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Abstract

Ionic liquids have attracted much interest in recent years, but few papers have
contributed to an understanding of how ionic liquids effect reactions. This slows the
introduction of these solvents, as it is difficult to predict circumstances in which they
might be useful, or indeed the best ionic liquid to use in each case. In order for the full
potential of these novel solvents to be explored, possible structure activity correlations

must be investigated.

The nature of acidity in ionic liquids is a particularly confused subject in the literature.
To this end, possible correlations between physical properties of ionic liquids and
observed effects in acid catalysed reactions have been investigated. Work here is
focussed on utilising the Kamlet-Taft polarity measurements of ionic liquids, along with
Hammett acidity measurements and kinetics results from a Fischer-Indole reaction to

further understanding of acid behaviour in ionic liquids.

The Kamlet-Taft parameters have been measured for the first time in a range of ionic
liquids, and have been found to be useful descriptors for the general solvating properties
of ionic liquids. The Kamlet-Taft measurements not only allow comparisons between
different ionic liquids and molecular solvents, but trends seen between the ionic liquid
set leads to prediction and therefore design of the solvent parameters of novel ionic
liquids. Kamlet-Taft LSERs have been augmented to include ionic liquids, and applied
to data in the literature from a variety of solvent-dependant processes, including kinetic

data from the investigated Fischer-Indole reaction, with varying degrees of success.

Investigations on the effective acidity of bistrifluoromethanesulphonamide (imidic acid)
in different ionic liquids gave unexpected results, and provided insight into how ionic
liquids can give seemingly contradictory results in different situations. In particular,
investigations point to a lack of stability of [BFs}-, [PFs]- and [SbFe]- ionic liquids in acidic

systems.
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Chapter 1 - Ionic Liquids Introduction

1.1 The need for novel solvents

Most chemical processes require a solvent, whether it is to aid thermal equilibration, to
facilitate mixing of starting materials or to govern the outcome of a reaction. In theory
any liquid may be used as a solvent, but at present the vast majority are volatile organic
compounds (VOCs). In recent years VOCs have fallen out of favour as they pose a great
threat to the environment. They are damaging for two main reasons; (i) they are used in
great quantities and (ii) they are difficult to contain due to their inherent volatility. For
industry the expense of containment and disposal of these chemicals is large, and
growing public awareness of environmental issues is leading to a lack of confidence in
institutions that are seen to be environmentally ‘unfriendly’. This makes the
investigation into viable alternatives for VOCs one of great financial and environmental

importance.

Of the various alternatives to VOCs that have been investigated, ionic liquids have

shown great promise and have attracted a lot of academic and industrial interest.1

1.2 Ionic liquids

Ionic liquids are solvents that consist entirely of ions. In the simplest case, an ionic liquid
would be a common salt, such as NaCl, that had been heated until it melted. The main
difficulty with the use of common salts as solvents is that their operating temperature is
too high, for example NaCl doesn’t melt until 800°C - a temperature that would lead to
degradation in the majority of organic reactions. However, through careful selection of
starting materials, it is possible to create salts that are molten for a range of temperatures,
the most useful of which being those that are liquid at ambient temperature. It is these
ambient or room temperature ionic liquids (RTILs) that have been the basis for most recent

work.

Most RTILs are made up of a large, sterically bulky organic cation that is associated with
a weakly coordinating inorganic or organic anion. Cations and anions typically used to

make ionic liquids are listed (Figure 1.1), although many other species are used.
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Cations
OF INRyHy 0" (s
RN R
N,N'-Dialkylimidazolium Alkylammonium N-Alkylpyridinium
PR_H ]"'
[ N [ X' '4-x N
X R R/ \R'
N-Alkylthiazolium Alkylphosphonium N,N'-Dialkylpyrolidinium
Anions

CI, Br, T, [BFT, [PFgl", [AsFgT ", [AUCI T, [SnCl,], [SbF gl
[AICI4T", [Al,CL T, [AlgCly gl

[CF3SO3T, [(CF3S0) NI

Figure 1.1: Cations and anions typically used in ionic liquids

Ionic liquids are solvents of great interest due to their many attractive physical and

chemical properties:

1l

2l

They consist entirely of ions, and so exhibit no appreciable vapour
pressure

This means that environmental contamination through evaporation is not an
issue, and high vacuum techniques may be employed in synthesis without

expensive losses. This could also lead to easy recycling of ionic liquids.

They often have large liquid and thermal stability windows
Ionic liquids frequently have operating ranges of over 300°C, which enable them

to be used in both elevated and sub-zero reaction temperatures.

They are capable of solvating a wide spectrum of solutes whilst
remaining immiscible with many organic solvents

As they usually have both organic and inorganic components they can often

solvate inorganic, organic and polymeric materials. Coupled with their
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5.

immiscibility with many organic solvents leads to the possibility of bi-phasic

synthesis.

They are often polar non-coordinating solvents

This allows them to act as good solvents for polar and ionic compounds without
the danger of them acting as nucleophiles towards active metal centres in

synthesis and catalysis.

They provide novel reaction conditions

Since ILs are not molecular, the outcome of a reaction is not always known. This
leads to great opportunities, not only to discover novel or improved syntheses,

but also to elucidate some of the mechanisms behind known reactions.

They can be designed for specific uses

Since ionic liquids are made up of two chemically discreet entities, it is possible to
choose components to give the chemical and physical properties that you desire.

For this reason, ionic liquids are often referred to as “Designer Solvents” 2

Although the first room temperature ionic liquid was discovered in 1914, interest in

ionic liquids only started with the discovery of the halogenoaluminate(Ill) and

alkylhalogenoaluminate(IlI) ionic liquids in the 1950’s.# These ionic liquids provoked

interest because they provided a wealth of new chemistry, but they were air and

moisture sensitive, difficult to prepare and extremely toxic, so interest remained almost

solely academic. It was only with the discovery of the first easily prepared air and

moisture stable ionic liquid by Wilkes et al. in 1990 that ionic liquids being in general use

became a possibility, particularly in the area of catalysis, where the harsh conditions of

the halogenoaluminate ionic liquids restricted use.5

Wilkes et al5 made 1-ethyl-3-methylimidazolium tetrafluoroborate or [emim][BF,] via a

metathesis reaction (Figure 1.2)
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[emim][l] + Ag[BF4] ———— [emim][BF4] + Agl

Figure 1.2: The metathesis reaction used for ionic liquid formation

This reaction was simple, requiring only standard glassware and commercially available
starting materials, and opened the way to many similarly simple syntheses of different

ionic liquids.

Other methods have since been developed to synthesise a range of different ‘moisture
stable ionic liquids’, and are summarised in Figure 1.3. The first stage of synthesis
almost always involves the quaternisation of a heteroalkyl group with a haloalkane to
form a salt. In some cases this product is an RTIL, but if it is not possible to get to a

desired anion in a range of different ways, including the metathesis reaction shown.

NR VX o _
Rl (Lewis acid) [R'R3N]* [MX,,4]

+ HX

(1)

+ R'X
NR; » [R'R3N]* X

+ metal salt
or + Bronsted acid
or + ion exchange resin

[R'RN]* [AT

Figure 1.3: Generalised synthetic route for the different ionic liquids.®

Where the heteroalkane is represented as a trialkylamine, as is frequently the case.

It is this 'new breed’ of ionic liquids that are now being investigated as possible
successors to volatile organic compounds, having found uses in a diverse range of
reactions such as Diels-Alder, hydrogenation, electrophilic substitutions and palladium-
catalysed cross-coupling reactions.!”# Dialkylimidazolium based ionic liquids are the

most widely used, and form the basis of this study.
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2.1 Introduction

2.1.1 Solvent effects on reactions?

It has long been known that choice of solvent can affect the outcome of a reaction. In
1887 Menschutkin proposed that a reaction rate was completely inseparable from the
medium in which it was performed? arousing interest in solvent effects. In 1896 the
effect of solvent on chemical equilibrium was first noted, with the discovery of keto-enol
tautomerisation.?> Wislicenus® stated that the ratio in which the two tautomeric forms
exist depends on the nature of the solvent and on its dissociating power. He also
suggested that dielectric constants might prove to be a good measure of this ‘power’.
This lead to the idea that one could rank solvents in terms of their effect on a particular

reaction, and possibly even use physical constants in a predictive capacity.

The ability to predict a reaction outcome is central to chemistry, both academic and
industrial, as it would reduce the time and expense involved in developing new
reactions. As explained above, understanding the role of solvents is an extremely
important part of this, and has never been more important than in the case of ionic
liquids. Ionic liquids can only be practicable as “Designer Solvents” if it is understood
which properties can be altered, and for this it is necessary to have knowledge of the
characteristics particular to certain anions or cations, and also of those intrinsic to ionic
liquids in general. For this reason we must look at the ways in which solvents have been
classified in the past, and which have been most successfully used in the prediction of

reactions.
2.1.1.1 Solvent effect on reaction rate and equilibrium

Many examples of the affect of changing solvent can be seen in the literature, as
described previously, but it is possible to show from theory how this might be the case
for both the equilibrium position and rate of a reaction. From the free energy diagram
shown (Figure 2.1) it is possible to analyse the effect of solvent change on the

equilibrium position of a process.
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Figure 2.1: One-dimensional Gibbs energy diagram for an equilibrium
reaction A = B in solvent I and solvent II

AGO(I), AGO(H): Gibbs free energy of reaction in solvents I and II, respectively;
AGO(A, 1), AGO(B, —m: Gibbs free energy of transfer of solutes A and B in solvents I and II,
respectively

From Figure 2.1 it can be seen that a change in solvent can change the Gibbs free energy
of a reaction, and according to Equation 2.1, this then alters the equilibrium state of the
reaction. In this case, the equilibrium is moved towards the product B on going from

solvent I to solvent I1.

AG=-RT -InK

Equation 2.1: The relationship between the Gibbs free energy of a reaction
and the equilibrium constant, K

The effect of different solvents on the rate of a reaction can be analysed by reviewing

Figure 2.2.
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(AB)7é C+ D

A + B

Figure 2.2: Transition state theory used in the analysis of solvent effect on

rate of reaction

Where A and B are the reactants, (AB)* is the activated complex and C and D are the products
of the reaction.

Quantitative allowances for the effect of solvent-induced changes in this reaction can be
made by calculating the difference between the partial Gibbs free energies of solvation of

the activated complex (AB)* and the initial reactants A and B (Equation 2.2).

1
Ink =1Ink, - E (AG, ., +AG, ,, — AG(AB);e,xolv)

Equation 2.2: The effect of solvent change on reaction rate

ko is the rate constant in a standard solvent or gas phase; k is the rate constant in the solvent
under consideration; AG is the change in Gibbs free energy of solvation associated with going
from one solvent for A, B, and the activated complex (AB)*, respectively.

However, this equation is too complex to allow the prediction of solvent effects.
Hughes-Ingold determined that in any reaction a change to a more polar solvent will
increase or decrease the reaction rate depending on whether the activated reaction

complex is more or less dipolar than the initial reactant(s). More specifically this means:

(a) Increasing solvent polarity results in an increase in the rates of those reactions
in which the charge density is greater in the activated complex than in the

initial reactant molecule(s)

(b) Increasing solvent polarity results in a decrease in the rates of those reaction
in which the charge density is lower in the activated complex than in the

initial reactant molecule(s)
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(c) A change in solvent polarity will have a negligible effect on the rates of those
reactions that involve little or no change in the charge density on going from

reactant(s) to the activated complex

Application of the Hughes-Ingold rules means that with the determination of even a
simple solvent scale in ionic liquids, it would be possible to qualitatively predict the
relative rates of reaction for different ionic liquids for any well-understood process, and
to then relate these results to those of molecular solvents. However, as will be discussed,

the concept of polarity is not a straight-forward one.

2.1.2 Solvent classification

In the past, solvents have been classified according to many different conventions,
depending on the reason for classification. Standard practices have been varied and
have included classification due chemical constitution (i.e. whether molecular, ionic or
atomic in structure); according to physical constants (e.g. melting point, boiling point,
dipole moment, dielectric constant, etc); in terms of acid-base behaviour (e.g. Bronsted-
Lowry, Lewis, Hard-Soft Acid-Base etc;) and, more recently, in terms of specific solvent-
solute interactions (Chapter 2.1.6). The most successful approach to date has been to
use two or more of the classification types above, e.g. a specific solvent-solute interaction
coupled with dipole moment. This statistical multivariate method is more complicated

but generally yields better correlations with reaction data.

2.1.3 The concept of polarity

Until recently the most widely used classifications have been those based on physical
constants. This was mainly for convenience, since many different physical constants had
been catalogued for the majority of solvents and could be easily correlated with
experimental data. Of these, dipole moments and dielectric constants were seen to be
the most connected with the solvating properties of liquids, as they were the most

connected with simple charge solvation models.
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Molecules that possess permanent dipole moments are called polar as opposed to apolar
or nonpolar. As dipole moments began to be used to quantify the solvating properties of
solvents, these terms were used to describe bulk liquids and not just individual
molecules, hence the term ‘polar’ or ‘nonpolar” solvent. This terminology was then also
extended for use with dielectric constants, with solvents giving high values being called

‘polar’ and those giving low values being called ‘nonpolar’.

The indiscriminate use of both dielectric constants and dipole moments to characterise
the ‘polarity” of solvents is inherently problematic, since the two properties are not
directly related (Figure 2.3). Add to this the non-definition of ‘polarity’, but its frequent
use as a qualitative descriptor of the solvating properties of liquids, and it is clear that

‘polarity’ is an extremely misunderstood and misused term.
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Figure 2.3: Scatter-graph of dipole moment, u, against dielectric constant, ¢,

for a variety of solvents.

When dealing with solvent effects in chemistry, the most useful thing to quantify would
be the overall solvating ability of the liquid. This is not dependant on one particular
physical property of the solvent, but is rather a sum of all the specific and non-specific

interactions that might occur between a solvent and solute. The number of interactions
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involved is large, and could include Coulombic, directional, inductive, dispersion,
hydrogen-bonding, and electron pair donor/acceptor (EPD/EPA) forces. It is the sum of
these interactions that is important to solvation (and the exclusion of those which lead to
chemical change) that Reichardt finally defined as being polarity.! It is this definition of

polarity that will be used throughout this report.

2.1.4 Measurement of polarity

Given the larger view of polarity and solvation, it is not surprising that physical
constants are not suitable measures of these properties, and it became necessary to look

to other methods of measuring polarity.

The first empirical polarity scale was constructed by Grunwald and Winstein, where the
‘ionising power’, Y, was calculated using the rate of solvolysis of fert-butylchloride in
different solvents.# This reaction is strongly accelerated by polar protic solvents, and the
subsequent scale had some success with the prediction of different solvent effects in

other, similar reactions.

Since polarity is a measure of the interactions that occur between a solvent and solute,
the logical thought is that it would be best to measure polarity via the use of a probe
molecule. A probe molecule would be one that had an easily measurable property that
changed upon going from one solvent environment to another. Molecules particularly
suited to this approach are solvatochromic dyes, and the first suggestion of their use in
forming a polarity scale was made by Brooker in 1951.5 The first comprehensive solvent

scale constructed using a dye was published by Kosower in 1958.6

The Kosower scale was based on the longest wavelength intermolecular charge-transfer
transition of 1-ethyl-4-methoxycarbonylpyridinium iodide (Figure 2.4). The problem
with the scale is that it cannot be used to measure very polar solvents since the peak of

interest moves under a much stronger 7 — 7* transition peak.

25



Chapter 2 - Polarity Introduction
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Figure 2.4: Kosower’s dye and the origin of the intermolecular charge-

transfer transition

Despite the flaw in Kosower’s system, the advantages of his approach had been proven,
and many different polarity scales were constructed, utilising many different properties.

These can be categorised into four distinct types:
1) equilibrium and rate constants of chemical reactions
(ii) spectroscopic and other properties of solvents (UV-vis, IR, ESR and NMR)
(iii)  spectroscopic and other properties of solutes
(iv)  multiparameter approaches

A comprehensive list of the different solvent polarity scales and their development can

be found in a recent review by Katritzsky et. al..”

It should be remembered that although some of the polarity scales are more successful
than others, it is not possible for any one scale to be universally useful in all kinds of
reactions, since all are hindered in some manner by the method or theoretical limitations
of measurement. However, in choosing a polarity scale to extend into ionic liquids, it is
best to choose one that has been measured for a large number of molecular solvents, is
easy to determine experimentally, and has been applied in the literature to as many

solvent-dependent phenomena as possible.
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Of the different empirical solvent scales, eight have found common usage; Y, Z, EX, q

B 7, DN and AN.t Of these the E;’ scale, proposed by Dimroth et al., and @, §, 7%,
proposed by Kamlet-Taft, are probably the most widely measured and applied, and

were singled out for measurement in ionic liquids.

2.1.5 Reichardt’s dye

(1)

Figure 2.5: (1) Reichardt’s dye (2) lipophyilic variant of Reichardt’s dye

In 1963 Dimroth et al.® proposed the E;’scale (Equation 2.3), an empirical measure of

polarity based on a pyridinium-N-phenoxide betaine dye (Figure 2.5).

28592

Er' = A

Equation 2.3: Calculation of E;*°

t'Y is the ionising power, Z is Kosower’s alternative value for the ionising power, Er® is the
Reichardt parameter, o, §, 7* are the Kamlet-Taft solvent parameters, and DN and AN are the
Gutmann donor and acceptor numbers, measures of Lewis acidity and basicity, respectively.
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Jmax is the wavelength maximum of the spectral component with the longest wavelength,
the intramolecular charge-transfer 7 — z* absorption band (Figure 2.6). Reichardt’s dye
exhibits the largest solvatochromic range known, with a shift of about 500nm on going

from a polar solvent (Am=453nm in water) to a nonpolar solvent (Amax=925nm in

hexane).

Eis a little cumbersome to use, so the more easily comparable E) scale was

introduced (Equation 2.4). E!is also based on Reichardt’s dye, but is normalised
between the values of 0 (TMS) and 1 (water) to produce a dimensionless scale, thus

avoiding non-SI units.

EX otvy— EXausy _ Etsomy—30.7

EN =
T
Eio(water)_ EiO(TMS) 324

Equation 2.4: Calculation of E"

The exceptionally large hypsochromict shift exhibited by Reichardt’s dye makes it
extremely sensitive to changes in solvent environment, and varied physical structures in
the dye molecule make it sensitive to an unusual range of specific and non-specific
interactions. Extensive delocalisation of the positive charge on the pyridinium nitrogen
through the ring system leads to Amax being susceptible to changes in dipolar and
polarisation interactions, while the relatively localised negative charge on the phenolic
oxygen leads to Amax changes according to the Lewis acidity of the solvent, including its
hydrogen-bonding ability.? For these reasons, Reichardt’s dye is not a good measure of
any one specific solvent-solute interaction, but it is thought of as a good measure of a

‘blend’ of interactions important to solvent effects in reactions.

* A hypsochromic shift is one where the energy of transition increases with increasing solvent
polarity.
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Figure 2.6: The origin of the z—z* absorption band in Reichardt’s dye

The main limitation of the Reichardt dye system is its ready neutralisation by acidic
solvents, making the E;° measurement of such solvents impossible. When used in

protic solvents the phenolic oxygen becomes protonated, leading to the loss of the

photoactive species (Figure 2.6) and leaving a pale yellow colour.

Another initial limitation of the E2° scale was the dye’s insolubility in nonpolar solvents,
such as aliphatic hydrocarbons, which greatly restricted the number of solvent
candidates. This lead to the production of the more lipophyllic pent-tert-butyl
substituted dye (Figure 2.5).1° This dye has shown excellent correlation with the results
seen from Reichardt’s dye and is therefore used as a secondary probe molecule for

nonpolar solvents in which the original dye is insoluble.

Despite its limitations, E;’ (and therefore E; ) shows good, mostly linear correlation
with a large number of solvent sensitive processes such as light absorption, reaction rates
and chemical equilibria, which makes it a good way of estimating solvent polarity. Also,
since an exceptionally large number of solvents have been measured using the E10 scale,
it is easy to compare measurements to those of traditional solvents, an invaluable aid in

the case of ionic liquids.

30 . . s . T . . .
E;" measurements have been obtained in a limited number of ionic liquids,!! proving its

suitability in their characterisation. It has been noted that in some cases Reichardt’s dye

is extremely sensitive to the method of preparation of the ionic liquid,!!= although at the
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commencement of this project there was no evidence to allow speculation of why this is

the case.

2.1.6 The solvatochromic comparison method

In 1976 Kamlet et al. > began a series of papers proposing a novel approach to the
problem of polarity measurement, called the solvatochromic comparison method. This
method produced a f-scale of solvent hydrogen-bond acceptor (HBA) basicities!?
(Chapter 2.1.6.1), a arscale of solvent hydrogen-bond donor (HBD) acidities!? (Chapter
2.1.6.2) and a z*-scale of solvent dipolarity/polarisability’? (Chapter 2.1.6.3). All three

scales were based on UV-vis spectral data from different solvatochromic compounds.

This approach is useful as it allows the polarity of solvents to be broken down into
specific and non-specific constituent parts; the hydrogen-bond forming ability,
important to many chemical reactions,”® and dipolarity/polarisability, the part more
normally associated with the dielectric constant of a solvent. The values have been
successfully used in multiparameter equations, in which the three parameters are used to

form linear solvation energy relationships, the simplest of which is shown (Equation 2.5).

XYZ =XYZo+aa+bf+sm*

Equation 2.5: The Kamlet-Taft LSER

XYZ can represent many different solvent-dependant properties of a solute, e.g. the
logarithm of a rate or equilibrium constant, or a Amar value in a UV-vis or IR spectrum; g,
b and s are solvent-independent coefficients characteristic of the process and indicative of
its sensitivity to the accompanying solvent property. Further terms may be added as
needed for specific processes, as described later, but this simple equation is very useful

and has been used in the correlation analysis of numerous reaction rates and equilibria,

spectroscopic data and various other solvent-dependant processes.!*
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Again, these measurements have been made for a vast number of solvents, showing
good correlations with reaction data, and so are useful for the characterisation of ionic
liquids. The Kamlet-Taft parameters have been obtained for some ionic liquids (see later
in the chapter), so measurement is possible, but reported results are sketchy and

sometimes contradictory. This makes a good starting point for investigation.

2.1.6.1 Hydrogen-bond acceptor basicities,

In the solvatochromic comparison method, £ is measured viz the comparison of Amax
values for a homomorphic pair of solvatochromic dyes (Figure 2.7). Both members of
the pair are capable of acting as HBA substrates (at the nitro oxygen), but only one can

act as a HBD substrate in HBA solvents.

NH, 77N

20 Q¢ ©”©

\_
O O /

Figure 2.7: Homomorphic pair

(1) 4-nitroaniline/N, N-diethyl-4-nitroaniline and (2) 4-nitrophenol/4-nitroanisole and (3) the
origin of the solvatochromic transition

By measuring the Amax of the intramolecular charge-transfer 7 — 7* absorption band
(Figure 2.7) of 4-nitroaniline and N,N-diethyl-4-nitroaniline it is possible to ‘extract’ the
element of wavelength change due to hydrogen-bonding alone. Kamlet and Taft!?
achieved this by first measuring the Amax value of both dyes in a range of non-HBA

solvents and calculating a regression equation (Equation 2.6).
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V4 - nitroanitine = 1.035WN, N - diethyl - 4 = nitroaniline + 2.64

Equation 2.6: Regression equation for 4-nitroaniline and N,N-diethyl-4-

nitroaniline in non-HBA solvents

Where vis measured in kilo Kaysers, the equation for which is shown (Equation 2.7).

1
y=—--
Amaxx107*

Equation 2.7: Relationship of vand A

The enhanced solvatochromic shift (-AAV) obtained due to the HBD ability of a solvent is:

—AAV = V4 - niromitine(calc) — V4 - itwoanitine(0bS)

Equation 2.8: Calculation of the Enhanced solvatochromic shift due to the
HBD ability of a solvent

Inserting Equation 2.6 into Equation 2.8 and then normalising so that
hexamethylphosphoric triamide (a strong HBA solvent) has a B value of 1 (AAv of
hexamethylphosphoric amide is 2800cm) gives B (Figure 2.9), a measure of the HBA

ability of a solvent:

_ 1.035W,N - diethyl - 4 - nitroaniline + 2.64 — V4  nitroaniline
2.80

B

Equation 2.9: Normalised HBD ability of a solvent

Subsequent to this first analysis by Kamlet and Taft, other homomorphic pairs of dyes

have been used to construct equations for B in an almost identical manner,' with each
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one being fitted via regression equations to the original. An example of such a pair is 4-
nitrophenol/4-nitroanisole (Figure 2.7). These additional measures can be used to
obtain an average measure of f, but for straightforward measurements the original 4~

nitroaniline /N,N-diethyl-4-nitroaniline pair and Equation 2.9 are still used.

2.1.6.2 Hydrogen-bond donor acidities, «

At the same time as unveiling f§, Kamlet and Taft also introduced . The method was
similar to that of f, but instead of using the 4-nitroaniline/N,N-diethyl-4-nitroaniline
homomorph pair, they used Reichardt’s dye and 4-nitroanisole, a non-HBD solute. This

was in direct response to general criticism of the E.° scale at the time, summarised by

Figueras;'® “solvent polarity rankings based on the behaviour of a dye indicator -
particularly in cases involving possible hydrogen-bond formation — depend on the

structure of the indicator, and may have no general significance”.

Kamlet et. al used the inherent ‘blending’ effect of measurements made by Reichardt’s
dye with non-HBD 4-nitroanisole to obtain a solvent HBD value - & (Equation 2.10) —
using the same mathematical argument shown in Chapter 2.1.6.1, and normalising so

that methanol (a strong HBD solvent) gives an & value of 1 (AAv of methanol is 6240cm-
),

_ V4 - nitroanisole + WReichardt — 7458
6.24

Equation 2.10: Normalised HBA ability of a solvent

Again, other methods of calculating o have been proposed, but usually only by changing
the non-HBD dye used, or later by using statistically averaged z* values (Chapter

2.1.6.3) rather than the Vmax of 4-nitroanisole.
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2.1.6.3 Dipolarity / polarisability, =*

The last of the Kamlet-Taft parameters, 7*12 is seemingly the easiest to obtain, since it
only needs a dye which has an aromatic system without having the ability to act as a
hydrogen-bond donor or acceptor, two of which we have seen already. Kamlet and Taft
wanted instead to make a scale of dipolarity/polarisability that was not based on one

dye, and therefore would not be subject to the pitfalls of specific solvent/solute

interactions seen with E>°.

The scale was initially constructed using solvent effects on the ¥nax values of seven so-
called primary indicators. All were chosen for having strong and symmetrical
solvatochromic maxima whilst giving Vmax values for non-HBD solvents (and HBD
solvents, where possible) that showed good linear regression with high correlation. This
data set was then expanded and refined by simple multiple least-squares correlations
with additional solvents and solvatochromic indicators. This lead to an averaged 7z*-
scale for over 200 solvents, using 45 solvatochromic dyes. 7z* values were obtained by
taking the average result from the different solvatochromic probes, and then normalising

between 0.00 (cyclohexane) and 1.00 (dimethylsulphoxide).

This gives an extremely good extended 7#* scale for the comparison of different solvents,
but measurement for any new solvents would be laborious, so Kamlet and Taft then
produced a set of equations — one for each dye — which would relate the Vi of that dye
in any given solvent to the averaged value obtained with all 45 dyes. This allows for
new measurements to be made whilst still keeping the result a statistically averaged

value.

The equations which related ¥max for each individual dye to the statistically averaged z*
are all the same in structure, and are obtained using the linear solvation energy relationship
seen in Equation 2.5. If XYZ in Equation 2.5 is the Vimax for a particular dye in any given
solvent, and the dye is a non-HBD/HBD solute (i.e. a=b=0), and w replaces XYZ, then

Equation 2.11 is obtained:
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Viax = Vo + ST

Equation 2.11: The general equation for the dipolarity/polarisability of a
solvent

Where s and W are dependant on the dye being used and are obtained from correlations

between v and 7*.

In this way one can obtain approximations to statistically averaged values for z* whilst

using only one dye.

2.1.7 Application of LSERs

The Kamlet-Taft LSER has been used to describe a range of physical (e.g. molecule
absorption spectra,’” viscosities, ¥ dipole moments,’? Gutmann’s acceptor number,20
partition constants?!) and chemical (e.g. solvolysis of t-butylchloride,® uncatalysed
cycloadditions,? solvent effects on redox properties,? solvolysis/dehalgenation rates of
2-chloro-2-methyladamantane,?* characterisation of surface polarity of modified silica
molecules?) processes, many of which have been reviewed.26 Correlations with Kamlet-
Taft parameters are useful for a number of reasons, since they allow prediction of the
solvent dependent property in other solvents, as well as revealing some information as

to the mechanism of the process itself.

In the process of usage, the Kamlet-Taft LSER has been evolved to take into account

various encountered problems.

The first was the introduction of an extra value in the z* term of the equation. It was
found that 7* can be statistically modelled using two variables, physically corresponding
to polarisability and dipolarity.”? Kamlet et al. did not split #* altogether, but instead
introduced & (Equation 2.12), which takes different three different values for aliphatic,
aromatic and chlorinated solvents. This is shown to improve some correlations.2

However, it should be noted that this simplistic approach to the inherent flaw in #*
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would not be advisable in the case of ionic liquids, since it is not known what J value

they would require.

It was found that under certain circumstances a term was necessary to account for the
energy required to make a hole in the solvent. This makes physical sense, as in the

process of some reactions the volume required by the solute will change, and this will
affect the overall outcome of the reaction. The square of the Hildebrand parameter (5 )

is known as the cohesive pressure of a solvent, and can be used here. These changes are
the most widely accepted changes to the Kamlet-Taft LSER, and lead to the form shown

in Equation 2,12,

XYZ = XYZ, +aa +bf + s(x" + &)+ dd},

Equation 2.12: The updated Kamlet-Taft LSER

Where the Hildebrand parameter is written as &, to distinguish from the 7* correction term.

It should be noted that it is necessary to use the square of the Hildebrand parameter, as
XYZ must relate linearly to any changes in energy created by altering the solvent
environment (hence the need to take the log of rate constants). This has been misused by

some authors in the literature, as highlighted by Reichardt.!

Equation 2.12 is a five-variable LSER, which is often too complicated to be applied to
data, but in the majority of cases one or more of the parameters is non-applicable and
therefore the equation is simplified. For example, if there was no change in the reaction
volume throughout a process, the Hildebrand term becomes obsolete. For this reason,
when searching for correlations using the LSER approach, it is necessary to reduce the
number of parameters as far as possible whilst keeping the correlation as good as

possible.

In order to avoid problems with specific interactions between solvents and dyes, and to
circumvent the need to measure with each of the dyes in all different solvents (including
those where standard measurements are impossible), Wilson et al. introduced a way of

predicting the Kamlet-Taft parameters of different solvents.?? This is a particularly
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interesting approach for chemists investigating ionic liquids, as the ability to predict
Kamlet-Taft parameters for as yet un-investigated ionic liquids would reduce the

problems inherent into their wider introduction into the chemical community.

Another successful alteration to the Kamlet-Taft LSER was given by Taft et al., and
involved inverting the solvatochromic approach, so that a solute property can be

correlated with a set of solvent parameters (Equation 2.13).30

logk =c+1logL® + s7f +aXal +bLSl + 1R,

Equation 2.13: Abraham’s LSER

m", Zop', Zp." represent the solutes dipolarity/polarisability, hydrogen bond acidity, hydrogen
bond basicity, respectively.The Z denotes the distinction that the hydrogen-bonding parameter
is measured in the presence of a much larger amount of the compiementary H-bond agent,
and thus all donor and acceptor sites are utilised.

This approach allows the correlation of chromatographic data, such as retention times,3!
which has a wide range of applications, from polarity measurements of ionic liquids and
supercritical fluids,? 32 correlations with biological data,? to the selection of novel

stationary phases for chromatography.34

From this, it is possible to conclude that the determination of the Kamlet-Taft parameters
for ionic liquids would not only allow the solvent environment provided by ionic liquids
to be considered in relation to molecular solvents for the first time, but might also allow
the interpretation of some reactivity information already available in the literature in
full. Also, by looking for circumstances in which standard LSERs from molecular
solvents fail when transferred to ionic liquids, it might be possible to confirm or deny the

presence of any “ionic liquid effect’.

2.1.8 Polarity measurements in ionic liquids

Many different groups had started the measurement of various polarity values in ionic
liquids, starting with the measurement of the spectrum of pyrene in a range of ionic

liquids.3  Subsequent measures have included gas-chromatographic measures,%
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fluorescent probes’” FT-IR probes?® Nile red measurements,3 rate of keto-enol
tautomerisation,® molecular dynamics investigations,4 Reichardt’s dye,4 and Kamlet-

Taft measurements.lic

The main points of agreement are that ionic liquids are not ‘super-polar’ solvents, but
rather behave similarly to some highly polar molecular solvents. However, some of the
measurements are not in agreement, and in others different but similar polarity scales

appear to be giving contradictory results.
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2.2 Polarity in ionic liquids

2.2.1 Aims and justification

The aim was to measure the polarity of a set of ionic liquids regularly used within the
group, to gain a fuller understanding of the solvent environment provided by these ionic
liquids and to allow LSER analysis of reactions in ionic liquids for the first time. For this
it was thought that the Er, &, 8 and #* scales were most useful, since all have been
employed with at least one ionic liquid, and their general acceptance as measures of
polarity means extensive lists of values for molecular solvents are available for

comparison.

The ionic liquids chosen were; [bmim][BF,], [bmim][PFs], [bmim][SbFe], [bmim][OTf],
[bmim][NTf;], [bmaim][BF4], [bmaim][NTf;] and [bmpy][NTf:] (Table 2.1). All of the
scales measured are known to be temperature-dependant and so all spectra were
measured at 25°C, necessitating the use of RTILs alone. The [bmim]+ based ionic liquids
are the most frequently used within the group due to their relative ease of preparation
and stability, and were therefore the most natural starting set. The sample set as a whole
allows study of the effect of changing anion ([bmim]* ionic liquids), as well as the effect
of changing cation ([NTf,]- ionic liquids). [bmzim][BF:] was included as it is frequently
used in the group, has the highest viscosity of any of the ionic liquids used, and also

allows a limited examination of cation and anion effect.
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[BF,] [PFe]” [SbFsl™  [OTFlT  [NTF.]

4 v v v v

Table 2.1: The ionic liquids used in the study

v shows which anions and cations were combined to give the eight different ionic liquids.

The first scale measured was Reichardt’s Er scale. The justification for this is that there
are more examples of ionic liquids measured with this scale in the literature,! so any

difficulties and error in technique could be easily identified. Also, since results from the
E° scale are used to construct the & scale, it is an obvious starting point. The second

scale measured was the 7* scale of dipolarity and polarisablility.  Although
chronologically the #* scale was the last to be developed, measurements with 7* dyes are
needed for the calculation of both @ and B, making #* a necessary obstacle. After this
(needing no further practical measurements) and then S were obtained. The results and

discussion are given in the same order.

2.2.2 The E; scale

E? and EY were calculated using Equation 2.3 and Equation 2.4 respectively

(Chapter 2.1.4). UV-vis spectra of Reichardt’s dye in the various ionic liquids were
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obtained via the addition of the betaine dye in freshly distilled dichloromethane (DCM)
to the thoroughly dried ionic liquid, then removing the DCM under vacuum. In most
cases this gave a coloured sample that was then used to measure the spectrum (Chapter
5.2.1). A typical spectrum is shown (Figure 2.1). To estimate the maximum of the
necessary peak, Excel was used to fit an equation to the top of the peak and this was then

differentiated to give the Amax value.

Problems were encountered from the outset. When using [bmim][BFs], [bmim][PF],
[bmim][SbFe] or [bmaim][BF4], the dye solution decolourised upon addition. After
repeated addition of the solution all samples gave spectra, and results from these and the
other samples are given (Table 2.2). However, it was noted that repeated addition of the
dye lead to the ionic liquid having a slight yellow colour, which lead to a distrust of the
results obtained, despite good comparisons with literature values. This problem was not

noted in any of the literature regarding Er measurements in ionic liquids.

In order to establish which impurities were responsible for the inconsistencies, test
spectra were run. In these tests, the most probable contaminant from the synthesis of
ionic liquids, namely chloride (in the form of [bmim]Cl and LiCl), was added to measure
the affect on Amax. Having read in the literature that protonation of the Reichardt dye
could lead to decolourisation, NaOH was also added, and its effect gauged. Two
different samples of the same ionic liquid, having been prepared by different members of
the group were also measured to see if preparation standards would have a large effect.

The results of these tests are also given (Table 2.2).
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Figure 2.8: A typical spectrum obtained using Reichardt’s dye

Top shows the full spectrum in [bmim][BF,4] and bottom shows the appropriate peak enlarged,
along with the equation fitted which gave the Ay« value shown.
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Am Llteraturel!® E;°
Ionic liquid® o T EN
/ nm Amax / nm / kcal.mol™
[bmim][BF4] 545.5 545.0 52.41 0.670
[bmim][PFs] 546.0 546.5 52.37 0.669
[bmim][SbFe] 544.0 52.56 0.675
[bmim][OTf] 550.5 547.0 51.94 0.656
[bmim][NT£] 554.5 555.5 51.56 0.644
[bmzim][BFs] 561.0 50.97 0.625
[bmaim][NTf:] 593.0 588.0 48.22 0.541
[bmpy][NTf] 592.0 48.30 0.543
Tests:
a) Two different samples of ionic liquid
[bmim][BFs] 545.5 52.41 0.670
(JMP)
[bmim][BF4]
546.0 52.37 0.669
(PJs)
b) Addition of chloride
[bmim][NTf] + 536.0 53.34 0.699
[bmim][Cl]
[bmim][NT#] +
LiCl 510.0 56.06 0.783
¢) Addition of NaOH
[brim][NTE] + 594.0 48.13 0.538
NaOH

Table 2.2: Preliminary Reichardt dye measurements and results from

contamination tests.

The preliminary results give [bmim][BF4], [bmim][PFe] and [bmim][SbFe] very similar
E} values, with [bmim][OTf] having a slight but significantly lower value. The [NTf,]
salts gave the lowest values of all the anions tested. However, Reichardt’s dye seems to
be most affected by changes in cation, the difference between the [bmim]+ and [bmaim]+

salts being the most marked, with the cations giving progressively lower results on

t A list of the jonic liquids used in this study and their synthesis can be found in Chapter 5.1.
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going from [bmim]* to [bmzim]+ to [bmpy]+*. [bmpy][NTf;] gives a value similar
(although slightly lower) to that of [bmaim][NTf,]. A discussion of these trends is given

later.

The tests also yielded interesting results. It can be seen that the [bmim][BF;] samples
produced by two different people in the group both give the same result to within the
error of measurement. This gives us confidence that ionic liquids are made to a

consistent quality within the group, and that the values obtained are correct.

The effect of chloride on Reichardt measurements is clear from the test results. Addition
of chloride in the form of [bmim]Cl lowers the Amax value obtained in [bmim][NTf,] from
554.5nm to 536.0nm, while addition in the form of LiCl lowers the Amax value to 510nm.
Chloride has proven to be difficult to remove from ionic liquids in the past, and so this is

a possible source of error in measurement.

Addition of NaOH to [bmaim][NTf;] made little difference to the Amax value (593.0nm to
594nm), but the intensity of the peak was altered dramatically (Figure 2.9). This is
almost certainly due to a small amount of acid impurity in the ionic liquid, which would
be protonating the active species of the dye and thus reducing the intensity of the peak
seen (Figure 2.6).



Chapter 2 - Polarity Polarity in ionic liquids

0.3 7

0.25 - = hmM2imM imide
=—=bm2im imide + NaOH

=)
(¥
.

0.15 A

Absorbance

01

470 520 570 620 670 720 770
Wavelength / nm

Figure 2.9: The effect of NaOH addition on the spectrum of Reichardt’s dye
in [bmim][NTf,].

From the NaOH test, it was thought that the decolourisation of the dye solution seen in
problematic ionic liquids was probably due to acid impurities being present in higher
concentrations than in the rest of the sample set. This could be due to generation of HF,
either through the hydrolytic degradation or dissociation of the [XFx]- anion, or by the
production of a protonated imidazolium species, “[Hmim]*+”, during the synthesis of the
ionic liquid.# This is reinforced by Reichardt’s observation that acid neutralisation of the
dye leaves a pale yellow colour.! In order to improve upon this without risking the
deprotonation of groups on the imidazolium ring, it was decided to wash the affected
ionic liquids, first with aqueous KOH (pH ~ 9-10), and then with distilled water to
remove excess base (Chapter 5.2.2.2). The effect of this is two fold; firstly the ionic
liquid has any acid impurity removed, allowing easier measurement using Reichardt’s
dye, and secondly the extra washings allow any small chloride impurities that might be
present to be reduced or even removed (note similarity to the chloride removing step of
ionic liquid synthesis). These steps were carried out to give the final results shown

(Table 2.3)
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Base washing of ionic liquids has been mentioned once in the literature, in connection
with the use of enzymes in ionic liquids to perform regioselective acylations.! It was
noted that ionic liquids in which the reaction was inhibited could be made to work after
washing with aqueous sodium carbonate. According to the paper this was due to
chloride contamination, but after the tests shown here, we can speculate that it could be

due to either acid or chloride contaminates of the ionic liquid being removed.

Amax Literaturelt E,°

Tonic llquid / nm Amax / nm / kcal.mol™ Er"
[brmim][BE4] 545.5 545.0 52.41 0.670
[bmim][PFs] 546.0 546.5 5037 0.669
[bmim][SbFe] 545.4 52.42 0.670
[bmim][OTf] 550.5 547.0 51.94 0.656
[bmim][NT£] 554.5 555.5 51.56 0.644
[bmzim][BF4] 579.2 49.36 0.576
[br2im][NTfz] 592.8 588.0 48.23 0.541
[bmpy][NT] 591.9 4831 0.543

Table 2.3: Final Reichardt dye measurements and E;*° / E{" results

Despite washing and re-measuring six of the eight ionic liquids ([bmim][BFs] and
[bmim][NTf,] were not re-measured as they gave spectra easily and with good

correlation with the literature), only two gave values that were significantly different to
those seen in the preliminary results. [bmim][SbFe} went from an E} value of 0.675 in

the preliminary results to 0.670 in the final results, bringing it closer in value to its most

structurally similar counterparts, [bmim][BF4] and [bmim][PFs]. [bm:im][BFs] went from
an E} value of 0.625 to 0.576 in the final results. More importantly, none of the ionic
liquids changed their position in the table relative to the other samples, inspiring

confidence in the trends seen for ionic liquids in the E; scale.
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Our values also show good correlation with the results given by Muldoon et al., 12 with
the exception of [bmim][OTf] and [bmim][NTf,]. However, in both cases the literature
Amax is lower than that obtained in this study, which suggests that the Muldoon samples
were probably contaminated with a small amount of chloride, a common difficulty in the

preparation of ionic liquids.

In the final results, [bmim][BFy], [bmim][PFs] and [bmim][SbF¢] gave the same E;V value
to within the error in measurement (0.669-0.670). This is most likely due to the structural
similarity of the anions in these ionic liquids. [bmim][OTf] gave an E; value slightly
lower than this (0.656), and [bmim][NTf;] gave a lower value still (0.644). [bmaim][BF,]
(0.576) gave a higher value than [bm,;im][NTf;] (0.541) and both gave lower E;V values
than their [bmim]+ counterparts. [bmpy][NTf.] (0.543) gave an E, value similar to that

of [bmaim][NTf;], to within the error in measurement. These results are shown in the

graph below (Figure 2.10).
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Figure 2.10: Final E;" values for the eight ionic liquids.
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The first thing to note is the consistently high values obtained by the ionic liquids, along
with the minimal spread, relative to molecular solvents. The E.° range of the ionic

liquids tested was roughly 52 — 48 kcal mol*, similar to that seen with simple alcohols
(ethanol = 51.9kcal mol, n-decanol = 47.7kcal moll). However, different ionic liquids

can be seen to give surprisingly different results to each other.

The nature of the cation is seemingly dominant over other effects, with a change of
38.3nm (AE} = 0.103) on going from [bmim][NTf,] to [bmyim][NTf,]. However the
difference on going from [bmaim][NTf;] to [bmpy][NTf.] is not marked (AE}v =0.001). It
is thought that this difference can be attributed to the hydrogen bond donor ability of the
cations, as Reichardt’s dye is particularly sensitive to this property. All three of the
protons on the imidazolium ring are known to be acidic,* with the proton at the Cz
position being the most acidic. [bmim]+ would be expected to be a stronger hydrogen
bond donor than [bmaim]*, since it has three ring protons available for donation rather
than two, including the one at the C; position. It was thought initially that [bmpy]+
would prove to be a cation with negligible hydrogen bond donor ability, but it has been

shown that hydrogen bonds to the a~carbons of alkyl chains in alkylammonium salts do
occur,® and E} results point to the overall amount of hydrogen bonding being similar

to that seen in [bmzim]+.

The role of the anion is less clear-cut. It can be seen that ionic liquids with the same
cation but different anion have, in most cases, different ETN values, although the effect is
less marked than that seen on changing cation. It could be hypothesised that the size of
the anion is the controlling factor, since each major decrease in E;V value in the [bmim]+

series is accompanied by a major increase in anion size. However, this theory is

unsupported at this time. It can also be seen that the effect of changing anion from [BF4]-
to [NTf;]- is most dramatic for the [bmaim]+ cation (AE;" pmim] = 0.026, AE;" bm2im] =

0.035), so the effect of changing anion depends on the nature of the cation.

It has been proposed that the anion effect on E} values is due to competition between

the anion and the dye for the proton on the cation.* If this is indeed the case, then E;V

values in ionic liquids would be controlled by the ability of the liquid to act as a
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hydrogen bond donor (a cation effect), moderated by its hydrogen bond acceptor ability
(an anion effect). However, it is also possible that the anion also interacts directly with
the dye, either through the positive charge on the pyridinium nitrogen, or through non-
specific interactions with the 7 system. Since Reichardt’s dye is less sensitive to both of
the aforementioned interactions, this would also lead to the observed domination of the
hydrogen-bond donor ability of the cation. It is not possible to ascertain if either of these

hypotheses (or indeed, both) is correct at this time.

2.2.3 The z* scale

Before starting the Kamlet-Taft measurements, we referred to Huddleston et al.llc since
they had measured several different ionic liquids, including two from our data set. They
measured 7* using the primary indicator 4-nitroanisole from Kamlet and Taft’s table of
dyes.’?¢ The equation given to approximate the results for 4-nitroanisole to those of the

‘ideal’ dye is shown below (Equation 2.14).

7% =0.427(34.12 — V4 - nitroanisole)

Equation 2.14: Calculation of =* using 4-nitroanisole

The spectra were obtained in a similar manner to those of the Reichardt dye, with the
dye being added to the dried ionic liquid as part of a DCM solution, and then removing
the DCM under vacuum (Chapter 5.2.3.1). A short series of tests were conducted to
gauge if 4-nitroanisole was as sensitive to impurities as Reichardt’s dye. In the first, the
ionic liquid was exposed to the atmosphere to allow absorption of water, in the second a
small amount NaOH was added and in the third [bmim]Cl was added to simulate a
chloride impurity. Base-washed samples from the Reichardt experiments were also
measured to see if this process would affect the 7* values. The results are shown (Table

2.4).
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- L. Amax Vmax n* n*
Ionic Liquid :
/ nm / kK (4-nitroanisole) (literature)!l
[bmim][BFa4] 315.5 31.70 1.04 1.09
[bmim][PFs] 313.0 31.95 0.93 0.91
[bmim][SbFs] 312.5 32.00 091
[brmim][OT{] 313.0 31.95 0.93
[bmim][NTf:] 311.0 32.15 0.84
[bmzim][BF4] 314.5 31.80 0.99
[bmaim][NTf:] 311.5 32.10 0.86
[bmpy][NTf] 310.0 32.26 0.80
Tests:
a) Addition of moisture
[bmim][OTf] 313.0 31.95 0.93
b) Addition of NaOH
[bmim][NT£:] 311.5 32.10 0.86
c) Addition of chloride ([bmim][Cl])
[bmim][NT£2] 311.0 32.15 0.84
d) Base washed
[bmzaim]{BF4] 314.6 31.79 1.00
e) Recrystallised dye
[bmim][OTf1] 312.0 32.05 0.88

Table 2.4: Results from z* measurement with 4-nitroanisole.

It can be seen from the test data that 4-nitroanisole is not sensitive to any of the
impurities that caused problems with Reichardt’s dye, but the [bmim][BFs] measurement
was still different to that obtained by Huddleston et al (a 0.05 change in 7* relates to a 1
nm change in Ama). The 4-nitroanisole sample used for measuring spectra was of a
lower grade than that used by Huddleston, so in a separate test it was recrystallised to
see if this might bring us into line with the literature result (Chapter 5.2,3.2). However,

recrystallisation had little affect on the Amax value obtained.

It was decided that since only two of the jonic liquids measured had literature values for
comparison, it would be best to corroborate the data collected with other z* dyes from
Kamlet and Taft.22e The dyes selected were 4-nitroanisole (already shown), N,N-diethyl-
4-nitroaniline, N,N-diethyl-3-nitroaniline and N-methyl-2-nitroaniline (Figure 2.11). All

three additional dyes were chosen for being tested in non-hydrogen bond donor,
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hydrogen bond acceptor, and where possible, hydrogen bond donor solvents so that the

approximations used in the equations would work as well as possible with our samples.

Dyes were also chosen for having been tested in the largest possible number of different
solvents for the same reason. In addition to this, N,N-diethyl-4-nitroaniline was chosen

as it is part of a homomorphic pair (# measurement, see Chapter 2.1.6.1), and would

therefore be of use later in the study.

NO,
NO, NO,

(1) () 3) (4)

Figure 2.11: The =* dyes used in this study

(1) 4-nitroanisole, (2) N,N-diethyl-4-nitroaniline, (3) N,N-diethyl-3-nitroaniline, (4) N-methyl-
2-nitroaniline.

The equations relating Vmax of each of the dyes to the z* of the ‘ideal’ dye are shown

(Equation 2.15, Equation 2.16, Equation 2.17).
% =0.314(27.52 — W,N - diethyl4 - nitroaniline)

Equation 2.15: Calculation of n* using N,N-diethyl-4-nitroaniline

7% =0.452(25.52 — W,N - diethyl - 3 - nitroaniline)

Equation 2.16: Calculation of z* using N,N-diethyl-3-nitroaniline
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7% =0.628(24.59 — WN - methy! - 2 - nitroaniline)

Equation 2.17: Calculation of n* using N-methyl-2-nitroaniline

The Vmax values of the different dyes were obtained in a similar manner to those of 4-
nitroanisole, with the details of measurement given in Chapter 5.2.3. Given the
structural similarity of the different dyes, and the insensitivity of 4-nitroanisole to

common impurities, the contamination tests were not carried out on the last three dyes.

The results are listed in Table 2.5, with all of the 7* results plotted in Figure 2.12.

N,N-Diethyl-4- N,N-Diethyl-3- N-Methyl-2-
L nitroaniline nitroaniline nitroaniline
Ionic Liquids
ﬂmax /
Amax / nm z* Amax / nm ¥ ¥
nm

[bmim][BFs] 4134 1.05 417.5 0.71 436.9 1.07
[bmim][PFs] 412.6 1.03 417 0.70 436.6 1.06
[bmim][SbFs] 413 1.04 4174 0.71 4355 1.02
[bmim][OT] 411.2 1.01 415.7 0.66 435.4 1.02
[bmim][NT#] 410 0.98 414.2 0.62 4333 0.95
[brmzim][BFs] 415.4 1.08 t t 437.3 1.08
[bmzim][NT£] 411.4 1.01 416 0.67 433.6 0.96
[bmpy][NT£] 408.4 0.95 412.8 0.59 431.9 0.90

Table 2.5: Results from z* measurement with N,N-diethyl-4-nitroaniline,
N,N-diethyl-3-nitroaniline and N-methyl-2-nitroaniline.

It can clearly be seen that the different dyes do not give the same 7* values for the ionic

liquids studied. This is an inherent problem when using the z* scale, since the equations

t [bmyim][BF,] was not measured with N,N-diethyl-3-nitroaniline as the sample was on loan outside of the
university at this point.
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given by Kamlet and Taft were derived from statistical approximations over many
different solvents, with no ionic liquids involved. This is also a problem in molecular
solvents, and is usually circumvented by averaging the results from many different dyes
or by using equations that are more suited to the particular physical properties of the

solvent (e.g. hydrogen bond donor, hydrogen bond acceptor, etc.).

However, is not practical to make many different dye measurements in ionic liquids
since the process is time consuming and would use large quantities of ionic liquid. Tt
would be possible to obtain averages with the results already shown here, but this would
be an over-simplified approach, and it was felt that it would be better to compare results
from each dye to the same measurements in molecular solvents. By using comparisons
of individual dye measurements to those obtained using molecular solvents and the
trends seen in Table 2.4 and Table 2.5, it is possible to gain a large amount of

information regarding the polarity of ionic liquids.

1.200 1
1.100 A
1.000 A
0.900 -
*
Y 0.800 A
0.700 - Y e o Y
0.600 -
== 4-Nitroanisole
0.500 A == N,N-Diethyl-4-nitroaniline
: === N,N-Diethyl-3-nitroaniline
=@—N-Methyl-2-nitroaniline
0-400 T I 1 1 U T I 1
& & < 8 > & O
¢ ¢ o & & & g o
3 N L N <

Figure 2.12: Graph showing results from the 4 different z* dyes.
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The first thing to note is the extremely high and narrow range of #* values obtained, with
all the dyes giving values just under those obtained for water (e.g. measuring 7* with 4-
nitroanisole, [bmim][BFs] = 1.04, water = 1.09). This is not unexpected, given that all
ionic liquids are similar in structure, consisting of two separate, singly charged entities,
which would give high dipolarity and a low diversity in #* values. Also, all the ionic
liquids studied here have anions and/or cations that are fairly large, with delocalised

electrons, which would make them relatively polarisable solvents.

It can be seen that although the relative ordering of the samples changes slightly when
comparing the different dyes, some general patterns emerge, especially when comparing
anions. In all of the dyes tested, the [BF4]- ionic liquids gave the highest #* values, and
the [NTf;]- the lowest, with [PF¢]- and [SbFe¢]- being in roughly the same region as the
[BE4]- salts. The trio of simple fluoro-anions generally give #* values in the order [BF.}- >
[PFe]- > [SbFe]. [bmim][OTf] seems to have the most variable position in the relative
scales, sometimes interrupting the [BF4]-/[PFs}-/[SbFe]- set, and sometimes interrupting

the imides.

These trends are the same as one would expect if 7* showed an inverse correlation with
the size of the anion, with [BF4]- being the smallest and therefore giving the highest
values and [NTf,]- being the largest and giving the lowest values. It is not certain why
this is the case, but it is possible that a smaller anion (with a therefore higher charge
density) would induce a greater polarisation in the dye molecule, hence producing a
higher z* value. In a traditional solvent system an interaction of this sort would not lead
to a higher 7* value, since it would be balanced by similar interactions elsewhere in the
molecule. However, in an ionic liquid the dye molecule will, according to probability,
also be interacting with a cation, leading to a net polarisation and therefore a higher 7#*

value.

It is possible that additional factors may also be at work, sometimes altering the ordering
in the middle of the scale, but this could equally be explained by the relatively small
spread of values obtained with these dyes (e.g. 4-nitroanisole; highest Amax = 315.5nm,
lowest Amax = 310.0nm) leading to an insensitive scale when comparing such similar
solvents. It would be necessary to extend the sample set and the dyes investigated to be

sure which is the case.
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In all of the four dyes, [bmpy][NTf;] gives the lowest 7* value, of both the imides and of
all the ionic liquids tested. This would suggest that 2* shows a small amount of cation
dependence, yet the [bmim]+ and [bmoim]+ ionic liquids have no easily discerned trend.
It is possible that the differences noted between the imide values are due to
[bmpy][NTf,] having a relatively localised positive charge on a quaternary nitrogen,
which is therefore difficult for the dye to approach and be affected by, whereas the
imidazolium based imides have a delocalised charge on a relatively flat and therefore

easily accessible ring structure.

It is also possible that the z* dyes are more sensitive to the 7* delocalisation of the charge
in the imidazolium cations than they are to the localised charge on the [bmpy]* cation.
To resolve this question, further measurements would need to be made with a wider

range of cations.

2.2.4 The o scale

At this stage, @ can be calculated using only the E;° and #* values that have already

been measured and the equation derived by Kamlet and Taft (Equation 2.18).1%

a=0.0649E -2.03-0.727*

Equation 2.18: Calculation of

Equation 2.18 is not specific to any particular #* dye, so it can be used with all four of
the different 7* sets calculated in Chapter 2.2.3 to obtain four « scales for the ionic

liquids tested. The results are listed (Figure 2.6) and plotted (Figure 2.13).
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@ @ a @
Ionic Liquid 4-nitroanisole N,N-Diethyl-4- N,N-Diethyl-3- N-Methyl-2-

nitroaniline nitroaniline nitroaniline
[bmim][BF4] 0.63 0.62 0.86 0.60
[bmim][PFs] 0.70 0.63 0.87 0.61
[bmim][SbFs] 0.72 0.62 0.86 0.64
[bmim][TfO] 0.67 0.62 0.86 0.61
[bmim]}[T£2N] 0.71 0.61 0.87 0.63
[bma2im][BFs4] 0.46 0.39 0.39
[bmzim][Tf2N] 0.48 0.37 0.62 0.41
[bmpy][T2N] 0.53 0.42 0.68 0.46

Table 2.6: a results for the four different r* dyes

As these results are derived from the z* values already seen, each of the @ measurements
obtained here are not the same, but as with the #* results, there are still patterns that

emerge when viewing the data as a whole.

All of the values obtained are fairly high relative to molecular solvents, and give an &
range that is quite large e.g. with 4-nitroanisole, sample set range is 0.72 — 0.46 (c.f.
formamide = 0.72, benzyl alcohol = 0.42).12> This is an unusual trait when compared to
molecular solvents, where @ measurements of this sort are often coupled with low #*

values, with the exception of hydroxylic solvents.#

The results obtained using 4-nitroanisole for [bmim][BF,] and [bmim][PFe] (0.63 and 0.70
respectively) do not compare favourably to those calculated by Huddleston et 4l. (0.73
and 0.77 respectively). Since the #* values obtained by us do not differ wildly, it can be
assumed that they obtained different values for EX for these ionic liquids ( E;’ values
are not given in the literature). However, a higher @ value would correspond to a lower
Jmax value from Reichardt, an anomaly that has already been attributed to chloride

contamination, increasing our confidence in the results shown here.
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Figure 2.13: Graph showing « results for the four different z* dyes.

It can be seen from the graph that the o values of ionic liquids appear to be strongly
cation dominated, with the cations tested giving values in the order [bmim]* > [bmpy]* >
[bmaim]+. As explained in Chapter 2.2.2, this is partly to be expected, since the proton

in the 2-position of the imidazolium in [bmim]+ is relatively acidic.

However, from the Reichardt’s dye measurements it seemed that [bmaim]* and [bmpy]*
had similar hydrogen bond donor properties, but the @ measurements make [bmpy]* the
stronger hydrogen bond donor of the two. This is not a contradiction, since the E;V scale

did not distinguish between the effects seen in @ and 7%, so the higher 7z* value of

[bmaoim]* influenced the result.

There is also a smaller anion effect on @, since the values for each of the [bmim]+ ionic
liquids differs, but a trend is difficult to discern as the specific effect that each anion has
differs from one 7* dye to another. Overall, [bmim][SbFs] and [bmim][PFe] are more

likely to give higher values, but all other positions in the relative scale seem to be
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random. It is possible that this is due to the small range in o values seen for the [bmim]*
salts, as with all of the #* results, but the sample set needs to be expanded and more 7*

dyes used to see if this is the case.

2.2.5 The g scale

The last of the Kamlet and Taft measurements is made using a homomorphic pair of
dyes, one of which being a 7* dye that we have already used. Huddleston et al. used the
4-nitroanisole/4-nitrophenol pair (or phenol pair), but given the uncertainty already
seen in some results, we decided to measure B using both this and another homomorphic
set suggested by Kamlet and Taft, the N,N-diethyl-4-nitroaniline/4-nitroaniline pair (or

aniline pair), for corroboration (Figure 1.6).

There are many different equations for the calculation of B using these dye sets in the
literature, but we decided to use the Rosés et al'> equation for the S calculation using the
phenol pair (Equation 2.19) and the Kamlet and Taft!?a equation for the f calculation

using the aniline pair (Equation 2.20), as suggested by Michael Abraham.*

ﬂ= 0346(35045 — V. nilmphcnol) —0.577* 4 . swounisole

Equation 2.19: Calculation of g using the alcohol pair of dyes

_ 1.035 W N - diethyl - 4 - pitroaniline + 2.64 - V4 - nitroaniline

p 2.80

Equation 2.20: Calculation of g using the aniline pair of dyes

The B dyes were added to the ionic liquids as described previously (Chapter 5.2.4).
Preliminary experiments showed 4-nitrophenol to be sensitive to various impurities

(Table 2.4). This was assumed to be the case for 4-nitroaniline also, and extra caution
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was necessary when taking measurements. The results from both pairs are given (Table

2,, Figure 2.14).

Aniline Pair Phenol Pair
. . . AGH49
Ionic Liquid B B 1
Amax / NM (Lit.) e Amax / NM (Lit.) ¢ /kCal mol
[bmim][BFa4) 312.0 0.45 (0.72) 375.6 0.38 287.7
[bmim][PFs] 309.0 0.40 (0.41) 368.4 0.21(0.21) 276.6
[bmim][SbFs] 307.0 0.34 366.4 0.15 255.5
[bmim][TfO] 314.5 0.60 378.6 0.50 292.5
[bmim][TfN] 308.0 0.41 367.6 0.24
[bmaim][BFs4] 311.6 0.46 376.8 0.36 287.7
[brmaim][THN] 311.0 0.51 368.6 0.24
[bmpy][Tf2N] 307.1 0.41 366.6 0.25

Tests:

a) Two different samples of ionic liquid

[bmim][TfO]
NLL 314.5 0.60
[bmim][TfO]
PRM 314.0 0.58
b) Addition of moisture
[bmim][Tf:N] 310.0 0.49
c¢) Addition of chloride
[bmim][TfO] +
[bmim][CI] 318.0 0.72
d) Addition of NaOH
[bmaim][T£,N] 423.0 3.46

Table 2.7: Results for g using both the phenol and aniline pair

AGy is a calculated measure of the gas phase basicity of the anions.

These results show good correlation with two of the three literature values, but do not
compare well with the Huddleston et al. value for [bmim][BF] (8 = 0.45, B lit. = 0.72).
However, all of the common impurities tested tended to increase the § value obtained,
which might explain the discrepancy. In particular, [bmim][BF,] is more water soluble
than [bmim][PFs] and therefore would have proven more difficult to obtain without

chloride contamination.
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Although the S values for the sample set are not excessively high, all correspond to
molecular solvents that are traditionally thought of as being hydrogen bond acceptors
(e.g. aniline pair Vimax range = 27.30 - 26.41, [it.,122 acetone = 27.32 and pyridine = 26.42).
This is due to the fscale being normalised to 1 relative to an extremely strong hydrogen
bond acceptor (hexamethylphosphoric triamide), effectively forming a narrow scale for
most commonly used solvents. This suggests that some ionic liquids are capable of
having relatively high values for all of the ¢, fand #* parameters, a combination that can

be difficult to achieve in molecular solvents.
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Figure 2.14: Graph of g results for both phenol and aniline pairs

The order of the sample set has been altered to show trends in the data.

Appraising the aniline pair £ results first, [bmim][OTf] gives the highest value (0.49),
followed by the two [BF4]- ionic liquids, which show similar f values ([bmim]+ = 0.38,
[bmaim]* = 0.36, Admax = 1.2nm). Then come the [NTf]- ionic liquids, again with similar
values ([bmpy]+ = 0.25, [bmim]* = 0.24, [bmzim]* = 0.24, Admax = 2nm), and finally
[bmim][PFs] (0.21) and [bmim][SbFe] (0.15) have the lowest values.
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Although S results obtained using the two dye sets differ from each other in absolute
value, the main trend with the phenol pair is the same, with the only exception being
[bmzim][NTf,], which has an anomalously high value (0.51). It also seems as if the
phenol scale is flattened slightly, giving a S range of only 0.26 units over the sample set,
in comparison to the 0.35 range seen with the aniline pair. This is due to the slightly
larger solvatochromic shift seen in the aniline pair, a feature which would ordinarily be
accounted for in the two S equations, but which leads to differences in these specific

circumstances.

The anomaly seen with [bmzim][NTf,] is most likely the result of a specific interaction
between 4-nitrophenol and [bmim]*, such as those Kamlet and Taft attempted to avoid
by averaging the z* values from different dyes. However, it would be necessary to

measure S via other means to ascertain whether or not this is the case.

Assuming that the [bmaim][NTf;] value obtained with the phenol pair is anomalous, the
results show clear anion dominance, with [OTf] giving the highest value and [PFs]-
giving the lowest. This correlates well with the basicity of the anions, a measure of
which is the Gibbs free energy change on deprotonation of the conjugate acid of the each
anion whilst in the gas phase, AGg, calculated by Koppel et al (the value for [NTf,]- is not
included, as it was calculated using a different model to the other anions).4
Experimentally determined values would be preferable to calculated ones, but are not
reliable for such strong Brensted acids, due to difficulties inherent in measurement. It
can be seen (Figure 2.15) that § increases with increasing anion basicity, however the
under-estimation of AGu with the more acidic of the conjugate acids leads to a curved
correlation, rather than the expected straight line. However, this seems to be the main, if

not only, reason for a non-linear correlation.

There also seems to be a much smaller cation effect on comparing the imide ionic liquids,
even when ignoring the phenol pair [bmzim][NTf,] result. However, it is not certain
whether this is due to experimental error, specific dye-solvent interactions or is a real

cationic effect.
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Figure 2.15: The anion basicity vs. B

AGy is the energy needed to deprotonate the anion in question, whilst in the gas phase.

2.2.6 Final results

For ease of comparison, the results have been split into two; those obtained using the
phenol pair of dyes and those obtained using the aniline pair (Table 2.). Only the results
from the aniline pair are shown graphically (Figure 2.16), since all of the trends that

have been discussed previously are more marked with this set.

The ionic liquids studied here are unusual in that they display high z* values along with
significant & and S values. In the table of 185 different molecular solvents published by
Marcus,® only 8 had #* values comparable to those of the ionic liquids (i.e. 2 0.8), along
with significant & and S values (i.e. water, benzyl alcohol, 2-phenyl-ethanol, ethanediol,
formamide, N-methyl-formamide, N-methyl-acetamide, 2-pyrrolidinone). Of that 8, only

one molecular solvent could be directly compared to a set of values obtained by an ionic
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liquid shown here ([bmim][OTf] average, &= 0.63, §= 0.547, 7* = 0.984; benzyl alcohol, &
= 060, f# = 052, n* = 098). This shows that although the individual polarity
measurements of the jonic liquids did not give exceptional results, the combination of

properties seen in ionic liquids is indeed unusual.

Aniline Pair Phenol Pair
Ionic Liquid EN
* o B * a B

[brmim]{BFa4] 0.670 1.046 0.62 0.376 1.035 0.63 0.446
[bmim][PFs] 0.669 1.031 0.63 0.207 0.927 0.70 0.400
[bmim][SbFs] 0.670 1.038 0.62 0.146 0.905 0.72 0.339
[bmim][TfO] 0.656 1.005 0.62 0.499 0.927 0.67 0.596
[bmim][Tf2N] 0.644 0.983 0.61 0.243 0.839 0.71 0413
[bmaim][{BFa4] 0.576 1.082 0.39 0.363 0.992 0.46 0.456
[bmaim][Tf2N] 0.541 1.009 0.37 0.239 0.861 0.48 0.509
[bmpy][Tf2N] 0.543 0.953 0.42 0.252 0.795 0.53 0.406

Table 2.8: All of the results for E;" and the polarity parameters a;i Band n*
for the two different dye sets.
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Figure 2.16: The finai results obtained for the ionic liquids using the aniline

pair dye set.
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2.3 Application of results — LSERs

2.3.1 LSER approach to literature results

As described in Chapter 2.1.7, linear solvation energy relationships — or LSERs — can be
used to describe various solvent dependent processes, such as reaction rate, solubilities,
spectral absorption, product ratios etc.. Using this method, Kamlet et 4l. introduced a, 8,
and 7% all empirical measures of different physical aspects of solvent polarity. Using
these different parameters it is possible to assess the solvent dependence of a reaction,

and hence to investigate the nature of the reaction mechanism itself.

In this thesis the hope has been to gain an understanding of the types of solvent
environment that ionic liquids provide, and how they might differ from each other. In
this situation, therefore, it is possible to attempt the use of Kamlet-Taft LSERs with the
new ionic liquid values, in the hope that a further understanding of the limitations of the

solvent parameters measured previously.

It is often thought that ionic liquids differ in some essential way from molecular
solvents, and so would produce entirely different reaction outcomes in some situations.
If it is possible to obtain good LSER correlations that contain both ionic and molecular
solvents for a range of different reactions, it will be possible to conclude that this “ionic
liquid effect” does not exist, but rather provide an extension to the different types of

solvent environment already available.

To this end, this section uses the Kamlet-Taft values determined in Chapter 2.2 and
attempts to apply them to a range of different results from literature investigations in

ionic liquids.

The Hildebrand parameter is often used in LSER correlations in conjunction with the
Kamlet-Taft parameters, often with success5! However, the normal method of
calculating the Hildebrand parameter involves measuring the energy of vaporisation for

the solvent, which is not physically possible in ionic liquids. However, as discussed in

Chapter 2.3.1.1, Swiderski et al. have indirectly calculated 8% values for some of the
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ionic liquids in the study set, and where possible these values have been included in the

ionic liquid LSER correlations tested here.

2.3.1.1 Swiderski et. al.>?

In the Swiderski paper the authors were the first to utilise the published Kamlet-Taft
values of ionic liquids (see Chapter 2.2) in order to derive other solvent parameters.

They utilised results from an LSER correlation obtained in molecular solvents in a

different paper by Aubrey et al.5 to calculate the Hildebrand parameter (0, ) for a

series of ionic liquids, for which the direct determination of &, is impossible. This
allows experimental estimates ot the internal energy of vaporisation for ionic liquids for
the first time. As explained in Chapter 2.1.7, Kamlet-Taft LSER correlations are
frequently augmented to include the Hildebrand parameter, and so the values calculated

in this paper are used in the other LSER correlations in this chapter, where appropriate.

In the Aubrey paper the solvent dependency of a cycloaddition reaction is studied, using

the reaction of singlet oxygen with 1,4-dimethylnapthalene (Figure 2.17).

____.._—>
+ 1o,
50°C/1h

Figure 2.17: Scheme for the reaction from Aubrey et al..

Aubrey et al. followed the rate of thermolysis of the [4+2]-cycloadduct at 500C in 24
different solvents, showing that this reactions displays solvent dependency. The

bimolecular rate constants were fitted to an LSER of the type shown in Equation 2.21,

and the best correlation was found to be that shown in Equation 2.22 (Figure 2.18).
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lgk,, =constant+s7 +hd, +ac+bf

tot

Equation 2.21: The LSER used by Aubrey et al..

lgk =-5.46+0.085, +1.117*

R2=0.93; N =20; 5 =0.2031; F = 113.69t

Equation 2.22: §n* - best correlation found for reaction data in Aubrey et al.

Calculations were repeated using the reported results to give the R? value and uncertainties
shown.

calc. Ig k

Figure 2.18: Aubrey results correlated with 7*, &7

Show values obtained by calculation using the rate constants reported by Skrzypzcak and
Neta. Calculated using MiniTab. See Equation 2.22.

* Where: N is the number of data points in the regression; R? is the proportion of variation in the
response data explained by the descriptors; F is a ratio of the mean square of the factor ad the
mean square of the error ie. the greater the F value the better the fit; S is an estimate of the
standard deviation in the model i.e. the smaller the value the better the fit.
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In this way, the rate constant of the reaction is shown to be governed by a combination of
the Hildebrand parameter (0 ; ) and the polarisability (7*) of the reaction solvent.

Aubrey et al. used these results to explain the mechanistic nature of the cycloaddition.

By repeating the analysis undertaken by Aubrey, I found that the R2 of this correlation is
0.93, with uncertainties of 18% or less.t On further investigation no reasonable
correlations could be found using Equation 2.21 that did not include the Hildebrand
parameter. In addition, and in contrast to the Skrzypczak work (see Chapter 2.3.1.8), no
correlations could be found between the Hildebrand parameter and any of the Kamlet-
Taft values. This strengthens the case for Equation 2.21 being a true reflection of the
solvent-dependency of this reaction, and thus being indicative of the reaction mechanism

itself, adding credibility to the Swiderski calculations.

The Swiderski work is a good approach to estimating the Hildebrand parameter for ionic
liquids, since the #* values obtained to date appear to be almost uniformly high, and
therefore the rate constant for the Aubrey reaction should be a good probe to analyse for
changes in &, between the different ionic liquids. However, to the best of my
knowledge, there had been no extension of molecular solvent LSERs into ionic liquids at
that time, and so the absence of an “ionic liquid effect” had not been shown. It is my
opinion that in most cases there will be no such effect, and therefore calculations based
on this approach should be sound, but in the event of such a change on using ionic

liquids, the calculations used by Swiderski et al. would be incorrect.

The equation used by Swiderski et al. is slightly different to that published by Aubrey.
However, this makes only a minimal difference to the calculated errors, and can

therefore be ignored.

In all, the information contained in this paper is useful and can be used in conjunction
with the Kamlet-Taft parameters to gain a fuller understanding of how and why ionic

liquids effect reactions.

t There appears to be a misprint in the Aubrey paper, which lists the rate constants in units of 10+ M-s7,
whereas the published LSER correlation can only be obtained by assuming that the units are actually 10M-
15, Given this, and the fact that otherwise the Swiderski results are around nine orders of magnitude larger
than those seen in the Aubrey paper, I have taken all the Aubrey results to be 10+ M- 5. This makes the
ionic liquid results in the region of results seen in highly ordered solvents (e.g. alcohols).
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2.3.1.2 Lancaster et. al.**

In various papers published by Lancaster and others,5 and in related ongoing work
within the Welton group, the nature of a nucleophilic substitution reaction has been

investigated in a range of ionic liquids and molecular solvents.

In this nucleophilic substitution, methyl p-nitrobenzene sulphonate is reacted with a one
of a range of nucleophiles in the presence of some solvent, and the progress of the
reaction is followed by changes in UV absorbance (Figure 2.19). The nucleophile is
added either as the a halide of the ionic liquid cation or as
bis(triphenylphosphoranylidene) halide. The rate of reaction has been determined at

250C for a range of solvents, and with a range of different nucleophiles.

WU IS

Figure 2.19: The reaction investigated by Lancaster et ai.
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Two sets of data are available, the first with a small number of nucleophiles and a large
number of solvents, and the second with a large number of nucleophiles and a smaller

number of solvents. Not all of the data has been published to date, and so is listed in the
Appendix. Since the Hildebrand parameter &, is not available for many of the solvents

used, the relationship shown in Equation 2.23 must be used.

Ink = XYZ, +aa+bB+s7

Equation 2.23: The LSER form used here, with Kamlet-Taft values shown in
Chapter 2.2
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The first set of data to be analysed contains three molecular solvents and three ionic

liquids with seven different nucleophiles, and is summarised in Figure 2.20.
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-2 1 —4—[bmim][NTf2]
- =&~ [bmpy][NTf2]
£ -4 —&— [bmpy][OTf]
—&—MeOH
64 —e—DMSO
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..8 -
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I- Br- cl- TFA- SCN- Ac- CN-
Nucleophile

Figure 2.20: Line graph of Lancaster results from Appendix, 7 nucleophiles

Shows the results both in terms of the solvent and the nucleophile used. Note that DMSO
generally gives the fastest reaction times, and methanol gives the lowest, regardless of the
nucleophile used. For almost all of the nucleophiles [bmpy][OTf] gives the best results of the
ionic liquids.

This data leads to seven sets of LSER correlations, and in all cases a simple equation
using o alone is either the best, or else second best correlation obtained (see Table 2.9).
In some cases the errors are unacceptably large, so the equations are not exact
descriptions of the reaction, but given that aleads to the best correlations with all seven
nucleophiles, it is very likely that this is a real effect. It can be seen that in all cases & has
a negative impact on In k, with the least acidic solvents giving the fastest reactions. This
is useful if trying to select the best ionic liquid for this reaction, as only those with low

values of arshould be utilised.
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Nucleophile used R? Equation obtained
Cl-
Ink=021-756
(B=1.00) 0.99
(N =6;S =0.3417; F = 368.52)
(pKa=-2.2)
Br
Ink=-0.85-538 «
(B=0.67) 0.97
(N =6;S =0.3993; F = 136.85)
(pKa = -4.7)
Ink=-221-285«a
I 0.88
(N =6;S =0.4582; F = 29.05)
(8=0.30)
Ink=-259-3.01 ¢-1.16 S
(PKa=-5.2) 0.95
(N = 6; S =0.3299; F = 30.37)
Ink=-025-738¢a
CH,COO- 0.92
(N =6;S =0.9196; F = 48.54)
(B=149)
Ink=-0.69-7.79 ¢+2.90 B
(PKa=4.7) 1.00
(N =6; S = 0.2610; F = 324.69)
Ink=-3.62-5.66 a
CF:COO- 0.90
(N =6; S = 0.8235; F = 35.59)
{No Bavailable)
Ink=-422-592 ¢+185p8
(PKa =-0.2) 0.95
(N = 6; S = 0.6876; F = 26.89)
SCN-
Ink=-352-251«a
(8=0.33) 0.63
(N =6;5=08376; F = 6.77)
(pKa = 4.0)
CN-
Ink=-2.03-575¢
(8=1.37) 0.86
(N =6;5=09992; F = 24.92)
(pKa = 9.4)

Table 2.9: LSER correlations from data in Appendix, 7 nucleophiles

Where the best correlation was not obtained using « alone, the better equation is shown

second in the table. f values are estimated, and are taken from Marcus.’® pK, values are for

the conjugate acid of the nucleophile, and are taken from the literature.®®
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Figure 2.21: LSER correlations from Lancaster data in Appendix, 7
nucleophiles

Plot of In k vs. In k (calc), as calculated by MiniTab using « alone (see equations in Table 2.).

Note how all of the points together reinforce that the relationship between In kK and « alone is a

real one. The lines on the graph are the line of best fit for the data from each nucleophile, and
are colour coded accordingly. The R? values for these lines is shown in the key.

« cannot be the only factor controlling the rate of reaction, since it cannot be used to
explain the results with three of the nucleophiles (CN-, TFA-, SCN-). However, in these
three cases neither f or z* can reliably improve the correlations, so it is not possible to

conclude what impact, if any, that S or z* might have on the rate of reaction.

In addition to the alterations in the rate of reaction seen on changing solvent, the nature
of the nucleophile also has an effect, and can even alter the relative effects of different
solvents. With different nucleophiles changes in the level of & dependency are seen,
with coefficients varying from -7.56 (Cl) to -2.51 (SCN-), despite the small errors
associated with & in each of the correlations. In practical terms, this means that changes
in solvent acidity have a greater or lesser impact on reaction rate, depending on the
nucleophile used. From this it is would seem probable that hydrogen bonding between

the solvent and the nucleophile is inhibiting the reaction.
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Assuming that solvent inhibition is occurring, those nucleophiles with lower £ values
should give LSER correlations with smaller & coefficients, whilst nucleophiles with
higher B values should give larger coefficients. f values are not directly available for the
nucleophiles used, but values obtained indirect measurements of f have been made for
all but TFA-, and are listed in Table 2., along with pK, values for the conjugate acid of

each of the nucleophiles.

These calculated S values correspond qualitatively with the « terms in Table 2.,
supporting the theory of solvent inhibition, with the exception of Cl-, which has a far
smaller coefficient than would be predicted from the B value. However, the
nucleophilicity of the anion itself must also be important, and so the hard chlorine anion
might be sufficiently more nucleophilic than the other anions such that S cannot

determine the relative rate alone.

Although the solvent effects and « dependency on the correlations can be explained, the
absolute reactivity of the different nucleophiles is more complex. It can be seen from
Figure 2.21 that CN- consistently gives the fastest reaction in all the solvents tested,
while TFA- gives the slowest, with the ordering of the remaining five nucleophiles
changing depending on the solvent. This cannot be explained using Kamlet-Taft values
alone, but is probably simply due to the relative hardness of the atom carrying the

negative charge, i.e. CN-is smaller than CH;COQO, etc..

It is worth noting that in solvents with medium to low & values (i.e. [bmpy][NTf,],
DMSO) halide reactivity is in the order CI- > Br- > I, as one would expect on hard-soft
principles, whereas in solvents of high « values (i.e. [bmim][NTf.], methanol) this order
is reversed. This is further proof that the reordering of anion nucleophilicity in different

solvents is due to their differing abilities to accept hydrogen-bonds from the solvent.

The second set of data is now appraised. This involves a larger set of ionic liquids, but

only with Cl-, Br- and I as nucleophiles (see Figure 2.22).
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