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Abstract 

 
 

Many pharmaceutical solids can exist in different physical forms including polymorphs, 

solvates, hydrates and co-crystals. Polymorphism is observed in more than half of all 

crystalline pharmaceutical drugs. A drug substance can have multiple polymorphs, each 

exhibiting different properties including solubility, bioavailability, stability, efficacy etc. 

Inter-conversion of different polymorphs of a drug during its isolation, manufacture, 

transport and storage can have profound effects on the quality and performance of the drug 

product. Therefore, in order to ensure reproducible bioavailability of the drug during its 

shelf life under a variety of storage conditions, it is desirable to develop the most 

thermodynamically stable polymorph of that compound, although this is not an easy task. 

Hence, developing drugs that do not have an inherent tendency to crystallise is a 

potentially promising avenue of investigation for the pharmaceutical industry. For this 

reason, liquid drug forms of established active pharmaceutical ingredients (APIs) have 

been proposed as a new approach towards alleviating the problems associated with 

polymorphism of solid drugs.  

 

Ionic liquids, compounds comprised entirely of ions and that melt below 100 
o
C, exhibit a 

lack of crystallisation at ambient temperature and pressure as a result of decreased lattice 

energies in the crystalline state. These compounds are known for their ability to be 

tailored, where ions can be chosen to obtain ionic liquids with particular characteristics 

(e.g. water soluble vs. water insoluble ionic liquids etc.) It is therefore possible to combine 

pharmaceutically active ions with Generally Recognised as Safe (GRAS) counter ions to 

obtain liquid salt forms of known APIs. This is the basis of the research discussed within. 

The concept of dual pharmaceutically active ionic liquids, whereby two APIs with 

synergistic activities are combined in order to obtain ionic liquids with dual 

pharmaceutical activity, is also explored. 

 

Predicting whether a particular ion pair will generate a liquid at room temperature is 

difficult due to the number of possible combinations of anions and cations and the 

intricacies of their interactions. In this project, a concept known as “anti-crystal 

engineering” was employed in order to aid in the selection of ions most likely to produce
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liquids, and this approach was successful in generating a wide range of pharmaceutically 

active ionic liquids. These new compounds have been fully characterised and their physical 

properties are reported. As most organic acid/base drugs are only sparingly soluble in 

water, while many of the corresponding salts of these drugs are water soluble, 

pharmaceutically active protic ionic liquids have also been developed in order to extend 

this research strategy to a wider number of drugs, rendering them water soluble in most 

cases. In order to gain more information about their potential behaviour in delivery 

systems, these compounds were subjected to a number of experimental techniques, such as 

infrared analysis and transport property studies, where their chemical and physical 

properties were determined. As protic ionic liquids do not necessarily consist entirely of 

ions, but may also contain small amounts of the acid/base species they are derived from, it 

is also imperative to determine the degree of proton transfer in these compounds. For the 

protic ionic liquid to be considered a “pure” salt, and not a mixture of the starting materials 

and the salt, the proton transfer should be at least 99 %. We have established a relationship 

between the presence of certain functional groups, the extent of proton transfer and the 

level of association between ions, which will be a useful tool for the future design of the 

most efficient liquid protic drugs.  

 

Finally, model membrane transport studies were performed using the pharmaceutically 

active protic ionic liquids. These have shown very promising initial results, indicating that 

these compounds can be designed to have enhanced membrane transport when compared 

to the original solid form of the drug. These results are an important step towards the 

application of liquid APIs.  
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Abbreviations and symbols 

!

 

AIL    Aprotic Ionic Liquid 

 

API    Active Pharmaceutical Ingredient 

 

Bro
+
 Ibu

-   
Bromohexinium Ibuprofenate 

 

BzH    Benzoic acid 

 

COSMO-RS   Conductor like Screening Model for Realistic Solvents 

 

D     Diffusion Coefficient 

 

DFT    Density Functional Theory 

 

DSC    Differential Scanning Calorimetry 

 

(EtOH)pyr    2-pyrrolidinoethanol 

 

(EtOH)pyrH
+ 

Bz
-  

2-pyrrolidiniumethanol Benzoate 

 

(EtOH)pyrH
+ 

(Bz-Bz)
- 

2-pyrrolidiniumethanol bis(Benzoate) 

 

(EtOH)pyrH
+ 

(Bz-Sal)
- 

2-pyrrolidiniumethanol Benzoate-Salicylate 
 

(EtOH)pyrH
+ 

Gen
-  

2-pyrrolidiniumethanol Gentisate 

 

(EtOH)pyrH
+ 

Sal
-  

2-pyrrolidiniumethanol Salicylate 

 

FDA    Food and Drug Administration 

 

FTIR-ATR Fourier Transform InfraRed – Attenuated Total Reflectance 

 

GenH    Gentisic acid 

 

GRAS    Generally Recognised as Safe  

 

HOPL    Highest Occupied Proton Level 

 

IL    Ionic Liquid 

 

K    Partition Coefficient 

 

LUPL    Lowest Unoccupied Proton Level 

 

M    Madelung constant 
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MBC    Minimum Biocidal Concentration 

 

MRSA    Methicillin-Resistant Staphylococcus Aureus 

 

MIC    Minimum Inhibitory Concentration 

 

MS-ESI   Electrospray Ionization Mass Spectrometry  

 

NMR    Nuclear Magnetic Resonance 

 

NAH2    Amantadine 

 

NAH3
+
 Bz

-    
Amantadinium Benzoate 

 

NAH3
+
 Gen

-    
Amantadinium Gentisate 

 

NAH3
+
 Sal

-    
Amantadinium Salicylate 

 

NBH3
+
 Ace

-   
Butylammonium Acetate 

 

NHH3
+
 Ace

-
   Heptylammonium Acetate 

 

[NTf2]
-
    Bis(trifluoromethanesulfonyl)amide 

 

NTH2    Tuaminoheptane 

 

NTH3
+
 Bz

-    
Tuammoniumheptane Benzoate 

 

NTH3
+
 (Bz-Bz)

-   
Tuammoniumheptane bis(Benzoate) 

 

NTH3
+
 (Bz-Sal)

-   
Tuammoniumheptane Benzoate-Salicylate 

 

NTH3
+
 Gen

-    
Tuammoniumheptane Gentisate 

 

NTH3
+
 Sal

- 
   Tuammoniumheptane Salicylate 

 

PG    Propylene Glycol 

 

PIL    Protic Ionic Liquid 

 

PSP    Phenolsulfonphthalein 

 

RTIL    Room Temperature Ionic Liquid 

 

SalH    Salicylic acid 

 

t50     Time to permeate to 50% saturation 

 

TGA    Therapeutic Goods Administration 
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Chapter One: Introduction 

 

Section 1.2 Salts 

 

Salts are generally considered to be solid at room temperature. Sodium chloride, or more 

commonly table salt, is an inorganic salt with a melting point of 801 
o
C.

1
 From the crystal 

structure of sodium chloride, one can observe that each sodium ion (Na
+
) is surrounded by 

six chloride ions (Cl
-
) and vice versa.  This compound is held together by ionic bonds, 

strong bonds that require large amounts of energy to be broken. Under ambient conditions, 

sodium chloride is a highly stable compound. However, as the temperature increases, the 

ions begin to vibrate and obtain enough energy to escape the attraction of neighbouring 

ions, leading to disruption of the crystal lattice and thus melting of the salt. In the molten 

state, each ion is able to move individually. 

 

Looking at this from a thermodynamic point of view, while the change in Gibbs free 

energy of fusion (!Gf) at the melting point is zero, the enthalpy (H) and the entropy (S) of 

fusion of the compound are increasing (Equation 1(a)).  

 

                                              !Gf =0 = !Hf - Tm!Sf                                  Eq. 1a 

                                                    

! 

"Tm = !H/!S                                        Eq. 1b 

 

Equation 1. (a) Gibbs free energy of fusion is zero (b) the melting point of a compound is 

dependent on its enthalpy and entropy 

 

Therefore, the melting point of any substance relates to the balance of its entropy and its 

enthalpy of fusion. Sodium chloride, like many other traditional salts, is a substance that 

has a high enthalpy of fusion.  
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Section 1.3 Ionic Liquids  

 

1.3.1 Definition 

An ionic liquid (IL), in simple terms, is a liquid comprised entirely of ions, with a melting 

point below the boiling point of water. In a further classification, room temperature ionic 

liquids (RTILs) are defined as having melting points below room temperature. ILs are also 

known by other synonyms including ionic melts, liquid electrolytes, liquid salts, ionic 

fluids and so on. Salts with melting points above 100 
o
C are usually referred to as molten 

salts. The low melting points of ILs are usually due to the structural features of the 

cations/anions of which they are comprised, resulting in low lattice energies of these salts. 

Large organic asymmetric cations and bulky anions with delocalised charges frustrate the 

coordination (packing ability) of these ions in space and also minimise the interaction 

between the ions. Thermodynamically, the large asymmetric ions, usually of flexible and 

rotatable nature, have more degrees of freedom and hence larger !Sf values, which usually 

lead to compounds with lower melting points (Equation 1(b)). The melting point of an IL 

can often be further depressed by the addition of another salt to give a eutectic mixture. 

Utilising only the currently known cations and anions, it has been suggested that over 10
18 

different ILs can be synthesised;
2
 however, this number is expected to rise further with the 

continued discovery of new cations and anions.  

 

1.3.2 A Brief History of Ionic Liquids 

One of the first examples of an organic salt with a melting point of <100 
o
C, 

ethanolammonium nitrate, was a protic IL (for definition see section 1.3.4) with a melting 

point of 52-55 
o
C, reported by Gabriel in 1888. 

3,4
 

 

The first designed room temperature IL, ethylammonium nitrate, was a protic IL with a 

melting point of 12.5 
o
C, synthesised by Paul Walden in 1914.

5
 This compound is formed 

by the simple reaction of ethylamine and concentrated nitric acid. At the time, the 

discovery of this IL did not prompt any great amount of interest, particularly as the 

material had potentially explosive properties. Over the ensuing decades, a number of novel 

ILs were reported, primarily as solvents for organic reactions and as high
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temperature media for electrochemical studies, most notably the chloroaluminate series, 

but most were found to be extremely prone to hydrolysis. The big surge of novel and more 

stable ILs came in the 1990s with the breakthrough made by Wilkes and Zawarotko who 

reported air and water stable ILs, based on weakly coordinating anions such as 

tetrafluoroborate, [BF4]
-
, and hexafluorophosphate, [PF6]

-
.
6
 However, ILs based on these 

anions were later also found to be hydrolytically unstable under certain experimental 

conditions, producing hydrofluoric acid, with those based on [BF4]
-
 anion being the more 

unstable of the two, over a broad range of conditions.
7
 Nonetheless, in the last decade, a 

number of more stable ions, such as bis(trifluoromethanesulfonyl)-amide (NTf2)
8
 and 

dicyanamide (DCA)
9
 anions and phosphonium

10
 and imidazolium

11
 based cations, to name 

a few, have been utilised to synthesise novel ILs which have been exploited in a number of 

applications.  

 

1.3.3 Applications of Ionic Liquids 

Due to their unique properties, ILs have been widely studied for a range of applications. 

According to SciFinder, pre-2000 there was ~1330 research publications on ILs. This 

number has drastically increased over the years, with 2010 alone producing ~5407 research 

articles and patents.   

 

The use of ILs for various applications has been well reviewed in recent years; they have 

been investigated for use as electrolytes for batteries,
12, 13

 fuel cells,
14-16

 dye sensitised 

solar cells,
17, 18

 electrodeposition,
19, 20

 electrosynthesis,
21, 22

 supercapacitors and 

actuators.
23, 24

 ILs have also been implemented as solvents in both organic and inorganic 

synthesis,
4, 25

 in chromatography
26

 and in amphiphile self-assembly media.
27

 They have 

also been used as catalysis media,
28, 29

 including enzyme catalysis.
30

 A number of groups 

have investigated the use of ILs for the extraction and conversion of naturally occurring 

compounds such as cellulose, carbohydrates and biomass.
31-33

 ILs have also been utilized 

as lubricants
34, 35

 and biological solvents.
36
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1.3.4 Aprotic vs. Protic Ionic Liquids  

ILs can be divided into two subclasses – aprotic and protic. The term ionic liquid most 

commonly refers to aprotic ILs (AILs) and these have been the focus of the majority of IL 

research. This type of IL is usually synthesised via a metathesis reaction between a halide 

salt or a similar salt of the desired cation and a silver, group 1 metal or ammonium salt of 

the desired anion (Scheme 1):
37, 38

 

 

 

 

Scheme 1. General metathesis routes to ILs
37

 

 

AILs exhibit a wide range of properties depending on the nature of the cations/anions of 

which they are comprised. They can be water miscible or water immiscible. Some are 

acidic, some basic and others neutral. Hence, ILs have been dubbed “designer solvents”, as 

they can each be made with pre-selected characteristics and for a specific application by 

simply varying either ion.
39, 40

 

 

One of the most useful properties exhibited by AILs is their negligible vapour pressure at 

temperatures up to their thermal decomposition temperature. This characteristic is due to 

the strong coulombic interactions among the ions in the liquid. As a result, AILs can be 

utilized in a range of applications requiring high temperatures, where the traditional 

molecular solvents fail due to their volatility. The negligible vapour pressure typically 

exhibited by AILs at moderate temperatures contributes to their reputation as “green 

solvents” as they do not produce toxic vapours during use, as volatile organic compounds 

can. Additionally, they can often be recycled, which is another reason that they are 
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commonly described as  “green”. Other typical properties seen in AILs, which are not seen 

in conventional molecular solvents, can include non-flammability, inherent ionic 

conductivity, wide liquid range, thermal and chemical stability and a wide electrochemical 

window.  

 

Protic ionic liquids (PILs), on the other hand, are formed upon a proton transfer from a 

Brønsted acid to a Brønsted base, in an acid-base neutralisation reaction (Scheme 2). 

 

 

 

Scheme 2. Acid-base neutralisation reaction  

 

PILs, therefore, do not only contain ions but also small quantities of molecular species (i.e. 

the acid and base), which exist in equilibrium with the salt. PILs manifest notably different 

chemical and physical properties compared to AILs due to the presence of the 

exchangeable proton, which also allows for hydrogen bonding. These properties are highly 

dependent on the degree of proton transfer; this process will be discussed in more detail in 

Chapter 3.  

 

1.3.5 Impact of impurities 

Although the synthesis of ILs is often synthetically straightforward, purification of these 

compounds is non-trivial. Being liquid, they cannot simply be recrystallised to remove the 

impurities, as is possible with solid compounds, and their low volatility prohibits 

purification by distillation like conventional liquids. Quantifying impurities in ILs is an 

extremely important process for the successful characterisation and reproduction of 

experiments involving these compounds.  

 

One of the most abundant and most difficult impurities to remove is water. Although many 

applications in which ILs are used are not affected by the presence of water, for those that 

are, the fundamental characterisation of new ILs should be carried out on very dry samples 

(preferably less than 100 ppm). Given that AILs have very low vapour pressures, this type 

of IL can be heated and dried under vacuum for several hours to remove the water. This 

procedure, however, is not appropriate for PILs, as the conjugate acid or base species
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 present in the PIL may also be volatile, in which case a loss of one of the species may 

occur.  

 

Other impurities, including traces of acids, halide ions, residual solvents and any unreacted 

volatile organic compounds used in the synthesis of the ILs can also have profound effects 

on the chemical, physical and spectroscopic characteristics of the ILs.
41

 Impurities can 

depress the melting points of compounds significantly, to the extent that they may be 

wrongfully defined as an IL if their crystallisation is never observed, and can significantly 

alter fundamental physical properties such as conductivity and viscosity.
41, 42

 Hence, it is 

crucial to accurately establish the purity of any new IL. The level of acceptable impurities 

in ILs is, to a certain extent, dependent on the specific application of these compounds and 

must therefore be defined by the researchers within that specific area of application.  

 

In this project, the synthesised compounds were thoroughly purified and analysed by 

techniques including Nuclear Magnetic Resonance (NMR), Infrared spectroscopy (IR), 

Electrospray Ionization Mass Spectrometry (MS-ESI) etc., as detailed in the experimental 

sections of the enclosed manuscripts and the supplementary information.  
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Section 1.4 Pharmaceutically Active Ionic Liquids 
 

The potential use of ILs with antimicrobial activity as antiseptics, disinfectants and anti-

fouling agents has prompted several investigations over the years. In 2003, Pernak and co-

workers reported a range of 3-alkoxymethyl-1-methylimidazolium antimicrobial ILs with 

chloride, [BF4]
- 
and [PF6]

-
 anions, which were tested against a range of strains of bacteria 

and fungi including Staphylococcus aureus, Escherichia coli and the fungus Candida 

albicans. They reported the minimum inhibitory concentrations (MICs) and minimum 

biocidal concentrations (MBCs) for the ILs, indicative of the minimum concentrations of 

antimicrobial agents that inhibit the growth of or kill a microorganism; low values indicate 

high potencies of antimicrobial agents. A closer look at the results of this study unveiled a 

relationship between the structure of the IL cation and the resultant antimicrobial activity; 

ILs containing alkoxyl groups with 10, 11, 12 or 14 carbon atoms displayed the highest 

activity, while those with shorter cation substituents were not active against bacteria and 

fungi.
43

 The relationship between antimicrobial activity and the structure of the cation was 

observed again with alkylimidazolium and alkylpyridinium ILs, as reported by Docherty et 

al.
44

 and also in ILs based on chiral alkylammonium cations with more than five carbon 

atoms, as studied by Pernak et al.. Exchanging the anions in these studies did not affect the 

antimicrobial activities of the synthesised ILs. 

 

However, in 2005, Cieniecka-Roslonkiewicz et al.
45

 reported a number of phosphonium 

ILs with a range of different anions that displayed anti-microbial activity as well as anti-

electrostatic activity, in which the structure of both the cation and the anion had an effect 

on the biological activities of the ILs. Further, the halide based anions displayed anti-

microbial activities comparable to those of a standard commercial biocide, benzalkonium 

chloride. However, substituting the halide anion for other anions resulted in a loss of 

antimicrobial activity.  

 

The work on antimicrobial ILs has led to the birth of a new type of IL; in 2007, 

pharmaceutically active ILs emerged. These are based strictly on ions that are active 

pharmaceutical ingredients (APIs) or generally recognised as safe (GRAS) compounds – 

all substances that have been approved by the Food and Drug Administration (FDA) in the 
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U.S. or the Therapeutic Goods Administration (TGA) in Australia to be safe and reliable 

for use as food additives and in drug formulations.  

 

Publication 1.1 “Crystalline vs. Ionic Liquid Salt Forms of Active Pharmaceutical 

Ingredients: A Position Paper” is a review article that discusses pharmaceutically active 

ILs, describing in more detail the beginnings and future directions of this new and exciting 

area of IL research.  
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Abstract. Why not consider liquid salt forms of active pharmaceutical ingredients (APIs) as an
alternative versatile tool in the pharmaceutical industry? Recent developments have shown that known
APIs can be readily converted into ionic liquids and that these novel phases often possess different
properties (e.g., improved solubilities and dissolution rates), which may have a direct impact on the
pharmacokinetics and pharmacodynamics of the drug. They may also offer the potential of novel and
more efficient delivery modes, as well as patent protection for each of the new forms of the drug. Since
these pharmaceutically active ionic liquids represent a thermodynamically stable phase, they avoid the
troublesome issues surrounding polymorphism and “polymorphic transformation.” In some cases, an
active cation and an active anion can be combined to produce a liquid possessing dual functionality. Here
we examine and challenge the current industry reliance on crystalline APIs by discussing the breadth and
potential impact of liquid salts as a possible approach to phase control.

KEY WORDS: active pharmaceutical ingredient; delivery modes; ionic liquid; polymorphism; salt.

INTRODUCTION

More than 50% of drugs on the market today are sold as
organic salts (1). Salification (i.e., salt formation) of a drug
substance, a crucial step in drug development, can have a
huge impact on its properties, including solubility, dissolution
rate, hygroscopicity, stability, impurity profile and particle
characteristics. The cation that is most commonly used in the
salification process in FDA-approved pharmaceutical salts is
the sodium ion, while the most encountered anion is chloride
(2). The pharmaceutical industry relies predominantly on
solid, primarily crystalline forms for the delivery of APIs,
mainly for reasons of purity, thermal stability, manufactur-
ability, and ease of handling. In contrast, liquid drug
formulations are only rarely found and are usually based on
eutectic mixtures (3). However, problems associated with the
solid form of many drugs exist, including polymorphic
conversion, low solubility, and low bioavailability for crystalline
solids, and the tendency of amorphous forms to spontaneously
crystallize (4). For these reasons, but also for considerable
financial interests caused by legal ramifications, a constant
screening for new drug forms, including salts, solvates, and co-
crystals, is ongoing (5).

Most screening protocols for salt, solvate, co-crystal, or
indeed even neutral APIs, discard any results for which an
‘oil’ is obtained. That is, if the result of the test conditions is
not a solid, the material and the result are discarded and
typically unreported in the open literature. The protocols are
typically designed to produce crystalline forms, despite the
fact that if the counterion is carefully chosen, an API can be
designed to possess a low, or even non-existent, melting point
and hence be present as a liquid at room temperature or
below (6–9). These liquid salts represent a new phase of any
given pharmaceutical active ingredient (API) and therefore
offer a potentially new suite of properties for that active, not
to mention intellectual property. Equally, these liquid salts
offer a versatile solution to phase change issues with known
APIs.

The reliance of pharma on the solid state remains,
despite the fact that many drugs exhibit multiple crystalline
forms (polymorphs, solvates, etc.), which can have a profound
effect on the solubility, physical and chemical stability,
dissolution rate and, in some cases, bioavailability of the
compound (10–12). An interconversion between crystal forms
occasionally occurs, which can create differences in the
bioavailability of the drug, leading to inconsistencies in its
efficacy. The pharmaceutical industry’s concern with this
phenomenon has intensified as a result of “polymorphic
transformations,” where one crystal form transforms into
another during storage or manufacturing processes, and the
legal ramifications of this effect. A number of court cases
regarding the polymorphism of salts have proven to be
extremely significant and remarkably costly (e.g., GlaxoSmith-
Kline vs. Apotex–Paxil) (13), leading to the establishment of a
legal precedent concerning polymorphism. Thus, different
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phases of a given drug can, in principle, be separately
patented (1). It is also now accepted by regulatory bodies in
the US that different solid forms of a drug are effectively
different drugs, i.e., have different pharmacokinetics and
pharmacodynamics; however, European regulators currently
view them to be the same.

A liquid phase of the given active is therefore considered
to be a usefully different form of the active compound as it
certainly avoids the issues arising from polymorphism. Other
developments have been approaching similar territory where
liquid drug formulations were prepared as eutectic mixtures
(14); however, this tends to introduce a substantial quantity of
inactive ballast in the formulation, diluting the API. In
addition, pure liquid phases of APIs would lend themselves
to many alternative delivery or treatment options.

Ionic liquids (ILs) are commonly accepted as being salts
or mixtures of salts that have melting points below 100°C (15),
an extremely broad classification. In the present context of
pharmaceutical applications, the liquid phase is preferably
present below room temperature. These low melting points
are largely induced by packing frustration of the usually
asymmetric cations. In addition, a more diffuse charge on one
or both of the ions typically yields a lowering of the melting
point. For example, 3-ethyl-1-methylimidazolium chloride is a
simple organic salt with a melting point of 77–79°C; replacment
of the chloride with a dicyanamide anion lowers the melting
point below room temperature, and, thus, the salt at room
temperature appears as a stable, fluid liquid with a glass
transition of −104°C and a melting point of −21°C (16).

The huge interest in ILs has led to an extensive and
diverse range of ions known to support IL formation. An
equally diverse range of applications has emerged, from
electrochemical devices (17–19) to chemical solvents (17,20),
biopolymer solvents (21), and protein formulations (22–25) to
name a few. While the popularity of ILs in biosciences might
have been delayed by the (sometimes heated) debate on the
toxicity of some ILs, this very property can be desirable and
lead to a variety of pharmaceutical applications (26). For
instance, the antimicrobial activity of ILs is subject to an
increasing number of publications and can be beneficial for
the development of new bioactive materials, for example as
antiseptics or as antifouling reagents, or even as potential
anticancer therapeutic agents (9,27–32). Carson et al. have
investigated the antibiofilm activity of 1-alkyl-3-methylimida-
zolium chloride ILs and reported potent, broad spectrum
activity against a variety of clinically significant microbial
pathogens, including MRSA (33).

There is certainly no doubt that many pharmaceuticals
and other bioactive moieties can be made into an ionic liquid
phase. A number of examples have been published recently
where APIs have been combined with counterions capable of
lowering their melting point below room temperature. One
approach taken is to pair an active ion with a counterion
which is a known excipient. For example, the IL propanthe-
line acesulfamate contains the active cation from the API
propantheline bromide (an antimuscurinic used to treat a
number of conditions such as excessive sweating, cramps,
spasms of the stomach, etc.) with acesulfamate, a known
artificial sweetener and a pharmaceutical additive (6). The IL
formed from these two ions has no observable melting point
and passes into a glassy state at −20°C; bulk samples of this

material have been stable in the liquid state for more than
one year.

One of the most appealing features of ILs for pharma-
ceutical application is that they are customisable materials that
can be specially made with pre-selected characteristics by
varying the cations and anions of which they are comprised.
Combinations of different cations and anions result in various
ILs which can provide wide ranges of hydrophobicity/
hydrophilicity, acidity/basicity, viscosities, etc. (34). Perhaps
most importantly in the context discussed here, combining
cations and anions with little opportunity for strong attractive
intermolecular (or interionic) hydrogen bonded interactions
in an “anti-crystal engineering” approach decreases the
likelihood of crystallization and provides an elegant access
to pharmaceutically active ILs (6). This approach will
inherently lead to different salts (ion combinations) that
would otherwise not be explored where crystallization is the
prime objective. Indeed, the frequently used term “designer
solvents” for ILs might as easily be adapted for IL “designer
drugs,” since physical, chemical and biological properties of a
drug can be tuned by choice of the counterion rather than by
covalent modification (Fig. 1).

What new treatment options are we missing when drug
discovery or development approaches are exclusively focused
on the crystalline state? Let us explore some aspects of ILs
that we should start to consider when looking to refill our
product portfolio.

ELIMINATION OF POLYMORPHISM

If polymorphism is an issue, one can design an IL form of
the API without changing or compromising the molecular
integrity or solubility of the API. Ranitidine hydrochloride
(ZantacTM), an anti-ulcer drug that gained dubious fame for
extensive litigations over polymorphic forms and purity (35)
was easily reacted with sodium docusate, a common emollient
(36), to form the room temperature ionic liquid ranitidine
docusate with a glass transition temperature of −12°C.
Similarly, propantheline bromide is an API that can be
present in different polymorphs (37); the propantheline

Fig. 1. Designer drugs: tunable properties by design and choice of ions.
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acesulfamate, and the other propantheline ILs described in
reference 6, are new compounds of this API that avoid the
polymorphism problem (Fig. 2).

CONTROLLED SOLUBILITY

While the elimination of polymorphism in an IL for-
mulation of drug is a logical consequence, it is by far not the
only potential advantage arising from use of the liquid state.
Many Phase II trials of new active compounds end in failure
due to their poor efficacy, often related to limited solubility
(38). The design of the IL via the choice of the counterion can
dramatically improve or decrease the solubility of the API
(39,40). While most current salt approaches aim to increase
solubility, ILs also offer the possibility of rendering an active
less soluble, giving rise to hydrophobic liquid salts and new
concentrated liquid delivery modes.

Strongly hydrophilic ionic actives often possess insufficient
ability to penetrate biological membranes (1). Combining such
an active ion with another of a more lipophilic character may
offer a solution to this problem. For example, lidocaine docusate,
an IL form of the local surface anaesthetic lidocaine, combines
the relatively hydrophobic lidocaine cation with a hydrophobic
anion, docusate (an emollient), to produce a hydrophobic IL
salt, which exhibits reduced or controlledwater solubility (Fig. 3)
and thus should exhibit extended residence time on the skin (41).

A number of delivery modes can be employed to deliver
such hydrophobic liquid salts to the site of action more
efficiently than dissolved crystalline APIs in a more concen-

trated and effective manner, including iontophoresis, passive
patches, aerosols, etc. Hydrophobic IL phases of an active
make it possible to deliver a concentrated drug in a more
localised manner, potentially avoiding the toxic impact of the
drug and its metabolites on the rest of the body. While such
hydrophobic properties can be achieved in crystalline APIs
which are then used in a concentrated solution form, one of
the advantages of the IL phase in this respect is that the ion
combination used to prepare the salt is not required to
produce a high melting point to be a useful drug; much wider
combinations of ions are applicable.

ION-PAIR BASED TRANSPORT

Whether the IL ions will stay together in aqueous
solution as ion pairs or clusters rather than independent
solvated ions remains to be investigated. ILs are designed to
be chaotropic, and, thus, the aqueous and solution chemistries
are only sparingly explored (42). Recent molecular dynamics
simulation studies (43–45), as well as spectroscopic inves-
tigation via NMR techniques (46,47), suggest that ILs do not
dissolve as independent ions but keep a nanostructured
organization in aqueous media. After all, the inherent
properties of ILs are not like traditional crystalline salts,
and the very properties that make ILs low melting also make
them behave differently both in the melt and in solution.

Some pharmaceutically active ILs are highly ion-associated
systems displaying high viscosities and low conductivities.
This phenomenon has already been encountered and
described in the IL field where tetradecyltrihexyl- and
tetrabutyl-phosphonium cations are paired with chloride
and sulfonylamide anions to yield highly viscous and low
conducting compounds (48,49). These liquids are thought of
as being an intermediate state between true ionic and true
molecular liquids.

In the pharmaceutical world, drugs that are highly ionic
have difficulty crossing the membrane in order to reach their
site of action. Ion-pair formation enhances the transport of
various ionic drugs through the skin and across the absorbing
membrane (1). Therefore, highly ion-associated pharmaceuti-

Fig. 3. Improved hydrophobicity and decreased solubility of lidocaine
docusate.

Fig. 4. Dual biological function: Didecyldimethylammonium
saccharinate.

Fig. 2. Ranitidinedocusate (left), Propantheline toluenesulfonate (middle), andPropantheline acesulfamate (right).
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cally active ILs would be highly beneficial forms of the
original pharmaceutical active salts, as they could cross the
membrane more rapidly (50). In fact, measurements show
that one of the propantheline salts, propantheline p-toluene-
sulfonate (Fig. 2) is one of these highly paired ionic liquids.

EXPLOITING THE FULL POTENTIAL
OF SALTS—DUAL FUNCTIONALITY

With (solid) salts frequently used to provide the desired
physico-chemical properties of a neutral drug, the chosen
counterions are usually of inactive nature. There have been a
few examples of ‘combination salts’ utilizing two actives in a
single compound (1) but the overall promise of such an
approach seems to be moderated by a) the need to have a
crystalline material, and b) the fixed stoichiometry of actives
found in such a crystalline salt. So called ‘dual functionality’
has been a highly explored aspect of the IL field in general,
for example in dual acidic or double chiral ILs (51). In the
context of APIs it adds new avenues for exploration in
pharmaceutical action.

Only recently have examples in the IL literature
appeared which report the designed incorporation of two
biologically active ions where both the cation and anion were
chosen based on the desired physical, chemical, and biological
properties (9). Sweet and antimicrobial salts can be prepared
from antibacterial quaternary ammonium cations and non-
nutritive sweetener anions such as acesulfamate or saccha-
rinate. Didecyldimethylammonium saccharinate (Fig. 4) and
didecyldimethylammonium acesulfamate not only retain their
initial antimicrobial properties, but exhibited decreased water
solubility, high thermal stability, and good deterrent activity
against insects. While these quaternary ammonium cations

are frequently found as antimicrobials and disinfectants (52),
the introduction of sweetness as a second functionality in one
formulation can certainly be an additional factor for oral
applications, e.g. mouthwashes.

In the context of APIs, a variety of approaches can be
contemplated where the two actives can be chosen (Fig. 5),
for example on the basis of:

& one counteracting the side effects of the other active
ingredient;

& both ions being pharmacologically independent, but
either aiding the therapeutic properties of the other or
providing treatment for a different symptom; or

& the ions acting in a synergistic manner supplementing
the desired effects (1).

It is important to also note that a co-formation of two
separate solid actives in a solid dosage form does significantly
differ from a dual functional IL formulation (Fig. 6). The ions
in an IL will dissolve in the body fluids in exactly the same
way—since one ion cannot dissolve without the other; this is
not true of separate solid forms administered at the same time
since each may dissolve at quite different rates.

PROTIC IONIC LIQUIDS FROM API ACIDS
AND BASES: A QUESTION OF IONIZATION
AND CONFUSION

A subclass of ILs, protic ILs (PILs), is based on an acid/
base exchangeable proton system. As a result of the
exchangeable proton, these ILs have been used as solvents
in various acid catalysed reactions (53,54) and are suitable as
proton conductors (55). Pharmaceutically active acids and
bases can be utilised to produce pharmaceutically active
protic ILs, and, in fact, an overwhelming majority of all
pharmaceutically active salts in use are protonated species. It
is thought that ∆pKaaq > 10 is needed for full ionisation to
occur (56); ∆pKaaq < 10 implies low degree of ionisation,
hence a dynamic mixture of ions and parent acid and base.
There may be a significant advantage of drugs with low degree
of ionisation over the fully ionised ones due to their ability to

Fig. 6. Schematic illustration demonstrating a potentially different dissolution of dual
functional liquid (left) vs. solid co-formulation of 2 active salts (right).

Fig. 7. Partially ionised 1-methylhexylammonium salicylate.

Fig. 5. A number of different combinations possible for dual
functional liquids.
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cross membranes more efficiently. An example of a partially
ionized pharmaceutically active IL is 1-methylhexylammonium
salicylate (Fig. 7) (57). Salicylic acid, an analgesic with a pKa
value of 2.98, was reacted with 1-methylhexylamine, a nasal
decongestant with a pKa value of 10.5, to produce a liquid at
room temperature with a Tg at −40°C and a ∆pKaaq of 7.52.
Walden plot (48) analysis of this compound shows a low degree
of ionisation implying incomplete proton transfer from salicylic
acid to 1-methylhexylamine. In fact, it is most probable that this
compound is a mixture of the parent acid and base and salicylate
and 1-methylhexylammonium ions.

Most current research on ILs, and indeed virtually all
modeling efforts, deals with salts of definite chemical
composition. However, in light of growing understanding of
IL behavior, we have begun to question whether modification
to the stoichiometry, especially non-integral stoichiometry, is
not, in fact, an unrecognized tool to improve IL physical
properties. Angell and others studied “proton transfer RTIL
systems” using reactions between neat Brønsted acids and
bases and found that when one of the components is used in
excess, the resulting proton transfer is incomplete, and cations
and anions exist in equilibrium with molecular species,
resulting in formation of either associated ions or weak
proton transfer systems (58–60). With proper knowledge of
the chemistry, the properties of the ILs can be modified by
addition of excess solid or liquid acid or base in order to form
oligomeric anions or cations (Scheme 1) (61).

CONCLUSIONS AND FUTURE DIRECTIONS

We propose here that IL phases offer much promise,
incredible flexibility, and an ability to finely tune physical,
chemical, and biological properties without covalent manip-
ulation of the active. Certainly there are issues which must be
addressed, including manufacturing, scale-up, purification,
stability, and delivery, to name a few. Nonetheless, the
headlong rush to find new pharmacophores via molecular
manipulation and discovery may have obscured the fact that
many known actives can be manipulated into more effective
treatments by simple salt chemistry—albeit a salt chemistry
unlike any other yet attempted by the industry.

While better strategies for prediction and proper design
for pharmaceutically active ILs are needed and many
unknown aspects of synergies, antagonists, ion pairing, and
aggregation are involved, the risk in conducting such research
would seem to be outweighed by the potential for dramati-
cally increasing our product portfolios. We therefore suggest
that the liquid state per se should not be ignored—or worse,
discarded—but more considered as an alternative to common
solid-state techniques. A plethora of new possibilities, chal-
lenges, and thrilling opportunities might be the reward.
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Section 1.5 Thesis Overview and Aim of Study 

 

This thesis is presented in a “thesis by publication” format. It is made up of five published 

journal articles, one patent (see Appendix) and one submitted manuscript. Each chapter 

contains an introduction in which the articles and their supplementary information are 

placed within the context of the thesis as a whole. The introduction chapter contains a 

review article, primarily focussing on our work and the work of our collaborators, which 

introduces the topic of this thesis. The two main chapters are then focused on: 

 

(i) Pharmaceutically active aprotic ionic liquids 

This part of the work is concerned with the synthesis and characterisation of a number of 

novel pharmaceutically active ILs based on aprotic active pharmaceutical ingredients; 

these were prepared as examples of the concept and to probe some of the complications of 

achieving low melting point compounds. The use of “anti-crystal engineering” to select 

ions to yield liquid salts is also discussed. The work of this section is presented in Chapter 

2 in the following publications: 

 

• Publication 2.1 - Exploring an Anti-Crystal Engineering Approach to the 

Preparation of Pharmaceutically Active Ionic Liquids 

• Publication 2.2 – Methyl 9H-xanthene-9-carboxylate 

 

(ii) Pharmaceutically active protic ionic liquids – ionicity and proton transfer 

Chapter 3 focuses not only on the preparation and characterisation of pharmaceutically 

active protic ionic liquids but also on the very important question of ionicity and the degree 

of proton transfer in protic ILs in general. The chapter also presents our initial 

investigations into the membrane transport of these materials, which is a fundamental step 

towards the development of real-life applications.  

These topics are presented in the following publications: 

 

• Publication 3.1 – Ionicity and Proton Transfer in Protic Ionic Liquids 
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• Publication 3.2 – Protic Pharmaceutical Ionic Liquids and Solids: Aspects of 

Protonics 

• Publication 3.3 – Enhanced Membrane Transport of Pharmaceutically Active Protic 

Ionic Liquids 

 

Finally, our research into the different aprotic and protic pharmaceutically active ionic 

liquids is summarised in the conclusion section (Chapter 4), where some future avenues of 

investigation are also discussed. 

 

Copyright permission 

Publication 1.1 is available from springerlink.com 

• Crystalline vs. Ionic Liquid Salt Forms of Active Pharmaceutical Ingredients: A 

Position Paper  

            http://www.springerlink.com/content/4g14306n81x7t8n0/ 

 

The American Chemical Society (ACS) has granted permission for the use of my paper 

(publication 2.1). Reprinted with permission from P. M. Dean, J. Turanjanin, M. 

Yoshizawa-Fujita, D. R. MacFarlane and J. L. Scott, Cryst. Growth Des., 2009, 9, 1137-

1145. Copyright 2009 American Chemical Society. 

 

• Exploring an Anti-Crystal Engineering Approach to the Preparation of 

Pharmaceutically Active Ionic Liquids 

http://pubs.acs.org/doi/abs/10.1021/cg8009496 

 

Publication 2.2 is reproduced with permission of the International Union of 

Crystallography  

• Methyl 9H-xanthene-9-carboxylate 

http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2961166/ 

 

The Royal Society of Chemistry (RSC) has granted permission for the use of my paper(s) 

(publication 3.1, 3.2 and 3.3). Reproduced by permission of the PCCP Owner Societies. 

 

• Ionicity and Proton Transfer in Protic Ionic Liquids 

http://pubs.rsc.org/en/Content/ArticleLanding/2010/CP/c0cp00239a 

Reproduced by permission of the PCCP Owner Societies 

 

• Protic Pharmaceutical Ionic Liquids and Solids: Aspects of Protonics 

http://pubs.rsc.org/en/results?searchtext=Protic%20Pharmaceutical%20Ionic%20Li

quids%20and%20Solids%3A%20Aspects%20of%20Protonics 

Reproduced by permission of The Royal Society of Chemistry 

 

• Enhanced Membrane Transport of Pharmaceutically Active Protic Ionic Liquids 

http://pubs.rsc.org/en/Content/ArticleLanding/2011/CC/c1cc14314j 

Reproduced by permission of The Royal Society of Chemistry 
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Chapter Two: Pharmaceutically Active Aprotic Ionic Liquids 

 

Section 2.2 General Overview 
 

The physical form of a drug substance can have a huge impact on its chemical and physical 

properties.
1
 Most active pharmaceutical ingredients (APIs) are formulated and marketed as 

crystalline forms, predominantly because crystalline compounds are easier to isolate and 

purify and also possess better physico-chemical stability. The difficulties that can occur 

with crystalline forms, however, are related to their poor solubility as well as the potential 

existence of more than one crystalline form of an API.
2
 Drugs with poor solubility exhibit 

slow dissolution rates and hence the onset of the pharmacological activity of these drugs is 

also slow, while different polymorphs of a drug can display different pharmacokinetic 

profiles, influencing the overall performance of the drug candidate.
3
 Other crystalline 

states of APIs include co-crystals, solvates, hydrates and salts.
4
 All of these forms are 

multi-component crystalline phases rather than covalent modifications of the active 

molecules. However, depending on the chemical nature and three-dimensional structure of 

the molecule, an API can also exist in the amorphous form.
4
 When compared to crystalline 

forms, amorphous forms usually display higher solubilities and higher dissolution rates, 

due to the lack of lattice energy - a thermodynamic barrier to dissolution.
5
 Since 50 % of 

APIs on the market are administered as simple salts,
1
 and the amorphous forms of the drug 

offer better solubility and dissolution rates, a liquid salt form of an API may provide 

advantages over the currently available phases of APIs due to an improvement of the 

overall pharmacokinetics of the drug.  

 

Publication 2.1 outlines a number of aprotic compounds synthesised during this project as 

an example of this concept. The cations used were the active components of these 

compounds, all APIs, while the anions were selected from the GRAS category of 

compounds. The synthetic procedures and characterisation data are reported in the 

experimental section of the article and the supporting information. Three compounds were 

found to satisfy the definition of pharmaceutically active aprotic ionic liquids, while the 

others were crystalline samples, used to test the validity of the concept known as “anti-
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crystal engineering”. This concept, which was developed in collaboration with another 

PhD student at the time (Pamela Dean), was used to identify cation/anion pairs that have 

the lowest likelihood of crystallising and hence lead to the formation of liquid salt forms of 

the active species.  

 

In addition to the improved solubility and dissolution rate of the API, the synthesised 

pharmaceutically active AILs could potentially offer other advantages in their liquid form. 

One advantage is the potential to tailor these compounds to obtain different physical 

properties (e.g. hydrophobicity/hydrophilicity) by simply varying the counterion of the 

active. Another advantage is the possibility of delivering these new forms of known drugs 

in a different way; one which may be preferred by the patient. Being ionised liquids, there 

is an opportunity to deliver the drugs using Iontophoresis, which is a non-invasive 

technique used to deliver drugs through the skin using a small electric current.
6
 A third 

potential advantage is the capacity to synthesise dual active pharmaceutical AILs by 

combining ions of synergistic behaviour (either to enhance the desired effects or to 

counteract the unwanted side-effects).  

 

A patent application (Patent A1) was developed on the basis of this work in collaboration 

with the Rogers group at University of Alabama. The patent is entitled “Dual Functioning 

Ionic Liquids and Salts Thereof”, and is included in the Appendix.  

 

Finally, in order to prepare the purest compounds for this study, all of the starting materials 

were recrystallised prior to the synthesis of the active ILs. During the recrystallisation of 

propantheline bromide, methyl 9H-xanthene-9-carboxylate, a by-product obtained from the 

transesterification of this API by methanol,
7
 was obtained. A single crystal of this sample 

was successfully acquired and subjected to crystallographic examination, and this data is 

summarised in Publication 2.2. 
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ABSTRACT: A series of salts, some of which are ionic liquids, are prepared from cations and anions drawn from Active
Pharmaceutical Ingredients (APIs) and Generally Recognized As Safe (GRAS) materials. Using the solid-state structures of the
crystalline salts as a basis, an anti-crystal engineering approach to the preparation of “Active Ionic Liquids” (AILs) is explored.

Introduction

The physical form of a drug substance is of great importance as
it directly affects the manner in which the material is formulated
and presented to the consumer, as well as influencing more
fundamental characteristics such as solubility and dissolution rate,
which, in turn, impact on bioavailability. These factors, as well as
the considerable financial gains to be realized by effective patent
protection of new physical forms, have resulted in a flurry of
activity in screening for novel solid forms, including salts,
polymorphs, pseudopolymorphs (or solvates), and co-crystals.1

There are myriad examples in the scientific literature, with doubtless
many more in the closed research files of large pharmaceutical
companies. More than 50% of drug compounds are marketed are
salts,2 and the exploitation of differences in the number of crystal
forms, interconversion of these, and the attendant changes in
physical properties are not insignificant. In addition, the counterion
is sometimes little more than ionic “ballast” as the identity of this
often follows from synthesis or purification routes, rather than
rational choice or screening.

Recently Rogers and co-workers have reported ionic liquids
formed from active pharmaceutical ingredients (APIs) and have
commented on the potential scope of this, to date poorly exploited,
drug phase.3 (The term “ionic liquid” is now widely accepted to
describe salts with melting points<100 °C, although some authors
distinguish a subset of these salts as Room Temperature Ionic
Liquids or RTILS, that is, those salts that are in the liquid phase at
ambient temperature.) Clearly a salt that does not exhibit a
crystalline phase will not be bedevilled by polymorphism, but there
are further advantages to be realized and exploited in the delivery
of the API. In particular, a non-crystalline salt in a liquid or glassy
phase will almost certainly exhibit the enhanced solubility exhibited
by amorphous phases. This concept bears further discussion as it
is potentially one of the most important advantages of the
formulation of APIs as ionic liquid phases. A schematic comparison
of the accessible phases and the relative free energy of each is
presented in Figure 1.4

A significant number of drugs currently on the market are
formulated as amorphous materials, and the most common
means of preparing the amorphous phase is by quenching: rapid
cooling from the melt; rapid precipitation from solution (for
example on addition of an antisolvent); spray drying; flash
evaporation; lyophilisation; or, indeed, any method that allows

the disordered glassy phase to be “frozen in” before nucleation
and growth lead to the appearance of crystals of the API.5

Unfortunately, in cases where a stable crystalline form exists
at ambient temperature, ∆Gf° for the crystalline phase is lower
than that for the amorphous material formed by quenching, and
thus quenching results in trapping in a form that is not the
thermodynamically most stable phase at that temperature, Figure
1a. Thus, any event that initiates nucleation may lead to growth
of a crystalline phase at the expense of the amorphous glass.
Such nucleation initiators may include heating (yielding a plastic
phase that then crystallizes) or localized shock, such as that
applied during size reduction (grinding) or formulation. In some
cases, even the desired increased solubility leads immediately
to crystallization of a stable crystalline phase. Thus, upon
addition of amorphous Indomethecin to water, dissolution of
the amorphous material yields a localized concentration of the
drug that is higher than its saturation limit, leading to immediate
crystallization.4

Here, we consider the concept of ionic liquids formed from
API ions in the light of the extensive literature on crystalline
drug forms, “crystal engineering”6,7 and the exploitation of
“supramolecular synthons”;8 concepts which have been applied
in developing strategies for increasing solubility of drug
compounds9 and in the choice of co-crystal formers10 for poorly
soluble drugs,11 such as carbamazepine.12 Emphasis must be
placed on the preparation of a salt that has an amorphous phase
as its thermodynamically most stable form (in the temperature
range of interest), that is, a salt that is a liquid or glass, but
NOT a supercooled liquid, such as that depicted in Figure 1b.
A less preferred, but nonetheless effective form, would be one
with Tfusion for the stable form below the T of interest, as in
Figure 1c.

Combining an understanding of the effect of robust supramo-
lecular synthons on the process of crystallization, with the
concepts familiar to chemists working with ionic liquids, we
propose the development of an “anti-crystal engineering”
approach to the synthesis of Active Ionic Liquids (AILs). This
would comprise identifying and intentionally aVoiding the
pairing of cations and anions that might yield common su-
pramolecular synthons, with the goal of decreasing the likelihood
of crystallization of salt. This “anti-crystal engineering” approach
is postulated as a means of narrowing the search for AILs to
cation and anion pairs that have a higher likelihood of NOT
crystallizing. Thus, herein, we begin to illustrate this approach
by preparing and analyzing a series of API salts some of which
crystallize readily, while others are AILs and remain in an
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amorphous glass or liquid form in spite of vigorous attempts to
bring about crystallization.

Results and Discussion

A small group of cations and anions selected from API salts
and the Generally Recognized As Safe (GRAS) list were chosen
for combination to yield salts containing active ions (Chart 1).
Pyridostigmine 1 is an acetylcholinesterase inhibitor and is
marketed as the slightly soluble crystalline Br- salt, branded
as Mestinon; benzethonium 2 is used in the form of the Cl-

salt as an anti-infective agent in many topical antiseptic gels
and is marketed under many trade names, such as Salanine;
propantheline 4, a muscarinic acetylcholine receptor antagonist,
is marketed in its Br- salt form as Pro-Banthine; mepenzolate
5 is used as a skeletal muscle relaxant and is currently
administered in the crystalline Br- salt form generally known
as Cantil; and phenytoin 6, as its sodium salt, is an antiepileptic
marketed variously as Phenytek, Dilantin, Eptoin, or Epanutin.
The choline cation 3, p-toluenesulfonate anion 10, and sweetener
anions saccharinate 7, acesulfamate 8, and cyclamate 9 are all
to be found in the GRAS list and are potential counterions that
are known to form ionic liquids in other cases. All cations
contain tetra-alkylated ammonium or alkylpyridinium moieties
commonly found in ionic liquids, and all anions, bar phenytoin,
have been previously used in the preparation of ionic liquids.13-18

The salts were prepared via ion metathesis reactions com-
monly used in ionic liquid synthesis and were analyzed, with
respect to purity, with particular attention to residual ions such
as Br-. Combinations of these ions yielded a number of isolable
salts (Table 1), including three that exhibit no detectable phase
changes ascribable to the existence of crystalline phases, on
Differential Scanning Calorimetric (DSC) analysis. Melting,
crystallization, and glass transition events were inferred from
endotherms, exotherms, or changes in heat capacity detected
by DSC analysis in multiple quenching, heating, and cooling
experiments. In all cases at least three repeated heating and
cooling cycles in the range -100 to 200 °C were effected.
Positive identification of AILs (as with all ionic liquids) is not
as simple as isolation of a salt that is oily or glassy at room
temperature, as such materials may simply be solids in which
crystallization is frustrated by the presence of impurities, or
quenched amorphous phases, that is, supercooled melts. Thus,
in addition to the low temperature DSC experiments described
above, various attempts were made to induce crystallization:
bulk (2 g) samples of the pure liquids were stored and examined
over extended periods (4 months or more) for signs of
crystallization, and standard crystal growth techniques, such as
dissolution in suitable solvents (including wet solvents) followed
by slow cooling or slow evaporation, were employed to test
the integrity of the liquid state.

Figure 1. Simplified schematic of free energy vs temperature for (a) a compound with a stable crystalline phase, which may be supercooled to form
an unstable supercooled liquid or glass and thus exhibits a tendency to crystallize when the system is perturbed; (b) a compound without a stable
crystalline phase [or (gray dashed line) with a crystalline phase that is at a higher energy than the liquid phase over the entire region shown], such
as an ionic liquid; (c) a compound with Tfusion below ambient temperature, which has a stable crystalline phase, but only at sub-ambient temperatures.

Chart 1. Pharmaceutically Active Cationsa

a 3-(Dimethylaminocarbonyloxy)-1-methylpyridinium cation (pyridostigmine)1; benzyl-dimethyl[2-[2-[4-(1,1,3,3-tetramethylbutyl)phenoxy]ethoxy]ethyl]
ammonium cation (benzethonium) 2; methyl-bis(1-methylethyl)-[-(9H-xanthen-9-carbonyloxy)ethyl ammonium cation (propantheline) 4; (1,1-dimethyl-
3,4,5,6-tetrahydro-2H-pyridin-3-yl) 2-hydroxy-2,2-diphenyl-acetate cation (mepenzolate)5; and anion: 5-oxo-4,4-diphenyl-1H-imidazol-2-olate cation (phenytoin)
6 are combined with sweetener anions: saccharinate 7, acesulfamate 8, and cyclamate 9 or with the GRAS ions: choline 3, or p-toluenesulfonate 10.
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It is important to distinguish between quenched amorphous
phases, obtained by rapidly freezing a salt (for example by rapid
cooling or solvent quenching of a melt) and salts that do not
exhibit a crystalline phase, such as propantheline p-toluene-
sulfonate (4 ·10), which DSC trace is presented in Figure 2a.
The former is trapped in a metastable state with a higher free
energy than that of the crystalline form, so that events promoting
nucleation, such as shock or abrasion common during formula-
tion, may cause such salts to crystallize. By contrast, a salt
without a crystalline phase (or with a sub-ambient melting point)
is in the thermodynamically most stable phase as a liquid or
glass at ambient temperature. Thus, 2 ·7, 4 ·8, and 4 ·10 are AILs
while 1 ·7, 4 ·7, 4 ·9, 5 ·7, and 5 ·8 are merely crystalline salts
with a tendency to supercool (which may lend themselves to
formulation as amorphous materials as per many other phar-
maceutical salts) but are not AILs.

The tendency of many of these salts to form supercooled
amorphous glassy phases is reflected in the presence of glass
transitions and lack of clear endothermic melting events on the
second DSC heating cycle, as illustrated for propantheline

saccharinate (4 ·7) in Figure 2b. This is reflected in the very
slow crystallization of some of these salts: 1 ·7, 4 ·9, and 5 ·8
slowly crystallized from bulk samples over a time scale of weeks
to months. Indeed, such supercooling led us initially to
erroneously assign propantheline saccharinate (4 ·7) as an ionic
liquid as, in early experiments, no crystalline product was
obtained and no melting point detected in multiple DSC quench/
heat/cool/heat experiments; however, crystals slowly formed in
a stored bulk sample after many months. We will return to this
discussion when we consider the crystal structures of the salts.
The salts prepared all exhibit lower melting points than the
chloride or bromide salts (of the cations) or sodium, potassium,
or silver salts (of the anions) used as starting materials, Table
1, which lends some credence to the choice of counterions as
bulky, unsymmetrical, and/or charge diffuse ions.

To begin exploration of the anti-crystal engineering approach
to choosing cation/anion combinations, which would entail
identifying robust supramolecular synthons, such as strong
hydrogen bonds (usually considered to impart a tendency toward
crystallization19,20) that should be avoided in the quest for AILs,
we chose to prepare a range of salts, including some expected
to crystallize. If one were to adopt a highly reductionist
approach, one might formulate the following hypothesis:
complementary hydrogen bond donor and acceptor groups are
likely to lead to hydrogen bonded supramolecular synthons,
which promote order and thus crystallization, that is, will not
form AILs. This hypothesis may then be tested. Functional
groups with the potential for formation of such synthons may
be counted, and a crude prediction made of which pairs are
more or less likely to crystallize because of the influence of
strong hydrogen bonds, as is illustrated in Table 2.

Examining Table 2, it appears that our hypothesis, that is,
“the existence of functional groups leading to hydrogen bonded
synthons is likely to yield crystalline materials”, holds (albeit
as part of a very small sample), and all cation/anion combina-
tions bearing both hydrogen bond donor and acceptor groups
yield crystalline salts (3 ·6, 4 ·9, 5 ·7, and 5 ·8). Such a result
would have been predicted in the light of the extensive literature
on the topic of hydrogen bonded supramolecular synthons.
Gratifyingly, the pair which might be predicted to form the
greatest number of strong, directional hydrogen bonds between
different ions yields the salt with the highest melting point:
choline phenytoin (3 ·6). Of greater interest, however, are those
salts that are crystalline solids and yet do not (at first examina-
tion of individual ions) exhibit the capability to form hydrogen
bonded synthons (1 ·7 and 4 ·7), and we turn to an examination

Table 1. Glass Transition Temperatures or Melting Points of Salts
Prepared and As Reported for the Marketed Salts and Starting

Materials

salt Tglass / °C Tfusion / °C

pyridostigmine bromidea 1 ·Br b 154-157c

benzethonium chloridea 2 ·Cl b 164-166c

choline chloridea 3 ·Cl b 302-305 (dec.)c

propantheline bromidea 4 ·Br b 159-161c; 165-169d

mepenzolate bromidea 5 ·Br b 228-229c; 232-235d

phenytoin sodiuma Na · 6 b >350 (dec.)c

sodium saccharinatea Na · 7 b >250 (dec.)c

potassium acesulfamatea K · 8 b 225-229c

sodium cyclamatea Na · 9 b 262-265c

silver p-toluenesulfonatea Ag · 10 b 192-194c

pyridostigmine saccharinate 1 ·7 4e 94-96d

benzethonium saccharinate 2 ·7 -4
choline phenytoin 3 ·6 f 215-217d

propantheline saccharinate 4 ·7 18e 133-135d

propantheline acesulfamate 4 ·8 -20
propantheline cyclamate 4 ·9 20e 133-137d

propantheline p-toluenesulfonate 4 ·10 7
mepenzolate saccharinate 5 ·7 53e 187-189d

mepenzolate acesulfamate 5 ·8 34e 135-137d

a Starting material. b Not measured. c Literature. d DSC measurement.
e Tg values measured on DSC heating cycles subsequent to melt,
indicative of supercooling; in all cases samples were analyzed over 3
heating/cooling cycles in the range -100 to 200 °C (or 220 and 240°C
for 3 ·6 and 5 ·Br, respectively). f No Tg detected on DSC cool/heat
cycles, compound recrystallizes on cooling.

Figure 2. DSC traces of pure samples of (a) propantheline p-toluenesulfonate (4 ·10), an AIL, which exhibits a Tg only; (b) propantheline saccharinate
(4 ·7), a crystalline salt that is prone to supercooling post melting (i.e., forms a typical amorphous salt phase), which is not an AIL; and (c) choline
phenytoin (3 ·6), a highly crystalline salt, which does not supercool but instead recrystallizes during the cooling cycle. Note that while all samples
were analyzed in multiple heating cooling cycles over the range -100 to 200 °C, selected data is presented here for the purposes of illustration. In
addition, the DSC trace of 3 ·6 over the range -10 to -220 °C is presented.
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of representative crystal structures in an attempt to understand
other more subtle interactions that may serve to promote
crystallization and/or result in lattice energy stabilization. A
number of crystal structures were obtained, and crystal and
refinement data are summarized in Table 3. Specific details of
crystal structure analysis and Oak Ridge Thermal Ellipsoid Plot
(ORTEP) diagrams showing molecular numbering are contained
in the Supporting Information.

Choline Phenytoin (3 ·6): Both Cation and Anion Bear
Hydrogen-Bond Donor and Acceptor Functionality; High
Probability of Crystallization. The amide moiety, NH-CdO,
has been identified by Aakeröy and Zaworotko as likely to form
a robust supramolecular synthon: the amide dimer,21 and thus
it is probably not surprising that this synthon manifests in these

crystals as a dimer of the phenytoin ion, Figure 3a. A cation to
anion hydrogen bond of the choline hydroxyl group to the
phenytoin deprotonated nitrogen atom is also easily discerned
by examination of intermolecular contacts, Figure 3b.

Examination of Hirshfeld fingerprint plots prepared using
CrystalExplorer22 reveal both strong and weak intermolecular
interactions by providing a fingerprint plot of close contacts
derived from Hirshfeld surface analysis, Figure 4. (The Hirshfeld
surface is a 3D isosurface, which effectively defines the
molecular volume in the crystal, as the surface is defined so
that for each point on the surface “1/2 of the electron density is
due to the spherically averaged noninteracting atoms comprising
the molecule, and the other half is due to those comprising the

Table 2. Hydrogen Bond Donor and Acceptor Groups Likely to Form Strong Hydrogen Bonds

cation anion

salt donors acceptors donors acceptors comments

1 ·7 R3N OdSdO low melting solid (mp 94-96 °C)
CdO -O-
-O- CdO

N-

2 ·7 -O- OdSdO AIL
-O- -O-

CdO
N-

3 ·6 OH OH R2NH CdO -NH-CdO tend to form dimers; high mp solid (mp 215-217 °C); no
tendency to supercool

)N-
R2NH
C-O-

4 ·7 -O- OdSdO solid (mp 133-135 °C)
CdO -O-
-O- CdO

N-

4 ·8 -O- -O- AIL
CdO OdSdO
-O- N-

CdO
4 ·9 -O- R2NH R2NH solid (mp 133-137 °C)

CdO O)S)O
-O- S-O-

4 ·10 -O- OdSdO AIL
CdO S-O-

-O-
5 ·7 OH OH OdSdO solid (mp 187-189 °C)

CdO -O-
CdO
N-

5 ·8 OH OH -O- solid (mp 135-137 °C)
CdO OdSdO

N-

CdO

Figure 3. (a) Packing diagram of 3 ·6 viewed down 100. (b) Closeup of hydrogen bonded cation · · · anion/anion · · · cation dimers. Hydrogen bonds
are indicated by dotted lines and N and O atoms depicted as spheres. Hydrogen bond geometry: (i) O1-H1 · · ·N1A d DH 0.89(3) Å; d D · · ·A
2.804(2) Å; d H · · ·A 1.92(3) Å; ! DHA 171.4(3)°; (ii) N2A-H2A · · ·O1A(-x, -y, 2 - z) d DH 0.95(3) Å; d D · · ·A 2.858(2) Å; d H · · ·A 1.92(3)
Å; ! DHA 173(2)°.
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rest of the crystal”.23) The choline to phenytoin hydrogen bond
results in a donor “spike” in the cation fingerprint plot (Figure
4a), which is complemented by a matching feature in the anion
plot (Figure 4d) indicating the acceptor interaction. While the
anion/anion hydrogen bonded pair results in symmetrical sharp
features in Figure 4e, it is in detection of subtler interactions
that 2D Hirshfeld fingerprint plots are particularly useful. Thus,
CH · · ·O short contacts between protons on carbon atoms R to
the positively charged N atom result in smaller donor and
acceptor “spikes”, highlighted in panels b and e of Figure 4.
CH · · ·π interactions cation to anion produce “wings” visible
in panels c and f of Figure 4, and the geometry of these

interactions may be summarized: C3B-H3B(1 - x, -y, 2 -
z) · · · centroid (C4A-C9A); d C-H 1.037 Å; d H · · · centroid
2.47 Å; ! CHcentroid 144.7 °; C3-H3A(-x, -y, 1 -
z) · · · centroid (C10A-C15A); d C-H 0.947 Å; d H · · · centroid
2.58 Å; 164.8°.

Thus, in this highly crystalline salt, with no tendency to glass
formation, all hydrogen bond interactions are maximized with
the carbonyl O-atom of the anion acting as an acceptor for a
number of weak (but concerted) C-H donors.

Propantheline cyclamate (4 ·9): Cation Contains
Hydrogen-Bond Acceptor Functionality while Anion
Bears Potential Hydrogen Bond Donors and Acceptors;

Table 3. Crystal and Refinement Data

choline phenytoin propantheline cyclamate mepenzolate saccharinate propantheline saccharinate
3 ·6 4 ·9 5 ·7 4 ·7

CCDC No. 658086 658085 658084 689108
empirical formula C20H25N3O3 C29H42N2O6S1 C28H30N2O6S1 C30H34N2O6S1

Mr 355.43 546.73 522.60 550.67
crystal system monoclinic triclinic orthorhombic monoclinic
space group P21/c P1j P212121 P21/n
a/Å 8.8575(2) 8.9636(3) 8.6732(1) 7.8305(16)
b/Å 25.5711(7) 12.5667(5) 11.5678(2) 13.694(3)
c/Å 8.6333(2) 12.7652(4) 24.6021(4) 25.404(5)
R/deg 90.0 88.606(2) 90.0 90.0
"/deg 111.604(1) 83.860(2) 90.0 96.20(3)
γ/deg 90.0 75.653 (2) 90.0 90.0
V/Å3 1818.0(1) 1385.1(1) 2468.33(7) 2708.1(9)
Z"; Z 4 2 4 4
Dc/g.cm-3 1.299 1.3107 1.4061 1.351
µ/mm-1 0.090 0.163 0.179 0.167
refl. unique 4967 6809 7155 6037
refl. I > 2σ(I) 3084 6194 6716 1260
R1/wR2 [I > 2σ(I)] 0.0637/0.1566 0.0449/0.0901 0.0356/0.0900 0.1147/0.1537
R1/wR2 [all data] 0.1108/0.1876 0.0488/0.0939 0.0392/0.0929 0.4870/0.2587
GOF on F2 0.980 1.020 1.115 0.911
parameters/restraints 335/0 511/0 340/0 357/0

Figure 4. Decomposed Hirshfeld fingerprint plots24 for 3 ·6. Specific contacts are highlighted, while the entire 2D fingerprint is shown in gray.
Top: Choline cation: (a) H · · ·N contacts (and reciprocal i.e none); (b) H · · ·O contacts (and reciprocal); (c) H · · ·C contacts (and reciprocal, i.e.,
none). Bottom: Phenytoin anion. (d) N · · ·H contacts (and reciprocal); (e) O · · ·H contacts (and reciprocal); (f) H · · ·C contacts (and reciprocal).
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Predicted Cation/Anion and Anion/Anion Interactions. The
propantheline cation (4) bears a number of hydrogen bond
acceptors, while the cyclamate anion (9) contains one classical
hydrogen-bond donor, leading one to expect anion/cation
hydrogen bonds. While 4 ·9 crystallizes very slowly and has a
distinct tendency to supercool, the melting point of 133-137
°C is only 30 °C (measured by DSC) below that of the marketed
Br- salt, and examination of the crystal structure reveals no
anion/cation hydrogen bonding but instead the presence of anion/
anion dimers, Figure 5. Examination of the Hirshfeld fingerprint
plot for the anion in this structure reveals the supramolecular
interactions in these dimers as typical symmetrical “horns” in
the plot of de versus di, Figure 6. This suggests that the cyclamate
anion is not a useful anti-crystal engineering building block since
this tendency toward formation of anion dimers is likely to occur
in many of its salts.

Mepenzolate saccharinate (5 ·7): Cation Bears
Hydrogen-Bond Donor and Acceptor Functionality while
Anion Bears Acceptors Only; Predicted Cation/Cation
and Cation/Anion Interactions. Predictably, ion pairs in
crystals of this salt exhibit cation to anion O-H · · ·OdC
hydrogen bonds as depicted in Figure 7.

Again, analysis of features observed in Hirshfeld surface
fingerprint plots (Figure 8) provide information about both
strong (and predictable) and weaker interactions. The cation/

anion hydrogen-bond, O-H · · ·OdC, is clearly indicated by the
long horns in the donor region of Figure 8a, depicting cation
H · · ·O contacts, and the acceptor region of Figure 8c, depicting
anion cation H · · ·O contacts, while cation/cation C-H · · ·π
interactions result in the characteristic symmetrical “wings”
noted in Figure 8b.

It is interesting to analyze more closely the dense set of points
indicating O · · ·H contacts in Figure 8c as these do not appear
to be perfectly matched by H · · ·O contacts in Figure 8a, instead
there is a significant component because of N-C(R)-H · · ·O
interaction. The somewhat acidic protons of the carbon atoms
R to N+ are all disposed in close contact with oxygen atoms of
the saccharinate anion as illustrated in Figure 8e. While CH· · ·O
hydrogen bonds are notoriously weak, there are ten such close
contacts in each cation/anion pair, which would be expected to
contribute significantly to attractive interactions between crystal
components.

Thus, while the predicted cation/cation interactions are not
exhibited in the crystal structure, cation/anion interactions are
not limited to the hydroxyl to carbonyl hydrogen bond but
include a large number of weaker C-H · · ·O interactions.

Propantheline saccharinate (4 ·7): Both Cation and
Anion Contain Hydrogen-Bond Acceptor Functionality
Only; No Predicted Strong Cation/Anion Hydrogen

Figure 5. (a) Packing diagram of 4 ·9 viewed down [-100]. Anion/anion hydrogen bonds NH · · ·O are indicated by dotted lines, and N, O, and S
atoms depicted as spheres. (b) Closeup of hydrogen bonded anion dimer with attendant cations, asymmetric unit atoms are displayed as ellipsoids
at the 50% probability level. H-bond geometry: N1A-H1A · · ·O3A d DH 0.88(2) Å; d D · · ·A 2.921(1) Å; d H · · ·A 2.04(2) Å; !DHA 176(2)° (d
O-S 1.460 Å).

Figure 6. Propantheline cyclamate (4 ·9): (a) anion/anion dimers with one of the pair shown with its Hirshfeld surface (colors represent normalized
de vs di plotted on the surface; “hot” colors reflect close contacts) and the other in stick mode with the accompanying 2D fingerprint plot in which
the sharp symmetrical features associated with complementary hydrogen-bond donors are clearly visible; (b) decomposed 2D fingerprint plot with
O-H · · ·N contacts highlighted; (c) a cation/cation pair with one of the pair shown with its Hirshfeld surface (normalized de vs di plotted on the
surface) and the other in stick mode, exhibiting complementary CH · · ·π interactions with a small π · · ·π component; (d) in the accompanying
Hirshfeld fingerprint plot it is clear that the cation participates in no close contacts while the CH · · ·π interactions are visible as characteristic
“wings” in the donor region.
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Bonds, Hence Possible AIL Former? Were hydrogen bonds
the only driving force for crystallization in these salts, one would
predict the combination of propantheline cation (4) and sac-
charinate anion (7), a cation/anion pair containing no classical
hydrogen bond donor groups, to be a likely AIL former, but
crystals of this salt do form in the supercooled melt (albeit
extremely slowly). Single crystals examined were generally of
poor quality, but the refined structure obtained is nonetheless
suitable for analysis of packing and intermolecular distances.
Analysis of the single crystal structure reveals no hydrogen
bonds, as is illustrated in the packing diagram (Figure 9), and
analysis of the 2D Hirshfeld fingerprint plots, Figure 10, reveals
no short intermolecular contacts.

It is clear, from the packing diagram (Figure 9), that the “flat”
face of the propantheline cation forms an offset π · · ·π interac-
tion with a symmetry related neighbor, and this is highlighted
in panels e and f of Figures 10. Such π · · ·π interactions are
not readily discerned from examination of the features of the
2D Hirshfeld fingerprint plot as the atom · · · atom distances are
typically of the order of 3.5 Å and thus obscured in the main
body of points representing van der Waals interactions.

This salt may be described, somewhat anthropomorphically,
as a “reluctant crystallizer”, which nonetheless, once crystalline,
exhibits a melting point well above ambient temperature. As
with all salts, the most important contributor to lattice energy
is, of course, Coulombic interactions between cation and anion,

Figure 7. (a) Packing diagram of 5 ·7 viewed down [-100]. (b) Closeup view of hydrogen bonded cation/anion pair. N, O, and S atoms are
depicted as spheres, and cation/anion hydrogen bonds OH · · ·O are indicated by dotted lines. Hydrogen bond geometry: O1-H1 · · ·O3A: d D-H
0.85(3) Å; d D · · ·A 2.752(2) Å; d H · · ·A 1.94(3) Å; ! DHA 160(3)°.

Figure 8. Hirshfeld fingerprint plots. Top: mepenzolate cation (5): (a) H · · ·O contacts (including reciprocal contacts); (b) (5) H · · ·C contacts
(including reciprocal contacts). Bottom: saccharin anion (7): (c) H · · ·O contacts (including reciprocal contacts); and (d) (7) H · · ·C contacts (including
reciprocal contacts). (e) Close contacts between protons borne on carbon atoms R to N+ and anion O-atoms. Geometry of unique contacts: (i)
H19A · · ·O3A 2.52 Å; (ii) H20A · · ·O3A 2.88 Å; (iii) N1A · · ·H21C 2.71 Å; (iv) O1A · · ·H21C 2.66 Å; (v) O1A · · ·H18B 2.79 Å; (vi) O1A · · ·H20C
2.53 Å; (vii) O1A · · ·H21A 2.55 Å; (viii) O1A · · ·H18A 2.61 Å; (ix) O2A · · ·H20B 2.42 Å; (x) O2A · · ·H19B 2.62 Å.
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but the poor quality of the crystals formed, which contain a
large number of crystal defects (reflected in high mosaicity
values in crystal structure analysis) and the reluctance to
crystallize, would seem to indicate that highly directional
intermolecular (or interionic) interactions may be important in
the process of crystallization.

Conclusion

AILs versus Crystalline Solids. Of this small library of salts
prepared, all cation/anion combinations, with the potential to
form classical hydrogen bonds (i.e., with ions bearing both
hydrogen bond donor and acceptor groups), yielded salts that
were crystalline solids (albeit with melting points lower than
that of the marketed halide salts). In the single instance where
both cation and anion bore both donor and acceptor groups, a

high melting crystalline solid, with no tendency to supercool,
resulted. Of the four cation/anion combinations with no op-
portunity for the formation of classical hydrogen bonds (because
of a dearth of donor groups) one crystallized, while three formed
AILs, which could not be induced to crystallize in spite of
vigorous attempts. Propantheline saccharinate (4 ·7) appears to
be the only salt, in this group, to counter our null hypothesis.

As postulated, complementary functional groups leading to
supramolecular synthons associated with strong attractive
intermolecular (or interionic) hydrogen bonded interactions must
clearly be avoided in the preparation of AILs. However, as has
been demonstrated, time and again, in crystal engineering, a
wide range of other possible supramolecular synthons must be
considered. Clearly, considerations of charge (in this study only
monoanions and monocations were considered), charge separa-
tion, and shape are significant in determining whether or not a
salt exists as a crystalline solid, and, indeed, lattice energy is
the ultimate determinant of melting point (and crystallinity).
Nonetheless we suggest that an “anti-crystal engineering”
approach to the rational choice of ions for the preparation of
non-crystallizing salts, including AILs, may provide another
application for the knowledge gained in the study of crystal
engineering by guiding the choice of complementary ions from
the large number of candidates.

Experimental Section

Synthesis. Materials. Benzethonium chloride (C27H42ClNO2, g99%,
Sigma), choline chloride (C15H11N2O2Cl1), mepenzolate bromide
(C21H26BrNO3, >99%, Sigma), propantheline bromide (C23H30NO3Br,
g97%, Sigma), pyridostigmine bromide (C9H13BrN2O2, >99%, Sigma),
potassium acesulfame (C4H4KNO4S, g99%, Fluka), silver p-toluene-
sulfonate (AgCH3C6H4SO3, g99%, Aldrich), sodium cyclamate
(C6H12NNaO3S, g99%, Merck), sodium 5,5-diphenylhydantoin
(NaC5H14NO, >99%, Sigma), and sodium saccharinate

Figure 9. Packing diagram of 4 ·7 viewed down [1 0 0].

Figure 10. 2D Hirshfeld fingerprint plots for 4 ·7. Top, propantheline cation (4): (a) C · · ·H contacts (and reciprocal), (b) H · · ·O contacts (and
reciprocal). Bottom, saccharinate anion (7): (c) O · · ·H contacts (and reciprocal); (d) N · · ·H contacts (and reciprocal, i.e., none). No short-range
contacts corresponding to hydrogen bonds, indicated by close approaches of atoms, are noted (these would fall in the pink shaded regions). (e)
Hirshfeld surface for 4 with symmetry generated cation (aromatic moiety) overlaid; offset π · · ·π interaction yields the multicenterd spoked pattern.
(f) A pair of cations depicted as their Hirshfeld surfaces.
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(C7H4NNaO3S ·xH2O, g99%, Sigma) were used as received without
further purification.

1H NMR Spectroscopy. Proton nuclear magnetic resonance (1H
NMR) spectra were recorded at 200 or 300 MHz on a Bruker DPX-
300 and Bruker DPX-200 spectrometers in the deuterated solvents
indicated, which were supplied by Cambridge Isotope Laboratories.

MS-ESI. Electrospray Mass Spectrometry (ESI) was carried out on
the Micromass Platform II API QMS Electrospray Mass Spectrometer
with a cone voltage of 25 or 35 V, using methanol or acetonitrile as
the mobile phases. Analyses were conducted in both positive (ES+)
and negative (ES-) modes.

Halide Analysis. An Ionode S14 bromide selective electrode was
used to measure the bromide content for 1 ·7, 4 ·7, 4 ·8, 4 ·9, 4 ·10,
5 ·7, and 5 ·8. Calibration curves were constructed in the range 1 ppm
to 1000 ppm for aqueous bromide solutions. The limit of detection
corresponded to a Br- ion concentration, in the sample, of 100 ppm
and all salts prepared from Br- salts exhibited residual bromide ion
concentrations below this value, except 4 ·8 in which Br- ) 210 ( 10
ppm. The absence of chloride ions in 2 ·7 and 3 ·6 was inferred from
the absence of turbidity in a silver nitrate test.

General Synthetic Method. Details of the preparation of each salt
and characterization data are provided in the Supporting Information.
Salts were prepared by methathesis reactions of equimolar quantities
of bromide or chloride salts of the cations with silver or sodium salts
of the anions in suitable solvents. Silver salts of saccharinate,
acesulfamate, and cyclamate were prepared prior to use and protected
from light. Equimolar quantities of silver nitrate and sodium saccha-
rinate, potassium acesulfamate or sodium cyclamate in distilled water
were stirred overnight at room temperature. The resultant white
precipitates were filtered, washed with cold distilled water, and dried
in vacuo overnight at 50-55 °C to provide silver saccharinate, silver
acesulfamate, or silver cyclamate.

Dry acetonitrile or dichloromethane were used as the reaction
solvents allowing by-product salts to be removed by filtration post-
reaction and, in the latter case, to facilitate washing to remove any
trace impurities. In all cases, great care was taken to remove by-product
salts and to test for halide impurities.

Differential Scanning Calorimetry. DSC experiments were per-
formed on a T.A. Instruments Perkin-Elmer Q100. Samples of mass
5-20 mg were sealed in vented aluminum pans and placed in the
furnace with a 50 mL/min dry nitrogen and analyzed in the range-100
to 200 °C (220 °C for 3 ·6) at a scan rate of 10 °C min-1. Heating/
cooling cycles were repeated three times for each sample. The reference
pan was an empty aluminum pan.

Crystallography. Crystallization of 3 · 6, 4 · 9, 5 · 7, and 4 · 7 was
observed in the metathesis product as detailed in the Experimental
Section. The reflection intensity data were measured on a Bruker X8
APEX KAPPA CCD single crystal X-ray diffractometer (4 ·9, 5 ·7)
and a Nonius KAPPA CCD single crystal X-ray diffractometer (3 ·6,
4 ·7), using graphite-monochromated Mo KR radiation (λ ) 0.71073
Å). Crystals were coated with Paratone N oil (Exxon Chemical Co.,
TX, U.S.A.) immediately after isolation and cooled in a stream of
nitrogen vapor on the diffractometer. Structures were solved by direct
methods using the program SHELXS-97 and refined by full matrix
least-squares refinement on F2 using SHELXL-97.25 All non-hydrogen
atoms were revealed in the E-map and subsequent difference electron
density maps and thus placed and refined anisotropically. All hydrogen
atoms were observed in difference syntheses and were either refined
isotropically or placed in geometrically idealized positions and con-
strained to ride on their parent atoms with C-H distances in the range
0.95-1.00 Å and Uiso(H) ) xUeq(C), where x ) 1.5 for methyl and
1.2 for all other C atoms. Specific details of refinement are contained
in the relevant CIF files.

Hirshfeld Analysis. The program CrystalExplorer (version 2.0 and
2.1)22 was used to render all surfaces and fingerprint plots.
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Synthesis and characterisation 

Pyridostigmine saccharinate, 17   

A mixture of pyridostigmine bromide (1.67 g, 6.4 mmol) and silver saccharinate (1.86 g, 6.4 mmol) in 

distilled water (150 cm3) was stirred for 2 h, protected from light, at room temperature.  The reaction 

mixture was filtered through Celite to remove precipitated AgBr (dichloromethane was added to aid 

precipitation of the impurity).  After treatment with activated carbon, the mixture was filtered through 

basic alumina to provide a colourless solution.  The solvent was removed in vacuo at 80 °C to give the 

product 1.7 as a yellow oil, which crystallised on standing (1.16 g, 51 %).  M.p. 94-96 °C 

1H NMR (300 MHz; D2O)  2.86 (s, 3H), 2.97 (s, 3H), 4.31 (s, 3H), 7.60 – 7.70 (m, 4H), 7.91 (t, 1H), 

8.17 (d, 1H), 8.54 (d, 1H), 8.66 (s, 1H).  MS (ESI): ES+ m/z 181.8 (pyridostigmine+, 100 %), ES- m/z 

180.8 (saccharinate-, 100 %).  

Benzethonium saccharinate, 27 

A solution of benzethonium chloride (2.96 g, 6.61 mmol) and sodium saccharinate (1.63 g, 7.93 mmol) 

in dichloromethane (80 cm3) was stirred at 25 °C for 24 h.  The precipitated NaCl was removed by 

filtration, followed by repeated washing of the organic phase with small volumes of water until no Cl- 

was detected (AgNO3 test).  The organic phase was dried (MgSO4) and concentrated under reduced 



pressure before drying in vacuo, at 70 °C, for 48 h, giving the product 27 as a colourless oil (3.18 g, 

86 %).   

1H NMR (300 MHz; DMSO-d6)  0.62 (s, 9H), 1.24 (s, 6H), 1.63 (s, 2H), 2.97 (s, 6H), 3.51 (s, 2H), 

3.79 (s, 2H), 3.96 (s, 2H), 4.07 (s, 2H), 4.55 (s, 2H), 6.80 (s, 2H), 7.21 (s, 2H), 7.53 (s(b)*, 9H).  MS 

(ESI): ES+ m/z 412.4 (Benzethonium+, 100 %), ES- m/z 181.9 (Saccharinate-, 100 %).  

Choline phenytoin, 3.6   

Choline chloride (2.54 g, 18.00 mol) and sodium 5,5-diphenylhydantoin (5 g, 18.00 mmol) were mixed 

in 100 ml dry acetone and NaCl filtered off.  The clear solution was stored at ca 4 °C for 3 d, 

whereupon large colourless crystals of the 3.6 formed and were isolated (4.67 g, 73 %).  M.p. 215-217 

°C 

1H NMR (300 MHz; DMSO-d6): δ  3.12 (s, 9H), 3.44 (m, 2H), 3.86-3.83 (m, 2H), 7.44-7.21 (m, 10H) 

ppm. MS (ESI): ES+ m/z: 104.0 (Choline+, 100 %), ES- m/z:  251.3 (5,5-diphenylhydantoin -, 100 %).  

Propantheline saccharinate, 47   

A mixture of propantheline bromide (9.72 g, 21.70 mmol) and silver saccharinate (6.29 g, 21.70 mmol) 

in acetonitrile (150 cm3) was stirred overnight, protected from light, at room temperature.  The reaction 

mixture was filtered through Celite to remove AgBr.  After treatment with activated carbon, the mixture 

was filtered through basic alumina to provide a colourless solution which was concentrated under 

reduced pressure giving a yellow oil of 47, which crystallised slowly on standing (10.62 g, 89 %).  M.p. 

133-135 °C 

1H NMR (300 MHz; DMSO-d6):  1.01-1.17 (t, J1 = 6.0, 12H), 2.66 (s, 3H), 3.43-4.46 (t, J1 = 4.7, 2H), 

3.70-3.79 (m, 2H), 4.35-4.38 (t, J1 = 4.7, 2H), 5.31 (s, 1H), 7.14-7.22 (m, 4H), 7.35-7.42 (m, 4H), 7.57-

7.59 (m, 4H).  MS (ESI): ES+ m/z: 368.2 (Propantheline+, 100 %), ES- m/z:  181.8 (Saccharinate-, 

100 %).   

Propantheline acesulfamate, 48   

A mixture of propantheline bromide (3.05 g, 6.80 mmol) and silver acesulfamate (1.84 g, 6.80 mmol) in 

acetonitrile (150 cm3) was stirred overnight, protected from light, at room temperature.  The reaction 



mixture was filtered through Celite to remove AgBr and the solution concentrated under reduced 

pressure before drying in vacuo, at 55 oC, for 72 h to give the product 48 as a colourless oil (3.12 g, 

86 %).  

1H NMR (300 MHz; DMSO-d6):  1.05-1.18 (t, J1 = 6.0, 12H), 1.87-1.90 (d, J1 = 1.0, 3H), 2.66 (s, 3H), 

3.43-3.46 (t(b), J1 = 4.7, 2H), 3.73-3.77 (m, 2H), 4.36-4.39 (t(b), J1 = 4.7, 2H), 5.24-5.26 (q, J1 = 1.0, 

1H), 5.30 (s, 1H), 7.16-7.22 (m, 4H), 7.40-7.42 (m, 4H). MS (ESI): ES+ m/z: 368.1 (Propantheline+, 

100 %), ES- m/z:  161.7 (Acesulfamate-, 100 %).  

Propantheline cyclamate, 49 

A mixture of propantheline bromide (2.46 g, 5.49 mmol) and silver cyclamate (1.57 g, 5.49 mmol) in 

acetonitrile (150 cm3) was stirred overnight, protected from light, at room temperature.  The reaction 

mixture was filtered through Celite to remove AgBr and the solution concentrated to leave a clear 

viscous residue, which was dried in vacuo at 55 oC for 72 h to yield 49 as a colourless oil, , which 

crystallised on standing (2.76 g, 92 %).  M.p. 133-137 °C 

1H NMR (300 MHz; DMSO-d6):  0.95-1.21 (m, 5H) 1.14-1.19 (t, J 6.0), 1.47-1.52 (m, 1H), 1.57-1.64 

(m, 2H), 1.85-1.91 (m, 2H), 2.66 (s, 3H), 2.81-2.91 (m, 1H), 3.43-3.47 (t(b), J1 = 4.7, 2H), 3.73-3.78 (m, 

2H), 4.36-4.39 (t(b), J1 =  4.7, 2H), 5.31 (s, 1H), 7.17-7.22 (m, 4H), 7.35-7.42 (m, 4H). MS (ESI): ES+ 

m/z: 368.1 (Propantheline+, 100 %), ES- m/z:  177.8 (Cyclamate-, 100 %).  

Propantheline p-toluenesulfonate, 410 

A mixture of propantheline bromide (1.55 g, 5.56 mmol) and silver p-toluenesulfonate (2.49 g, 5.56 

mmol) in acetonitrile (100 cm3) was stirred overnight, protected from light, at room temperature.  The 

reaction mixture was filtered through Celite to remove AgBr and the solution concentrated to leave a 

clear viscous residue, which was dried in vacuo at 55 oC for 72 h yielding 410 as a colourless oil (2.42 

g, 81 %).  

1H NMR (300 MHz; DMSO-d6):  1.14-1.18 (t, J1 = 6.0, 12H), 2.29 (s, 3H), 2.66 (s, 3H), 3.42-3.45 

(t(b), J1 = 4.7, 2H), 3.70-3.79 (m, 2H), 4.36-4.39 (t(b), J1 =  4.7, 2H), 5.31 (s, 1H), 7.09-7.12 (m, 2H), 



7.12-7.22 (m, 4H), 7.39-7.40 (m, 4H), 7.46-7.49 (m, 2H). MS (ESI): ES+ m/z: 368.1 (Propantheline+, 

100 %), ES- m/z:  170.8 (p-Toluenesulfonate-, 100 %).  

Mepenzolate saccharinate, 57 

A mixture of mepenzolate bromide (5.80 g, 14.00 mmol) and silver saccharinate (4.0 g, 14.00 mmol) in 

dry acetonitrile (120 cm3) was stirred overnight, protected from light, at room temperature.  The reaction 

mixture was filtered through Celite to remove AgBr and the solution concentrated to give a colourless 

oil, which was dried in vacuo at 55 °C for 72 h at which point the product crystallized. The product was 

successfully recrystallized using acetonitrile (excess and heating), resulting in colourless crystals (4.83 

g, 66 %).  M.p. 187-189 °C. 

1H NMR (300 MHz; DMSO-d6): δ 1.85-1.69 (m, 4H), 2.81 (s, 3H), 3.08 (s, 3H), 3.32-3.44 (m, 2H), 

3.53 (d, J1 = 13.5 Hz, 1H), 3.42 (d, J1 = 13.5 Hz, 1H), 5.30 (m, 1H), 6.80 (s, 1H), 7.31-7.40 (m, 10H), 

7.58-7.61 (m, 4H) ppm. MS (EI): ES+ m/z: 340.2 (Mepenzolate+, 100%), ES- m/z 181.8 (Saccharinate-, 

100%).  

Mepenzolate acesulfamate, 58 

A mixture of mepenzolate bromide (1.56 g, 3.70 mmol) and silver acesulfamate (1.0 g, 3.70 mmol) in 

acetonitrile (150 cm3) was stirred overnight, protected from light, at room temperature.  The reaction 

mixture was filtered through Celite and 0.45 and 0.20 m membrane filters to remove AgBr.  The 

solvent was evaporated to give a colourless oil, which crystallized within 1 h giving 58 as colourless 

crystals (1.63 g, 88 %).  M.p. 135-137 °C 

1H NMR (300 MHz; DMSO-d6):  1.68-1.85 (m, 4H), 1.89-1.90 (d, J1 = 1.0, 3H), 2.82 (s, 3H), 3.08 (s, 

3H), 3.33-3.35 (m, 2H), 3.48-3.56 (d.d, J1 = 13.45, J2 =  5.02 Hz, 1H), 3.57-3.62 (d.d, J1 = 13.45, J2 = 

5.02 Hz, 1H), 5.27-5.30 (m, 1H), 5.26-5.27 (q, J1 = 1.0, 1H), 6.81 (s, 1H), 7.32-7.38 (m, 10H). MS 

(ESI): ES+ m/z: 340.2  (Mepenzolate+, 100 %), ES- m/z:  161.9 (Acesulfamate-, 100 %).  



Crystallographic ORTEP and packing diagrams 
 
 

 
Figure 1a.  The asymmetric unit of choline phenytoin shown with 50 % thermal ellipsoids, hydrogen 

atoms as spheres of arbitrary size and numbering scheme. 
 

 

 
Figure 1b.  Stick representation of the unit cell contents of choline phenytoin viewed down b*, 

hydrogen bonding is indicated by red dashed lines. 

 

   

 



 

 
Figure 2a.  The asymmetric unit of mepenzolate saccharinate shown with 50% thermal 

ellipsoids, hydrogen atoms as spheres of arbitrary size and numbering scheme. 

 
Figure 2b.  Packing diagram of mepenzolate saccharinate with hydrogen bonding 

indicated by dashed red lines. 



 
Figure 3a.  The asymmetric unit of propantheline cyclamate shown with 50 % thermal 

ellipsoids, hydrogen atoms as spheres of arbitrary size and numbering scheme. 
 

 
Figure 3b. Packing diagram of propantheline cyclamate viewed down the a-axis with 

hydrogen bonding indicated by dashed red lines.  



 

Figure 4a. The asymmetric unit of propantheline saccharinate shown with 50 % thermal 
ellipsoids, hydrogen atoms as spheres of arbitrary size and numbering scheme. 

 

 
Figure 4b.  Packing diagram of propantheline saccharinate viewed down the a-axis with 

hydrogen bonding indicated with dashed red lines.  
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R factor = 0.051; wR factor = 0.106; data-to-parameter ratio = 16.1.

The title compound, C15H12O3, was obtained unintentionally
as the by-product of an attempted recrystallization from
methanol of propantheline bromide, an antimuscarinic drug.
The xanthone unit is folded, with a dihedral angle of 24.81 (9)!

between the benzene rings. The ester substituent adopts a
trans staggered conformation, with a C—C—O—C torsion
angle of 178.4 (1)!. The molecules pack in distinct layers,
facilitated by C—H" " "" and weak "–" ring interactions. A
weak C—H" " "O interaction also occurs; however, no classical
hydrogen bonding is observed.

Related literature

For details of the first spectroscopic evidence of the trans-
esterification of propantheline bromide by methanol to 9H-
xanthene-9-carboxylic acid methyl ester, see: Avdovich et al.
(1986). For a description of the comparative effectiveness of
propantheline bromide for the treatment of neurogenic
detrusor overactivity, see: George et al. (2007).

Experimental

Crystal data

C15H12O3

Mr = 240.25
Monoclinic, C2=c
a = 25.6601 (16) Å
b = 5.7624 (3) Å
c = 15.7578 (9) Å
# = 92.933 (4)!

V = 2327.0 (2) Å3

Z = 8
Mo K$ radiation
% = 0.10 mm#1

T = 123 (2) K
0.50 $ 0.50 $ 0.50 mm

Data collection

Bruker Kappa APEXII
diffractometer

Absorption correction: multi-scan
(SADABS; Bruker, 2005)
Tmin = 0.932, Tmax = 0.954

11906 measured reflections
2672 independent reflections
1985 reflections with I > 2!(I)
Rint = 0.050

Refinement

R[F 2 > 2!(F 2)] = 0.050
wR(F 2) = 0.106
S = 1.05
2672 reflections

166 parameters
H-atom parameters constrained
!&max = 0.20 e Å#3

!&min = #0.21 e Å#3

Table 1
Hydrogen-bond geometry (Å, !).

D—H" " "A D—H H" " "A D" " "A D—H" " "A

C15—H15C" " "O2i 0.98 2.53 3.407 (3) 149
C3—H3" " "Cg2ii 0.95 2.95 3.668 (2) 133
C11—H11" " "Cg1iii 0.95 3.18 3.825 (2) 127
C15—H15B" " "Cg1iv 0.98 3.06 3.432 (2) 104
C15—H15C" " "Cg1iv 0.98 3.11 3.432 (2) 101

Symmetry codes: (i) x; y# 1; z; (ii) x;#y; z# 1
2; (iii) #xþ 1

2;#yþ 1
2;#zþ 1; (iv)

#x þ 1;#y;#zþ 1. Cg1 is the centroid of ring C1–C6; Cg2 is the centroid of ring C8–
C13.

Table 2
Geometrical parameters (Å, !) of the inter-ring "—" interactions.

CgI CgJ Cg" " "Cg $ Symmetry position of CgJ

Cg1 Cg2 5.590 (1) 59.44 x, 1 # y, #1
2 + z

Cg1 Cg2 4.944 (1) 24.81 1
2 # x, 12 # y, 1 # z

Cg2 Cg1 4.863 (1) 59.44 x, #y, 12 + z
Cg2 Cg2 3.684 (1) 0.03 1

2 # x, 12 # y, 1 # z

$ is the dihedral angle between planes I and J, CgI is the centroid of plane I and CgJ the
centroid of plane J. Cg1 is the centroid of ring C1–C6; Cg2 is the centroid of ring C8–
C13.

Data collection: APEX2 (Bruker, 2005); cell refinement: APEX2;
data reduction: APEX2; program(s) used to solve structure:
SHELXS97 (Sheldrick, 2008); program(s) used to refine structure:
SHELXL97 (Sheldrick, 2008); molecular graphics: POV-RAY for
Windows (Persistence of Vision, 1999); software used to prepare
material for publication: PLATON (Spek, 2003).

PMD is grateful to Monash University for the Monash
Graduate Scholarship and Monash International Postgraduate
Research Scholarship, and to Monash University, School of
Chemistry for funding for JT.

Supplementary data and figures for this paper are available from the
IUCr electronic archives (Reference: WN2242).
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Section 3.2 General Overview 
 

The physical, chemical and biological characteristics of a drug can be modified by salt 

formation without modifying its structure.
2
 A number of active pharmaceutical ingredients 

(APIs) are acids and bases capable of forming salts. Since most organic acids and bases are 

water insoluble, converting them into a salt form may render them more water-soluble and 

hence more bioavailable. Therefore, as salt formation is a means of modifying important 

properties of a protic drug substance, a basic understanding of the ionization equilibria and 

the degree of proton transfer is necessary in order to successfully apply this tool. This is 

the main theme of this chapter. 

 

Publication 3.1 and Publication 3.2 explore the proton transfer concept in AILs both via 

experimental data and computational studies. Publication 3.1 is based on model amines 

that are not pharmaceutically active but allow a number of important comparisons to be 

made. A clear relationship between the use of primary and tertiary amines (of comparable 

pKa
aq 

values), with a common acid,
 
and the degree of proton transfer is established.  

 

Publication 3.2 is focused on those that are active ILs. The paper shows that there is 

substantial proton transfer in all of the cases studied. However, Walden plot analysis 

suggests strong association in some cases. Computational studies suggest that this is the 

result of strong inter-ionic H-bonding. Analysis of crystal structures of related compounds 

supports this conclusion. The original hypothesis of modified solubility characteristics was 

confirmed in most cases. 

 

The transport of pharmaceutically active protic ionic liquids through a model membrane is 

described in Publication 3.3. This is the first time such studies have been reported. We 

show that formation of hydrogen bonded clusters of ions within the liquid enhances the 

transport of the ILs through the model membrane compared to the administered solid salt 

forms of the drugs. Hence, the major advantage of this protic IL strategy is that the existing 

APIs can be formulated in such a way as to diffuse more rapidly through the membranes, 

reach the target of action more quickly and hence exert their pharmacological activity more 

rapidly.  
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Proton transfer in protic ionic liquids is poorly understood. Some acid/base proton transfer

reactions do not proceed to the extent that is expected from DpKa
aq data from aqueous

solutions, yet some do. In this work we have investigated protic ionic liquids obtained by proton

transfer from a common acid, acetic acid, to a range of amine bases of similar pKa
aq values.

Probe indicator observations, transport property data allowing the construction of Walden plots

and computational studies all suggest that there is a clear distinction between the behaviour of

simple primary vs. tertiary amines, the proton transfer being more complete in the former case

than the latter. The origins of this seem to be related to the hydrogen bonding ability of the

ammonium ions in providing a good solvating environment for the ions produced by the proton

transfer.

Introduction

Over the past decade much attention has been given to ionic
liquids (ILs), a class of compounds comprised only of ions,
with melting points below 100 1C.1 ILs have become of
interest in many fields (chemistry, biochemistry and materials
engineering to name a few) as their unique properties
offer a basis for new and improved technologies. Typical
characteristics, such as non-flammability, non-volatility,
increased thermal stability and high ionic conductivity, are
just some of the many distinctive properties that can be
found amongst the huge IL family, which can all be
customized through careful choice of cation and anion.2,3

They can be utilized as solvents in a variety of organic and
inorganic reactions, as electrolytes in batteries, fuel cells and
solar cells, as protein solubilising and stabilising media, as
pharmaceutical delivery aids and as pharmaceuticals in some
cases.4–9

ILs are divided into two major subclasses: aprotic and
protic. In aprotic systems the parent base molecule is ionised
(thus becoming a cation) by accepting any group other than a
proton to its basic site.10 Protic ionic liquids (PILs), on the
other hand, are compounds which are formed upon proton
transfer from a Brönsted acid (HA) to a Brönsted base (B)
(eqn (1)).10

HA + B " BH+ + A! (1)

PILs possess notably different chemical properties to
conventional aprotic ILs, including in some cases an
ability to distil due to high volatility, although distillation
takes place via the neutral acid and base. Possessing an
exchangeable proton, PILs exhibit Brönsted acidity, which
allows these compounds to be used as solvents for a number
of acid catalysed reactions including Diels–Alder, Mannich and

esterification reactions.11–13 PILs have also been found to be
suitable electrolytes in fuel cells due to the presence of the
mobile proton.14

However, the properties exhibited by PILs depend largely
on their degree of ionization, i.e. the degree of proton transfer
from acid to base. In principle, since ILs are composed entirely
of ions, the equilibrium of eqn (1) should lie predominantly to
the right, for a ‘‘pure’’ salt to be formed. Some of the literature
suggests that the extent of proton transfer should be at least
99% for the PIL to be considered a ‘‘pure’’ salt.15,16 Yoshizawa
et al. demonstrated the use of a Walden plot to qualitatively
assess ionicity and the degree of proton transfer in ILs.10

However, it has become clear that the Walden plot is unable
to distinguish between low ionicity in an IL, that can arise
for example from ion pairing, and a low degree of proton
transfer.17

Yoshizawa and co-workers have also used aqueous pKa

values as the basis for estimates of the degree of proton
transfer in PILs.10 By finding a simple relationship between
the observed boiling points and the difference in pKa

aq values
for the acid and the base, DpKa

aq, Yoshizawa et al. observed
that DpKa

aq > 10 seemed to be required for the full proton
transfer to occur in the PILs studied. This result is somewhat
surprising given that simple equilibrium calculations18 indicate
that, in aqueous solution, DpKa

aq = 4 is sufficient to produce
99% proton transfer. This suggests that the IL solvation
environment can have a very strong effect on the energy of
proton transfer, i.e. that DpKa

aq is a relatively poor estimate of
the effective DpKa in the ionic liquid environment. The work of
Johansson et al. appears to support these observations.19

However, the situation becomes more perplexing when one
considers the work of Banerjee and co-workers20 who present
crystal structures for a number of compounds formed by
combination of acids and bases of varying DpKa

aq and show
that proton transfer has substantially taken place in the
crystalline salt when DpKa

aq is greater than 3. Below this value
the crystal structure is that of a co-crystal of the acid and
base.20 Thus this work seems to indicate that proton transfer
in the solid state of an ionic compound can be substantial for
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DpKa
aq > 3 and this is considered a rule of thumb in the

co-crystal field. Since the ‘‘solvent’’ environments can be expected
to have many similarities in the liquid and solid states of salts,
these observations seem to be in conflict with those of Yoshizawa
et al. This paper explores the proton transfer in these liquids in
more depth in an attempt to probe these issues.

It is difficult to assess proton transfer using standard
methods such as pH measurements. Burrell et al.21 have
recently illustrated the use of 15N NMR to distinguish between
neutral and ionised amine bases. However, NMR literature
has shown that the effect of proton transfer on the chemical
shifts of nitrogens cannot be distinguished from that of
hydrogen bonding22,23 and hence this technique is not applicable
to the present work. An alternative approach involves the use
of an indicator acid existing in various protonated forms
depending on the pH of the medium. In this study, phenol
red (also known as phenolsulfonphthalein or PSP) was chosen
as a typical probe indicator acid due to the strong degree of
colouration in both its acid and base forms. In the crystalline
form and in solution under very acidic conditions, PSP exists
in its zwitterionic form, appearing as an orange-red coloured
solution (Fig. 1). As the pH increases (pKa = 1.03) the proton
from the ketone group is lost and the solution becomes yellow.
At an even higher pH (pKa = 8.00) a second proton is lost
from the phenolic group, resulting in the bright pink (fuchsia)
colour.24

Owing to sufficient difference in the pKa1
aq and pKa2

aq

values of the PSP indicator, it is possible to visually assess
the ionic state of PSP in a variety of different media. In this
work, PSP was used to determine its degree of protonation in a
group of amines (Fig. 2) of relatively similar values of pKa

aq

and hence of similar DpKa
aq values (B6) when paired with

acetic acid. These were chosen to exemplify different structural
features, in particular the hydrogen bonding ability that is
present in the primary amines but not in the tertiary. The
amines were subsequently used to prepare acetate-containing
PILs for which transport properties were determined and were
compared to each other on a Walden plot.

Experimental

General

All amines were purchased from Aldrich Chemical Company
and were further purified by distillation over KOH. Glacial
acetic acid (99.9+%) was purchased from Sigma-Aldrich
(USA) and was used without further purification.
NMR data were recorded on a Bruker Avance400 (9.4 Tesla

magnet) with a 5 mm broadband autotunable probe with
Z-gradients and BACS 60 tube autosampler.

Fig. 1 Different forms of PSP, and the corresponding colours, as pH is increased.

Fig. 2 pKa
aq and DpKa

aq values of acetic acid and amines used in the

study.
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Density data were collected using an Anton Paar DMA
5000 density meter. The density of the compounds was
determined using the ‘‘oscillating U-tube principle’’.

The viscosity measurements were performed using a falling
ball technique on an Anton Paar AMVn viscosity meter.

Conductivity measurements were carried out on a locally
designed dip cell probe containing two platinum wires covered
in glass. 0.01 M KCl solution at 25 1C was used to determine
the cell constant. The conductivities were obtained by measuring
the complex impedance spectra between 1 MHz and 0.01 Hz
on a Solatron SI 1296 dielectric interface.

Synthesis

N-Butylammonium acetate.N-Butylamine (7.14 g, 97.60 mmol)
was added dropwise to glacial acetic acid (5.86 g, 97.60 mmol).
The mixture was stirred together in an ice bath for three hours,
after which a clear viscous liquid remained.

1H NMR (400 MHz, D2O) d (ppm) 0.92–0.96 (t, J 7.6, 3H),
1.36–1.45 (sextet, J 7.2 2H), 1.61–1.68 (p, J 7.6, 2H), 1.92
(s, 3H), 2.98–3.02 (t, J 7.6, 2H).

N-Heptylammonium acetate. N-Heptylamine (7.56 g,
65.61 mmol) was added dropwise to glacial acetic acid (3.94 g,
65.61 mmol). The mixture was stirred together in an ice bath
for three hours, after which a clear viscous liquid remained.
The product crystallized after approximately 2 h standing at
room temperature.

1H NMR (400 MHz, D2O) d (ppm) 0.88–0.92 (t, J 6.9, 3H),
1.32–1.44 (m, 8H), 1.65–1.72 (p, J 7.5, 2H), 1.94 (s, 1H),
3.00–3.04 (t, J 7.5, 2H).

Triethylammonium acetate. Triethylamine acetate (6.90 g,
68.22 mmol) was added dropwise to glacial acetic acid (4.10 g,
68.22 mmol). The mixture was stirred together in an ice bath
forming an emulsion.

N-Methylpyrrolidinium acetate19. N-Methylpyrrolidine
(7.92 g, 92.98 mmol) was added dropwise to glacial acetic acid
(5.58 g, 92.98 mmol). The mixture was stirred together in an
ice bath for three hours, after which a slightly yellow clear
liquid remained.

1H NMR (400 MHz, D2O) d (ppm) 1.94 (s, 3H), 2.00–2.10
(m, 2H), 2.14–2.21 (m, 2H), 2.94 (s, 3H), 3.05–3.12 (m, 2H),
3.64–3.68 (m, 2H).

N,N-Dimethylbutylammonium acetate25. N,N-Dimethyl-
butylamine (7.22 g, 71.32 mmol) was added dropwise to glacial
acetic acid (4.28 g, 71.32 mmol). The mixture was stirred
together in an ice bath for three hours, after which a clear
liquid remained.

1H NMR (400 MHz, D2O) d (ppm) 0.87–0.90 (t, J 7.4, 3H),
1.28–1.37 (sextet, J 7.4, 2H), 1.60–1.68 (m, 2H), 1.86 (s, 3H),
2.81 (s, 6H), 3.06–3.10 (m, 2H).

Theoretical procedures

Standard ab initiomolecular orbital theory and density functional
theory (DFT) calculations were carried out using the
GAUSSIAN 0926 and ADF 200927 sets of programs. All
geometry optimizations were performed at the B3LYP/
6-31+G(d) level of theory. Individual amines, except for

N-heptylamine, were fully conformationally screened at this
level of theory to ensure the global (rather than merely local)
minima were obtained. The screening was achieved by
exploring all conformations arising from the rotations around
single chemical bonds. The conformation of the lowest energy
was selected as the global minimum for each species. In the
case of N-heptylamine the ethyl fragment was added to
the lowest energy conformation of N-butylamine and the
conformational search was restricted to the rotation around
the single C4–C5 bond. Quantum chemical free energies of
solvation in aqueous solution were calculated using the
COSMO-RS approach28,29 as implemented in the ADF 2009
set of programs.
Molecular volumes were computed using the HF/aug-cc-

pVTZ electron density with tight criteria (an increased density
of points for more accurate integration). The effective ionic
radii were calculated assuming that the ions studied have a
spherical shape:

Vcalc =
4
3pR

3
ion (2)

Results

Initial studies of the extent of protonation using the PSP
indicator are presented in Fig. 3. Simple addition of a small
quantity of the indicator acid to the pure liquid amine resulted
in the various changes in colour of the otherwise colourless
compounds shown in Fig. 3. There was a clear distinction
observed between the primary amines, in which the PSP was a
pink (fuchsia) colour, and the tertiary amines in which the
indicator became bright yellow in colour.
It appears that the indicator acid is entirely deprotonated to

its dibasic form in the primary amines, while in the tertiary
amines the PSP has only been deprotonated to its monobasic
form. It is not surprising that all of the amines were able to
deprotonate the PSP acid to at least the monobasic form since
pKa

aq for this proton is B1.0 and hence DpKa
aq > 9 for all of

the amines involved. However, only the primary amines were
able to deprotonate the second proton (DpKa

aq E 2.5) of the
indicator. Several secondary amines (dipropylamine and
pyrrolidine) were also studied (not shown) and found either
to deprotonate the second proton of the indicator, and hence
behave as primary amines do, or to deprotonate only the first
proton of PSP and therefore act more like tertiary amines.
Thus the secondary amines as a class seem to be transitional
depending on the details of their chemical structure.
The density data for the synthesised PILs, displayed in

Fig. 4, show that the densities of the primary amine based
PIL, butylammonium acetate, and a tertiary amine based PIL,
methylpyrrolidinium acetate, are very similar. Dimethyl-
butylammonium acetate exhibits the lowest density of all of
the synthesised PILs. It was very clear in handling these
compounds during these measurements that the tertiary amine
based salts were quite volatile (strong amine smell), whereas
the primary amine salts were not.
Typical viscosity and conductivity data are presented in

Fig. 5 and 6 as a function of temperature.
The viscosity data presented illustrate the immense difference

between the viscosities of the primary and tertiary amine based
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PILs; this difference is immediately obvious in the handling of
these PILs. The primary amine based PILs possess viscosities
more than an order of magnitude higher than the tertiary
amine-based PILs. In addition, the viscosities of the latter
change only slightly over the temperature range studied, while
the former show a significant increase. As discussed below, this
may be the result of disruption of the hydrogen bonding
between the ions as the temperature increases. Note that in
the case of methylpyrrolidinium acetate, the viscosity data
could not be obtained for the whole range of temperatures
chosen for this study (i.e. 70–90 1C) due to volatility of the
sample at elevated temperatures.

The conductivities of the synthesised PILs (Fig. 6) differ
substantially from one another at room temperature. In the
case of heptylammonium acetate, a distinct step in conductivity

can be observed due to the meltingof the sample at approximately
30 1C. The primary amine based PILs have significantly lower
conductivities than the tertiary amine based PILs. However,
with the temperature increase, the difference in the conductivity
between the primary and tertiary amine based PILs becomes
smaller, whereby at 70 1C the conductivities of butylammonium
acetate and dimethylpyrrolidinium acetate are comparable. At
even higher temperatures, butylammonium acetate has higher
conductivity than that of dimethylbutylammonium acetate.
Methylpyrrolidinium acetate exhibits the highest conductivity,
while the primary amine based PIL, heptylammonium acetate,
possesses lowest conductivity of all the synthesised PILs. It
might seem that the tertiary amine based PILs are appearing
more ‘‘ionic’’ on the basis of these data, however as we show
below, this is an incorrect conclusion.

Fig. 3 PSP in acidic aqueous solution (1), in neat N-butylamine + PSP (2), N-heptylamine + PSP (3), triethylamine + PSP (4),

N-methylpyrrolidine + PSP (5), N,N-dimethylbutylamine + PSP (6).

Fig. 4 Density data for the synthesised PILs. Fig. 5 Viscosity data for the synthesised PILs as a function of

temperature.
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A Walden plot encompassing all of the density, viscosity
and conductivity data is presented in Fig. 7. The Walden rule:

LZ = constant (3)

where, L is the molar conductivity and Z the viscosity, predicts
a simple inverse relationship between these two key transport
properties, which can be tested using a plot of log L versus log
Z, as described by Yoshizawa et al., in which data for a 0.1 M
aqueous KCl solution are used as a point of reference.10

Hence, an ‘‘ideal’’ line representing the behaviour of an ideal
electrolyte (in which ions act in an independent fashion) runs
directly through the KCl point with unity slope.10,17,30 Any
negative deviation from this reference line is thought to
indicate a lack of complete proton transfer, or formation of
neutral clusters that cannot conduct. The vertical deviation,
DW, from the ‘‘ideal line’’ can be taken as a measure of this
phenomenon. For example, DW = 1 represents the situation
where the IL is exhibiting only 10% of the conductivity that

might be expected on the basis of its viscosity, according to the
Walden rule. In the case of PILs, a large DWmay also indicate
incomplete proton transfer, i.e. the presence of the parent acid
and base molecules.
Fig. 7 shows two distinct groups of PILs. One observes a

large deviation (Table 1) from the ‘‘ideal line’’ for tertiary
amine based PILs, while the primary amine based PILs lie
close to the ideal line. As discussed recently17 the Walden plot
axis should be adjusted to allow for the effect of ion size.
Doing so in this case produces small adjustments to DW,
which are also listed in Table 1. If anything, this accentuates
the difference between the two families of compounds.
The data suggest that the primary amine based PILs are
predominantly proton transferred, i.e. the equilibrium in
eqn (1) lies predominantly towards the ionic species, while
the tertiary amine based PILs, with DW values of well over 1,
demonstrate the presence of neutral non-conducting species,
possibly the parent acid and base (though we reiterate that
large values of DW can also arise from neutral ion pairs and
aggregates).

Discussion

The reactions of the primary amines with acetic acid resulted
in highly viscous liquids, much more viscous and much less
volatile than the parent acid and base. Both acid and base have
readily accessible hydrogen bond donor and acceptor sites and
therefore there is no obvious reason why mixing them would
produce such a significant increase in viscosity via additional
hydrogen bonding alone. These observations indicate that
some reaction has occurred between the acid and the base.
These PILs exhibit molar conductivities close to that expected
on the basis of the Walden rule (small DW). As shown in
Fig. 3, the indicator tests tended to show that the indicator
acid rapidly displayed a colouration typical of the fully
deprotonated form. These pieces of evidence taken together
indicate that the extent of proton transfer in these PILs is
relatively close to complete.
On the other hand, upon the addition of the tertiary amines

to acetic acid, very fluid liquids were produced, the fluidity
being similar to that of the original starting materials. The
mixtures remained quite volatile. It seemed that only partial
reaction occurred. Reaction of triethylamine and acetic acid
resulted in an emulsion, indicating an inability of the two
liquids to mix at all; presumably, therefore, no reaction has
occurred. The ‘‘PILs’’ resulting from these amines tended to
show large deviations from the Walden rule and the indicator
acid appeared to remain in the mono-protonated state in the
pure base. This evidence taken as a whole seems to indicate

Fig. 6 Conductivity data for the synthesised PILs as a function of

temperature.

Fig. 7 Walden plot for the synthesised PILs.

Table 1 Deviations from the Walden plot, DW, with and without an
adjustment for ion size

Synthesised PILs
DW (!0.1)
@ 313 K

Adjusted
DW (!0.1)
@ 313 K

Butylammonium acetate 0.49 0.32
Heptylammonium acetate 0.72 0.57
Methylpyrrolidinium acetate 1.78 1.62
Dimethylbutylammonium acetate 2.33 2.15
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that relatively little proton transfer has taken place in
these cases.

However, the amines selected for this study all have
comparable pKa

aq values, such that the difference, DpKa
aq,

for the various combinations is very similar (B6). These
compounds were chosen in order to allow an examination of
the hypothesis that DpKa

aq > 10 is required for strong proton
transfer. Thus it appears, from the various observations
described above, that proton transfer equilibria in PILs based
on simple primary amines behave, in fact, much as expected on
the basis of aqueous pKa values, i.e. that DpKa

aq > 2 is
sufficient to produce predominant proton transfer (B90%)
and DpKa

aq > 4 will produce >99% ionisation. On the other
hand, in this work values substantially greater than those
around DpKa

aq = 6 are required to produce strong proton
transfer with the simple tertiary amines and hence it is these
cases that are behaving unusually. Secondary amines seem to
lie between these extremes. The work of Yoshizawa et al.10

mostly focussed on tertiary amines and hence the conclusions
reached here are quite consistent with their observations.

The molecular origins of these differences almost certainly
relate to differences in the hydrogen bonding environments
offered by the amine/ammonium ions. In the primary amine
case (and the corresponding alkyl ammonium ions) the cation
has multiple hydrogen bond donors available to interact with
and solvate the carboxylate anion that is formed by the proton
transfer reaction. One might expect its solvation in this respect
to be relatively similar to that of water. On the other hand, the
hydrogen bonding frustrated environment offered by the
tertiary amine/ammonium ion is distinctly different to that
of water. The hydrogen bonding acceptor sites on the acetate
anion (two sites on each of two oxygens) have only the single
proton on any given neighbouring cation with which to
hydrogen bond. This could be expected to provide a less
stabilising solvent environment for the anion (and also the
cation) and hence proton transfer to form these ions is
energetically less favoured. The case of ‘‘triethylammonium
acetate’’ presents an interesting extreme in which the acid and
base do not even mix.

This distinction between primary and tertiary amine based
PILs assists in understanding the various effects that can be
observed in the Walden plot. The case of butylammonium
acetate, with an adjusted DW of 0.32, probably represents
an example of a close-to-ideal PIL (‘‘ideal’’ indicating fully
proton transferred and all ions independently mobile). The
two tertiary amine based ‘‘PILs’’, which are in fact very poorly
proton transferred, sit low on the Walden plot for this reason.
Heptylammonium acetate illustrates the further phenomenon
that influences the Walden plot in that it is likely to be fully
proton transferred but sits lower in the Walden plot because of
association between the ions. In this case hydrogen bonding is
clearly the origin of the association. Any other functional
groups on either ion that can add further basis for hydrogen
bonding or ion association will exacerbate this effect. This
is true of many of the pharmacologically active ILs under
investigation in our laboratories.9

A further factor in the proton transfer process in these neat
liquids is the possibility of more complex species forming, of
the type A–H–A!, as described by Johansson et al.19 In the

case of the tertiary amine system studied in that work, the
formation of these ions in compositions which are acid rich,
thus providing a further hydrogen bond donor to assist in
stabilising A!, was observed to support much stronger proton
transfer than at the stoichiometric composition.

Computational studies

The free energy of the proton transfer process, DGPT, can be
expressed as follows:

DGPT = Gtot(BH
+) ! Gtot(B) + Gtot(A

!) ! Gtot(AH) (4)

where Gtot = Ggas + DGsolv for each solvated species and is
obtained from the sum of the free energy of the gas phase
species plus its free energy of solvation in the solvent. Eqn (5)
can then be re-written in the following form:

DGPT = DGgas + DGsolv(BH
+) ! DGsolv(B)

+ DGsolv(A
!) ! DGsolv(AH) (5)

where DGgas is the free energy of proton transfer in the gas
phase. This equation makes explicit the role of solvation
energies in the observed proton transfer processes in any given
solvent.
Quantum chemical calculations of DGsolv in aqueous

solutions were performed for the protonated amines. The
COSMO-RS approach was employed to extract the free
energies of solvation, as it explicitly treats contributions from
hydrogen bonding sites in the molecule to the total free energy
of solvation. The results are given in Table 2. Analysis of the
results reveals, as expected, that primary ammonium ions have
substantially larger solvation energies in water compared to
those of the tertiary ammonium ions, indicating that the
protonated primary amines are strongly stabilised by the
hydrogen bonding environment that water represents. While
this type of calculation cannot directly probe the IL environ-
ment it is our hypothesis here that similar hydrogen bond
stabilisation is available for both cation and anion by the
protonated primary amine in the IL. On the other hand
the hydrogen bonding ‘‘starved’’ environment represented by
the protonated tertiary ammonium cation ionic liquid presents
far less stabilisation of the ions and therefore the proton
transfer reaction is relatively discouraged in that medium. These
observations are all also consistent with the crystal structure
observations of Banerjee et al.; however, recognising that
hydrogen bonding is a key element in the phenomena here
suggests that crystal structures in which hydrogen bonding is
strongly enabled, by the fixed arrangement of the ions, might
exhibit stronger proton transfer than the liquid state of the

Table 2 Free energies of solvation (DGsolv, in kJ mol!1) of
the primary and tertiary ammonium cations. DDGsolv expresses the
differences relative to the dimethylbutylammonium ion

DGsolv/kJ mol!1 DDGsolv/kJ mol!1

N,N-Dimethylbutylammonium !228.4 0.0
N-Methylpyrrolidinium !234.7 !6.3
N-Heptylammonium !304.1 !75.7
N-Butylammonium !307.5 !79.1
Acetate !357.2 !129.0
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same material. This would suggest that crystallisation might
encourage proton transfer in some cases.

Conclusions

In this work we have shown that primary and tertiary amines
of similar pKa

aq values lead to a different extent of proton
transfer when paired with a common acid, acetic acid. The
Walden plot for four synthesised PILs reveals that PILs
obtained from primary amines exhibit a ‘‘close-to-ideal’’
behaviour, whereas those from tertiary amines sit far below
the ideal line (DW > 1). Based on this and a range of physical
property observations we conclude that simple primary amines
produce highly ionised ILs, whereas tertiary amines tend to
form mixtures with a low degree of proton transfer. COSMO-RS
free energies of solvation of protonated amines indicate that
the solvation of primary ammonium ions is substantially
stronger due to the increased hydrogen bonding ability of
the former. It is important to note that these trends can be
easily disturbed by other solvation effects, for example longer
chain alkyl groups bring hydrophobic interactions into play
and other functional groups elsewhere in either molecule,
especially –OH or other hydrogen bonding sites, will have a
major effect on the outcome.
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.')+'#!'-#&0"!"1)+#&0"&-0!)-*#$0-#'-$,)(5#%"8)1$!-%#25#!'-#&0"&-0!)-*#"/#!'-#!"#$%&'9#
)1# C@A*# !'-# @A# *&-+)-*# !'-8*-(,-*# $0-# !'-# "1(5# $+)%# $1%# 2$*-# &0-*-1!6# ?'-# &0"!"1#
-1-0=5#(-,-(*#)1,"(,-%#$0-#!'-0-/"0-#8"0-#%)0-+!(5#0-,-$(-%#$1%#8$1)&3($!-%9#23!#!'-5#
$0-#$(*"#*!0"1=(5#)8&$+!-%#25#!'-#8"(-+3($0#*!03+!30-#"/#!'-#*&-+)-*#)1,"(,-%6###
#
?'-#%)*!)1+!)"1#2-!.--1#!'-#;<2"1%-%#$+)%<2$*-#+"8&(-4#$1%#!'-#;<2"1%-%9#&0"!"1<
!0$1*/-00-%# )"1<&$)0# 2-+"8-*# ,-05# *()='!# )1# $# C@A6# @1# /$+!9# )!# $8"31!*# !"# *)8&(5# !'-#
8$!!-0#"/#.'-0-#!'-#&0"!"1#*)!*#"1#$#&"!-1!)$(#-1-0=5#*30/$+-#2-!.--1#!'-#!."#'-$,5#
$!"8*# )1,"(,-%# D3*3$((5#E# $1%#FG6# # ?')*# )*# )((3*!0$!-%# )1# H)=30-# II# /"0# !'-# +$*-# "/#
$+-!)+#$+)%#$1%#8-!'5(&500"()%)1-#)1#!'-#=$*#&'$*-9#.'-0-#!'-#&0"!"1#!0$1*/-0#$8"31!*#
!"# "1(5# $# JK6LMN# *')/!# )1# $1# "!'-0.)*-# ;<2"1%-%# +"8&(-46# O'$0=-# )*# 3*3$((5# $#
*)=1)/)+$1!# %)*!)1+!)"1# 2-!.--1# !'-*-# !."# *!$!-*# )1# $# *"(,-1!# 2$*-%# *5*!-89# 23!#
2-+"8-*#(-**#*"#)1#!'-#C@A9#2-+$3*-#;<2"1%)1=#)1#!'-#1-3!0$(#+"8&(-4#)1,"(,-*#*"8-#
=-1-0$!)"1#"/#$#&$0!)$(#+'$0=-#"1#-$+'#$!"89#.')(-9#"1#!'-#"!'-0#'$1%9#;<2"1%)1=#)1#
!'-#)"1<&$)0#$+!*#!"#%)8)1)*'#!'-#31)!#+'$0=-#!'$!#1"!)"1$((5#-4)*!*#"1#!'-#'-$,5#$!"8*6##
@1#!'-#+$*-#"/#$+-!)+#$+)%#$1%#8-!'5(&500"()%)1-#!'-*-#8)1"0#+'$1=-*#)1#&"*)!)"1#$1%#
+'$0=-# %"# 1"!# &0"%3+-# $# *3//)+)-1!(5# *)=1)/)+$1!# /0--# -1-0=5# +'$1=-# !"# +0-$!-# $#
*32*!$1!)$(#&"&3($!)"1#"/#!'-#&0"!"1#!0$1*/-00-%#*&-+)-*9#)1#-)!'-0#!'-#=$*#&'$*-#"0#!'-#
)"1)+#():3)%6PQ#M*#.-#.)((#%)*+3**#)1#8"0-#%-!$)(#2-(".9#/30!'-0#*"(,$!)"1#)1!-0$+!)"1*#
$0-#0-:3)0-%#!"#&3*'#!')*#&0"!"1#!0$1*/-0#$("1=6#
#

#
!"#$%&'(()#()*+&+'+"#+$(+3($!)"1*#/"0#$+-!)+#$+)%#$1%#8-!'5(&500"()%)1-#∆&,$$:#R#S6#
?'-#&"!-1!)$(#-1-0=5#*30/$+-#.$*#=-1-0$!-%#$*#$#0-($4-%#*+$1#"/#!'-#F<;#2"1%#*!0-!+'#
$!#!'-#7CPTQ<UIVWD%9&G#(-,-(#"/#!'-"056#?'-#"&!)8)*-%#&")1!*#"1#!'-#CXY#.-0-#!'-1#
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K*>')<3;))6,'),!2,'>+)%441#!'()#$%+%=)8'&'8)PNQ.RS)!=)+,')>:>+'")+,1>)4%$$'>#%=(>)+%)
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,%*'# .+# (+(&/4# 3(5(3# )-./&.06# ;'(# )-./&.0# <(/-+,# <4# *"+,-)(&-+/# !'(# -,"3.!()# /.,#
2'.,(#,2(*-(,#.+)=#.,#)-,*%,,()#.<"5(=#-+#,"0(#*.,(,#!'(&(#0.4#<(#+"#2&"!"+#!&.+,$(&#
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.))-!-"+.3#'4)&"/(+#<"+)-+/=#$"&#(1.023(#<4#.#2&-0.&4#.00"+-%0#*.!-"+=#-02.*!,#"+#
!'(# (+(&/4# 3(5(3,# .+)# '(+*(# %3!-0.!(34# "+# !'(# 2&"!"+# !&.+,$(&6>?# @+# !'(# *.,(# "$# !'(#
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0.C(#%2#!'(#2&"!"+#(+(&/4#3(5(3,#-+#!'(#/.,#2'.,(#.+)#!'(#($$(*!#"$#,"35.!-"+#"+#!'(,(6#

#
D'(&(#2&"!"+#!&.+,$(&#)"(,#+"!#!.C(#23.*(#-+#!'(#3-E%-)#,!.!(=#)(,2-!(#!'(#(12(*!.!-"+#
$&"0#.E%("%,#2!.#).!.#!'.!#-!#,'"%3)=#.+"!'(&#2'(+"0(+"+#&(3.!()#!"#AB<"+)-+/#*.+#
"**%&F#%+B-"+-,()#.*-)B<.,(#*"023(1#$"&0.!-"+=#.,#,'":+#-+#7-/%&(#8<6#G#+%0<(&#"$#
(1.023(,#$&"0#!'(#3-)"*.-+(F$.!!4#.*-)#$.0-34#"$#3-E%-),#'.5(#<((+#)(,*&-<()#&(*(+!34#
-+#!'(#*"+!(1!#"$#2'.&0.*(%!-*.334#.*!-5(#*"02"%+),#:'(&(#!'(#!2!.

.E#5.3%(,#:(&(#H9#
.+)#-!#:.,#,'":+#!'.!#2&"!"+#!&.+,$(&#)-)#+"!#!.C(#23.*(6IJ#@+#!'-,#,-!%.!-"+#!'(#3.*C#"$#
AB<"+)-+/# "&# ,"35.!-"+# -+!(&.*!-"+,# ,!&"+/34# .3!(&,# !'(# 2",-!-"+,# "$# !'(# -+)-5-)%.3#
-"+-,()#,2(*-(,#-+#7-/%&(#89#.+)#!'(&(<4#!'(#AKLM#.+)#MNLM#3(5(3,=#!"#!'(#2"-+!#!'.!#
2&"!"+#!&.+,$(&#-,#+"!#(+(&/(!-*.334#$.5"%&()6#A":(5(&=#.#*"023(!(#,%22&(,,-"+#"$#!'(#
0(3!-+/#2"-+!#-+)-*.!()#$"&0.!-"+=#-+,!(.)=#"$#.#'4)&"/(+#<"+)()#.*-)B<.,(#*"023(16#
O%*'#%+B-"+-,()#*"023(1(,#*.+#<(#!'"%/'!#"$#.,#.#3-E%-)#.+.3"/%(#"$#!'(#P*"B*&4,!.3,Q#
!'.!# .&(#0%*'# ,!%)-()# -+# !'(# 2'.&0.*(%!-*.3# $-(3)6# @+# !'(# 3-E%-)# *"B*&4,!.3# *.,(# !'(#
.,,"*-.!-"+#"$#!'(#!:"#*"02"+(+!,#2&")%*(,#.#,!.<-3-,-+/#-+!(&.*!-"+#-+#!'(#3-E%-)#,!.!(#
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!"#$%&'()*+%&*##

!"#$%&'(")*"+(),-." -)#-." /-0$-12"3#1"23/,2"&32'1")#"+43(%3.'$,-.3/"3.-12"3#1"&32'2"
435'" &''#" 26#,4'2-2'1" 3#1" .43(3.,'(-2'17" 89:;<!9;" 3#1"=3/1'#" +/)," 2,$1-'2">'('"
$2'1" ,)" 322'22" ,4'" +(),)#" ,(3#2*'(" 3#1" 1','(%-#'" ,4'" 1'?(''" )*" -)#-.-,6" -#" ,4'"
26#,4'2-2'1" .)%+)$#127" :," >32" *)$#1" ,43," 311-,-)#3/" 461()?'#" &)#1-#?" *$#.,-)#3/"
?()$+2"-#",4'",'(,-3(6"3%-#'".32'".3#"+()%),'"+(),)#",(3#2*'(7":#",4'".32'")*"+(-%3(6"
3%-#'2@" *)(%3,-)#" )*" ./$2,'(</-A'" 2+'.-'2" .)#,3-#-#?" +(),)#3,'1" &32'B1'+(),)#3,'1"
3.-1"+3-(2".3#"('2$/,"-#"23/,2"+)22'22-#?"4-?4'("%'/,-#?"+)-#,2"3#1"1'.('32'1"-)#-.-,67"
94'2'" *-#1-#?2" 3('" 2$++)(,'1" &6" .(62,3/" 2,($.,$('2" 3#1" C31'/$#?" .)#2,3#,"
.3/.$/3,-)#27"D)#',4'/'22@"*)("3++/-.3,-)#"+$(+)2'2@"E:F2">-,4"/)>'("-)#-.-,6"3('"%)('"
1'2-(3&/'"*)("1($?"1'/-5'(6"32",4'6"%36".()22",4'"%'%&(3#'"&3((-'("%)('"'32-/6",43#"
,4'"%)('"-)#-2'1"2+'.-'27"C'%&(3#'"2,$1-'2"3('".$(('#,/6"&'-#?".3((-'1")$,"-#")(1'(",)"
*$(,4'("-#5'2,-?3,'",4-2"+4'#)%'#)#"3#1"3('"24)>-#?"+()%-2-#?"('2$/,27""
"
,"#-./.0.&'.*"""
"
G7" E7"H'-#(-.4"I,34/@"J7"K7"='(%$,4"3#1"L1-,)(2@"!"#$%&&'(&)(*+",-"./012."3(

4"3156(*,&7/,12/58(4/3/.12&#8("#$(95/@"MHJ!"3#1"=-/'6<MJH@"NOOP7"
N7" I7"C7"Q'(?'@"F7"R7"Q-?4/'6"3#1"R7"J7"C)#A4)$2'@":;(*+",-;(4.2;@"GSTT@"11@"G<

GS7"
U7" K7"R35-'2@"<+/(*+",-"./012."3(:&0,#"3@"NOOG@"211@"UNN<UNU7"
V7" W7"I,)-%'#)52A-@"R7";7"C3.83(/3#'@"X7"Q-.3"3#1";7"R7";)?'(2@"*+",-;(=/5;@"

NOGO@"23@"YNG<YNZ7"
Y7" E7"C7"R'3#@"W7"C7"E(-#?/'"3#1"R7";7"C3.83(/3#'@"*+>5;(?+/-;(?+/-;(*+>5;@"

NOGO@"42@"SGVV<SGYU7"
Z7" ;7"R7";)?'(2"3#1"X7";7"I'11)#@"@&#2.(A2B02$5C(@#$051,2"3(D7732."12&#5(1&(

E,//#(?+/-251,>@"!%'(-.3#"J4'%-.3/"I).-',6@"NOOU7"
T7" 97"='/,)#@"?+/-;(=/F;@"GSSS@"55@"NOTG<NOPU7"
P7" 87"L#1('2@"R7"C3.83(/3#'@"!7"!&&),,"3#1"L1-,)(2@"G3/.1,&$/7&5212&#(),&-(

@&#2.(A2B02$5@"=-/'6<MJH@"NOOP7"
S7" =7"F7"H)$?4@"C7"I%-?/3A@"H7";)1(-?$'[@";7"E7"I>3,/)2A-@"I7"X7"I+'3(@"R7"97"

R3/6@"W7"E'(#3A@"W7"L7"K(-2'/@";7"R7"J3(/-22@"C7"R7"I)$,$//)@"W7"W7"H7"R35-2"3#1"
;7"R7";)?'(2@"H/I(:;(?+/-;@"NOOT@"64@"GVNS<GVUZ7"

GO7" =7"F7"H)$?4"3#1";7"R7";)?'(2@"J033;(?+/-;(4&.;(:7#;@"NOOT@"78@"NNZN<NNZS7"
GG7" =7"F7"H)$?4<9()$,%3#@"C7"I%-?/3A@"I7"K(-**-#@"=7"C7";'-.4'(,@":7"C-(2A3@"W7"

W)16#-2<F-'&'(,@"97"!13%2A3@"W7"D3>(),@"C7"I,32-'>-.[@";7"R7";)?'(2"3#1"W7"
E'(#3A@"H/I(:;(?+/-;@"NOOS@"66@"NZ<UU7"

GN7" D7732."12&#C(KL(*"1;8"NOOZ<\IUSVYV"NOOTOVVZSU@"NOOT7"
GU7" !7"J-'#-'.A3<;)2/)#A-'>-.[@"W7"E'(#3A@"W7"X$&-2<8'1'(@"!7";3%3#-@"!7"W7"

;)&'(,2)#"3#1"X7";7"I'11)#@"E,//#(?+/-;@"NOOY@"3@"PYY<PZN7"
GV7" W7"E'(#3A"3#1"W7"8'1'(<X$&-2@"?+/-;MG0,;(:;@"NOOY@"44@"VVVG<VVVS7"
GY7" W7"E'(#3A@"X7"I)&32[A-'>-.["3#1"W7"8)A2)>-.[<8/3.[6A@"?+/-;MG0,;(:;@"NOOV@"

48@"UVTS<UVPY7"
GZ7" W7"E'(#3A@":7"K)."3#1":7"C-(2A3@"E,//#(?+/-;@"NOOV@"1@"UNU<UNS7"
GT7" E7"C7"R'3#@"W7"9$(3#]3#-#@"C7"^)24-[3>3<8$]-,3@"R7";7"C3.83(/3#'"3#1"W7"F7"

I.),,@"?,>51;(E,&I1+(N/5;@"NOOS@"5@"GGUT<GGVY7"
GP7" L7":7":[?)()1-#3@"\7"F7"Q'(#3(1@"E7"C7"R'3#@"W7"C7"E(-#?/'"3#1"R7";7"

C3.83(/3#'@"?,>51;(E,&I1+(N/5;@"NOOS@"5@"VPUV<VPUS7"
GS7" L7"W3#$2@":7"K).<C3.-']'>2A3@"C7"F)[6#2A-"3#1"W7"E'(#3A@"</1,"+/$,&#(A/11;@"

NOOZ@"!3@"VOTS<VOPU7"
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Protic pharmaceutical ionic liquids and solids: 

Aspects of Protonics 
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SYNTHESIS 

 

NTH3
+
 Bz

-  
 
 

NTH2 (0.763 g, 6.622 mmol), dissolved in methanol, was slowly added to BzH (0.809 

g, 6.622 mmol) in methanol solution. The reaction was stirred for 4 hours in an ice 

bath. Methanol was subsequently removed under vacuum and the resulting white 

solid was dried at 40 
o
C on a Schlenk line (~0.3 torr). 

1
H NMR (200 MHz, DMSO-

d6) ! (ppm) 0.82-0.88 (t, J 6.7, 3H), 1.13-1.16 (d, J 6.5, 3H), 1.25-1.55 (m, 8H), 3.01-

3.08 (sextet, J 6.5, 1H), 7.26-7.35 (m, 3H), 7.85-7.90 (m, 2H). MS (ESI): ES+ m/z: 

115.7 (NTH3
+
), ES- m/z: 120.8 (Bz

-
). DSC: Tm 91±2 

o
C. 

Note: This compound has been reported previously by Rohrmann et. al..
1
 The melting 

point presented here agrees with the reported value.  

 

NTH3
+
 Sal

-
 

NTH2 (1.251 g, 10.860 mmol), dissolved in methanol, was slowly added to SalH 

(1.500 g, 10.860 mmol) in methanol solution. The reaction was stirred for 4 hours in 

an ice bath. Methanol was subsequently removed under vacuum and the resulting 

viscous liquid was dried at 40 
o
C on a Schlenk line (~0.3 torr). 

1
H NMR (200 MHz, 

DMSO-d6) ! (ppm) 0.83-0.89 (t, J 6.8, 3H), 1.16-1.20 (d, J 6.5, 3H), 1.26-1.57 (m, 

8H), 3.11-3.21 (sextet, J 6.5, 1H), 6.57-6.65 (m, 2H), 7.10-7.15 (m, 1H), 7.64-7.69 

(m, 1H), 7.87-8.08 (s(b), 1H). MS (ESI): ES+ m/z: 116.14 (NTH3
+
), ES- m/z:  137.0 

(Sal
-
), 93.0 (Sal

- 
- OC=O). DSC: Tg -40±2 

o
C. 

 

NTH3
+
 Gen

-
 

NTH2 (0.748 g, 6.488 mmol), dissolved in methanol, was slowly added to GenH 

(1.000 g, 6.488 mmol) in methanol solution. The reaction was stirred for 4 hours in an 

ice bath. Methanol was subsequently removed under vacuum and the resulting opaque 

solid was dried at 40 
o
C on a Schlenk line (~0.3 torr). 

1
H NMR (400 MHz, DMSO-

d6) ! (ppm) 0.83-0.87 (t, J 6.8, 3H), 1.18-1.19 (d, J 6.4, 3H), 1.21-1.33 (m, 6H), 1.41-

1.45 (sextet, J 7.6, 1H), 1.58-1.61 (sextet, J 7.6, 1H), 3.13-3.18 (m, 1H), 6.48-6.50 (d, 

J 8.8, 1H), 6.63-6.66 (m, 1H), 7.15 (d, J 3.1, 1H), 7.98-8.45 (s(b), 1H). MS (ESI): 

ES+ m/z: 116.0 (NTH3
+
), ES- m/z:  152.9 (Gen

-
). DSC: Tm 121±2 

o
C. 

 

NAH3
+

 Bz
- 
   

NAH2 (1.500 g, 9.917 mmol), dissolved in methanol, was slowly added to BzH (1.211 

g, 9.917 mmol) in methanol solution. The reaction was stirred for 4 hours in an ice 

bath. Methanol was subsequently removed under vacuum and the resulting white 

powder was dried at 40 
o
C on a Schlenk line (~0.3 torr). 

1
H NMR (200 MHz, DMSO-

d6) ! (ppm) 1.52-1.73 (m, 12H), 2.04 (s(b), 3H), 3.17-4.89 (s(b), 1H), 7.32-7.36 (m, 
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3H), 7.85-7.90 (m, 2H). MS (ESI): ES+ m/z: 151.9 (NAH3
+
), ES- m/z:  120.9 (Bz

-
). 

DSC: Tm 256±2 
o
C. 

Note: The above compound has been previously reported by Zheng et. al.
2
 in a crystal 

structure report. The synthetic details are very comparable to those above but the 

characterisation data has not been reported. We have also solved the crystal structure 

of our synthesised compound.  

 

NAH3
+
 Sal

-   
 

NAH2 (1.500 g, 9.917 mmol), dissolved in methanol, was slowly added to SalH (1.370 

g, 9.917 mmol) in methanol solution. The reaction was stirred for 4 hours in an ice 

bath. Methanol was subsequently removed under vacuum and the resulting white 

solid was dried at 40 
o
C on a Schlenk line (~0.3 torr). 

1
H NMR (200 MHz, DMSO-

d6) ! (ppm) 1.54-1.81 (m, 12H), 2.09 (s(b), 3H), 3.08-4.53 (s(b), 1H), 6.56-6.65 (m, 

2H), 7.10-7.18 (m, 1H), 7.64-7.70 (m, 1H), 7.79-8.24 (s(b), 1H). MS (ESI): ES+ m/z: 

151.8 (NAH3
+
), ES- m/z: 136.8 (Sal

-
), 92.8 (Sal

- 
- OC=O).  DSC: Tm 216±2 

o
C. 

Note: The above compound has been previously reported before in a patent.
3
  

 

NAH3
+
 Gen

-
 

NAH2 (1.472 g, 9.733 mmol), dissolved in methanol, was slowly added to GenH 

(1.500 g, 9.733 mmol) in methanol solution. The reaction was stirred for 4 hours in an 

ice bath. Methanol was subsequently removed under vacuum and the resulting white 

powder was dried at 40 
o
C on a Schlenk line (~0.3 torr). 

1
H NMR (200 MHz, DMSO-

d6) ! (ppm) 1.48-1.80 (m, 12H), 2.02-2.09 (s(b), 3H), 3.11-3.48 (s(b), 1H), 6.42-6.46 

(m, 1H), 6.56-6.62 (m, 1H), 7.12-7.13 (d, J 2.8, 1H), 7.92-8.13 (s(b), 1H). MS (ESI): 

ES+ m/z: 152.0 (NAH3
+
), ES- m/z:  153.0 (Gen

-
), 307.0 (2 x Gen

- 
+ H

+
), 329.0 (2 x 

Gen
- 
+ Na

+
), 505.0 (3 x Gen

- 
+ 2 x Na

+
).  DSC: Tm 250±2 

o
C. 

 

(EtOH)pyrH
+
 Bz

-
 

(EtOH)pyr (0.979 g, 8.501 mmol), dissolved in methanol, was slowly added to BzH 

(1.038 g, 8.501 mmol) in methanol solution. The reaction was stirred for 4 hours in an 

ice bath. Methanol was subsequently removed under vacuum and the resulting yellow 

solid was dried at 40 
o
C on a Schlenk line (~0.3 torr). 

1
H NMR (400 MHz, DMSO-

d6) ! (ppm) 1.79-1.83 (p, J 3.6, 4H), 2.89-2.97 (m, 6H), 3.63-3.66 (t, J 6.0, 2H), 6.42-

7.12 (s(b), 1H), 7.36-7.40 (m, 2H), 7.43-7.47 (m, 1H), 7.91-7.93 (m, 2H). MS (ESI): 

ES+ m/z: 116.1 ((EtOH)pyrH
+
), ES- m/z:  120.8 (Bz

-
), 265.0 (2 x Bz

-
 + Na

+
). DSC: 

Tg -40±2 
o
C, Tr -24±2 

o
C, Tm 28±2 

o
C. 

 

(EtOH)pyrH
+
 Sal

-
 

(EtOH)pyr (1.251 g, 10.860 mmol), dissolved in methanol, was slowly added to SalH 

(1.500 g, 10.860 mmol) in methanol solution. The reaction was stirred for 4 hours in 

an ice bath. Methanol was subsequently removed under vacuum and the resulting 

yellow solid was dried at 40 
o
C on a Schlenk line (~0.3 torr). 

1
H NMR (200 MHz, 

DMSO-d6) ! (ppm) 1.91-1.99 (p, J 3.5, 4H), 3.17-3.31 (m, 6H), 3.69-3.75 (t, J 5.5, 

2H), 6.60-6.69 (m, 2H), 7.14-7.22 (m, 1H), 7.67-7.72 (m, 1H). MS (ESI): ES+ m/z: 

116.0 ((EtOH)pyrH
+
), ES- m/z: 136.8 (Sal

-
), 92.7 (Sal

- 
- OC=O).  DSC: Tg -44±2 

o
C, 

Tr 6±2 
o
C, Tm 49±2 

o
C. 

 

(EtOH)pyrH
+
 Gen

-
 

(EtOH)pyr (0.747 g, 6.488 mmol), dissolved in methanol, was slowly added to GenH  

(1.000 g, 6.488 mmol) in methanol solution. The reaction was stirred for 4 hours in an 
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ice bath. Methanol was subsequently removed under vacuum and the resulting yellow 

solid was dried at 40 
o
C on a Schlenk line (~0.3 torr). 

1
H NMR (200 MHz, DMSO-

d6) ! (ppm) 1.91-1.99 (p, J 3.5, 4H), 3.15-3.30 (m, 6H), 3.69-3.75 (t, J 5.5, 2H), 6.49-

6.53 (d, J 8.6, 1H), 6.64-6.70 (d(d), J 8.6, 3.1, 1H), 7.15-7.16 (d, J 3.1, 1H). MS 

(ESI): ES+ m/z: 115.9 ((EtOH)pyrH
+
), ES- m/z: 152.9 (Gen

-
), 307.1 (2 x Gen

- 
+ H

+
), 

328.9 (2 x Gen
- 
+ Na

+
).  DSC: Tm 97±2 

o
C. 

 

*NTH3
+
 (Bz-Bz)

-
  

NTH2 (2.278 g, 19.771 mmol), dissolved in methanol, was slowly added to BzH  

(4.829 g, 39.543 mmol) in methanol solution. The reaction was stirred for 4 hours in 

an ice bath. Methanol was subsequently removed under vacuum and the resulting 

colourless viscous liquid was dried at 40 
o
C on a Schlenk line (~0.3 torr). 

1
H NMR 

(400 MHz, DMSO-d6) ! (ppm) 0.81-0.84 (t, J 6.4, 3H), 1.18-1.20 (d, J 6.4, 3H), 1.23-

1.32 (m, 6H), 1.37-1.44 (m, 1H), 1.58-1.65 (m, 1H), 3.12-3.17 (sextet, J 6.4 1H), 

7.26-7.35 (m, 6H), 7.85-7.90 (m, 4H). DSC: Tg -43±2 
o
C. 

 

*NTH3
+
 (Bz-Sal)

-
  

NTH2 (2.043 g, 17.731 mmol), dissolved in methanol, was slowly added to a mixture 

of SalH (2.449g, 17.731 mmol) and BzH (2.165 g, 17.731 mmol) in methanol 

solution. The reaction was stirred for 4 hours in an ice bath. Methanol was 

subsequently removed under vacuum and the resulting colourless viscous liquid was 

dried at 40 
o
C on a Schlenk line (~0.3 torr). 

1
H NMR (400 MHz, DMSO-d6) ! (ppm) 

0.83-0.86 (t, J 6.8, 3H), 1.18-1.19 (d, J 6.4, 3H), 1.21-1.34 (m, 6H), 1.38-1.45 (m, 

1H), 1.55-1.62 (m, 1H), 3.14-3.18 (sextet, J 6.4 1H), 6.63-6.69 (m, 2H), 7.16-1.21 (m, 

1H), 7.47-7.51 (m, 2H), 7.58-7.63 (m, 1H), 7.70-7.72 (m, 1H), 7.94-7.97(m, 2H), 

7.98-8.34 (s(b), 1H). DSC: Tg -40±2 
o
C. 

 

*(EtOH)pyrH
+
 (Bz-Bz)

-
  

(EtOH)pyr (2.243 g, 19.476 mmol), dissolved in methanol, was slowly added to BzH 

(4.757 g, 38.953 mmol) in methanol solution. The reaction was stirred for 4 hours in 

an ice bath. Methanol was subsequently removed under vacuum and the resulting 

yellow viscous liquid was dried at 40 
o
C on a Schlenk line (~0.3 torr). 

1
H NMR (400 

MHz, DMSO-d6) ! (ppm) 1.84-1.88 (p, J 3.6, 4H), 3.02-3.04 (t, J 5.6, 2H), 3.07-3.11 

(m, 4H), 3.67-3.70 (t, J 5.6, 2H), 7.41-7.45 (m, 4H), 7.49-7.54 (m, 2H), 7.55-7.90 

(s(b), 1H), 7.92-7.95 (m, 4H). DSC: Tg -49±2 
o
C. 

 

*(EtOH)pyrH
+
 (Bz-Sal)

-
  

(EtOH)pyr (2.147 g, 16.642 mmol), dissolved in methanol, was slowly added to a 

mixture of SalH(2.575 g, 16.642 mmol) and BzH (2.277 g, 16.642 mmol) in methanol 

solution. The reaction was stirred for 4 hours in an ice bath. Methanol was 

subsequently removed under vacuum and the resulting yellow viscous liquid was 

dried at 40 
o
C on a Schlenk line (~0.3 torr). 

1
H NMR (400 MHz, DMSO-d6) ! (ppm) 

1.91-1.94 (p, J 3.6, 4H), 3.02-3.04 (t, J 5.6, 2H), 3.07-3.11 (m, 4H), 3.67-3.70 (t, J 

5.6, 2H), 6.64-6.70 (m, 2H), 7.18-7.22 (m, 1H), 7.47-7.51 (m, 2H), 7.59-7.63 (m, 1H), 

7.70-7.73 (m, 1H), 7.94-7.94 (m, 2H). DSC: Tg -46±2 
o
C. 

 

*All of the dimer compounds showed evidence of partial crystallinity at room 

temperature. All characterisation measurements were carried out above the 

apparent melting point. 
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Figure S2. !

. . .
! stacking observed in the primary amine based ionic liquid, NTH3

+
  

Gen
-
 

 
Figure S3. Distinct channels observed in the crystal structure of the ionic liquid 

forming salt, NAH3
+
 Gen

-
. 
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7 8 9 :0'%@A:,B
CD E-99FGH+(DD* E-DID9J+(DK* LE-D9DIM+(DD* E-EDFM+(J*

N9> E-9HGGD+(DJ* E-FDKED+(DM* E-DDIJK+(D9* E-EDMF+(J*

NM> E-JI99I+(DJ* E-IEFMG+(DF* E-JEFF9+(DJ* E-EDHE+(J*

OM>> E-KDDD E-IGDE E-JGDK E-E9J@

NG> E-KDHDD+(DJ* E-FKDHM+(DM* E-DFHGD+(D9* E-EDFM+(J*

OG>> E-KGJ9 E-MHKD E-DKEI E-E9E@

NK> E-9F99G+(DK* E-GIEJG+(DF* E-9MFFD+(DK* E-E9EM+(J*

OK>> E-9EHE E-I9GE E-9IGJ E-E9M@

NJ> E-9DIIH+(DJ* E-FIFEF+(DF* E-DFDKK+(DJ* E-EDGF+(J*

NF> E-KFEHK+(DJ* E-GJIFI+(DF* E-9F99F+(DJ* E-EDGE+(J*

NK E-JJIHE+(DK* E-EHDMG+(DG* LE-EIMKM+(DK* E-E9KJ+(K*

OKP E-JKMG E-EKDH LE-DMFE E-E9H@

OK> E-KEHG E-DMDF LE-EMEJ E-E9H@

NJ E-J9IJD+(DI* LE-EDJK+(9* E-EEFEM+(DF* E-EJKG+(K*

OJP E-JFD9 LE-DEF9 LE-EEKK E-EK9@

OJ> E-JGE9 E-E9EF E-EIIF E-EK9@

ND E-DMKKH+(DF* E-D9GDG+(DI* LE-EKHKI+(DM* E-E9FJ+(K*

ODP E-EFHE E-D9H9 LE-EHGD E-EJ9@

OD> E-DFIH E-DIKE E-E9KD E-EJ9@

N9 E-DHGGJ+(DI* LE-E9J9+(9* LE-EDIH9+(DI* E-EJHE+(M*

O9> E-DID9 LE-EMGK E-EM9K E-EKG@

O9P E-DMHG LE-EIGM LE-EIGE E-EKG@

QJ> E-EHHMK+(H* E-FFGJF+(DJ* E-DDKJJ+(DD* E-E9KD+(J*

QD> E-J9FMJ+(H* E-K9GD9+(DD* LE-EE9JG+(H* E-E9EE+(J*

Q9> E-DK9KK+(DE* E-MED9H+(D9* LE-EJMKG+(DE* E-E9FK+(J*

QK> E-MIE9M+(H* E-GFKDF+(DJ* E-JEFKG+(DE* E-E99I+(J*

NM E-DFDGI+(DK* E-DGG9D+(DG* LE-9MKDI+(DJ* E-E9EH+(J*

OMP E-DJ9K E-EIE9 LE-9GGM E-E9M@

OM> E-9DGK E-9EEF LE-9HF9 E-E9M@

ND> E-9MJEG+(DJ* E-MEGMD+(DM* E-EDHIK+(D9* E-EDGK+(J*

QD E-EHJDG+(D9* E-K9EI9+(DJ* LE-9GDKF+(D9* E-EJ9K+(J*

NF E-EMIKJ+(DK* E-9GIMK+(DG* LE-9HKKD+(DJ* E-E9DD+(J*

OFP E-EDF9 E-9FFJ LE-JIDM E-E9M@

OF> E-EE9F E-9MME LE-9M9F E-E9M@

OK>Q E-MHK+(9* E-I9D+(9* E-JF9+(9* E-EJH+(F*@

ODQ E-EHH+(9* E-KJH+(J* LE-9EE+(J* E-EMH+(I*@

OJ>Q E-EHD+(9* E-FDD+(J* E-EMF+(9* E-EKI+(G*@

ODC E-9MEJ+(DF* E-9GE+(9* LE-EHIK+(DF* E-E9D+(K*@

;%'+&$*,&./)#$-+-(%*/#"#+-%-".*3456

:DD :99 :JJ :D9 :DJ :9J

CD E-EDII+(F* E-EDKH+(F* E-EDME+(F* E-EEDE+(M* E-EEKH+(M* LE-EEDM+(M*

N9> E-EDID+(G* E-EDDH+(G* E-EDKD+(G* LE-EEE9+(M* E-EE9K+(M* E-EEJ9+(M*

NM> E-E9JD+(I* E-EDMM+(G* E-EDGK+(G* LE-EEJJ+(F* E-EEFE+(F* LE-EEDK+(M*
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7 8 9 :0'%@A:,B
C9> D-DEFE+(9* D-G9HF9+(GI* D-JHEII+(G9* D-D9EE+(K*

L9> D-KEDFE+(GE* D-GDIGM+(G9* D-IEGEK+(H* D-DKHG+(K*

LG> D-DEIEH+(GI* D-DMJDH+(G9* D-I9HME+(H* D-DMDG+(K*

NG D-9JFE+(9* D-DIIEF+(GM* D-MGGDK+(G9* D-D9HI+(K*

LK> D-KJEI9+(GJ* D-GHMDJ+(GM* D-F9MDI+(GK* D-DEGI+(M*

CG D-9HJF+(9* D-99GDJ+(GI* D-KEMIH+(G9* D-D9FD+(M*

CJ> OD-GEDE+(9* D-GGI9F+(GI* D-FKFFF+(GK* D-DKGF+(M*

PJ>> OD-99HM D-DFIE D-JHIH D-DKF@

CK> D-GJ9E+(9* D-GJJME+(GJ* D-FIDMJ+(GM* D-DKK9+(M*

CJ D-MIHM+(9* D-9FMJE+(GF* D-KFIHD+(GM* D-DKJ9+(M*

PJ> D-EHFI D-99IM D-KIIK D-DME@

PJQ D-MKFH D-9FKJ D-MIED D-DME@

CG> D-GEHG+(9* D-DHGHM+(GI* D-IFEHJ+(GK* D-D9HD+(M*

CM> D-DJFD+(K* D-9DJJF+(GH* D-HIMDM+(GM* D-DMKM+(E*

PM>> D-GEKF D-9MDK G-DDIM D-DE9@

CE> OD-G9EI+(K* D-GHDDE+(GH* G-DDKFI+(GM* D-DMMH+(E*

PE>> OD-GFIF D-9DFG G-DJM9 D-DEM@

CI D-DHME+(9* D-KGDFK+(GF* D-KFHHE+(GM* D-DKJH+(M*

PIQ D-DIK9 D-KDHH D-MIFG D-DMI@

PI> OD-DGID D-9IHK D-KJG9 D-DMI@

C9 D-KMIJ+(K* D-99DMD+(GF* D-9K9MD+(GK* D-DKIM+(M*

P9Q D-9KFG D-GJFE D-9G9K D-DMM@

P9> D-MJMF D-GIGK D-9GDJ D-DMM@

CI> OD-9MKD+(K* D-GMEFD+(GF* D-HMGHM+(GM* D-DMDJ+(M*

PI>> OD-KF9J D-GKIG D-HIHE D-DMH@

CH D-9FKH+(K* D-EKKEG+(GH* D-KIKJK+(GI* D-DMEJ+(E*

PH> D-9E9J D-EKKI D-MMGF D-DEE@

PHQ D-9HMH D-IKKJ D-K9FK D-DEE@

CF D-MFJD+(9* D-MMGHE+(GH* D-K9HDH+(GE* D-DM99+(E*

PF D-EHJJ D-MFKI D-KMHG D-DEG@

CGD D-EKEE+(K* D-MMKM9+(GH* D-9DIJD+(GE* D-DMHE+(E*

PGD> D-III9 D-KFJI D-GFM9 D-DEH@

PGDQ D-EMIJ D-EMK9 D-GJD9 D-DEH@

CK D-KIEE+(K* D-KJJKD+(GH* D-GJMHD+(GE* D-DMIG+(E*

PK D-KHJG D-KJFD D-DHID D-DEE@

CE D-GGKK+(K* D-MIFKG+(GH* D-KKGFG+(GE* D-DMEE+(E*

PE OD-DGJK D-E9IH D-KEKE D-DEE@

CM D-GIGI+(K* D-MIFE+(9* D-9DHI9+(GI* D-DE9H+(E*

PM> D-GJGK D-EIFG D-GJ9I D-DIK@

PMQ D-DEGF D-M9FD D-GFHE D-DIK@

PGN D-MDI+(K* D-DGM+(9* D-KHF9+(GM* D-DMJ+(E*@

P9N D-GJJ+(K* D-D9MG+(GH* D-KFJF+(GM* D-DMH+(E*@

PKN D-99J+(K* D-DID+(9* D-MH9M+(GJ* D-DIG+(I*@

PK>L D-MDJ+(M* D-GJF+(K* D-JE9+(9* D-DHG+(F*@
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We show that pharmaceutically active protic ionic liquids can be
designed to rapidly transport through model membranes as
neutral hydrogen bonded clusters.

Ionic liquids (ILs) are currently being investigated for use in
a number of areas of science.1 Some years ago, Rogers and
co-workers proposed ILs based on active pharmaceutical
ingredients (APIs), whereby the synthesised ILs not only retain
pharmaceutical activity but also have the added benefits of
existing in a liquid form.2 Some of the benefits of the liquid
state include improved solubility, stability, bioavailability and
alternative delivery modes of the drug. Being amorphous,
pharmaceutical ILs could be a possible solution to one of
the more significant problems in the pharmaceutical industry –
polymorphic inter-conversion, whereby one polymorph of a
drug converts into another over time.3 Given that the counter-
ion chosen for the formation of the IL can have a significant
influence on the pharmacokinetics of the drug candidate, the
new salt form of the registered drug would need to be treated
as a new chemical entity, meaning that it can be separately
patented.4 Hence, the formation of ILs of existing APIs could
assist in the development of new forms of the API.

Since their emergence, pharmaceutically active ILs have
been studied by a number of groups. Hough et al. and our
group have reported on pharmaceutically active ILs containing
cations/anions of various actives.5 One of the compounds,
lidocaine docusate, was shown to have enhanced analgesic
effect compared to the parent lidocaine chloride salt.5a This is just
one of the examples where combining two pharmaceutical/
biocompatible ions results in compounds with characteristics
superior to the parent drugs. Bica and co-workers have reported
ILs based on analgesic, anti-pyretic and anti-inflammatory
compounds, acetylsalicylic and salicylic acids,6 while Cybulski
et al. have synthesised and characterised ILs based on
antiseptic/disinfectant cations and enzyme/amino acid anions
and the resulting ILs were found to be very effective against
bacteria and fungi.7,8 A large number of drugs on the market

are based on actives that are acids and bases (or simple salts
thereof) and hence we have also recently reported on pharma-
ceutically active protic ILs (PILs), where we reacted pharma-
ceutically active acids with pharmaceutical/biocompatible
bases to produce salts with dual activity, e.g. an analgesic/
nasal decongestant dual activity PIL.9

However, it is a well-established fact that ionic drugs do not
readily cross biological membranes and skin due to their lack
of sufficient lipophilicity.4 Stratum corneum is the main barrier
for permeation of most drugs through the skin and only a small
number of drug molecules have the optimal physicochemical
characteristics to penetrate it sufficiently to exert their therapeutic
effect. A number of strategies have been proposed to overcome
skin impermeability. Wotton et al. suggest that an increase in
the diffusion coefficient (D) or the partition coefficient (K) of the
drug, or both, can result in a multiplicative effect on the flux of
the permeant.10 Penetration enhancement is most commonly
achieved by incorporating solvents that promote transfer
through the stratum corneum.11

Here we describe a series of attenuated total reflectance–
Fourier transform infrared (ATR-FTIR) experiments designed
to investigate the permeation of different types of PILs
through a model membrane. We show that some of the PILs
exhibit strongly enhanced permeation properties, probably
due to the formation of hydrogen bonded complexes in the
membrane. The results of this study will assist in the design of
the most effective pharmaceutically active ILs.
The use of the ATR-FTIR spectroscopic technique to study the

diffusion of permeants is well established in the pharmaceutical
field.12 The model membrane used for this study is a silicone
membrane. Although the stratum corneum is a more complex
molecular structure, the trends observed are thought to be
similar to those seen in the silicone membrane and it is thus
accepted as a useful model in this context.12a The synthetic
procedures and characterisation data for the compounds
investigated and the detailed experimental procedures are
given in the supporting information. Following the work of
Tantishaiyakul et al.,12a propylene glycol (PG) was used as the
solvent for the control experiments. PG was found not to
change the properties or diffusion barrier of the membrane.
The two types of PILs that were chosen for study were (i)

those that have been shown to be proton transferred and fully
dissociated13 due a sufficiently large difference in pKa between
acid and base and (ii) those that are thought to be proton
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transferred, but form hydrogen bonded clusters9 (Fig. 1). The
PILs in (ii) are dual active PILs, with both the cation and
anion pharmaceutically active. This is the first report of the
pharmaceutical IL bromohexinium ibuprofenate; we have
previously described the preparation and properties of the
other compounds.9,13 In that previous work, the IR spectroscopy
and Walden plot analysis of the transport properties were used
to assess the extent of proton transfer; proton transfer was found
to be high in all cases. However, as discussed in more detail below,
the existence of ion pairs and clusters was identified, supported by
a crystal structure analysis of analogous compounds.9

Fig. 2 shows the relative absorbances of the species crossing
the membrane over time for NTH3

+ Sal! (as a pure liquid and
as a PG solution) and its starting materials (in PG). ATR-
FTIR spectroscopy allows the concurrent measurement of the
diffusional parameters of both the primary permeant and its
formulation solvent, if both species diffuse into the membrane
under study (and their absorbance bands are distinct from
each other).12b In the case of the salicylate compounds we
monitored the carboxylate asymmetrical stretching band at
1570 cm!1, whereas in salicylic acid the CQO stretching at
1665 cm!1 was analysed. Internal hydrogen bonding present in
salicylic acid reduces the frequency of the carbonyl stretching
absorption, which is normally observed at 1760 cm!1.20 Fig. 2
clearly illustrates that NTH3

+ Sal! permeates the model
membrane very rapidly, achieving saturation (100% relative
absorbance) in B20 h. However, when this compound is

present as a PG solution a very different behaviour is
observed; it permeates slowly through the membrane, achieving
only 15% of saturation in 20 h. The two pure salt starting
materials for this PIL, sodium salicylate and NTH3

+ sulphate,
when dissolved in PG, permeateo 10% in a 20 h period. Thus
the IL form is significantly more permeable than either of the
inorganic salt forms of the actives.
Salicylic acid (SalH) in PG was also examined in order to

determine how the permeation of a neutral compound would
compare to the ionic species. The salicylic acid was found to
permeate about as rapidly as the salicylate-containing IL.
Since the two starting materials, which are simple salts, do
not cross the membrane, whereas the pure acid form does, it
appears that neutral species are the most rapidly permeable in
this type of membrane. This is in accord with the general
observation that ionic compounds do not cross the membrane
as readily as neutral compounds. The behaviour of the IL may
therefore appear paradoxical. However, our previous studies9

have suggested, on the basis of crystallographic analysis
of analogous compounds and gas phase ab initio structure
calculations, that NTH3

+ Sal! may exist as a cyclic, two ion-pair
complex.9 Thus, as this neutral complex, the PIL can cross the
membrane as rapidly as unionised neutral species. Further-
more, it is likely that the cyclic complex ceases to exist in the
PG solution, dissociating into individual ions and hence limiting
the permeability. The fact that some level of permeation
is observed, as shown in Fig. 2, may relate to the presence of
a small equilibrium fraction of neutral species being present,
or formed at the membrane interface. As these are removed by
permeation from the membrane’s outer surface, their concen-
tration is maintained by the equilibrium process in the liquid.
Thus, it appears that the permeation of salt forms of actives

can be enhanced by formation of a PIL in which there is
significant association present in the form of neutral species. In
the case of NTH3

+ Sal!, the permeation of both ions is
strongly enhanced. Fig. 3 summarises the extent of permeation
over time for two types of PILs. Like NTH3

+ Sal!, Bro+ Ibu!

shows evidence of ion pairing; the IR data suggests full proton
transfer, but it sits well below the ideal line on the Walden
plot. It shows the same permeation trends as NTH3

+ Sal!,
achieving saturation in B20 h.
NBH3

+ Ace! and NHH3
+ Ace! are both highly ionised

PILs but, in contrast to those discussed above, they sit closer
to the ideal line on the Walden plot,13 indicating a lesser
tendency to form associated species. These PILs also permeate
through the model membrane, but significantly slower than
the associated PILs. As before, our hypothesis is that this
arises from the transport of neutral species through the
membrane, but in these less associated PILs this process is
slower because the concentration of the neutral species is
considerably lower. To put this on a more quantitative basis,
Table 1 summarises the time for these compounds to permeate
to 50% saturation (t50). There is a clear distinction between the
associated and less associated PILs.
A molecule will permeate the membrane well if it is highly

soluble in the membrane and if it diffuses rapidly within it.
Further analysis of these factors for the two types of PILs
studied assists in understanding their different permeation
behaviour. Experimental values of relative absorbance intensities

Fig. 1 The types of protic ILs investigated: (a) proton transferred

and fully dissociated;13 (b) proton transferred but form hydrogen

bonded clusters.9

Fig. 2 Membrane transport of NTH3
+ Sal! (pure and as a saturated

PG solution) and its starting materials as saturated PG solutions.
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against time were fitted using a previously reported membrane
diffusive flux equation:12a,b

A

A1
¼ 1" 4

p

X1

n¼0

ð"1Þn

2nþ 1
& exp

"Dð2nþ 1Þ2p2t
4h2

 !
ð1Þ

where A is the absorbance intensity at time t, D the permeant
diffusion coefficient, h the film thickness and AN the intensity
of the permeant peak corresponding to the saturation of the
membrane. Table 1 summarises the diffusion values obtained
from a fit of eqn (1) for the compounds studied. A single
diffusion coefficient did not provide an adequate fit to the data
(including up to an n = 3 fit), except for the NBH3

+ Ace"

case. However, introducing a second component, involving a
second diffusion coefficient, provided a very good fit to the
data (see ESI), as also observed by Dias et al.14 It appears
therefore that there are two processes contributing to the
diffusion of these compounds (D1 and D2, Table 1), one
approximately an order of magnitude slower than the other.
In the work of Dias et al., it was suggested that the second
process arose from diffusion through a membrane already
swollen by the permeant. It is interesting to note that the
diffusion processes being observed here are relatively rapid, in
some cases only two orders of magnitude slower than typical
diffusion coefficients of ions in water.

From Fick’s equation the overall flux, F, of molecules
through the membrane is determined by F = P.CIL where P
is the permeation coefficient given by P=DK/h and CIL is the
concentration of the IL, K the partition coefficient of the
species between the liquid phase and the membrane and h is
the thickness of the membrane. The appearance of the parti-
tion coefficient in these relationships indicates the role of the
intrinsic solubility of the permeant in the membrane. It is
likely that the very low permeability of some species in Fig. 2
and 3 relate primarily to a very low solubility, rather than a

low diffusion coefficient. An IL form of the actives does not
necessarily address the solubility factor per se, other than the
fact that the active ions are presented at very high concentra-
tions. However, in cases where neutral species are present in
the IL, the solubility in a membrane such as that used here
would be enhanced. Solubility measurements in model mem-
branes such as these would allow determination of the rela-
tionship between permeability and structure to be understood
more fully and thus enable IL design. However, such measure-
ments are difficult to achieve accurately.
In summary, we have shown that protic pharmaceutically

active ILs are, in some cases, rapidly transported through a
model membrane, most likely as hydrogen bonded complexes.
We hypothesize that these paired compounds behave more like
‘‘neutral’’ species and hence cross the membrane faster than
the more ‘‘ionic’’ drugs. It is interesting to note that hydrogen
bonded complexes of un-ionised acid–base mixtures have also
been found to display unusual properties recently.15 One of the
advantages of this protic IL approach is that active formula-
tions can be designed that will be more membrane diffusive in
a way that is not otherwise possible.
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Fig. 3 Membrane diffusion of the various types of Protic ILs.

Table 1 Membrane diffusion coefficients and t50 values for PILs

Ra
D1

Fraction
D1 &10"8

(cm2 s"1)
D2 & 10"8

(cm2 s"1)
t50
(hours)

NTH3
+ Sal" 0.9982 0.69 ' 0.03 1.3 ' 0.1 10.1 ' 1.7 B2

Bro+ Ibu" 0.9933 0.50 ' 0.02 0.5 ' 0.1 6.1 ' 0.9 B2
NHH3

+ Ace" 0.9977 0.74 ' 0.03 0.17 ' 0.01 1.5 ' 0.2 B20
NBH3

+ Ace" 0.9981 — 0.097 ' 0.003 — B50
SalH in PG 0.9993 0.58 ' 0.01 1.11 ' 0.02 15.6 ' 0.8 B2
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Synthesis and characterisation of bromohexinium ibuprofenate 
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Preparation of PG solutions 
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Section 4.1 Conclusions 

 

The work in this thesis focused on a novel class of ILs, pharmaceutically active ILs, based 

on existing active pharmaceutical ingredients and generally recognised as safe compounds. 

The project involved the synthesis and characterisation of both aprotic and protic 

pharmaceutically active ILs.  

 

Chapter 2 described the successful preparation, purification and characterisation of a 

number of active crystalline and liquid samples from simple salts of existing APIs and 

generally recognised as safe compounds (publication 2.1). It was demonstrated that the 

combination of ions that bear both hydrogen bond donor and acceptor groups have the 

ability to form classical hydrogen bonds, resulting in crystalline salts. On the other hand, 

our research into the combination of ions that cannot form classical hydrogen bonds (i.e. 

both the anion and the cation lack either hydrogen bond donor or hydrogen bond acceptor 

functionality) produced three liquid AILs. These compounds therefore successfully 

demonstrate our concept of “anti-crystal engineering”, whereby ions are carefully chosen 

in order to avoid any complementary functional groups that lead to the supramolecular 

synthons that encourage crystallisation. Other supramolecular synthons, charge, charge 

separation and shape, are all factors that can have considerable influence on the physical 

form of a compound, while lattice energy is the ultimate determinant of melting point and, 

in turn, crystallinity. Hence, the results demonstrate that the “anti-crystal engineering” 

concept can be successfully used to guide the rational choice of ions that lead to non-

crystallising salts and therefore, in this case, liquid forms of APIs. The “anti-crystal 

engineering” approach was also effectively employed for a number of other synthesised 

compounds, including dually active ILs.  

 

The choice of experimental conditions for the synthesis of AILs was also found to be of 

importance. Propantheline bromide, an active used to synthesise a number of salts, was 

found to undergo facile transesterification by methanol during the preliminary purification 

stage, generating a by-product, methyl 9H-xanthene-9-carboxylate. The structure of this 

compound was successfully analysed by single crystal x-ray crystallography (Publication 

2.2). 
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Chapter 3 focused on the preparation and characterisation of model protic ILs, PILs, and 

an investigation into the extent of proton transfer in these compounds. Using chemicals 

that are not used in the pharmaceutical industry, but are readily available, a number of PILs 

based on primary and tertiary amines and acetic acid were synthesized and studied in depth 

(Publication 3.1). All of the amines used in that work had comparable pKa
aq 

values.
 
Using 

indicator studies, transport properties and computational chemistry data, a relationship 

between the degree of proton transfer and the level of amine substitution (primary vs. 

tertiary amine) was established. It was demonstrated that the extent of proton transfer in 

primary amine based PILs (e.g. butylammonium acetate) was more complete than in the 

tertiary amine based PILs (e.g. methylpyrrolidinium acetate). Hence the physical properties 

of the two types of PILs were found to be significantly different; the primary amine based 

PILs lie closer to the ideal line on a Walden plot than the tertiary amine based species. 

Using COSMO-RS, a computational approach, the free energies of solvation of the 

primary and tertiary ammonium cations were also calculated. These indicated that the large 

difference between the solvation environments of the two types of amines is due to the 

increased hydrogen bonding ability of the primary ammonium cations, leading to the 

substantially stronger solvation compared to the tertiary ones. However, it was postulated 

that other solvation effects, such as the presence of functional groups that offer hydrogen 

bonding sites (e.g. OH groups) can easily disrupt these trends.  

 

This concept was further investigated by synthesising a library of pharmaceutically active 

PILs, including those utilising primary amines and also a tertiary amine with an OH group 

(Publication 3.2). Formulations that conceptually involved oligomeric anions were also 

studied. These investigations produced a range of protic ionic liquids and crystalline 

compounds. The crystalline materials were analysed using x-ray crystallography, while the 

liquid salts were subjected to physical property studies, such as conductivity and diffusion 

measurements. Infrared spectroscopy indicated that, unlike previous examples where the 

tertiary amine based ILs were not fully proton transferred, all of these PILs were fully 

proton transferred. However, a reverse trend was observed in the transport property data, 

where the tertiary amine based PIL (2-pyrrolidiniumethanol salicylate) appeared closer to 

the ideal line on the Walden plot than the primary amine based PIL (tuammoniumheptane 

salicylate). To further investigate this unexpected trend, x-ray crystallography was used to 

analyse analogous compounds utilising the two different types of amines. This revealed 

that, in the tertiary amine based PIL, the hydroxyl functional group improved the hydrogen 
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bonding ability of the cation, thereby promoting the proton transfer. However, in the 

primary amine based PIL the crystal structure revealed the presence of hydrogen bonded 

cluster-like species, indicating decreased ionicity of the primary amine based PIL. These 

findings, together with the computational data, explain the observations of the Walden plot 

analysis.  

 

In consideration of the final application of these pharmaceutical ILs, it was hypothesised 

that active ILs with lower ionicity would be more desirable for drug delivery as these 

neutral complexes should be able to cross biological membranes more rapidly than the 

more ionised species. This postulation was explored using ATR-FTIR experiments and a 

model skin membrane (Publication 3.3). The salt forms of the active acids and bases were 

also found to have the added advantage of improved water solubility, which is an 

important property of pharmaceutical compounds. A range of PILs with different degrees 

of ionisation were selected for this study. Tuammoniumheptane salicylate, which was 

shown to be fully proton transferred but formed hydrogen bonded complexes, was 

investigated in depth by comparing its membrane transport properties with those of simple 

salts of its starting materials. This PIL was demonstrated to be significantly more efficient 

in crossing the membrane than the starting materials, which are more ionised. The 

measured membrane transport diffusion rates of this salt are comparable to those of 

salicylic acid, a neutral compound. When compared to tuammoniumheptane salicylate and 

bromohexinium ibuprofenate (the two less ionised PILs), butylammonium acetate and 

heptylammonium acetate were found to cross the membrane at a significantly slower rate 

because the concentration of the associated species in these highly ionised PILs is 

considerably lower. Hence, it was found that pharmaceutically active PILs based on 

existing APIs can be synthesised in such a way as to enhance the membrane 

transport of these drugs through membranes and therefore speed up the onset of their 

pharmacological effect.  

 

In summary, this work has successfully demonstrated our initial hypothesis, that liquid 

forms of existing drugs can improve key physico-chemical properties of these therapeutics, 

making them more efficient, and that this approach can overcome certain complications, 

such as polymorphism and solubility problems, observed in solid forms of APIs. The 

ability to produce dually active compounds and substances with tailored properties to suit 

each specific application has also been demonstrated. Enhanced membrane transport of 
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these liquid forms was one of the main advantages of these new API phases. Hence, this 

project provides the pharmaceutical industry with a tool that can be used to improve and 

customise the physical, chemical and biological properties of existing drugs therefore 

resulting in improved pharmaceuticals, novel treatments and delivery options. 
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Section 4.2 Future Work 

 

Although this project has illustrated the advantages of liquid forms of known APIs, much 

more research and development is required in order to utilise these compounds as 

pharmaceuticals and prove that they are safe for human use. Experiments including further 

membrane studies, toxicity assays and pharmacological activity studies are needed in order 

to obtain a more complete picture of the behaviour of these compounds in vivo.  In 

addition, from the fundamental perspective, solution studies of associated ILs would help 

to determine the potential behaviour of these salts in the body.  
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Patent A1 
 

 

 

 

Dual Functioning Ionic Liquids and Salts Thereof 

 

 

Robin D. Rogers, Daniel T. Daly, Gabriela Gurau, Douglas R. MacFarlane, Jelena 

Turanjanin, Pamela M. Dean, Janet L. Scott, Katharina Bica, Kenneth R. Seddon 

 

 

The Appendix contains the cover page, priority, field, background, summary and the 

claims sections of the patent application.  

 

 

 

For the full patent application including the detail description section and examples, please 

see:  

Rogers, R. D.; Daly, D. T.; MacFarlane, D.; Scott, J. L.; Seddon, K. R.; Gurau, G.; Bica, 

K.; Turanjanin, J.; Dean, P. M., “Dual Functioning Ionic Liquids and Salts Thereof,” U.S. 

Provisional Patent 61/141,168 filed 29/12/2008. PCT Int. Appl. (2010) WO 2010/078300, 

July 8, 2010. 

 

 

 
























































































































































































































































































































