using the acid base
reaction and the starting materials are very cheap. As [HC,im][HSO4| is a very
hygroscopic ionic liquid, it is important to make to make sure that the water

content of this ionic liquid is less than 100 ppm prior measuring. The acidity of
[HC4im][HSO,]-Brgnsted acids will be measured using the *C NMR probe.

177
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4.1.1 [HC4im] [HSO4]-H[NTf2] system

The acidity measurements of the [HC,im|[HSO,|-H|[NTf,] system were successfully
measured using the 1*C NMR probe. The results are presented in the Figure 4.1.1.
At xunTs,) < 0.31, the acidity increases as more acid added into the ionic liquid
up to HO = -5.666. The [HC,im|[HSO,| has a very low acidity, thus even a small
amount of strong acid added is able to affect the total acidity of the mixture. At
higher concentrations, the acidity increases with only a small difference where the
Hy values obtained between -5.66 to -6.111. At xgn7ys,> 0.760, the acid did not
fully dissolve in the ionic liquids and no Hgy values were collected from this point
onwards. It can be assumed that HNTI; is dissolved in its molecular form and
there are no [NTf,(HNTf,)| clusters formed in this range.
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Figure 4.1.1 - The Hp values against the molar ratio xpn7s,) for the
[HC4im|[HSOy4|-H|NTf;] system

Mass spectrometry analysis data were collected for the [HCim|[HSO4|-H[NTf,|

mixtures and the positive mass spectra were compiled in Table 4.1.1. In the posi-
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tive mass spectra, clusters of cation and anion were found, i.e [(HC4im)(SO.CF3N)|*.
In addition, higher order clusters of HySO, were found in each of the mass spectra

measured for examples [H7S3012]" and [HgS;O16] " .

Table 4.1.1 — The positive mass spectra of [HC4im|[HSO4]-H[NTfy] system: De-
tected ion fragments and their relative abundances

XHINT f2] ‘ Tons ‘
0 [HC,im|™ (100 %)
0.03 [HC,im|™ (100 %), [HCyim|™ (25 %), [(SO.NH]* (15%),

[(HC4im) (SO,CF3N)|* (15%), [H7S4016]" (5 %)

0.11 | [HC,im]" (100 %), [HCiim|" (15 %), [(HC4im)2(HSOL)[™ (20%),
[HQS4016]+ (5 %), [HCllmF (5 %)

0.44 [HC,im|" (100 %), [HC im]* (25 %), [(HC4im)(SO-CF;N)[*
(5%), [H:S5012]" (5 %)

[H:S50u2]* (10 %)

0.75 [HC4im|" (100 %), [HCim|" (10 %), [(HC4im)(SO,CF;N)[*
(10%),

4.1.2 [HC4im|[HSO,]-H[OT{] system

The acidity measurements of the [HC,im|[HSO4|-H[OT{] system were measured
using the *C NMR Probe. A curve was obtained in the Figure 4.1.2. At xgory]
< 0.35, the acidity increases as more acid is added into the ionic liquid. Then,
between 0.400 < xgjory < 0.690, the acidity increases with small difference. The
Hy values obtained are between -6.25 to -6.7. The acidity change increases again
as more acid is added into the ionic liquid up to xgjory = 0.900. After that, the
solutions did not mix well and separated into two layers at xpjory = 0.900 to
0.986.

The mass spectrometry data were collected for this system (Table 4.1.2 and
Table 4.1.3). In the positive mass spectra, clusters of cations and anions were
found i.e [(HC4im)y(HSO4)|" and [(HC4im)o(CF3SO3)]T. Also, in both of the
positive and negative mass spectra, higher order clusters of HySO,4 were found, i.e.
[H7S4016]" and [H7S3015] .
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Figure 4.1.2 — The Hp values against the molar ratio xg,s0, for the
[HC4im|[HSOy4|-H[OT{] system

Table 4.1.2 - The positive mass spectra of [HC4im|[HSO4|-H|OTf] system: Detected
ion fragments and their relative abundances

XH[OTY/] ‘ Ions ‘
0 [HC4im] " (100 %)
0.021 | [HCqim]* (100 %), [NSCEF,]" (15%), [(HC4im)o(HSOL)[* (50 %),
(HC4im),(OTH|* (50 %)
0.24 | [HCqim]* (100 %), [NSCF,]" (15%), [(HC4im)s(HSOL)[* (50 %),
[(HC4im)o (OTH)|* (80 %)
[H7S4016]" (5 %)
0.9 [HC41H1]Jr (100 %)7 [(HC41H1)2(CFgSO;;)]Jr (5 %)7 [H7S4016]+ (5 %)
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Table 4.1.3 — The negative mass spectra of [HC4im|[HSO4]-H[OTf] system: De-
tected ion fragments and their relative abundances

XH[OTY{] H Tons ‘
0 (SO (100%)

[H583012]_ (5%)

024 || [OTI (100%), [HSO4] (90%), [HOTI (10%), [HsS20s] (20%),

[H583012]_ (5%)

0.6 [OTI] (100%), [HSO4] (60%), [HOTI] (20%), [HsS2O0s] (20%),
[H583012]_ (5%)
0.9 [OTI] (100%), [HSOa] (50%), [HOTI (20%), [HsS2O0s] (20%),

[HsP3012] (5%)

4.1.3 [HC4im][HSO4]-H3PO, system

The final system measured in this Chapter is the [HC,im|[HSO4]-H3;PO, system.
The whole acid range system was successfully measured using the 3C NMR Probe.
Figure 4.1.3 shows that the acidity of the mixtures increases as more acid is added
into the system. The highest H; values obtained in this system is -5.36 at xm,ro,

= 0.900. The mixture is no longer homogeneous after at xm,po, = 0.900.
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Figure 4.1.3 - The Hy values against the molar ratio xmypo, for the
[HC4im|[HSO4|-H3POy4 system

The mass spectrometry results were compiled in Table 4.1.4 and Table 4.1.5.
In the positive mass spectra, clusters of cations and anions were detected i.e.
[(HC4im)o(HSOy)] ™ . Higher order clusters of HySO4 were observed in the positive
and negative mass spectra. Interestingly, higher order cluster of H3PO,4 was also

detected in the negative mass spectra ([HgP30s]).
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Table 4.1.4 — The positive mass spectra of [HC4im|[HSO4]-H3POy4 system: Detected
ion fragments and their relative abundances

‘ XH;3PO4 \ Tons ‘
0 [HC,im|™ (100 %)
0.04 | [HC,m]" (100 %), [(HC4im)s(HSOL|™ (5 %), [H:S4016]" (5 %)
[ 0.14 | HCim[" (100 %), [(HC4im)s(HSOL)* (5 %), [H7S4016]" (5 %) |
[ 026 | HC.im[" (100 %), [(HC4im)s(HSOL)]* (20 %), [H7S:016]" (5 %) |
0.44 | HC,im|" (100 %), [(HC4im),(HSOL)|" (50 %), [H7S4016]" (5 %)
0.66 | HC,im|" (100 %), [(TIC4im),(HSO)[" (5 %), [H7S4016]™ (5 %)
0.85 | HC,im]|" (100 %), [(HC4im),(HSOL)|" (50 %), [H7S4016]" (5 %)
1] [HoPOL[ (100 %) |

Table 4.1.5 — The negative mass spectra of [HC4im|[HSO4]-HsPO4 system: De-
tected ion fragments and their relative abundances

X Hs PO, ‘ Tons ‘
0 [HSO4|" (100%)
0.04 |[HoPOy| (100 %), [HPOs]™ (50%), [HaSO4|" (50 %), [H3S20s]
(90%), [HsP30s]" (20%)
0.14 |[HoPOy| (100 %), [HPO3] (60%), [HaSO4|™ (40 %), [H3S20g]
(70%), [HsP30s]" (10%)

036 | [P0 (90 %), [HPOs[ (60%), [,S04] (20 %), [[s8:05]
(100%), [HsP5O5]" (20%)

041 | [P0 (90 %), [APOs[ (60%), [ISO4] (50 %], [[s8:05]
(60%), [HsP30s]™ (5%)

066 | [P0 (30 %), [POs[ (60%), [P0 (30 %), [T3S208]

(60%), [HsP30s]" (60%)

085 | [HaPOsJ (100 %), [HPOs] (50%), [HsPOaf (40 %), [H3S:08]
(40%), [HgP30g]" (5%)

1 [M,POL[ (100 %)

4.2 Discussions and conclusions

The acidity of [HC4im|[HSO,] with different acids were successfully measured using
the 1*C NMR Probe. Interestingly, all of the mixtures work well with this probe.
This makes the [HC,im|[HSO,4| more attractive in addition to it being cheap and
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easily prepared. Based on the results, the acidity of the [HC,im|[HSO,|-Brgnsted
acids depends on the type of acids used in a similar way to the [C4Cim|[HSO,]-
Breonsted acids. In order to understand the effect of the cation of the ionic liquid
on the acidity, graphs were plotted for both of [HC,im][HSO,] and [C,C;im][HSO4]
with each of the acids respectively (Figure 4.2.1 to Figure 4.2.3).
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Figure 4.2.1 — The comparison for H[NTfs| mixed with [HSO4|  based ILs
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Figure 4.2.2 — The comparison for H|OTf| mixed with [HSO4|" based ILs

Figure 4.2.1 shows the comparison of both ionic liquids with H[NTf]. At
XH[NTf,] < 0.4, there are differences in the acidity values. In this acid, the mixtures
with [HC,im|[HSOy] are more acidic than [C,C;im|[HSO,|. Further increases in
the amount of acid added eliminate the acidity difference between the ionic liquids.
In Figure 4.2.2, a similar trend was also observed where there are differences in the
acidities of solutions of the ionic liquids at lower concentration of H{OTf]. Both
of the ionic liquids start to have similar Hy values from xpjory > 0.6. The NH-
proton on the imidazolium ring of [HC4im|™ cations is capable of forming hydrogen
bonds with [HSO,4| and acids, and even transferring to these, but not [C,Cyim]|™.
This explains why there are differences in the acidity of the two ionic liquids with
the same acid at lower concentration of acid added. However, as more acid is
added into the ionic liquids the effect of the NH-proton becomes insignificant, as
the ionic liquid is dissolved in an excess of the acid and more available protons

come directly from the acid.
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Figure 4.2.3 — The comparison for H3PO4 mixed with [HSO4|" based ILs

In contrast, for the H3PO,4 mixed with [HSO,|™ based ILs there were no differ-
ences in the acidity (Figure 4.2.3). As H3POy is a weak acid, the acidic NH-proton
in the imidazolium ring was levelled down to the acidity of the H3PO, derived
species. The NH-proton on the imidazolium ring of [HC4im]™ cation does not
have any effect or role in the ionic liquid-H3PO4 mixture compared to H|NTf,]
and H|OTf]. If the NH-proton is in principal considered as an acidic proton, the
acidity of the proton is lower than the acidity of HsPO, added. Thus, the similar
acidity obtained in both of the ionic liquids mixtures proved that the NH-proton
on the imidazolium ring of [HC4im]* has no influence.!'*3l

Finally, [HC,im|[HSO4|-Brensted acids were successfully measured using the
13C NMR probe without any additional help from the UV-Vis probe. For highly
acidic acids, it can be concluded that there is an effect in the acidity of cation of the
ionic liquids at certain concentration of acid which shows that the acidity of ionic

liquids does not only depend on the anion of the ionic liquid. However as more
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acid is mixed with the ionic liquids, the difference in the acidity was eliminated
making the acidity of the mixture depends more on the acid than the ionic liquids.
There is no effect of different cation when the ionic liquid is mixed with the weak

acid.






Chapter 5

Synthesis and Experimental

5.1 General Laboratory Procedures

All reactions involving an inert atmosphere were conducted under standard Schlenk
techniques using dry nitrogen. All of the starting materials were dried overnight
with drying agent and distilled prior using except silver nitrate that was used as
received. NMR Spectra were recorded on 'Bruker Avance-400" (*H, 400 MHz; 13C
{*H}, 100 MHz) NMR spectrometers. 'H and '*C chemical shifts (&) are reported
downfield of tetramethylsilane, (Si(CHj)s), in units of ppm (referenced against
the DMSO-d® residual peak). ES-MS mass spectra were obtained with a "Waters
LCT Premier’ mass spectrometer. Water content were checked using a "Mettler
Toledo (V20)’ Karl Fisher Titrator. Where ’vacuo’ is used for drying, the pressure

achieved was between 0.1 and 0.01 mbar.

5.2 Synthesis of Ionic Liquids

5.2.1 1-Butyl-3-methylimidazolium chloride

Freshly distilled 1-chlorobutane (194.32 g, 2.1 mol) was added slowly (dropwise)
to a mixture of freshly distilled 1-methylimidazole (164.18 g, 2.0 mol) and ethyl
acetate (100 ml) at room temperature. The temperature used was 50 °C and was

increased up to 60 °C once a biphasic temperature had formed and was stirred

189
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for a further one week. The colorless biphasic mixture was placed in a freezer
overnight and a white precipitate was formed. The solvent was removed via Schlenk
techniques, and the remaining crystals were washed with ethyl acetate and then
recrystallized in acetonitrile. The solid obtained was dried in vacuo after removing
the remaining solvent to yield 1-butyl-3-methylimidazolium chloride (95.5%) as a
white crystalline solid. The water content was maintained at less than 100 ppm of
H,0.

'H NMR (400 MHz, DMSO-d®): 9.16 (1H, s, NCHN), 7.79 (1H, s, NCHCHN),
7.72 (1H, s, NCHCHN), 4.17 (2H, t, 3Jyy = 7.41 Hz, NCH,CH,CH,CHj3;), 3.86
(3H, s, NCH3), 1.77 (2H, quintet, *Jgr = 7.20 Hz, NCH,CH,CH,CH3), 1.26
(2H, sextet, *Jgn = 7.20 Hz, NCH,CH,CH,CH3), 0.91 (3H, t, 3J = 8.0 Hz,
NCH,CH,CH,CHj;).

13C NMR (101 MHz, DMSO-d®): 136.52 (s, NCHN), 123.60 (s, NCHCHN), and
122.25 (s, NCHCHN), 48.46 (s, NCHy(CH;)>,CHs), 36.71 (s, NCHs), 31.32 (s,
NCH,CH,CH,CH3), 18.75 (s, N(CHy)3;CH3).

m/z (ES-MS™): 139 (100%) [C4Cqim] ™

m/z (ES-MS"): 35 (100%) [*°Cl|-, 37 (30%) [>"Cl|

Reference:!194

5.2.2 1-Butyl-3-methylimidazolium trifluoromethanesulfonate

Lithium trifluoromethanesulfonate (26.79 g, 0.17 mol) was added into a mixture
of 1-butyl-3-methylimidazolium chloride (30.23 g, 0.17 mol) and dichlomomethane
(160 mL) and the slurry were stirred vigorously for 3 days at RT. The residual
salt was washed with dichloromethane (3 x 20 mL) and the combined organic
were transferred into liquid-liquid extractor (water/DCM) to extract the product.
The aqueous phase was tested with AgNOj(aq) (0.1M) and the extraction was
stopped after the aqueous phase showed no trace of chloride salts. The solvent was
then removed in vacuo for overnight giving a colorless viscous liquid of 1-butyl-
3-methylimidazolium trifluoromethanesulfonate (88.9 %). The water content was
maintained at less than 20 ppm of H,O.

'H NMR (400 MHz, DMSO-d®): 9.11 (1H, s, NCHN), 7.77 (1H, s, NCHCHN), 7.71
(1H, s, NCHCHN), 4.17 (2H, t, 3Jy — 7.19 Hz, NCH,CH,CH,CH,), 3.85 (3H, s,
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NCHy), 1.77 (2H, quintet, *Jun — 8.0 Hz, NCH,CH,CH,CHy), 1.26 (2H, sextet,
3 T — 8.0 Hz, NCH,CH,CH,CHa), 0.91 (3H, t, 3.J — 8.0 Hz, NCH,CH,CH,CHg).
130 NMR (100 MHz, DMSO-d%): 13649 (s, NCHN), 123.62 (s, NCHCHN),
122.27 (s, NCHCHN), 1185 (q, 3J1s019r — 270.8 Hz, N(SO5CFs)), 48.50 (s,
N CH,(CH,)s-CHy), 35.74 (s, NCHs), 31.33 (s, NCH,CH,CH,CHs), 18.77 (s,
N(CH,),CH,CHj), 13.25 (s, N(CH,);CHs).

m/z (ES-MS™): 139 (100%) [C4Cyim]*

m/z (ES-MS"): 149 (100%) [CF3SO3|

References:!194

5.2.3 1-Butyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide

Lithium bis(trifluoromethylsulfonyl)imide (32.87 g, 0.11 mol) was added into a
mixture of 1-butyl-3-methylimidazolium chloride (20.02 g, 0.11 mol) and dichlo-
momethane (160 mL) and the slurry was stirred vigorously for 3 days at RT.
The mixture was washed repeatedly with water (10 x 100 mL) until no chloride
traces remained in the washings (tested with AgNOj3(aq) (0.1M)). The solvent was
then removed in vacuo for overnight giving a colorless viscous liquid of 1-butyl-3-
methylimidazolium bis(trifluoromethylsulfonyl)imide (87.2 %). The water content
was maintained at less than 10 ppm of H,O.

' NMR (400 MHz, DMSO-d®): 9.11 (1H, s, NCHN), 7.77 (11, s, NCHCHN), 7.71
(1H, s, NCHCHN), 4.17 (2H, t, 3Jy — 7.34 Hz, NCH,CH,CH,CH,), 3.35 (3H, s,
NCHS,), 1.77 (2H, quintet, *Jyn — 8.0 Hz, NCH,CH,CH,CHy), 1.28 (2H, sextet,
3 Jum = 8.0 Hz, NCH,CH,CH,CH,), 0.91 (31, t, *J = 8.0 Hz, NCH,CH,CH,CHs,).
13C NMR (101 MHz, DMSO-d%): 134.93 (s, NCHN), 122.38 (s, NCHCHN),
121.15 (s, NCHCHN), 118.77 (q, *J13c10r 321.8 Hz, [N(SO,CF3)|), 48.36 (N
CH,(CH,),CHjy), 34.45 (s, NCH3), 30.51 (s, NCH,CH,CH,CHj3), 17.86 (s, N(CH,),CH,CHjs),
11.36 (s, N(CH;)3CHyz).

m/z (ES-MS*): 139 (100%) [C4Cyim]*

m/z (ES-MS): 280 (100%) [NTF,]

References:1194
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5.2.4 1-Butylimidazolium hydrogen sulphate

Concentrated sulphuric acid (97 %) was titrated with water to reach a concentra-
tion between 60 wt% to 70 wt%. The exact weight of both the acid and water
added were recorded to calculate the exact concentration of the diluted sulphuric
acid. Diluted sulphuric acid (37.2 g, 0.30 mol) was added dropwise into a cooled
1-butylimidazole (37.81 g, 0.30 mol) in an ice bath. The mixture was stirred
overnight and was purified using ISOLUTE C18(EC) column after diluting the
viscous ionic liquid with water. The column was washed with denatured alcohol
(IMS) prior using and after each cycle of purification to remove any impurities ad-
sorbed in the column. The remaining water was removed using rotary evaporator
and dried in vacuo overnight to give a yellow viscous liquid of 1-butylimidazolium
hydrogensulfate. The water content was maintained at less than 100 ppm of H,O.
'"H NMR (400 MHz, DMSO-d®): 9.10 (s, 1H, NCHN), 7.79 (s, 1H, NCHCHN),
7.68 (s, 1H, NCHCHN), 4.2 (t, 2H, 3J = 7.38 Hz, NCH,CH,CH,CH3), 1.79 (m,
2H, NCH,CH,CH,CHjs), 1.25 (m, 2H, NCH,CH,CH,CHj3), 0.95 (t, 3H, *J = 8.0
Hz, N(CH;)3CHj).

13C NMR (100 MHz, DMSO-d®): 135.81 (s, NCHN), 122.36 (s, NCHCHN), 120.77
(s, NCHCHN), 48.57 (s, NCH,CH,CH,CH3), 31.96 (s, NCH,CH,CH,CHjy), 19.25
(s, NCH,CH;CH,CHjy), 13.74 (s, N-(CH3)3CHjs).

m/z (ES-MS*): 126 (100%) [C4im]|"

m/z (ES-MS"): 97 (100%) [HSO4|

Reference:!'7]

5.2.5 1-Butyl-3-methylimidazolium methyl sulphate

A solution of dimethyl sulfate (0.143 mL, 1.09mol) was added dropwise into a
solution of 1-butylimidazole (diluted in toluene) (135.35 g, 1.09 mol) with stirring.
The reaction mixture was stirred for another hour at room temperature followed
by the removal of upper layer toluene using Schlenk techniques. The bottom layer
was washed three times with 100 ml of toluene. The washed product was dried
overnight at 65 °C under vacuo. The water content was maintained at less than
100 ppm of H50O.

'H NMR (400 MHz, DMSO-d%): 9.12 (1H, s, NCHN), 7.78 (1H, s, NCHCHN), 7.71
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(1H, s, NCHCHN), 4.16 (2H, t, ®Jyu — 7.38 Hz, NOH,CH,CH,CH,), 3.84 (3H, s,

NCH,), 3.31 (3H, s, CH;08) 1.77 (2H, quintet, *Jyx — 8.0 Hz, NCH,CH,CH,CH),
1.25 (2H, sextet, 3Jyy = 8.0 Hz, NCH,CH,CH,CH3), 0.91 (3H, t, 3J = 8.0 Hz,

NCH,CH,CH,CHs).

130 NMR (100 MHz, DMSO-d®): 137.13 (s, NCHN), 123.83 (NCH), 122.48 (NCH),

48.69 (s, NCH,CIH,CILCH,), 35.94 (NCIL), 31.84 (N-CH,CILCILCH,), 18.97

(N(CH,)sCH,CHy) and 13.47 (N(CHs,)3CHy).

m/z (ES-MS*): 139 (100%) [C4Cyim]*

m/z (ES-MS"): 110 (100%) [MeSOy]|

Reference:147]

5.2.6 1-Butyl-3-methylimidazolium hydrogen sulphate

1-butyl-3-methylimidazolium methyl sulphate was diluted in 20 mL of deionised
water in a three-necked round bottom flask. The flask was placed on a heating
block at 215 °C. The temperature of the mixtured was monitored and must kept
between 170 to 180 °C for 4 hours. The solution was stirred in an opened round
bottom flask to facilitate the removal of boiling methanol from the solution. The
reaction mixture was dried overnight under vacuo at 65 °C with vigorous stirring.
The water content was maintained at less than 100 ppm of HyO.

"H NMR (400 MHz, DMSO-d®): 9.11 (1H, s, NCHN), 7.77 (1H, s, NCHCHN), 7.71
(1H, s, NCHCHN), 4.17 (2H, t, 3Jyur = 7.34 Hz, NCH,CH,CH,CHj3), 3.35 (3H, s,
NCH3), 1.77 (2H, quintet, 3Jyy = 7.8 Hz, NCH,CH,CH,CH3), 1.28 (2H, sextet,
3Jun = 8.0 Hz, NCH,CH,CH,CH3), 0.91 (3H, t, 3J = 8.0 Hz, NCH,CH,CH,CH3).
13C NMR (100 MHz, DMSO-d®): 136.52 (s, NCHN), 123.60 (s, NCHCHN),
122.25 (s, NCHCHN), 48.46 (s, NCHy(CH;),CHs), 36.71 (s, NCHjs), 31.32 (s,
N-CH,CH,CH,CH3), 18.75 (s, N(CH3)3CH3).

m/z (ES-MS™): 139 (100%) [C4Cqim]|™

m/z (ES-MS"): 97 (100%) [HSO4|

Reference:[147]
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5.2.7 1-Butyl-3-methylimidazolium dimethyl phosphate

1-butylimidazole (90g, 0.725 mol) was diluted in 100 ml of toluene. Trimethylphos-
phate (101.09g, 0.725 mol) was added dropwise into a solution of 1-butylimidazole
(diluted in toluene) (135.35 g, 1.09 mol) with stirring. The resulting mixture was
stirred at 80 °C for 22 h. The mixture was cooled, then washed with toluene two
times, the liquid was separated and was dried overnight under vacuo at 65 °C. The
water content was maintained at less than 200 ppm of H,O.

'H NMR (400 MHz, DMSO-d®): 9.16 (1H, s, NCHN), 7.75 (1H, s, NCHCHN) 7.82
(1H, s, NCHCHN), 4.27 (2H, t, 3J = 8.0 Hz, 7.41 Hz, NCH,CH,CH,CHj3), 3.78
(3H, t, 3Jug = 7.8 Hz, P-O-CHjy), 3.79 (t, P-O-CH3) 3.76 (3H, t, 3Jyg = 8.0 Hz,
NCH;), 1.76 (2H, m, NCH,CH,CH3), 1.36 (2H, m, N CH,CH,CH,CHjs), 0.90
(3H, t, 3Juy = 8.0 Hz, NCH,CH,CH,CHj).

13C NMR (100 MHz, DMSO-d®): 137.02 (s, NCHN), 123.0 (s, NCHCHN), 122.25
(s, NCHCHN), 54.3 (s, O=POCHj3;), 54.3 (s, O=POCHj3;) 48.46 (s, NCH,(CH,),CHj3),
36.71 (s, NCHj3), 31.32 (s, N-CH,CH;CH,CHjy), 18.75 (s, N(CHy)3CHjs).

m/z (ES-MS™): 139 (100%) [C4Cqim] T

m/z (ES-MS"): 125 (100%) [MesPOy|

Reference:[199]

5.3 Acidity Measurements of Brgnsted Acids-Ionic
Liquids

5.3.1 13C NMR Probel'47]

Mesityl oxide from Sigma Aldrich were distilled before use. Each ionic liquid
system was added to four vials and the vials were weighed to give the exact mass of
ionic liquid. The correct amount of calculated mesityl oxide from 1% to 8% w/w of
the ionic liquid were added into the vials. All of the measurements and transferring
samples were done inside the glove box to maintain the inert conditions. The vials
were then sealed and stirred to ensure thorough mixing. The homogenous mixtures
were transferred to NMR tubes along with sealed capillary tube filled with DMSO-

d® as external locks. *C NMR was run using a Bruker NMR spectrometer.
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5.3.2 UV-Vis probel'*7

5.3.2.1 Obtaining extinction coeflicients, ¢, of Hammett probe

A stock solution of suitable dye was prepared in DCM using a volumetric flask.
The stock solutions were diluted with DCM for ten different concentrations. UV
spectra were recorded using a Perkin Elmer Lambda 25 spectrometer. Figure 5.3.1
to Figure 5.3.10 shows a plot of absorbance against Hammett bases. The slope of
the plot is the ¢y of the Hammett probe.

N
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1
[ |

o
o
1

]
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T T T T T T T T T T T N
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concentration of 3-nitroaniline (molcm™)

Figure 5.3.1 — Plot of absorbance against concentration of 3-nitroaniline in DCM
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Figure 5.3.2 — Plot of absorbance against concentration of 4-nitroaniline in DCM
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Figure 5.3.3 — Plot of absorbance against concentration of 2-nitroaniline in DCM
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Figure 5.3.4 — Plot of absorbance against concentration of 4-chloro-2-nitroaniline
in DCM
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Figure 5.3.5 — Plot of absorbance against concentration of 2 4-dichloro-6-
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Figure 5.3.6 — Plot of absorbance against concentration of 2,6-dichloro-4-

nitroaniline in DCM
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Figure 5.3.10 — Plot of absorbance against concentration of 4-nitrotoluene in DCM

5.3.2.2 Preparation of solutions of Hammett dye mixtures of ionic lig-
uids with their related Brgnsted acids

5 mL of dye stock solution was added into capped glass vial, and the solvent was
removed in vacuo. Pure ionic liquid was added into the glass vial. The mixture was
stirred or sonicated to obtain a homogeneous stock solution. The stock solution
(1.9 ml to 1 ml) was added to ten pre-weighed vials and pure IL (1.9 mL to 1.0 mL)
was then added on top. The vials were weighed after each addition. Absorbance

of each vials were recorded using UV spectrometer at 250 to 600 nm.



Chapter 6

Overall Conclusions and Outlook

6.1 Conclusions

The ultimate aim of this work is to measure the acidity of Bronsted acids-ionic
liquids mixture. Understanding the effects of ionic liquids on acidity and proton
transfer helps to understand what happens between acids, ionic liquids, acidic ionic

liquids and their acidity.

1. The acidity measurements of Brgnsted acids-ionic liquids systems were done
using the 1*C NMR probe and the UV-Vis probe. Successful measurements
for all of the systems were demonstrated using the UV-Vis probe. A suitable
UV-Vis probe probe was chosen and used to measure each mixture with
the estimation of Hy values from the '3C NMR probe. It is concluded that
the 13C NMR probe can be used to calculate the acidity of the mixtures
approximately while the UV-Vis probe gave a more precise results. The Hg
prediction using the *C NMR Probe is suitable for measuring the acidity
of the whole [C,Ciim|[NTf|-H|NTf;| system but with limitations on the
|C4C1im||OTH]-H|OTH] and [C4Cqim][MeyPO,|-H3PO, systems, due to the
decomposition of mesityl oxide and/or insolubility of the mesityl oxide in
the mixtures. In depth investigation should be done in future work to find
out what decomposition reaction of the mesityl oxide is occurring to give the
limitation of the '*C NMR probe in the [C4C,im|[OTf]-H[OT].

2. The Hammett acidity function (Hy) were successfully measured for the Bron-

201
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sted acids-ionic liquids systems with different acids using the *C NMR probe.
More measurements were done using the UV-Vis probe to get full acidity
measurements for each system that cannot be measured using the *C NMR
probe. The acidity of Brgnsted acids-ionic liquids systems is complex and
depends on the concentration of the acid. Further characterisation of the
Brgnsted acids-ionic liquids is suggested to explore and to understand the

complex Brgnsted acids-ionic liquids systems.

The effect on acidity of the cation of the ionic liquid was succesfully mea-
sured. In the mixture of highly acidic Brgnsted acids-ionic liquids, a clear
effect can be observed in ionic liquids with different cations. In contrast, with
a weaker acid, changing the cation of the ionic liquid did not bring any effect
on the acidity level. The acidity measurements of more weak acid should be
investigated to confirm the effect of acid strength in different cation of ionic

liquids.



Bibliography

1]

2]
131
4]

5]

[6]

7]

18]

19]
[10]

[11]

Janz, G. J. Molten Salts Handbook; Haase, R., Ed.; Academic Press, New
York-London, 1967.

Welton, T. Chemical Reviews 1999, 99, 2071-2084.
Hallett, J. P.; Welton, T. Chemical Reviews 2011, 111, 3508-3576.

Wasserscheid, P.; Welton, T. In lonic Liquids in Synthesis; Wiley-VCH Ver-
lag GmbH & Co. KGaA, Weinheim, 2003.

Holbrey, J. D.; Seddon, K. R. Clean Technologies and Environmental Policy
1999, 1, 223-236.

Wasserscheid, P.; Keim, W. Angewandte Chemie International Edition
2000, 39, 3772-3789.

Safa, M.; Chamaani, A.; Chawla, N.; El-Zahab, B. Electrochimica Acta
2016, 213, 587-593.

Eftekhari, A.; Liu, Y.; Chen, P. Journal of Power Sources 2016, 334, 221—
239.

Meksi, N.; Moussa, A. Journal of Cleaner Production 2017, 161, 105—-126.
Berton, P.; Bica, K.; Rogers, R. D. Fluid Phase Equilibria 2017, 450, 51-56.

Rahmatinejad, J.; Khoddami, A.; Abdolmaleki, A.; Izadan, H. Carbohydrate
Polymers 2017, 157, 468-475.

203



204

[12]

[13]

[14]

[15]

[16]

[17]

18]

[19]

[20]

21]

22]

23]

Bibliography

Mumford, K. A.; Mirza, N. R.; Stevens, G. W. Energy Procedia 2017, 11/,
2671-2674.

Cardiano, P.; Gomez-Laserna, O.; Mineo, P. G.; Furia, E.; Triolo, C.; Patané,

S.; Schiavo, S. L. Journal of Molecular Liquids 2017, 241, 222-230.

Brandt, A.; Ray, M. J.; To, T. Q.; Leak, D. J.; Murphy, R. J.; Welton, T.
Green Chemistry 2011, 15, 2489-2499.

Brandt, A.; Grasvik, J.; Hallett, J. P.; Welton, T. Green Chemistry 2013,
15, 550-583.

George, A.; Brandt, A.; Tran, K.; Zahari, S. M. S. N. S.; Klein-
Marcuschamer, D.; Sun, N.; Sathitsuksanoh, N.; Shi, J.; Stavila, V.;
Parthasarathi, R.; Singh, S.; Holmes, B. M.; Welton, T.; Simmons, B. A.;
Hallett, J. P. Green Chemistry 2015, 17, 1728-1734.

Walden, P. Bulletin de I’Academie Imperiale des Sciences de St.-Petersbourg.
VI serie 1914, 8, 405-422.

Plechkova, N. V.; Seddon, K. R. Chemical Society Reviews 2008, 37, 123—
150.

Hurley, F. H.; Wier, T. P. Journal of The Electrochemical Society 1951, 98,
207-212.

Hurley, F. H.; Wier, T. P. Journal of The Electrochemical Society 1951, 98,
203-206.

Chum, H. L.; Koch, V. R.; Miller, L. L.; Osteryoung, R. A. Journal of the
American Chemical Society 1975, 97, 3264-3265.

Wilkes, J. S.; Levisky, J. A.; Wilson, R. A.; Hussey, C. L. Inorganic Chem-
wstry 1982, 21, 1263-1264.

Wilkes, J. S.; Zaworotko, M. J. Journal of the Chemical Society, Chemical
Communications 1992, 965-967.



Bibliography 205

[24]

[25]

[26]

27]

28

[29]

[30]

31

[32]

33]

[34]

[35]

[36]

Fuller, J.; Carlin, R. T.; Long, H. C. D.; Haworth, D. Journal of the Chemzcal
Society, Chemical Communications 1994, 0, 299-300.

Bonhote, P.; Dias, A.-P.; Papageorgiou, N.; Kalyanasundaram, K.; Gratzel,
M. Inorganic Chemistry 1996, 35, 1168—-1178.

Cravotto, G.; Gaudino, E. C.; Boffa, L.; Lévéque, J.-M.; Estager, J.; Bon-
rath, W. Molecules 2008, 13, 149-156.

Boon, J. A.; Levisky, J. A.; Pflug, J. L.; Wilkes, J. S. The Journal of Organic
Chemistry 1986, 51, 480—483.

Zhang, H.; Xu, F.; Zhou, X.; Zhang, G.; Wang, C. Green Chemistry 2007,
9, 1208-1211.

Angelini, G.; Maria, P. D.; Chiappe, C.; Fontana, A.; Gasbarri, C.; Siani,
G. The Journal of Organic Chemistry 2009, 74, 6572-6576.

Wasserscheid, P.; van Hal, R.; Bosmann, A. Green Chemistry 2002, 4, 400—
404.

Ebner, G.; Schiehser, S.; Potthast, A.; Rosenau, T. Tetrahedron Letters
2008, 49, 7322-7324.

Amarasekara, A. S. Chemical Reviews 2016, 116, 6133-6183.

Lasségues, J. C.; Grondin, J.; Holomb, R.; Johansson, P. Journal of Raman
Spectroscopy 2007, 38, 551-558.

Huang, J.; Hollenkamp, A. F. The Journal of Physical Chemistry C' 2010,
114, 21840-21847.

Marsh, K.; Boxall, J.; Lichtenthaler, R. Fluid Phase Equilibria 2004, 219,
93-98.

Seddon, K. R. Journal of Chemical Technology € Biotechnology 1997, 68,
351-356.



206

37]

38

[39]

[40]

[41]

[42]

[43]

|44]

[45]
[46]

147]

(48]

[49]

Bibliography

Hart, W. E. S.; Harper, J. B.; Aldous, L. Green Chemistry 2015, 17, 214—
218.

Haynes, W. M. CRC Handbook of Chemastry and Physics, 94th Edition;
CRC Press, New York, 2013.

Sugden, S.; Wilkins, H. Journal of the Chemical Society (Resumed) 1929,
0, 1291-1298.

Olivier-Bourbigou, H. Aqueous-Phase Organometallic Catalysis: Concepts
and Applications; Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim, 1998.

Fox, D. M.; Awad, W. H.; Gilman, J. W.; Maupin, P. H.; Long, H. C. D ;
Trulove, P. C. Green Chemistry 2003, 5, 724-727.

Welton, T. Coordination Chemistry Reviews 2004, 248, 2459-2477.

Simley, J.; Honeywell UOP Introduces Ionic Liquids Alkylation Technology;
Press release; 2016; Date : 23. https://www.uop.com/?press_release=

honeywell-uop-introduces-ionic-1liquids.

Freemantle, M. BASF’S SMART IONIC LIQUID Process scavenges acid
on a large scale without producing solids; Chemical and Engineering News
(American Chemical Society (ACS)), 2003; Vol. 81.

Seddon, K. R. Nature Materials 2003, 2, 363—-365.
Rogers, R. D. Science 2003, 302, 792-793.

Matthias Maase, K. H., Klemens Massonne; Noe, R.; lonic liquids in the

chemaical synthesis of pharmaceuticals; 2003.

Baker, J.; ECN Innovation Awards 2004 - the winners!; Eur. Chem. News;
2004; pp. 18-19.

Burrell, A. K.; Sesto, R. E. D.; Baker, S. N.; McCleskey, T. M.; Baker, G. A.
Green Chemistry 2007, 9, 449.


https://www.uop.com/?press_release=honeywell-uop-introduces-ionic-liquids
https://www.uop.com/?press_release=honeywell-uop-introduces-ionic-liquids

Bibliography 207

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

Waterkamp, D. A.; Heiland, M.; Schluter, M.; Sauvageau, J. C.; Beyersdorff,
T.; Thoming, J. Green Chemistry 2007, 9, 1084-1090.

Khadilkar, B. M.; Rebeiro, G. L. Organic Process Research & Development
2002, 6, 826-828.

Lévéque, J.-M.; Estager, J.; Draye, M.; Cravotto, G.; Boffa, L.; Bonrath, W.
Monatshefte fur Chemie - Chemical Monthly 2007, 138, 1103-1113.

Holbrey, J. D.; Reichert, W. M.; Swatloski, R. P.; Broker, G. A.; Pitner,
W. R.; Seddon, K. R.; Rogers, R. D. Green Chemistry 2002, 4, 407-413.

Bradaric, C. J.; Downard, A.; Kennedy, C.; Robertson, A. J.; Zhou, Y. Green
Chemistry 2002, 5, 143-152.

Gao, J.; Liu, J.; Liu, W.; Li, B.; Xin, Y.; Yin, Y.; Gu, J.; Zou, Z. Interna-
tional Journal of Hydrogen Energy 2012, 37, 13167-13177.

Seddon, K. R.; Stark, A.; Torres, M.-J. Pure and Applied Chemistry 2000,
72, 2275-2287.

Earle, M. J.; Gordon, C. M.; Plechkova, N. V.; Seddon, K. R.; Welton, T.
Analytical Chemistry 2007, 79, 758-764.

Thomazeau, C.; Olivier-Bourbigou, H.; Magna, L.; Luts, S.; Gilbert, B.
Journal of the American Chemical Society 2003, 125, 5264-5265.

Gericke, M.; Fardim, P.; Heinze, T. Molecules 2012, 17, 7458-7502.

Stark, A.; Behrend, P.; Braun, O.; Muller, A.; Ranke, J.; Ondruschka, B.;
Jastorft, B. Green Chemistry 2008, 10, 1152-1161.

Muldoon, M. J.; McLean, A. J.; Gordon, C. M.; Dunkin, I. R. Chemical
Communications 2001, 2364-2365.

Armarego, W. L.; Chai, C. Purification of Laboratory Chemicals 7th Edition;

Butterworth-Heinemann, Massachusetts, 2012.



208

63]

[64]

[65]

|66]
[67]

|68

[69]

[70]
71

72]

73]

[74]

[75]

|76]

[77]

Bibliography
Holbrey, J. D.; Rogers, R. D.; Shukla, S. S.; Wilfred, C. D. Green Chem.
2010, 12, 407-413.
Mori S., U. M., Ida K.; Process for producing quarternary salts; 1990.

Fukumoto, K.; Yoshizawa, M.; Ohno, H. Journal of the American Chemical
Society 2005, 127, 2398-2399.

Olah, G.; Prakash, G.; Sommer, J. Superacids; Wiley, New Jersey, 1985.
Arrhenius, S. Zeitschrift fur Physikalische Chemie 1887, 1U.

Finston, H.; Rychtman, A. A New View of Current Acid-Base Theories;
Wiley, New Jersey, 1982.

Bronsted, J. N. Recueil des Travaux Chimiques des Pays-Bas 1923, /2, T18—
728.

Lowry, T. M. Journal of the Society of Chemical Industry 1923, 42, 43-47.
Bronsted, J. N. Zeitschrift fur Physikalische Chemie 1934, 169A.

Audrieth, L. F.; Moeller, T. Journal of Chemical Fducation 1943, 20, 219—
222.

Lewis, G. N. Valence and the structure of atoms and molecules; The Chem-

ical Catalog Company, inc., New York, 1923.

Davis, M. M.; Schuhmann, P. J. Journal of Research of the National Bureau
of Standards 1947, 39, 221.

Hantzsch, A. Berichte der Bunsengesellschaft fur physikalische Chemie
1924, 30, 194-214.

Hantzsch, A.; Voigt, W. Berichte der deutschen chemischen Gesellschaft (A
and B Series) 1929, 62, 975-984.

Kolthoff, M.; J., P. Journal of the American Pharmaceutical Association
(Scientific ed.) 1960, 49, 181.



Bibliography 209

78]
[79]
[80]
[81]

82]

83]

[84]

[85]

[86]

87]

88

[89]

[90]

91

92]

Wilson, A. pH Meters; Kogan Page, London, 1970.

Henderson, L. J. American Physiological Society 1908, 22, 427-448.
Hasselbalch, K. A. Biochemische Zeitschrift 1917, 78, 112-114.
Vanysek, P. The FElectrochemical Society INTERFACE 2004.

Johnson, K. E.; Pagni, R. M.; Bartmess, J. Monatshefte fA@r Chemie -
Chemical Monthly 2007, 138, 1077-1101.

Weissermel, K.; Arpe, H.-J. Industrial Organic Chemistry; Wiley-VCH Ver-
lag GmbH, Weinheim, 1997.

Reichardt, C.; Welton, T. Solvents and Solvent Effects in Organic Chemistry,
4th, Updated and Enlarged Edition; Wiley-VCH Verlag GmbH, Weinheim,
2011.

Clark, J. H.; Macquarrie, D. Handbook of Green Chemistry and Technology;
Blackwell Science Ltd, Oxford, 2002.

Panossian, Z.; de Almeida, N. L.; de Sousa, R. M. F.; de Souza Pimenta, G.;
Marques, L. B. S. Corrosion Science 2012, 58, 1-11.

Margolese, D.; Melero, J. A.; Christiansen, S. C.; Chmelka, B. F.; Stucky,
G. D. Chemistry of Materials 2000, 12, 2448-2459.

Melero, J. A.; van Grieken, R.; Morales, G. Chemical Reviews 2006, 106,
3790-3812.

Dacquin, J. P.; Lee, A. F.; Pirez, C.; Wilson, K. Chemical Communications
2012, /8, 212-214.

Karimi, B.; Zareyee, D. Organic Letters 2008, 10, 3989-3992.

Wilkes, J. S.; Wasserscheid, P.; Welton, T. In lonic Liquids in Synthesis;
Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim; pp 1-6.

Greaves, T. L.; Drummond, C. J. Chemical Reviews 2008, 108, 206-237.



210

193]

[94]

[95]

[96]

197]

98]

199]

[100]

[101]

102]

[103]

104]

[105]

[106]

Bibliography
MacFarlane, D. R.; Pringle, J. M.; Johansson, K. M.; Forsyth, S. A.; Forsyth,
M. Chemical Communications 2006, 1905-1917.

Masahiro Yoshizawa, W. X.; Angell, C. A. Journal of American Chemical
Society 2003, 15411-15419.

Matsuoka, H.; Nakamoto, H.; Susan, M. A. B. H.; Watanabe, M. Flec-
trochimica Acta 2005, 50, 4015-4021.

Noda, A.; Susan, M. A. B. H.; Kudo, K.; Mitsushima, S.; Hayamizu, K.;
Watanabe, M. The Journal of Physical Chemistry B 2003, 107, 4024-4033.

Nuthakki, B.; Greaves, T. L.; Krodkiewska, I.; Weerawardena, A.; Burgar,
M. I.; Mulder, R. J.; Drummond, C. J. Australian Journal of Chemistry
2007, 60, 21-2.

Bao, X. National Science Review 2015, 2, 137-137.

Sheldon, R. Chemical Communications 2001, 2399-2407.

Muzart, J. Advanced Synthesis € Catalysis 2006, 348, 275-295.

Taheri, A.; Lai, B.; Cheng, C.; Gu, Y. Green Chemistry 2015, 17, 812-816.

Elavarasan, P.; Kondamudi, K.; Upadhyayula, S. Chemical Engineering
Journal 2011, 166, 340-347.

Cui, P.; Zhao, G.; Ren, H.; Huang, J.; Zhang, S. Catalysis Today 2013, 200,
30-35.

Xu, Z.; Wan, H.; Miao, J.; Han, M.; Yang, C.; Guan, G. Journal of Molecular
Catalysis A: Chemical 2010, 332, 152-157.

Zhang, C.; Pan, X.-Y.; Yu, M.-J.; Jin, L.; Wu, G. Chemical Engineering
Journal 2012, 209, 464-468.

Ullah, Z.; Bustam, M. A.; Man, Z. Renewable Energy 2015, 77, 521-526.



Bibliography 211

[107]

[108]

[109]

[110]
[111]

[112]

[113]

114)

[115]

[116]

[117]

[118]

[119]

[120]

Olkiewicz, M.; Plechkova, N. V.; Earle, M. J.; Fabregat, A.; Stuber, F.;
Fortuny, A.; Font, J.; Bengoa, C. Applied Catalysis B: Environmental 2016,
181, 738-746.

Stocker, M. Angewandte Chemie International Edition 2008, 47, 9200-9211.

Muhammad, N.; Omar, W. N.; Man, Z.; Bustam, M. A.; Rafiq, S.; Uemura,
Y. Industrial €& FEngineering Chemistry Research 2012, 51, 2280-2289.

Centi, G.; Lanzafame, P.; Perathoner, S. Catalysis Today 2011, 167, 14-30.
Cox, B. J.; Ekerdt, J. G. Bioresource Technology 2013, 134, 59-65.

Brandt, A.; Hallett, J. P.; Leak, D. J.; Murphy, R. J.; Welton, T. Green
Chemistry 2010, 12, 672-679.

Xu, J.-K.; Chen, J.-H.; Sun, R.-C. Bioresource Technology 2015, 193, 119-
127.

Grasvik, J.; Winestrand, S.; Normark, M.; Jonsson, L. J.; Mikkola, J.-P.
BMC Biotechnology 2014, 1/, 34.

Malihan, L. B.; Nisola, G. M.; Mittal, N.; Seo, J. G.; Chung, W.-J. Renewable
Energy 2014, 66, 596-604.

Mood, S. H.; Golfeshan, A. H.; Tabatabaei, M.; Abbasalizadeh, S.; Ardj-
mand, M.; Jouzani, G. S. Preparative Biochemistry and Biotechnology 2014,
44, 451-463.

Brandt-Talbot, A.; Gschwend, F. J. V.; Fennell, P. S.; Lammens, T. M.;
Tan, B.; Weale, J.; Hallett, J. P. Green Chemistry 2017, 19, 3078-3102.

Amarasekara, A. S.; Razzaq, A. Carbohydrate Research 2014, 386, 86-91.

Ding, Z.-D.; Shi, J.-C.; Xiao, J.-J.; Gu, W.-X_; Zheng, C.-G.; Wang, H.-J.
Carbohydrate Polymers 2012, 90, 792-798.

Alam, M. L; De, S.; Dutta, S.; Saha, B. RSC Advances 2012, 2, 6890.



212

[121]

[122]

[123]

124]

[125]

|126]
[127]

[128]

[129]

[130]

[131]

[132]

[133]

Bibliography
Eminov, S.; Wilton-Ely, J. D. E. T.; Hallett, J. P. ACS Sustainable Chemistry
& Engineering 2014, 2, 978-981.

Diaz, M.; Ortiz, A.; Ortiz, 1. Journal of Membrane Science 2014, /69, 379—
396.

Yasuda, T.; Watanabe, M. MRS Bulletin 2013, 38, 560-566.

Chen, B.-K.; Wong, J.-M.; Wu, T.-Y.; Chen, L.-C.; Shih, I.-C. Polymers
2014, 6, 2720-2736.

Chen, B.-K.; Wu, T.-Y.; Kuo, C.-W.; Peng, Y.-C.; Shih, [.-C.; Hao, L.; Sun,
I.-W. International Journal of Hydrogen Energy 2013, 38, 11321-11330.

Pundir, S. S.; Mishra, K.; Rai, D. K.; AIP Conferece Proceedings; p 1266.
Ye, Y.-S.; Rick, J.; Hwang, B.-J. Polymers 2012, 4, 913-963.

Chen, L.; Mullen, G. E.; Le Roch, M.; Cassity, C. G.; Gouault, N.; Fadamiro,
H. Y.; Barletta, R. E.; O'Brien, R. A.; Sykora, R. E.; Stenson, A. C.; West,
K. N.; Horne, H. E.; Hendrich, J. M.; Xiang, K. R.; Davis, J. H. Angewandte
Chemie International Edition 2014, 53, 11762-11765.

Dupont, J.; de Souza, R. F.; Suarez, P. A. Z. Chemical Reviews 2002, 102,
3667-3692.

Smith, G. P.; Dworkin, A. S.; Pagni, R. M.; Zingg, S. P. Journal of the
American Chemical Society 1989, 111, 525-530.

Olivier-Bourbigou, H.; Magna, L. Journal of Molecular Catalysis A: Chem-
tcal 2002, 182-183, 419-437.

Qiao, C.-Z.; Zhang, Y.-F.; Zhang, J.-C.; Li, C.-Y. Applied Catalysis A: Gen-
eral 2004, 276, 61-66.

Cole, A. C.; Jensen, J. L.; Ntai, I.; Tran, K. L. T.; Weaver, K. J.; Forbes,
D. C.; Davis, J. H. Journal of the American Chemical Society 2002, 12/,
5962-5963.



Bibliography 213

[134] Wasserscheid, P.; Sesing, M.; Korth, W. Green Chemistry 2002, /, 134-138.
[135] Ross, J.; Xiao, J. Green Chemistry 2002, 4, 129-133.

[136] Tang, S.; Scurto, A. M.; Subramaniam, B. Journal of Catalysis 2009, 268,
243-250.

[137] Anouti, M.; Caillon-Caravanier, M.; Floch, C. L.; Lemordant, D. The Jour-
nal of Physical Chemistry B 2008, 112, 9406-9411.

[138] Shen, Y.; Kennedy, D. F.; Greaves, T. L.; Weerawardena, A.; Mulder, R. J.;
Kirby, N.; Song, G.; Drummond, C. J. Physical Chemistry Chemical Physics
2012, 14, 7981.

[139] Afkhami, A.; Khajavi, F.; Khanmohammadi, H. Analytica Chimica Acta
2009, 634, 180-185.

[140] Adam, C.; Bravo, M. V.; Mancini, P. M. Tetrahedron Letters 2014, 55,
148-150.

[141] Chiappe, C.; Pieraccini, D. The Journal of Physical Chemistry A 2006, 110,
4937-4941.

[142] Robert, T.; Olivier-Bourbigou, H.; Magna, L.; Gilbert, B.; ECS Transac-
tions; pp 71-82.

[143] Robert, T.; Magna, L.; Olivier-Bourbigou, H.; Gilbert, B. Journal of The
Electrochemical Society 2009, 156, F115.

[144| Malherbe, C.; Robert, T.; Magna, L.; Olivier-Bourbigou, H.; Gilbert, B.;
ECS Transactions; pp 3-16.

[145] Xing, H.; Wang, T.; Zhou, Z.; Dai, Y. Journal of Molecular Catalysis A:
Chemical 2007, 264, 53-59.

[146] Shukla, S. K.; Kumar, A. Chemical Physics Letters 2013, 566, 12-16.

[147] Grasvik, J.; Hallett, J. P.; To, T. Q.; Welton, T. Chemical Communications
2014, 50, 7258 T261.



214

[148]

[149]

[150]

[151]

[152]

153

[154]

[155]

[156]

[157]

[158]
[159]

[160]

|161]

Bibliography
Farcasiu, D.; Ghenciu, A. Progress in Nuclear Magnetic Resonance Spec-
troscopy 1996, 29, 129-168.

Srinivasan, K.; Siddiqui, S.; Potewar, T.; Lahoti, R. Synthesis 2006, 17,
2849-2854.

McCune, J. A.; He, P.; Petkovic, M.; Coleman, F.; Estager, J.; Holbrey,
J. D.; Seddon, K. R.; Swadzba-Kwasny, M. Physical Chemistry Chemical
Physics 2014, 16, 23233-23243.

Porras, S. P.; Kenndler, E. Journal of Chromatography A 2004, 1037, 455—
465.

Mussini, P. R.; Mussini, T.; Rondinini, S. Pure and Applied Chemistry 1997,
69, 1007-1014.

Hammett, L. P.; Deyrup, A. J. Journal of the American Chemical Society
1932, 54, 2721-2739.

Paul, M. A.; Long, F. A. Chemical Reviews 1957, 57, 1-45.

Gillespie, R.; Peel, T. In Advances in Physical Organic Chemistry; Elsevier,
1971; pp 1-24.

Gillespie, R. J.; Peel, T. E. Journal of the American Chemical Society 1973,
95, 5173-5178.

Hammett, L. P.; Deyrup, A. J. Journal of the American Chemical Society
1932, 5/, 4239-4247.

Paul, M. A. Journal of American Chemical Society 1954, 76, 3236-3239.
Braude, E. A. Journal of the Chemical Society (Resumed) 1948, 1971-1975.

Tickle, P.; Briggs, A. G.; Wilson, J. M. Journal of the Chemical Society B:
Physical Organic 1970, 0, 65-70.

Jorgenson, M. J.; Hartter, D. R. Journal of the American Chemical Society
1963, 85, 878-883.



Bibliography 215

|162]

[163]

[164)

[165]

[166]

167

[168]

[169]

[170]

[171]

[172]

173

[174]

[175]

Randles, J. E. B.; Tedder, J. M. Journal of the Chemical Society (Resumed)
1955, 0, 1218-1223.

Kuivila, H. G. The Journal of Physical Chemistry 1955, 59, 1028-1030.

Kislina, I. S.; Sysoeva, S. G.; Librovich, N. B. Kinetics and Catalysis 2005,
46, 37-42.

Kislina, I. S.; Librovich, N. B.; Sysoeva, S. G. Russian Journal of Physical
Chemistry A 2009, 83, 1111-1116.

Fadeeva, Y. A.; Nikolaeva, A. V.; Safonova, L. P. Journal of Molecular
Liquids 2014, 193, 1-5.

Farcasiu, D.; Fisk, S. L.; Melchior, M. T.; Rose, K. D. The Journal of Organic
Chemistry 1982, 47, 453-457.

Farcasiu, D.; Marino, G.; Miller, G.; Kastrup, R. V. Journal of the American
Chemical Society 1989, 111, 7210-7213.

Farcasiu, D.; Ghenciu, A. Journal of the American Chemical Society 1993,
115, 10901-10908.

Grondin J., C. A.; Sagnes P. Bulletin de la Societe Chimique de France 1976,
1779.

Taft, R. W.; Levins, P. L. Analytical Chemistry 1962, 34, 436—437.

McClelland, R. A.; Reynolds, W. F. Canadian Journal of Chemistry 1976,
54, T18-725.

Hibbert, R. C.; Logan, N. Journal of the Chemical Society, Dalton Transac-
tions 1985, 865.

Angueira, E.; White, M. Journal of Molecular Catalysis A: Chemical 2007,
277, 164-170.

Arnett, E. M.; Scorrano, G. In Advances in Physical Organic Chemistry;
Elsevier, 1976; pp 83-153.



216

[176]

177]

[178]

179

[180]

|181]

[182]

[183]

[184]

[185]

[186]

[187]
[188]

[189)

Bibliography
Farcasiu, D.; Ghenciu, A. The Journal of Organic Chemistry 1991, 56,
6050-6052.

Greig, C. C.; Johnson, C. D. Journal of the American Chemical Society
1968, 90, 6453-6457.

Arnett, E. M.; Quirk, R. P.; Larsen, J. W. Journal of the American Chemical
Society 1970, 92, 3977-3984.

Brouwer, D. Tetrahedron Letters 1969, 453.

Olah, G. A.; Halpern, Y.; Mo, Y. K.; Liang, G. Journal of the American
Chemical Society 1972, 94, 3554-3561.

Cox, R. A.; Yates, K. Canadian Journal of Chemistry 1983, 61, 2225-2243.

Zhang, S.; Zhang, T.; Tang, S. Journal of Chemical & Engineering Data
2016, 61, 2088-2097.

Stoyanov, E. S.; Kim, K.-C.; Reed, C. A. The Journal of Physical Chemistry
A 2004, 108, 9310-9315.

Farcasiu, D.; Hancu, D. Journal of the Chemical Society, Faraday Transac-
tions 1997, 93, 2161-2165.

Koppel, 1. A.; Taft, R. W.; Anvia, F.; Zhu, S.-Z.; Hu, L.-Q.; Sung, K.-S;
DesMarteau, D. D.; Yagupolskii, L. M.; Yagupolskii, Y. L. Journal of the
American Chemical Society 1994, 116, 3047-3057.

Foropoulos, J.; DesMarteau, D. D. Inorganic Chemistry 1984, 23, 3720—
3723.

Jackson, G. P.; Duckworth, D. C. Chemical Communications 2004, 522—523.
To, T. Q.; Ph.D. thesis; Imperial College London; 2013.

Burba, C. M.; Rocher, N. M.; Frech, R. The Journal of Physical Chemistry
B 2009, 115, 11453-11458.



Bibliography 217
[190| Bradaric, C. J.; Zhou, Y.; Phosphonium salts and methods of their prepara-
tion; 2004.

[191| Davidson, R. M.; Kenyon, G. L. The Journal of Organic Chemistry 1980,
45, 2698-2703.

[192| Averill, B. A.; Eldredge, P. General Chemistry: Principles, Patterns, and
Applications; Saylor Foundation, Washington DC, 2011.

[193] Tromp, R. H.; Spieser, S. H.; Neilson, G. W. The Journal of Chemical
Physics 1999, 110, 2145-2150.

[194] Crowhurst, L.; Ph.D. thesis; University of London; 2006.

[195] Matthews, R. P.; Villar-Garcia, I. J.; Weber, C. C.; Griffith, J.; Cameron, F;
Hallett, J. P.; Hunt, P. A.; Welton, T. Physical Chemistry Chemical Physics
2016, 18, 8608-8624.






Appendix A

Appendix

A.1 Maths: From equation 16 to equation 17 (Chap-
ter 2)

The proton transfer equilibrium in the acid solution between the solvated proton

and an electro-neutral weak base B (as the probe) can be written as follows:
B + AH," = BH" + AH (16)

Since the proton is solvated (AH,") and that AH is the solvent, the equilibrium

can be written as;
B + H" = BH"(17)

The corresponding thermodynamic equilibrium constant is K gy+, which is de-

fined as;

219
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where « is the activity, C the concentration and f the activity coefficient. From

this equation, it follows that;

CBH+ 1 fB

Cs o KBH+. Gt @ fBH+ (19)

As the first ratio stands for the degree of protonation, Hammett and Deyrupp
defined the acidity function, Hy by:

+ B
where it can be written for further discussion in the more usual form:

Hy = pKpp+ - log % (20)

in which pKgy+ is the pK, of the conjugate acid of the probe base (referred
to ideal dilute solution in water), and [BH+]| and [B] are the concentration of base
in its protonated and unprotonated forms. The “0” subscript of Hy denotes the

charges of the probe bases.

A.2 Data for the acidity measurements of [C,C;im|[HSO4]-
H>SO4 system
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Figure A.2.1 - 3C NMR spectra of mesityl oxide in [C4Cyim][HSO4] + 0.066
XH2504

The results for the |C4C;im|[HSO4]-H5SO4 system were shown in the Figure
A.2.2.
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Figure A.2.2 - Hy values vs. xm,50, in the [C4Ciim||[HSO4|-H2SO4 mixture
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