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Chiral ionic liquids (CILs), molten salts at temperature below than 100 °C are unique
liquids having different characteristics from ordinary liquids. Since these CILs are
prepared by coupling various organic ions, there are many chances to create novel
functionalities by changing structure of components ions. These liquids combine with
their ability to perform a task with their “green” character, which makes them
environmental friendly solvents. Lately, researchers focused to synthesize CILs for their

potential applications in many reactions such as chiral discrimination.

In this study, eleven new CILs derived from chiral amino acids and plant acid have been
synthesized and characterized. They are tetraethylammonium  L-serinate,
tetraethylammonium L-prolinate, tetraethylammonium L-threoninate, tetraethylammonium
L-isoleucinate, tetraethylammonium L-asparaginate, tetraethylammonium L-glutaminate,
tetraethylammonium L-glutamate, tetraethylammonium L-methioninate,

tetraethylammonium L-histidinate, tetraethylammonium L-lysinate and



tetraethylammonium L-malate. Meanwhile, one compound derived from chiral plant acids
(tetraethylammonium L-tartarate) can’t be classified as ILs due to high melting point

above 100 °C.

All of these salts were prepared using simple neutralization reaction which gave good
overall yield (>85 % vyields for CILs derived from amino acids and 98 % for
tetraethylammonium L-malate) at room temperature. 'H NMR and elemental analysis were
carried out to identify the molecular structure and purity of CILs produced. Colour of each
CILs’s produced depending on the anions used. All CILs were hygroscopic and easily
dissolved in water and polar organic solvents. The new CILs synthesized from plant acid
have higher melting point (T, 87.7 £ 0.4 °C) compared to CILs derived from amino acids
(Tm 54.3 £ 1.0 °C for tetraethylammonium L-histidinate and Tp, 58.7 + 1.0 °C for

tetraethylammonium L-asparaginate).

The thermal properties were studied by using differential scanning calorimetry (DSC) and
thermogravimetric analysis (TGA). DSC analysis showed that CILs in a liquid form had
no melting point (Ty,) and glass transition temperature (T,). Meanwhile, in the TGA study,
it was found that CILs derived from amino acids have a slightly low decomposition
temperature (Tonset 168 to 210 °C) compared to tetraethylammonium L-malate (Tonset 210

°C), but all CILs were stable up to 160 °C.

Single crystal X-ray diffraction was used to solve the crystal structures of
tetraethylammonium L-malate and tetraethylammonium L-tartarate. The crystal systems
for both compounds were monoclinic. Analysis also carried out in order to reveal an
extensive series of hydrogen bonds between H-atoms on the cation and the anion

meanwhile each CILs’ optical polarity was measured using polarimeter. Their viscosity



and ionic conductivity for CILs in a liquid form were also determined and observed by
using viscometer and conductivity meter. The strong correlation between viscosity and

ionic conductivity was observed.

In biocatalysis application, chiral ionic liquid-coated enzyme (CILCE) was employed in
the esterification of oleyl alcohol with various fatty acids. CILCE was prepared by simple
method involving coating of Candida rugosa lipase with tetraethylammonium L-
asparaginate and was found to give a better percentage of conversion of ester (60 — 81 %)
compared to native enzyme (36 — 70 %) for all fatty acids from short, medium and long

alkyl chains.
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Cecair ionik kiral (CILs), garam lebur pada suhu di bawah 100 °C adalah cecair unik yang
mempunyai ciri yang berbeza daripada cecair biasa. Disebabkan cecair ini disediakan
melalui pemadanan pelbagai ion organik, terdapat banyak kemungkinan untuk mencipta
fungsi CILs yang baharu dengan menukar struktur komponen ion. Cecair ini digabungkan
dengan kemampuannya untuk melakukan tugas dengan ciri “hijaunya” yang mana
membuatkan cecair ini pelarut yang mesra alam. Kebelakangan ini, ramai penyelidik
menumpukan perhatian terhadap sintesis CILs untuk melihat potensi kegunaannya di

dalam banyak tindak balas seperti diskriminasi kiral.

Dalam kajian ini, sebelas cecair ionik kiral baharu yang berasal dari kiral asid amino dan
asid tumbuhan telah disintesis dan dicirikan. Sebatian tersebut adalah tetraetilamonium L-
serinat, tetraetilamonium L-prolinat, tetraetilamonium L-threoninat, tetraetilamonium L-
isoleucinat,  tetraetilamonium  L-sasparaginat, tetraetilamonium  L-glutaminat,
tetraetilamonium L-glutamat, tetraetilamonium L-methinonat, tetraetilamonium L-

histidinat, tetraetilamonium L-lysinat dan tetraetilamonium L-malat. Sementara itu, satu



sebatian lain yang disintesis daripada kiral asid tumbuhan (tetraetilamonium L-tartarate)
tidak diklasifikasikan sebagai cecair ionic kiral kerana mempunyai takat lebur melebihi

100 °C.

Kesemua garam CILs ini telah disediakan menggunakan tindak balas penulenan mudah
yang memberikan hasil keseluruhan yang baik (>85 % hasil untuk CILs yang berasal
daripada kiral asid amino dan 98 % hasil untuk tetraetilamonium L-malat) pada suhu bilik.
'H resonan magnetic nuklear (RMN) dan analisis elemen dilakukan untuk mengenalpasti
struktur molekul dan ketulenan CILs yang dihasilkan. Warna untuk setiap CILs yang
terhasil adalah bergantung kepada anion yang digunakan. Semua CILs didapati bersifat
higroskopik dan mudah larut di dalam air dan pelarut organik polar. Satu CILs baharu
yang disintesis daripada Kiral asid tumbuhan mempunyai takat lebur yang tinggi (Tr, 87.7
+ 0.4 °C) berbanding CILs yang berasal daripada kiral asid amino (T 54.3 = 1.0 °C untuk

tetraetilamonium L-histidinat dan T, 58.7 + 1.0 °C untuk tetraetilamonium L-asparaginat).

Sifat termal telah dipelajari menggunakan kalorimeter pengimbasan kebezaan (DSC) dan
analisis thermogravimetrik (TGA). Analisis DSC menunjukkan CILs dalam bentuk cecair
tidak mempunyai takat lebur (Ty,) dan suhu peralihan gelas (Tg). Sementara itu, dalam
kajian TGA, didapati bahawa CILs yang berasal daripada kiral asid amino mempunyai
suhu penguraian yang sedikit rendah (Tonset 168 hingga 210 °C) berbanding
tetraethylammonium L-malate (Tonset 210 °C), tetapi kesemua CILs stabil sehingga suhu

160 °C.

Penyerakkan sinar-X kristal tunggal telah digunakan untuk membuktikan struktur sebatian
tetraetilammonium L-malat dan tetraetilammonium L-tartarat. Didapati bahawa sistem

kristal bagi kedua-dua sebatian ini adalah monoklinik. Analisis juga telah dilakukan untuk



menunjukkan rangkaian ikatan hidrogen di antara atom hidrogen kation dan anion
manakala polariti optik bagi setiap CILs ditentukan dengan menggunakan polarimeter.
Kepekatan dan konduktiviti ionik untuk CILs dalam bentuk cecair juga ditentukan dan
diamati menggunakan alat kepekatan dan meter konduktiviti. Perhubungan yang kuat di

antara kepekatan dan konduktiviti ionik telah diamati.

Dalam aplikasi biomangkin, enzim bersalut cecair ionic kiral (CILCE) telah digunakan
dalam tindakbalas pengeksteran olil alkohol dengan pelbagai asid lemak. CILCE telah
disediakan melalui kaedah yang mudah dengan menyalut lipase daripada Candida rugosa
dengan tetraetilamonium L-asparaginat dan penggunaan CILCE telah dikaji dan
memberikan peratus penukaran ester yang lebih baik (60 — 81 %) berbanding enzim asli
(36 — 70 %) bagi semua asid lemak daripada asid lemak berantai pendek, sederhana dan

panjang.

vi
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CHAPTER 1

INTRODUCTION

Lately, ionic liquids (ILs) are attracting a number of overwhelmed science and industrial
communities as a reaction media, extraction solvents, electrolytes and in life sciences
(Kagimoto et al., 2007). These liquids that contain ions show good and tunable solubility
properties with negligible vapor pressure and excellent thermal stability have rapidly
found as valuable substitutes for many volatile solvents (Welton, 1999 and van Rantwijk

et al., 2003).

ILs are a new class of solvents that currently receiving much attention for their wide range
of applications especially in catalysis and biocatalysis, dissolving polar to non-polar
substrates and almost anything including coal, plastics, metal and even rock (Obliosca et
al., 2007). They are not as flammable as the volatile organic solvents (VOSs) therefore,
making process safety and environmental concerns less of an issue. The thermodynamics
and Kinetics of reactions carried out in ILs can possibly varied to those in traditional VOSs
and therefore creating great interests amongst chemists in their potential as solvents, co-

solvents and catalysts.

A wide range of ILs consisted of inorganic/organic cations and anions have been
successfully synthesized. In view of the emerging importance of ILs as reaction media in
organic synthesis, researchers have turn their attraction on the synthesis of chiral ionic
liquids (CILs) for their particularly potential applications to chiral discrimination,
including asymmetric synthesis and optical resolution of racemates (Wang et al., 2005).

Several examples of CILs were mentioned in the literature and partial information can be



found in some reviews reported by Baudequin et al. (2005) and Tran et al. (2006). Due to
their ease of synthesis and their particular chiral properties, these new CILs should play a
central role in enantioselective research and expand the scope of chiral solvents. A
significant transfer of chirality in these solvents can be expected due to their high degree

of organization.

The specific properties of CILs should perform the classical chiral solvents for asymmetric
induction. Studies about the application of CILs in asymmetric synthesis are not only an
opportunity but also a challenge for researchers. It is interesting, meaningful and necessary
to synthesize different kinds of CILs from different starting materials, especially from the
chiral pool. Good chemical and configurational stability, are some of the most important
criteria for synthesis of CILs and necessary properties for their application to chiral

discrimination.

Another great property of ILs is their insolubility in most organic solvents which led us to
envisage that they might be suitable as coating materials for immobilizing enzymes or
cells. Interestingly, van Rantwijk et al. (2003) observed that ILs can enhance the
selectivity of an enzyme. It was also demonstrated that they are useful as a media for the
enzymatic reaction of polar substrates, which are difficult to dissolve in conventional
organic solvents (Park and Kazlauskas, 2003). The very first ionic liquid coated enzyme
(IL-CE) was reported by Lee and Kim (2002), which is easily prepared and exhibits

markedly enhanced enantioselectivity and stability.

The aim of the study was to synthesis and characterizes a series of new CILs, and used the
suitable CILs as biocatalysts in esterification reactions. To do this, the selected CILs,

tetraethylammonium L-asparaginate was coated onto Candida rugosa lipase to form chiral



ionic liquid-coated enzyme (CILCE). CILCE was later tested for esterification reactions of

oleyl alcohol with various fatty acids in order to figure out their amazing properties.

1.1 Objectives of the Research

This research embarks on the following objectives:

1) To synthesize twelve new tetraethylammonium-based chiral ionic liquids (CILS)
derived from amino acids and chiral plant acids.

2) To characterize the physico-chemical properties of CILs.

3) To identify the suitable CILs for coating with Candida rugosa lipase (CRL) to form
chiral ionic liquid-coated enzyme (CILCE).

4) To determine the enzymatic activity of CILCE in esterification reactions.



CHAPTER 2

LITERATURE REVIEW

2.1 History of lonic Liquids (ILs)

ILs may be considered as a new class of remarkable solvents, but they have been around
for many years dating back to the 1900s (Seddon, 2002). There has been an increased
interest in them due to their capability of being used as reaction solvents. The first
recorded ILs, ethylammonium nitrate [EtNH3][NOs], is a liquid form at room temperature.
It was developed by the military for use in liquid propellants. It is now widely used in the
structuring of surfactants and the study of protein folding (Summers and Flowers II,

2000).

One of the first alkylimidazolium room temperature ionic liquids (RTILS), 1-ethyl-3-
methylimidazolium tetrachloroaluminate, which was obtained through the mixing of 1-
ethyl-3-methylimidazolium chloride with aluminium trichloride, was reported by Wilkes
et al. (1982). This chloroaluminate ILs act as both catalyst and solvent in many processes
(Boon et al., 1986). Chemical reactions in the chloroaluminate ILs, including Friedel-
Crafts (Boon et al., 1986) and oligomerization reactions (Ellis et al., 1999) have been
tested successfully. However they suffered a major drawback. They found to be moisture-
sensitive and reactive towards various organic compounds, consequently limiting their

range of applications (Brauer et al., 2001).



The air and water-stable ILs based on dialkylimidazolium cations were discovered in 1992
by combining the cation with water-stable anions (Wilkes and Zaworotko, 1992). These
ILs were based on anions such as halide, tetrafluoroborate, hexafluorophosphate, nitrate,
sulfate and trifluoromethanesulfonate. The tetrafluoroborate and hexafluorophosphate ILs
are the common “workhorses” for transition metal catalysis using ILs. The
hexafluorophosphate ILs are, however, less stable to moisture and are known to hydrolyze

in the presence of water and heat to form HF and/or phosphoric acid.

ILs were used for the first time as a solvent for homogeneous transition metal catalysis in
which, platinum catalyzed hydroformylation of ethylene was performed in
tetraethylammonium trichlorostannate (m.p. 78 °C) (Scheme 1) (Parshall, 1972). ILs was
later used as solvents for homogeneous metal catalysts by Chauvin et al. (1990) and Carlin
and Wilkes, (1990). The dimerization of propene in weakly acidic chloroaluminate ILs

(Scheme 2) was investigated by Chauvin et al. (1990).

PtClI H
H,C=CH, 2 N

[NEt,][SnCl5] 0
90 °C; 400 atm

Scheme 1: Platinum catalyzed hydroformylation of ethylene.

NiCl, (PiPr3),
2 2N Cs - dimers
[bmim][CI] / AIEtCI,
(Al molar fraction = 0.7)
-15°C

Scheme 2: Dimerization of propene in weakly acidic chloroaluminate ILs.



2.2 Introduction to ILs

Molten salts at ambient temperature that contain only ions without the presence of solvent
are referred to as “lonic liquids” (Wilkes and Zaworotko, 1992, Wassercheid and Welton,
2003 and Ohno, 2005). ILs posses different properties from molecular liquids, making
them promising substances for use in a variety of fields. Commonly, ILs are divided into

two main categories:

1. Binary ILs (also referred to first-generation ILs) consisting of several different
ionic species in equilibrium. For example mixtures of aluminium (111) chloride and

1,3-dialkylimidazolium chlorides (Sun et al., 1988).

2. Simple ILs (also referred to second-generation ILs) consists of a single anion and a

single cation (Wilkes and Zaworotko, 1992).

Some typical structures of ILs are shown in Figure 1. Heteroatom cations such as
alkylimidazolium, alkylpyridinium, alkylammonium and alkylphosphonium ions are the
most widely used cations in the ILs family. The possible variability of the associated
anions, in theory, possible to generate a large number of ILs possessing a wide range of
physical characteristics. There are about one trillion (10'®) possible cation/anion

combinations to produce RTILs (Holbrey and Seddon, 1999).
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tetraalkylammonium  tetraalkylphosphonium
Common cations Common anions

Figure 1: Examples of some typical cations and anions of ILs.

2.3 Physico-chemical Properties of ILs

ILs has been dubbed “designer solvents” because the properties of them that can be fine-
tuned to favour certain needs of a respective reaction (Earle and Seddon, 2000). As a
solvent, they can be designed to optimize a reaction with the control over both yield and
selectivity (Earle et al., 2004). Varying the cations or anions, or both, could alter the
properties of the ILs such as melting point, solubility, acidity, density, viscosity,
hydrophobicity and refractive index to fit the needs of a specific reaction. The unique
properties of ILs are determined based on its structure and interactions between the ions
present in ILs. The anions of ILs determine the chemical properties to a large extent
(Tokuda et al., 2005). The purity of ILs is an extremely important factor when measuring

their physical properties (Seddon et al., 2000).



2.3.1 Wide Liquid Range and Thermal Stability

An interesting feature of ILs that common molecular solvents do not possess is their
exceptionally wide liquid range. For example, water has a liquid range of 100 °C (0 to 100
°C) and dichloromethane of 145 °C (-95 to 40 °C) at ambient pressure. In comparison,
[omim][BF,] and [bmim][PFe] has a liquids range of 400 °C. They also possess a high

thermal stability, which is dependent on both the anion and cation (Fredlake et al., 2004).

The upper limit of the liquid range normally signifies thermal decomposition rather than
vaporization since ILs are non-volatile. The decomposition temperature of an ILs varies
with the type of anions. For example, [emim][BF4] has been reported to be stable to about
300 °C and [emim][N(SO,CFs3),] is stable to more than 400 °C (Bonhote et al., 1996). The
thermal stability of ILs therefore depends on the nucleophilicity of the anion. The weaker
coordinating anions are more susceptible to high temperature decomposition (Ngo et al.,

2000).

2.3.2 Melting Points

Both the cation and anion affects the melting point of ILs. The main factors that influence
the melting points are the charges, sizes, the distribution of charges on the ions, the
symmetry of the ions, hydrogen bonding (H-bonding) ability and van der Waals
interactions (Wasserscheid and Welton, 2003). Increasing the size of the anion or the
cation results in a decrease in the melting point of ILs. Large cations tend to reduce the
melting points of ILs. The cation symmetry is also important in determining the melting
point. The more unsymmetrical the cation, the more difficult it is to have efficient ion-ion

packing onto a solid thereby decreasing the melting point of ILs (Ajam, 2005). Additions



of other functionalities such as ether groups around the ions increases the melting points

due to an increase in the number of interactions between the ions.

Furthermore, an increase in alkyl chain length on the imidazolium cation initially causes a
decrease in melting point of ILs. Increasing the alkyl chain length beyond a certain point
(e.g. 8-10 carbons for 1-alkyl-3-methylimidazolium cations), the melting point tends to
increase due to an effect on the efficiency of ion packing (Ajam, 2005). For example, the
effect of changes in the cation for different chloride salts is shown in Table 1. Alkaline
metal salts are known to have high melting points and these melting points are reduced to
temperatures at or below the room temperature by replacing the simple inorganic cations

with unsymmetrical organic cations (Lide, 1992).

Table 1: The effect of cation size on the melting point

Cation Melting Point (°C) Reference

NaCl 803 (Lide, 1992)

KCI 772 (Lide, 1992)
[mmim][CI] 125 (Wasserscheid and Keim, 2000)
[emim][ClI] 87 (Wasserscheid and Keim, 2000)
[omim]Cl] 65 (Wasserscheid and Keim, 2000)

Similarly, an increase in anions size reduces the melting point of ILs. However, not all ILs
follow this rule of decreasing melting point with increasing anion size (example
[emim][PFg]). The effect of anion size on the melting point of [emim][X] ILs is showed in

Table 2.



Table 2: Effect of anion size on the melting point of [emim]X ILs

Anion (X) Melting Point (°C) Reference

[CIT 87 (Wasserscheid and Keim, 2000)
[BF4] 15 (Holbrey and Seddon, 1999)
[PFe] 62 (Fuller et al., 1994)
[CF3SOs) -9 (Bonhote et al., 1996)
[N(SO.CF3),] -3 (Bonhote et al., 1996)

2.3.3 Viscosity of ILs

ILs are generally more viscous (comparable to the viscosities of oils) than most common
molecular solvents, varying over a range of <10 to >1000 cP at room temperature. For
example, water and ethylene glycol have viscosity values of 0.89 cP and 16.10 cP
respectively. The viscosity of ILs is strongly dependent on the temperature, their tendency
to form hydrogen bonds and the strength of their van der Waals interactions (Bonhote et
al., 1996). An increase in the formation of hydrogen bonds between cation-anion resulted
to a higher viscosity of ILs. The influence of H-bonding can be diminished by fluorinating
the ILs (Pomaville and Poole, 1990). A stronger van der Waals interaction between ions
also contributed to the increment in the viscosity. The purity of ILs is an important factor
when determining accurate values for viscosity. Small amounts of impurities present in
ILs have a dramatic effect on the viscosity. Water tends to decrease the viscosity of ILs

while high chloride impurities increase their viscosity (Seddon et al., 2000).

The viscosity also increases when using longer or fluorinated alkyl chains on the cations
due to stronger van der Waals interactions for ILs with the same anion (Bonhote et al.,

1996). Other than that, the more asymmetrical the cation, the lower viscosity of ILs (Jiang

10



et al., 2008). It has been shown that the viscosity of imidazolium-based ILs can be reduced
by using highly branched and compact alkyl chains (Swartling et al., 2000). As an
example, phosphonium-based ILs tend to have higher viscosities than imidazolium-based
ILs. Also, the addition of co-solvents to ILs can dramatically decrease the viscosity
without changing the cations or anions (Fannin et al., 1984). Higher temperatures will also

result in a dramatic reduction in the viscosity of ILs (Liao and Hussey, 1996).

2.3.4 Polarity

ILs is considered to be highly polar due to their ionic character. ILs has a polarity that lies
between those of water and chlorinated organic solvents (Wasserscheid and Welton,
2003). Due to the presence of the cation and the anion in ILs, there are most likely to be a
much wider range of solvent-solute interactions than with conventional organic solvents.
Different solvent-solute interactions in ILs using solvatochromic dyes such as Nile Red

and Reichardt’s dye have been reported (Aki et al., 2001).

The results reported by Muldoon et al. (2001) indicated that the polarities of 1,3-
dialkylimidazolium salts based on the [PFs], [BF4], [CF3SOs3]" and [N(SO.CF3),] anions
can be compared to those of short chain primary alcohols (such as ethanol and methanol)
and other polar, aprotic solvents such as dimethylsulfoxide (DMSO) and
dimethylformamide (DMF) and therefore can be regarded as being relatively polar. In
addition, the polarity decreases as the alkyl chain length increases. In another study using
Reichardt’s dye, it was shown that tetraalkylammonium cations are relatively non-polar

while the cations of type [NHxR]" (x > 1) are more polar (Muldoon et al., 2001).
(4-x)
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2.3.5 Water Miscibility

The solubility of ILs in water is dependent on the nature of the anion, the length of alkyl
chain as well as the temperature (Wasserscheid and Welton, 2003). As an example, Figure
2 showed the anions responsible for water miscibility and immiscibility for 1-butyl-3-
methylimidazolium cation. In general, an increase in the organic character of the cation

results to a decrease of water solubility in ILs (Wassercheid and Welton, 2003).

Hydrophilic ILs Hydrophobic ILs
[NO5J [BF4]', [CF5SO5] [PFel, [SbFe]
[CH3CO,] [N(SO.CF3),]
Halide ILs (CI', Br, I") [BR;R,R3R,]

Figure 2: Different anions responsible for water miscibility and immiscibility of ILs.

The solubility of water in ILs increases while using more coordinating anions. Increasing
the alkyl chain length cations as well as anions increases the hydrophobicity of the ILs
(Seddon et al., 2000). As an example, 1-alkyl-3- methylimidazolium tetrafluoroborates
salts with alkyl chain length less than six are miscible with water at 25 °C, but with chain

length greater than six, the ILs are immiscible with water (Holbrey and Seddon, 1999).

2.3.6 Density and Surface Tension

Density is one of the most often measured properties of ILs, probably because nearly
every application requires knowledge of the density. In general, ILs are denser than water
and most of the organic solvents. The molar mass of the anion significantly affects the

overall density of ILs. For example, the [Ms;N] species have lower densities than the
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[Tf,N] salts, in agreement with the fact that the molecular volume of the anion is similar
but the mass of the fluorine is greater (Pringle et al., 2003). This behaviour has been
attributed to the fact that packing may become more compact as the alternating positive

and negative species become more even in size.

The surface tension of ILs (for example [bmim][PFg] = 48.8 Nm™ and [bmim][BF,] = 46.6
Nm™) are lower than water (72.2 Nm™ at 20 °C) but higher than surface tension of alkanes
(example, hexane = 18.0 Nm™) (Huddleston et al., 2001). Increasing the alkyl chains
length on the cation resulted in a decrease in the surface tension value (Law and Watson,

2001).

2.4 Preparation of ILs

In some instances, the precursor cation (especially tetraalkylammonium salts) is
commercially available, therefore requiring only an anion exchange reaction or a Lewis
acid reaction to produce ILs. The preparation of ILs is relatively simple. The anion
exchange reaction normally occurs by a metathesis exchange reaction. However, the major
problem with the metathesis anion exchange reaction is the stoichiometric amount of
metal waste (MX, M = metal) that is formed. Other than that, since halogen anion content
is a major issue in the preparation of ILs, these methods are not recommended for the

preparation of halogen-free ILs (Ohno and Fukumoto, 2007).

Therefore, the desired ILs can be obtained using various procedures such as the
neutralization method. This method is also simple, involving the mixing of -onium
hydroxide and free acid to prepare the desired salts (Scheme 3). The advantage of this is

that the produced water is the by-product, thus avoiding the use of metal salts and ion-
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exchange. The use of silver salts in anion exchange reaction containing amino acids is
problematic due to the formation of stable amino acid complexes (Vidugiris et al., 1988).
Furthermore, the preparation is relatively easy, just mixing the two components

equimolarly.

[NR;R,R3R4][OH] m [NR;R,R3R4][X]
Free acids
H-X H0

Scheme 3: Example of neutralization reaction method involved -onium hydroxide with

free acids.

As the preparation of water-immiscible ILs is considerably more straightforward to
prepare than the water soluble analogues, the method are considered first before the
synthesis ILs. With water-immiscible ILs, the free acid or metal salt is washed out with
water to give the final ILs product. Meanwhile, water-miscible ILs is normally extracted

out of the agueous phase with dichloromethane (Lancaster et al., 2001).

2.5 Purification and Impurities in ILs

Since the purification of ILs by distillation is not possible due to their negligible vapour
pressures, it is important to purify starting materials efficiently, thereby reducing the
amount of impurities to be removed in the desired ILs. This protocol resulted in the
highest purity possible in the produced ILs. Most ILs based on the common cations and
anions should be colorless. The colored impurities present in ILs are probably due to
oxidation products, thermal degradation impurities from the starting materials, or traces of

compounds from the starting material (Wasserscheid and Welton, 2003). Therefore, it is
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important to use freshly distilled starting materials and low temperature synthesis and
drying methods to avoid extreme coloration of the ILs. Colored impurities present in ILs

normally do not affect most applications using ILs (Seddon, 2000).

The common impurities present in ILs after reaction are halide ions, free acids (protic
impurities), water and unreacted starting materials. The presence of these impurities can
be extremely detrimental to transition metal catalysts leading to their deactivation
(Chauvin et al., 1995). In additional, impurities present in ILs significantly alter their
physical properties (Seddon et al., 2000). Purification of ILs is therefore, essential before
using it in any application. Water-immiscible ILs is normally much easier to purify than

water-miscible ILs by simply washing the ILs with water.

Volatile impurities that present in ILs could be due to unreacted starting materials or
organic solvents used. Residual reaction solvents are readily removed by heating the ILs
under vacuum condition. These volatile impurities can be easily removed by evaporation
from the non-volatile ILs. Unreacted 1-methylimidazole for example is extremely difficult
to be removed due to its relatively high boiling point of 198 °C and its strong interaction
with the ILs. A colourimetric method implemented by Holbrey et al. (2001) allows for the
determination of 1-methylimidazole present in the ILs in the 0-3 mole % concentration
range. This method is based on the formation of the blue [Cu(mim)s]** ion from the

reaction of 1-methylimidazole with copper (I1) chloride.

Halide impurities adversely affect the physicochemical properties of ILs. Additionally,
they can act as catalyst poisons, as stabilizing ligands and as nucleophiles (Ajam, 2005).
The presence of halide ions in the washing solutions can be detected by testing them with

a silver nitrate solution which will become white and murky showing the presence of
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silver chloride. Halide content in ILs is normally measured using an ion-sensitive

electrode or using a wet chemical method (Volhard method) (Vogel, 1961).

Residual water present in ILs is more problematic to be diminished rather than organic
solvents probably due to the existence of H-bonding with ILs. It can normally be removed
by heating the ILs under vacuum at 70 to 80 °C for several hours. For example, even
hydrophobic ILs such as [bmim][N(SO,CF3)] can be saturated with about 1.4 wt % water.
Hydrophilic ILs tends to contain a more significant amount of water. Water present in the
ILs can also affect the physico-chemical properties of ILs, the stability of the ILs and
catalyst inhibition (Seddon et al., 2000). The water content in ILs can be determined by

Karl-Fischer titration or even IR spectroscopy.

2.6 Chiral lonic Liquids (CILS)

Asymmetric induction is mainly achieved by the use of chiral substrates or reagents, chiral
catalysts or enzymes. Chiral solvents were also evaluated even if they have been mainly
used for NMR determination of the enantiomeric excess of enantioriched compounds. The
first use of a chiral solvent in asymmetric synthesis was reported in 1975 by Seebach
(Baudequin et al., 2005). Using a chiral aminoether as solvent, modest enantioselectivity
were obtained in the electrochemical reduction of ketones. The study of the application of
CILs in asymmetric synthesis is not only an opportunity but also a challenge for
researchers. It is interesting, meaningful and necessary to synthesize different kinds of
CILs from different starting materials, especially from the chiral pool (Levillain et al.,

2003).
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Chiral pool synthesis is defined as synthesis of a complex enantiopure chemical
compound from a stock of readily available enantiopure substances. The built-in chirality
is then preserved in the remainder of the reaction sequence (Klar et al., 2005). Good
chemical stability, especially configurational stability, is one of the most important criteria
for synthesis of CILs and a necessary property for their application to chiral discrimination
(Wang et al.,, 2005). The more efficient, economic and simple way to prepare
enantiomerically pure ILs is to use precursors derived from the chiral pool either for the
generation of the CILs anion, cation or for both. Therefore, CILs are mainly compounds
that posses a central chirality. However, some new CILs with an axial or a planar chirality
have also been developed (Baudequin et al., 2003). Figure 3 showed a few examples of

the structure of CILs that has widely been synthesized.
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ClILs having chiral anion: Amino Acids
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Imidazolium with planar chirality

Figure 3: Structure of chiral ionic liquids (CILs)
2.7 Previous Related Chiral lonic Liquids (CILS)

Chiral ionic liquids (CILs) based on chiral anions such as amino acids (AAs) have
received attention during the last few years. Since the AAs contains both an amino group
and a carboxylic acid residue in a single molecule, with various side groups and a chiral
carbon atom, AAs are suitable candidates to act as a platform for functional ionic liquids
(ILs) (Bao et al., 2003, Tao et al., 2005, Fukumoto et al., 2005, Kagimoto et al., 2007,
Fukumoto et al., 2006). Since AAs is commercially available and non-expensive starting
material, it is easy to obtain pure AAs in large quantities at low cost. They also have an
advantage such as biodegradability and biological activity. The availability of AAs as both

anions and cations is another advantage.
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The first amino acids-ionic liquids (AAILs) were synthesized by Bao et al., (2003). They
reported the synthesized of chiral imidazolium ILs derived from natural amino acids. In
their work, L-alanine, L-valine, and L-leucine were used as starting material. These CILs
were prepared in four steps from optically pure amino acids and the overall yield around

30-33 %.

Meanwhile, two years later Tao et al., (2005) reported the first time two families of a new
generation of ILs, in which the chiral cations are directly derived from naturally occurring
a-amino acids and a-amino acid ester salts. In their work, halide anion such as PF¢’, BF4
and NTf, were used as anions. The preparation of this ILs using simple protonation
reaction carried out by mixing the correct molar ratio of amino acid and relevant strong
acid in water, followed by evaporation of the water in air and finally under vacuum. This
one-step procedure is a typical atom-economic reaction without any poisonous by-product

as compared to the previous method reported by Bao et al. (2003).

As mention previously, AAs can be used as anion or cation since it have amino and
carboxylic acid residue in a single molecule. Fukumoto et al. (2005) have reported the
synthesis of room temperature ionic liquids (RTILs) based on alkylimidazolium cation and
a-amino acids as anions. Among several -onium cations that they tested, only 1-ethyl-3-
methylimidazolium cation ([emim]) exhibit an excellent ability to form RTILs with amino
acids. All of the resulting AAILs obtained were transparent and nearly colorless liquids at
room temperature. These ILs have been obtained via simple neutralization reaction

method.

But, they found that these salts have a high viscosity and low thermal stability. To

overcome this problem, they were figure out the new AAILs by change the
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alkylimidazolium cation with tetraalkylphosphonium-based (Kagimoto et al., 2007). By
using tetrabutylphosphonium-based as a cation ([TBP]), these salts show lower viscosities
and higher decomposition temperatures (>300 °C) than previously reported

alkylimidazolium-based AAILSs.

There are many cations used to prepare AAILs such as pyrrolidinium, pyridinium and
alkylammonium. A few article reported the synthesis of AAILs by using alkylammonium-
based such as tetramethylammonium ([N1111]), tetraethylammonium ([N2222]) and also
tetrabutylammonium cation ([Nas444]). Allen et al. (2006) has reported the synthesis of 23
new CILs by the reaction of an amino acid or a chiral carboxylic acid with
tetrabutylammonium hydroxide ([Na4444][OH]) in water. Authors also reported that the
choice of tetrabutylammonium in their work was due to the bulky nature of this cation
which can reduce the intermolecular attractions in order to obtain a salts being liquid at

room temperature.

Recently, Jiang et al. (2008) has synthesis and characterize AAILs by using symmetry
structure of tetraalkylammonium cation with simple structure of amino acids such as L-
valine, L-glycine and L-alanine. Four of nine tetraalkylammonium-based AAILSs prepared
in their work shows lower viscosities than all AAILs found in the literature. The AAILS
with [N222,] cation yielded low viscosity, especially [N2x22][L-Ala], the least viscous
AAIL ever found and the least viscous IL based on a symmetric [TAA] cation. Although
the thermal stability of these AAILs is not improved over typical AAILS, such as
[emim][amino acid] and [TBP][amino acid], these newly synthesized AAILs are the first
simple amine-functionalized ILs of low viscosity. They also reported that the use of

AAILs in reversible CO, absorption and approaches 0.5 mol per mol ILs.
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2.8 Applications of ILs

2.8.1 lonic Liquids (ILs) as Solvents for Extraction

Initial reports on utilization of ILs for extraction purposes came from Robin Rogers and
his collaborators. In one of the first reports, this group studied the partitioning of
substituted benzene derivatives between water and [bmim][PF¢] (Swatloski et al., 2001).
The possibility of the fine tuning of the partitioning process by varying ILs structure was
also presented. In comparison to traditional solvent extraction behaviour, ILs showed an
exceptional behaviour and possibility of significantly complicated partitioning
mechanism. It is important to mention that large distribution coefficient has been achieved
using ILs as extraction solvents for separation of metal ions by crown ethers (Dai et al.,

1999).

Fadeev and Meagher (2001) reported the potential of ILs as extractants in recovery of
butyl alcohol from fermentation broth. By measuring the partition coefficient between
water and two ILs (log P), Abraham et al. (2003) showed that an increase in solute
hydrogen bond basicity and solute volume led to a decrease and increase in log P,
respectively. Similarly, an increase in solute hydrogen bind acidity also decreased log P.
[bmim][PF¢] in concert with dithiazone metal chelator was demonstrated to form neutral
metal-dithiazone complexes with heavy metal ions such as to extract heavy metal ions
from aqueous solution into [bmim][PFg]. Distribution ratios of heavy metal complexes
between [bmim][PFs] and water were found to be high and extraction efficiencies pH

dependent (Wei and Yang, 2003).
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2.8.2 Biocatalytic Reaction in ILs

The term ‘biocatalysis’ is the use of natural catalyst such as protein enzyme to perform
chemical transformation on organic compounds. This can be achieved by using either the
whole cells or partially purified enzymes. ILs seems to be attractive and suitable
replacements for commonly used solvents for many applications such as in biocatalysis.
ILs has already been used for a large number of organic and catalytic reactions (Welton,
1999). Using ILs as reaction media often affords accelerated activity and improved
selectivity when compared to VOSs. In some cases, increased catalyst stability is also

observed in the ILs and provides a unique solvent environment.

The main objective using ILs in a reaction is to enhance reaction activity and selectivity.
Additional benefits of using ILs in a reaction would be for easy separation of reaction
products and recovery of the catalyst due to their nonvolatile nature. An ideal case for the
use of ILs in catalytic reactions would be when the catalyst and substrate are soluble in ILs
and the reaction product is insoluble in ILs. Additionally, the reaction product should not
extract the catalyst, thereby allowing the products to be removed by simple decantation
and the catalyst to be recovered and re-used. However, if the reaction products are
miscible with the ILs, separation is much more complicated often requiring distillation,
which could be facilitated due to the ILs negligible vapour pressure. This method is,
however, limited to volatile products and is dependent on the thermal stability of the
catalyst. Possible extraction of the product with a co-solvent that is immiscible with the

ILs but miscible with the product is possible but often leads to cross contamination.
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Many reactions have been successfully tested with ILs and these include oligomerization
(Wasserscheid et al., 2001), transesterification reaction (Kim et al., 2001),
hydroformylation (Wasserscheid et al., 2002), hydrogenation (Geldbach and Dyson,
2004), carbonylation (Brausch et al., 2004), Diels-Alder reaction (Doherty et al., 2004),
oxidation (Yamaguchi et al., 2005), Heck reaction (Mo et al., 2005) and also Suzuki

cross-coupling (Xiao and Shreeve, 2005).

2.8.3 Lipases in ILs

In the first publication describing the preparative use of an enzymatic reaction in ILs,
protease thermolysin was used for the synthesis of the dipeptide z-aspartame (Erbeldinger
et al., 2000). The reaction rate was comparable to those found in conventional organic
solvents such as ethyl acetate. Additionally, the enzyme stability was increased in ILs. The
protease a-chymotrypsin has been used for transesterification reaction (Laszlo and
Compton, 2001 and Lozano et al., 2001). N-acetyl-1-phenylalanine ethyl ester and N-
acetyl-1-tryosine ethyl ester were transformed into corresponding propyl esters (Scheme

4).

0 O
alpha-chymotrypsin
OFEt OPr

NH 1-propanol NH
R | R |

AcC Ac
Condition 1: Condition 2:
ILs up to 1.0 % v/v H,0; 40 °C ILs 2.0 % v/v H,0; 50 °C
R=H; R =OH;
N-acetyl-L-phenylalanine ethyl ester N-acetyl-L-tyrosine ethyl ester

Scheme 4: Transesterification reaction of N-acetyl-1-phenylalanine ethyl ester and N-

acetyl-1-tryosine ethyl ester into corresponding propyl esters.
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Laszlo and Compton (2001) used [omim][PFs] and [bmim][PFs] and compared their
results with conventional VOSs such as acetonitrile or hexane. They also investigated the
influence of water content on enzyme activity, as well as the ratio of transtesterification
and hydrolysis. They found that, as with polar organic solvents, a certain amount of water
present in the reaction was necessary to maintain enzyme activity. For both ILs and

organic solvents, the rates were of the same order of magnitude.

The majority of enzymes reported so far to be active in ILs belong to the class of lipases,
the “work horses” of biocatalyst (Bornscheur and Kazlauskas, 1999). The report from
Madeira Lau et al. (2000) demonstrated the potential use of enzyme in ILs for alcoholysis,
aminolysis and perhydrolysis reactions. They compared the reactivity of Candida
antartica lipase in ILs such as [bmim][PFs] and [bmim][BF4] with conventional VOSs. In

all cases, the reaction rates were similar for all the reactions investigated.

The kinetic resolution of 1-phenylethanol was reported by Schéfer et al. (2001). They use
eight sets of different lipases and two esterases in ten ILs with methyl tert-butyl ether
(MTBE) as the reference. Vinyl acetate was used for the transesterification. No activity
was observed for the esterases but for the lipases from Pseudomonas sp. and Alcaligenes
sp., an improved enantioselectivity was observed in [bmim][CF;SO,),N] as solvent,
compare to MTBE. The best result was obtained for Candida antartica lipases B in
[bmim][CF3SO,),N] and [omim][PFs]. Other groups that also investigating the same
system observed good activities in these ILs (Park and Kazlauskas, 2001 and Kim et al.,

2001).
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One particular feature of ILs lies in solvation properties, not only for hydrophobic
compounds but also for hydrophilic compounds such as carbohydrates. Park and
Kazlauskas (2001) reported the regioselective acylation of glucose in 99 % yield and with
93 % selectivity in [moemim][BF4] (moe = CH3;OCH,CH,), values much higher than

those obtained in the VOSs commonly used in this purpose (Scheme 5).

OH OAC OAc
Lipase o
HO O on Candida antartica HO o] + I—AOO
HO HO OH ¢ oH OH
OH Z0Ac, ILs OH
Beta- D-glucose 55°C; 36 h 6-O-acetyl D-glucose 3,6-O-diacetyl D-glucose
(mixture of anomers) (mixture of anomers)

Scheme 5: 1-Methoxyethyl-3-methylimidazolium ([moemim][BF,]) dissolves ~5mg/mi

glucose at 55 °C yield 99 %; selectivity: 93 % 6-O-acetyl D-glucose.

2.9 lonic Liquid-Coated Enzyme (ILCE)

Non-aqueous biocatalysis provide a useful component of methodology in organic
synthesis. However, biocatalysis in non-aqueous media often suffers from reduced
activity, selectivity or stability of enzyme (Klibanov, 1997). To overcome these
limitations, development of more efficient enzymes has been done. Some recent examples
include cross-linked enzyme crystals and aggregates (Cao et al., 2000), ligand co-
lyophilized enzymes (Ke and Klibanov, 1998) and enzyme-coated microcrystals (Kreiner

et al., 2001).
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Although these modified enzymes exhibit better activity, selectivity or stability, the
procedures for their preparations in most cases are rather complicated. Until now, the
approach using ionic liquid-coated enzyme (ILCE) had been performed and exhibits

markedly enhanced enantioselectivity and reliable stability.

According to Lee and Kim (2002), ILCE has been prepared using 1-(3’-phenylpropyl)-3-
methylimidazolium hexafluorophosphate, [ppmim][PFs] and Pseudomonas cepacia lipase.
ILCE was then tested on transesterification reaction of vinyl acetate. It shows that ILCE
still retained 93 % of the activity of its native counterparts even after the fifth run of the
reaction. This indicates that, for lipase practically, no significant activity was lost during
the coating process and its coated form has satisfactory stability. Accordingly, it is
believed that ILCE should be used as a new type of immobilized biocatalyst for

biotransformations in organic solvents.
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CHAPTER 3

MATERIALS AND METHODS

3.1 Materials

The chemicals listed below were used in this work. All chemicals are commercially

available and of analytical grade unless otherwise specified. The chemicals were used

without purification unless otherwise stated.

3.1.1 Solvents

Solvents Manufacturer
Deuterium oxide (for NMR) Sigma-Aldrich
Ethanol J.T.Baker
Hexane J.T.Baker
Methanol Riedel-de-Haén

3.1.2 Chemicals

Chemicals Manufacturer
Adipic acid Merck

Capric acid Merck

Caprylic acid Fluka

Hexanoic acid Merck

Lauric acid Merck
L-asparagine Across Organics
L-glutamine Across Organics
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L-glutamic acid
L-histidine
L-isoleucine
L-lysine
L-methionine
L-proline
L-serine
L-threonine
Myristic acid
Oleic acid
Oleyl alcohol
Palmitic acid

Stearic acid

Tetraethylammonium hydroxide

L(-)-malic acid

L(+)-tartaric acid

3.1.3 Enzyme
Enzyme

Candida rugosa lipase

3.1.4 Equipment/ Instruments

Equipment/ Instruments

Auto-titrator

Bruker SMART APEXII CCD Area-Detector

Diffractometer

Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Fluka
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Merck

Merck

TCI Mark
Merck

Merck

Fisher Scientific
Across Organics

Sigma-Aldrich

Manufacturer

Sigma — Aldrich

Manufacturer
Metrohm, Switzerland

Bruker Advance



Horizontal Water-Bath Shaker

Jasco P-200 Polarimeter

Leco CHNS-932 Elemental Analyzer
Magnetic Stirrer — CD 162

Magnetic Stirrer — ETS-D4

Rotary Evaporator — B 480 & R-114
Vacuum Oven

Vacuum Pump Model 281C-50
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Hotech Instruments Corp
Jasco, Japan
Perkin-Elmer

Stuart

IKA Labortechnik

Buchi Waterbath
BINDER Gmbh

Welch, USA



3.2 Methods

3.2.1 Preparation of CILs derived from Amino Acids.

Excess L-asparagine (0.05 mol) were first dissolved in 40 mL of distilled water in a 100
mL beaker. An aqueous solution (20 % in water) of tetraethylammonium hydroxide (36.59
mL, 0.05 mol) was added dropwise into an aqueous solution of L-asparagine and the
mixture was stirred with a magnetic stirrer for 2 hours at room temperature. Water was
then removed by evaporation at 70 °C for several hours and the crude product was
obtained after being dried at 65 °C under vacuum for 2 days. Since tetraethylammonium L-
asparaginate ([N2222][asn]) were miscible with ethanol and L-asparagine were nearly
insoluble in ethanol, the crude product were added into ethanol (40 mL) to precipitate the
excess L-asparagine. After filtration, the solvent was removed by evaporation at 70 °C.
Finally, the product appeared as a white solid after being dried in vacuum oven for 2 days
at 65 °C. Scheme 6 shows the route to synthesis CILs using neutralization reaction. The

same procedure was followed for all CILs derived from chiral amino acids as listed in

Table 3.
OH R R
O*/ " N CooH 0 A \J\r/ + HO
k ? 2 hours stirring at r.t HN- "COO k

R = side chain of amino acid

Scheme 6: General route to synthesis of tetraethylammonium-based CILs derived from

amino acids (Jiang et al., 2008).
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Table 3: Starting materials and abbreviation names for CILs synthesized using

neutralization method.

Cation Anion CILs Abbreviation
(Amino acid)

[N2222][OH] L-serine Tetraethylammonium L-serinate [N2222][ser]
[N2222][OH] L-proline Tetraethylammonium L-prolinate [N222][pro]
[N2222][OH] L-threonine Tetraethylammonium L-threoninate [N2222][thr]
[N2222][OH] L-isoleucine Tetraethylammonium L-isoleucinate [N2222][ile]
[N2222][OH] L-asparagine Tetraethylammonium L-asparaginate  [N2222][asn]
[N2222][OH] L-glutamine Tetraethylammonium L-glutaminate  [N2222][gIn]
[N2222][OH]  L-glutamic acid  Tetraethylammonium L-glutamate [N2222][glu]
[N2222][OH] L-methionine Tetraethylammonium L-methioninate  [N2222][met]
[N2222][OH] L-histidine Tetraethylammonium L-histidinate [N2222][his]
[N2222][OH] L-lysine Tetraethylammonium L-lysinate [N2222][lys]
[N2222][OH]  L(-)-malic acid*  Tetraethylammonium L-malate [N2222][mal]
[N2222][OH] L(+)-tartaric acid* Tetraethylammonium L-tartarate [N2222][tar]

[N2222][OH] = tetraethylammonium hydroxide (36.59 mL)

* Plant acid

3.2.2 Preparation of CILs derived from Plant Acids

L(+)-tartaric acid (7.504 g, 0.05 mol) was first dissolved in 20 mL of distilled water in a
100 mL beaker. An aqueous solution (20 % in water) of tetraethylammonium hydroxide
(36.59 mL, 0.05 mol) was added dropwise into an aqueous solution of L(+)-tartaric acid
and the mixture was stirred with a magnetic stirrer for 2 hours at room temperature. This
reaction was slightly exothermic. Water was then removed by evaporation at 70 °C for
several hours and white solid product was obtained after being dried at 65 °C under
vacuum for 2 days. These procedures were then applied using different anion (L(-)-malic
acid) as listed in Table 3. Scheme 7 showed the route to synthesis CILs derived from

chiral plant acids.
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Ry

OH- (0] Ry O ﬁ
\)+ a HOWJ\OH H0 Ho\ﬂ/\)l\o\_,{/ . HO

K 0 R 2 hours stirring at r.t 0 R

Scheme 7: General route to synthesis of tetraethylammonium-based CILs derived from

plant acids (Allen et al., 2006).

3.2.3 Crystallization of Solid CILs

Two crystals CILs which are [N2222][tar] and [N2222][mal] were synthesized using previous
method as mentioned in Section 3.2.2. Suitable crystal [Nx22.][tar] for X-ray diffraction
were obtained by dissolving in methanol and then covered by aluminium foil to allow
slow evaporation at room temperature. Clear crystalline solid was obtained after 3 days.
For single crystal of [N222][mal], the synthesis procedure is similar to the previous one.
The crystals obtained were sent to Single X-ray Crystallography Unit, School of Physics,

Universiti Sains Malaysia for data analyse.

3.2.4 Preparation of Chiral lonic Liquid-Coated Enzyme (CILCE)

For the preparation of CILCE, Candida rugosa lipase (CRL) was chosen because it had
been frequently used for biocatalysis, especially esterification and transesterification in
organic solvents (Abdul Rahman et al., 2003). In this study, 2.0 g of solid [N2222][asn] was
melted (m.p 58.0 £ 1.0 °C) to get a liquid phase. [N2222][asn] was chosen because it has
smaller size compare to [N2222][his] (m.p 54.0 £ 1.0 °C). The bigger sizes of CILs form a
bulkiness structure of CILCE and therefore make it difficult for the long chain oleyl
alcohol and palmitic acid/oleyl acid to enter the active site of enzyme (Gandhi et al.,

1995).
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Enzyme in powder forms (CRL, 0.2 g mass equivalent) were added to this liquid phase
and the mixture was stirred with a glass rod to get a uniform heterogeneous solution. The
solution was then allowed to cool to room temperature until the enzyme-CILs mixture
solidified. Then, solid phase was grinded to a small size of particles with mortar and pestle
to get powder form. Finally, the small CILCE particles were then used without any further
treatment in the next experiments to test their activity and selectivity (modified method
from Lee and Kim, 2002). CILCE was kept in the freezer to avoid denaturing of the

enzyme.

3.2.5 Esterification Reaction of Oleyl Alcohol with Various Fatty Acids

Adipic acid (1.0 mmol, 140 mg) was weighted and placed in 9 sample vials each. Oleyl
alcohol (2.0 mmol, 0.63 mL) was added into each vials followed by n-hexane (5 mL) as a
solvent. Then, native CRL (15 mg) and CILCE (165 mg (equal amount of CRL)) was
added into six out of nine vials (three for native CRL and three fro CILCE) and all vials
were closed tightly. The reaction mixture of samples and control (three samples without
enzyme) were incubated at 50 °C in a horizontal water bath shaker with shaking speed of

150 rpm continuously for 1 hour.

After 1 hour, the enzyme (native CRL and CILCE) was removed by filtration and the
remaining free acid in the reaction mixture was determined using auto-titrator with 0.1 M
of NaOH as titrant until an end point of pH 10.0. The activity of CRL/CILCE of each
reaction was expressed as a percentage of converted acid. These steps were then applied
for various fatty acids as listed in Table 4 (modified from Basri et al., 2005 and Mat Radzi
et al., 2005). The percentage of conversion was calculated based on equation in Appendix

A.
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Table 4: Starting materials and ratios of oleyl alcohol with various fatty acids in

esterification reactions.

Entry Acid Alcohol Ratio Ester
(mmol)

1 Adipic acid Oleyl alcohol 1:2 Di-oleyl adipate

2 Capric acid Oleyl alcohol 1.1 Oleyl capriate

3 Hexanoic acid Oleyl alcohol 1:1 Oleyl hexanoate

4 Lauric acid Oleyl alcohol 1:1 Oleyl laurate

5 Myristic acid Oleyl alcohol 1:1 Oleyl myristate

6 Oleic acid Oleyl alcohol 1.1 Oleyl oleate

7 Palmitic acid Oleyl alcohol 1:1 Oleyl palmitate

8 Stearic acid Oleyl alcohol 1:1 Oleyl stearate
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3.3 Analytical Methods

The instruments used in this project are listed below. All instruments are available in the

Department of Chemistry, Faculty of Science, UPM unless otherwise stated.

3.3.1 Nuclear Magnetic Resonance (NMR) Spectroscopy

Nuclear magnetic resonance (NMR) is a technique to determine the structure of organic
compounds and provide detail information on the three dimensional structure of molecule
in solution. *"H NMR spectra data were recorded at room temperature on Spectrometer
NMR JEOL JNM-ECA 400 MHz and a few of spectra data were record on Varian Unit
Inova 500 MHz at Spectroscopy Unit, Laboratory of Natural Product, Institute of
Bioscience, UPM. The solvent use was deuteriated oxide (D,0). *H NMR of all presented
compounds were available and chemical shift were reported in part per million (ppm).

Spectra of CILs were recorded in a5 mm NMR tube.

3.3.2 CHNS/O Instrument - Element Analysis.

Elemental analysis is a process where a sample of some materials (e.g., soil, waste or
chemical compounds) is analyzed for its elemental and sometimes isotopic composition.
Elemental analysis can be qualitative (determining elements that present in the sample),
and it can be quantitative (determining how much percentage of each elements). Elemental
analysis (carbon, hydrogen, nitrogen and sulphur) of powder and liquids samples were
performed on a Leco CHNS-932 Elemental Analyzer instrument. About 2 mg of the
sample is analyzed and the results in percentages were interpreted allowing a deviation of

+2.0 %.
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3.3.3 Differential Scanning Calorimetry (DSC)

DSC is a thermoanalytical technique in which the difference in the amount of heat
required to increase the temperature of a sample and reference are measured as a function
of temperature. Both the sample and reference are maintained at very nearly the same
temperature throughout the experiment. Generally, the temperature program for a DSC
analysis is designed such that the sample holder temperature increases linearly as a
function of time. The reference sample should have a well-defined heat capacity over the
range of temperatures to be scanned. Melting and glass transition temperature were
measured by Mettler-Toledo DSC, model DSC822° and the data were evaluated using

Mettler-Toledo STAR® software version 9.01.

The DSC instrument was calibrated using indium reference sample provided by Mettler-
Toledo. Measurement was carried out at a scan rate of 10 °C/min by cooling the samples
from 200 °C to -100 °C, followed by heating from -100 °C to 200 °C. The samples were
prepared by placing in a 40 uL hermetically sealed aluminium pan with a pinhole at the
top of the pan. The samples inside the DSC furnace were exposed to a flowing nitrogen
atmosphere. The melting point and glass transition temperatures are defined as maximum

peak.

3.3.4 Thermogravimetric Analysis (TGA)

TGA is analytical technique used to determine a material’s thermal stability and its
fraction of volatile components by monitoring the weight changes that occurs as a
specimen is heated. The measurement is normally carried out in air or in an inert

atmosphere, such as helium or argon and the weight is recorded as a function of increasing
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temperature. Mettler-Toledo TGA/SDTA 851° TGA instrument and Mettler-Toledo
STAR?® version 8.10 software were used to determine the onset temperature (Tonset). The
dried CILs were stored and sampled in a desicator with a silica gel before analyzing the

sample.

All samples were run in alumina pans under nitrogen atmosphere at a heating rate 10
°C/min and temperature was programmed from 25 °C to 600 °C. Flow of nitrogen gas was
controlled using TSO800GC1 gas controller and calibration of TGA instruments were
done using indium and aluminium references samples. The onset temperature (Tonset) IS the
intersection of the baseline, either from the beginning of the experiment or after the drying

step and the tangent of the weight versus temperature curve as decomposition occurs.

3.3.5 Single X-ray Crystallography

Single X-ray crystallography is a technique of determination the arrangement of atoms
within a crystal, in which a beam of X-ray strikes a crystal and scatters into many different
directions. Different angles and intensities of these scattered beams, can produce a three
dimensional picture of the density of electrons within the crystal. From this electron
density, the mean positions of the atoms in the crystal can be determined, as well as

chemical bonds, disorder and other information.

Main objectives of Single X-ray crystallography techniques are to confirm the structure
and to determine the hydrogen bonding interaction in the compounds. Single crystals were
mounted in a nylon loop for data collection at 100 K on a Bruker SMART APEXII

diffractometer equipped with a CCD area-detector. The images were interpreted and
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integrated with the program SAINT from Bruker. The structures were solved and refined

by full-matrix least squares on F? using SHELXTL program package.

3.3.6 Optical Rotation

Optical rotation or optical activity is the rotation of linearly polarized light as it travels
through certain materials. Measurements were carried out on Jasco P-200 Polarimeter
equipped with a 100 mm standard glass tube with bulb at 25 °C. The data were recorded
on instruments which use the sodium lamp as a radiation source and wavelength for all

CILs is constant and standard.

The optical rotation was determined by dissolving a known amount of the CILs into a
suitable solvent of known volume. In this procedure, distilled water was used as a solvent
and the concentration for all CILs solution was 1 g/100 mL. The sample tube for the
machine was then rinsed with CILs solution twice and the tube was then filled with the
solution. The optical rotation was then recorded three times and the average was taken as
an observed optical rotation value. This value was then used in the following formula (1)

to calculate the specific optical rotation value, [a]p®.

[0]o” = o/ (Ic) @)

Where; [a] = specific optical rotation
a = value of optical rotation observed
| = length of cell (dm)

¢ = concentration in g/ 100 mL
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3.3.7 Viscosity Determination

Viscosities of CILs series were measured using a LVDV —I1+Pro Viscometer instrument
manufactured by Brookfield Engineering Laboratories, Ins, USA equipped with CPE-52
spindle at 25 °C. Before the reading was taken, the viscometer must be auto zeroed in
order to avoid any error. For high viscosity determination, 0.5 mL of each samples were
put in the middle of the sample chamber. The instrument was connected to computer with
Rheocalc32 software in order to set up the parameters and analyzed the data respectively.

All experiments were conducted in duplicate.

3.3.8 lonic Conductivity

Electrical conductivity or specific conductivity is a measure of a material's ability to
conduct an electric current. The electrical conductivity for all CILs were determined using
SevenGo Conductivity Meter, manufactured by Mettler-Toledo GmbH, Switzerland. All
experiments were conducted at 25 °C and the data were collected after the sample was

prepared in triplicate.
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CHAPTER 4

RESULTS AND DISCUSSION

4.1 Nuclear Magnetic Resonance (NMR) Spectra

Confirmation of the predicted structures for all new CILs was carried out using *H and *C
NMR. In this measurement, D,O was used as a solvent and there was no peaks observed
for hydrogen on the —-OH and —NH groups. Rapid exchange between —-OH/-NH with D,0O
solvent occurred after a few minutes. The proton was replaced by deuterium, causing it to
disappear from the spectrum or its intensity was greatly reduced (Scheme 8). If the
exchange takes place, the proton on the adjacent carbon (CH-OH) will not show any

coupling with the —OH proton.

-CH-OH + D,0 -CH-OD + HOD @)

N-H + D,0 N-D + HOD (b)

Scheme 8: Deuterium exchange between D,0 solvent and (a) —OH hydrogen and (b)

amino hydrogen.

The similar trend for tetraethylammonium cation peaks for all CILs were observed in the
ranges at 6 3.06 to 3.25 and 6 1.25 to 1.08 ppm for N-CH, and N-CH,-CHj3 peaks
integrating eight and twelve protons respectively. N-CH, peak was observed at downfield

region due to the protons are deshielded by electronegativity of the nitrogen atom.
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4.1.1 Tetraethylammonium L-serinate, ([N2222][ser])

The *H NMR spectrum (Appendix B-1) showed one multiplet signal at the downfield
region which contributed to the peak HO-CH, was observed at the chemical shift 6 3.82—
3.77 ppm. This can be explained as the protons were deshielded by the electronegativity of
oxygen atom. Meanwhile, the multiplet signals at 6 3.39-3.20 ppm were assigned to O,C-
CH.

'H NMR (400 MHz, D,0): & 3.82-3.77 (m, 2H, HO-CH,), 3.39-3.20 (m, 1H, O,C-CH),
3.25(q, *Jun = 7.3 Hz, 8H, N-CH,), 1.25 (t, *Jun = 7.3 Hz, 12H, N-CH,-CHj3). *C NMR

6.77, 52.03, 57.55, 64.16, 179.02 ppm.

4.1.2 Tetraethylammonium L-prolinate, ([N2222][pro])

The *H NMR spectrum (Appendix B-2) showed doublet of doublet (dd) peak containing
one proton at the downfield region which attributed to the peak O,C-CH observed at the
chemical shift of 6 3.45 ppm. This was due to the proton adjacent to the carbonyl group
were slightly deshielded and shifted downfield in the spectrum. Meanwhile, the multiplet
signals at 8 2.99-2.74 ppm containing one proton were assigned to N-CH(p) respectively
because the hydrogen was slightly deshielded due to the electronegativity of the attached
nitrogen. The multiplet signals at 6 2.17-2.03 ppm integrating for one proton was assigned
to HC-CH(a). At 6 1.72-1.61 ppm, one multiplet signal containing three proton was
attributed to HC-CH(P) and H,N-CH,-CH in the five membered ring respectively.

'H NMR (400 MHz, D,0): & 3.45 (dd, 1H, 1 = 7.3 Hz, *Ji1p = 12.12 Hz, O,C-CH),
3.12-3.09 (m, 1H, N-CH(a)), 3.21 (q, 3Jun = 7.3 Hz, 8H, N-CH,), 2.99-2.74 (m, 1H,

N-CH(B)), 2.17-2.03 (m, 1H, HC-CH()), 1.72-1.61 (m, 3H, HC-CH(P) and HoN-CH,-
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CH,), 1.14 (t, *Juy = 7.3 Hz, 12H, N-CH,-CH3). *C NMR § 6.75, 25.10, 30.67, 46.19,

51.96, 61.56, 180.28 ppm.

4.1.3 Tetraethylammonium L-threoninate, ([N2222][thr])

Appendix B-3 showed the *H NMR spectrum of the above compound title. At & 3.82-3.77
ppm, one multiplet signal was attributed to the OH-CH peak. The proton on the adjacent
carbon (CH-OH) was deshielded by the oxygen atom attached. Meanwhile, at downfield
region, 6 2.94 ppm was assigned to the O,C-CH peak. This was due to the proton was
slightly deshielded due to the electronegativity of the attached nitrogen atom. The doublet
peaks integrating for three protons were assigned to the OH-C-CHg signal at 6 1.06 ppm.

'H NMR (500 MHz, D,0): & 3.82-3.77 (m, 1H, OH-CH), 3.14 (q, *Jun = 7.5 Hz, 8H, N-
CH,), 2.94 (d, *Jun = 5.5 Hz, 1H, 0,C-CH), 1.13 (t, *Juy = 7.5 Hz, 12H, N-CH,-CH3),
1.06 (d, *Juu = 6.0 Hz, 3H, OH-C-CH3). *C NMR 6.58, 19.33, 57.73, 68.16, 70.54,

180.32 ppm.

4.1.4 Tetraethylammonium L-isoleucinate, ([N2222][ile])

The *H NMR spectrum is shown in Appendix B-4. The o-proton was slightly deshielded
due to the electronegativity of the nitrogen and appeared at 6 2.96 ppm. The peak at o
1.65-1.54 ppm was observed for methine proton (H,N-CH-CH). Another alkanes group
was confirmed at 6 1.30-1.28 ppm with multiplet peaks contained two protons (CH-CHy,)
and at & 1.17-1.01 ppm, a multiplet peaks attributed to the CH-CHj3; contained three
protons observed respectively. The multiplet peaks at 6 0.82-0.76 ppm were assigned to

the CH,-CH3, confirming the presence of methyl groups.
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'H NMR (500 MHz, D,0): & 3.13 (q, 3Ju = 7.3 Hz, 8H, N-CHy), 2.96 (d, 3Ju = 5.0 Hz,
1H, 0,C-CH), 1.65-1.54 (m, 1H, H,N-CH-CH), 1.30-1.28 (m, 2H, CH-CH,), 1.13 (t,
3Jun = 7.3 Hz, 12H, N-CH,-CHa), 1.17-1.01 (m, 3H, CH-CHs), 0.82-0.76 (m, 3H, CH,-

CH3). C NMR 5 6.63, 11.38, 15.61, 25.19, 39.74, 57.81, 60.43, 179.27 ppm.

4.1.5 Tetraethylammonium L-asparaginate, ([N2222][asn])

Appendix B-5 showed the *H NMR spectrum for tetraethylammonium L-asparaginate. At
6 3.69-3.57 ppm, a multiplet signal attributed to the O,C-CH peak was showed. This was
due to the proton was slightly deshielded due to the electronegativity of the attached
nitrogen atom. Meanwhile, at downfield region, 6 2.64 ppm was assigned to the OOC-C-
CH(a) which showed a doublet of doublet (dd) peaks and at & 2.42 ppm, a similar doublet
of doublet peaks, integrating one proton was attributed to OOC-C-CH(p).

'H NMR (400 MHz, D,0): & 3.69-3.57 (m, 1H, O,C-CH), 3.25 (q, ®Jun = 7.5 Hz, 8H, N-
CHy), 2.64 (dd, 2Jpqnp = 12.5 Hz, *Jun = 5.5 Hz, 1H, OOC-C-CH(a)), 2.42 (dd, *Jrenp =
12.5 Hz, Jun = 8.0 Hz, 1H, OOC-C-CH(B)), 1.26 (t, 3Jun = 7.5 Hz, 12H, N-CH,-CHs).

BC NMR § 6.75, 40.20, 55.21, 57.10, 176.32, 179.90 ppm.

4.1.6 Tetraethylammonium L-glutaminate, ([N2222][gIn])

The structure of tetraethylammonium L-glutaminate was confirmed by the ‘H NMR
analysis (Appendix B-6). A triplet signal at downfield region contributed to the peak O,C-
CH at chemical shift 6 3.96 ppm was observed. This downfield region peak was found
because the a-hydrogen was slightly deshielded due to the electronegativity of the
attached nitrogen. Meanwhile, the multiplet signal ranged from & 2.35-2.14 ppm was

assigned to the CH-CH,-CH, The protons were deshielded by the carbonyl group.
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Another set of multiplet signal at & 1.88-1.61 ppm integrating for two protons was
assigned to CH-CH,-.

'H NMR (500 MHz, D;0): & 3.96 (t, *Jun = 7.3 Hz, 1H, 0,C-CH), 3.05 (q, %Jun = 7.3 Hz,
8H, N-CH,), 2.35-2.14 (m, 2H, CH-CH»-CH,), 1.88-1.61 (m, 2H, CH-CH,-), 1.08 (t,
Jun = 7.3 Hz, 12H, N-CH,-CH3). °C NMR § 6.72, 30.39, 33.84, 56.75, 58.51, 176.43,

181.95 ppm.

4.1.7 Tetraethylammonium L-glutamate, ([N2222][glu])

Proton NMR spectrum for tetraethylammonium L-glutamate (Appendix B-7) showed
peaks in the ranged from 6 1.0 to 4.0 ppm. One multiplet signal at downfield region (d
3.74-3.58 ppm) was attributed to O,C-CH containing one proton. This can be explained
because the proton was slightly deshielded due to the electronegativity of the attached
nitrogen. Set of multiplet signal at 6 2.57-2.33 ppm, integrating for two protons was
assigned to O,-CH,-. This was due to the hydrogen adjacent to the carbonyl group were
slightly deshielded. The multiplet peaks for O,-CH,-CH, was observed between the
ranged of 6 2.16-1.99 ppm which containing two protons.

'H NMR (400 MHz, D;0): & 3.74-3.58 (m, 1H, 0,C-CH), 3.24 (q, *Jun = 7.3 Hz, 8H, N-
CH,), 2.57-2.33 (m, 2H, 0,-CH,-), 2.16-1.99 (m, 2H, O»-CH,-CH,), 1.25 (t, 3Jun = 7.3

Hz, 12H, N-CH,-CH3). *C NMR § 6.70, 27.12, 33.62, 51.95, 54.68, 174.40, 180.94 ppm.

4.1.8 Tetraethylammonium L-methioninate, ([N2222][met])

The *H NMR spectrum (Appendix B-8) showed the characteristic downfield signal for
0,C-CH at 6 3.49-3.36 ppm. The multiplet peaks contained one proton was observed at

this downfield signal because the proton was slightly deshielded due to the
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electronegativity of the attached nitrogen. Meanwhile, the triplet signals containing two
protons at & 2.51 ppm and singlet signal containing three protons at & 2.11 ppm was
assigned to S-CH; and S-CHj3 respectively because the protons was deshielded due to the
electronegativity of the attached sulphur. Another set of multiplet peaks at & 1.82—1.99
ppm, integrating for two protons were assigned to CH-CH..

'H NMR (400 MHz, D,0): & 3.49-3.36 (m, 1H, O,C-CH), 3.25 (g, ®Jun = 7.3 Hz, 8H, N-
CH,), 2.51 (t, *Jun = 8 Hz, 2H, S-CH,), 2.11 (s, 3H, S-CHs), 1.82-1.99 (m, 2H, CH-CH,),
1.25 (t, 3Jun = 7.3 Hz, 12H, N-CH,-CHy3). B3C NMR 6.82, 14.35, 29.87, 33.90, 52.05,

55.30, 181.52 ppm.

4.1.9 Tetraethylammonium L-histidinate, ([N2222][his])

'H NMR spectrum of the title compound is shown in Appendix B-9. Two singlet signals at
downfield region at & 7.65 and 6 6.91 ppm was attributed to alkenes in the five membered
ring. This was due to the hydrogen atoms attached to a double bond were deshielded by
the anisotropy of the adjacent double bond and electronegativity of nitrogen atoms.
Meanwhile, the triplet signal at & 3.49 was assigned to O,C-CH because the hydrogen was
deshielded due to the electronegativity of the attached nitrogen. The doublet of doublet
(dd) signals contributed to O,C-CH-CH(a)) and O,C-CH-CH(3) peaks was observed at 6
2.97 ppm and o 2.83 ppm respectively.

'H NMR (400 MHz, D,0): & 7.65 (s, 1H, N=CH-NH), 6.91 (s, 1H, HN-CH=C), 3.49 (t, *Ju
= 7.3 Hz, 1H, O,C-CH), 3.19 (q, *Jun = 7.3 Hz, 8H, N-CHy), 2.97 (dd, *Jpqnp = 12.5 Hz,
3Jnn = 5.5 Hz, 1H, 0,C-CH-CH(a)), 2.83 (dd, “Juanp = 12.5 Hz, 33 = 7.0 Hz, 1H, O,C-
CH-CH(B)), 1.22 (t, *Jun = 7.3 Hz, 12H, N-CH,-CHs). *C NMR § 6.64, 31.97, 51.94,

56.16, 118.08, 133.45, 135.84, 181.74 ppm.
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4.1.10 Tetraethylammonium L-lysinate, ([N2222][lys])

The structure of tetraethylammonium L-lysinate was confirmed by the *H NMR analysis
(Appendix B-10). A multiplet signal at downfield region was due to the O,C-CH and
tetracthylammonium peak at 6 3.13 ppm integrating nine protons respectively. The triplet
signal at & 2.51 ppm was assigned to the N-CH; containing two protons. This two
downfield region peak was due to the electronegativity of the attached nitrogen. Set of
multiplet signal at & 1.52-1.41 ppm integrating for two protons was assigned to NC-CH,
meanwhile set of multiplet signal at 6 1.36-1.31 ppm was assigned to the NH,-CH,-CH,.
Another set of multiplet signal at 1.25-1.19 ppm integrating for two protons was assigned
to NC-CH,-CH..

'H NMR (400 MHz, D,0): & 3.13 (m, 9H, 3Jun = 7.3 Hz, N-CH, and O,C-CH), § 2.51 (t,
2H, *Jun = 7.3 Hz, N-CHy), & 1.52 to 1.41 (m, 2H, NC-CHy), & 1.36 to 1.31 (m, 2H, NHa.
CH2.CHy), & 1.25 to 1.19 (m, 2H, NC-CH»-CH,), & 1.14 (t, 12H, 3J4n = 7.3 Hz, N-CH,-

CHs). ®*C NMR § 6.71, 22.43, 30.46, 34.42, 40.23, 52.01, 56.01, 183.45 ppm.

4.1.11 Tetraethylammonium L-tartarate, ([Noa22][tar])

Appendix B-11 showed a singlet signal at downfield region. These singlet signals were
assigned to the symmetry property of CH peak containing one proton at 6 4.50 ppm. This
was due to the proton that is deshielded by the electronegative oxygen atom and shifted
downfield in the spectrum. This structure was also reconfirmed by using single crystal X-
ray diffraction analysis and will be discussed in Section 4.7.1 on page 63.

'H NMR (400 MHz, D,0): § 4.50 (s, 1H, CH), & 3.23 (m, 8H, 3Jun = 7.3 Hz, N-CH,), 5

1.24 (t, 12H, *Jun = 7.3 Hz, N-CH2-CH3). **C NMR § 6.68, 52.01, 73.05, 176.64.
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4.1.12 Tetraethylammonium L-malate, ([N2222][mal])

The *H NMR spectrum, (Appendix B-12) showed a multiplet signal at downfield region.
These multiplet signals were assigned to the HO-CH peak containing one proton at 6 4.25
ppm. This was due to the proton that is deshielded by the electronegative oxygen atom.
Meanwhile, doublet of doublet peaks (dd) and multiplet peaks at 6 2.71 and & 2.51 ppm
were attributed to CH, peak having two protons respectively. This structure was further
confirmed by using single crystal X-ray diffraction analysis and will be discussed in
Section 4.7.2 on page 68.

'H NMR (500 MHz, D,0): & 4.25 (m, 1H, 34y = 4 Hz, HO-CH), § 3.13 (q, 8H, *Jun=7.5
Hz, N-CH,), 5 2.71 (dd, 1H, *Juy = 4 Hz, CH>), § 2.51 (m, 1H, *Jun = 8 Hz, CH,), § 1.13
(t, 12H, 3Jun = 7.5 Hz, N-CH,-CHy3). BC NMR § 6.67, 40.50, 52.01, 68.97, 176.83,

179.56.

47



4.2 Elemental Analysis (CHNS/O)

As shown in Table 5, the analytical data for all CILs produced were almost in agreement
with the theoretical calculations. The percentages of errors were found around + 2.0 %.
This may be due to the impurities present in CILs. Referring to the method for preparing
the CILs, during the neutralization reaction, water was produced as a by-product. The
small amount of water may still exist in CILs after the drying steps, which was due to the
interaction such as H-bonding as the amino acids contain more than one functional groups.
H-bonding between molecules of water and CILs is a strong interaction that means it can

be very difficult to remove water in CILs.

Other than that, all CILs prepared were hygroscopic which easily absorbed water from air.
This might be also the reason why the small amount of water contained in CILs as can be
seen from their hydrogen and oxygen percentages. Other impurities could be due to the
starting materials such as the slightly excess of amino acids that were used in order to
counterion the tetraethylammonium hydroxide. During the filtration of residues, some
amino acids might not be well filtered and still remained in CILs. This can be seen from

their carbon and nitrogen percentages.
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Table 5: Element analysis data for all CILs synthesized.

Entry ClILs Percentage of element (%)
Carbon  Hydrogen Nitrogen  Sulfur Oxygen
(by difference)
1 [N222o][ser]  56.00 11.01 11.48 - 21.51
(56.38) (11.18) (11.95) - (20.49)
2 [Naa]lpro]  63.53 11.23 11.07 - 14.17
(63.89) (11.55) (11.46) - (13.10)
3 [N2222][thr] 57.90 11.14 10.97 - 19.99
(58.03) (11.36) (11.28) - (19.33)
4 [N2222][ile] 64.25 12.24 9.76 - 13.75
(64.57) (12.39) (9.89) - (13.15)
5 [N2222][asn] 54.93 10.16 15.83 - 19.08
(55.15) (10.412) (16.08) - (18.36)
6  [Na2l[gIn]  56.38 10.34 15.04 - 18.24
(56.70) (10.61) (15.26) - (17.43)
7 [N2222][glu] 56.27 10.04 9.96 - 23.73
(56.50) (10.21) (10.14) - (23.15)
8  [Nag][met]  55.87 10.64 9.88 11.18 13.03
(56.07) (10.86) (10.06)  (11.52) (11.49)
9 [N2222][his] 58.92 9.73 19.45 - 11.09
(59.12) (9.92) (19.70) - (11.26)
10 [Nazo][lys] 59.83 10.92 14.38 - 14.87
(61.05) (12.08) (15.26) - (11.61)
11 [Nao][mal] 53.60 8.94 491 - 32.55
(54.73) (9.57) (5.32) - (30.38)
12 [Nao][tar]* 50.53 9.09 3.28 - 37.10
(51.60) (9.02) (5.01) - (34.37)

Value in bracket from calculated/theory
* Not be considered as ILs due to high m.p (>100 °C)
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4.3 Colour of ClLs

From Table 6, it can be seen that a series of colour of the new CILs ranges from colourless
liquids to orange solid. During the preparation, we observed the colour changes even more
obvious when heated at 70 °C while removing traces amount of water. Only [N2222][pro],
[N2222][ile] and [N2222][met] showed a yellowish liquids, meanwhile [N2222][ser] showed a
orange liquid. Similar results were obtained for amino acid-based ILs synthesized by
Allen et al. (2006). ILs in their work showed significant darkening when heated to

temperatures of 110 °C or more.

Table 6: Physical properties, percentage yield (%), melting temperature (Tn,) and solubility

data of CILs
CILs Physical Yield Melting Solubility Test
Properties (%) Tempe:ature H,O MeOH EtOH Ace Hex
(Tm/°C)

[Naazo][ser]  Orange liquid 96 - \ \ v ox X
[Naazo][pro]l — Yellowish liquid 90 - V v oW X X
[Nax2o][thr]  Colourless liquid 94 - \ \ V X X
[Naxo][ile]  Yellowish liquid 87 - \ \ \ X X
[Na2z2][asn] White solid 92 58.0 + 1.0 \ N N X X
[Na222][gIn] ~ Colourless liquid 91 - \ \ \ X X
[Na222][glu] ~ Colourless liquid 89 - \ \ V X X
[Nax22][met]  Yellowish liquid 95 - \ \ \ X X
[N2222][his] Orange solid 86 54.0 + 1.0 \ \ \ X X
[N2222][lys]  Colourless liquid 90 - \ NN X X
[N2222][mal] White solid 99 87.7+0.4 \ \ V X X
[Naoo][tar]*  White solid 98 198 £ 1.0 \ \ V X X

\ = miscible; X = immiscible
* Not be considered as ILs due to high m.p (> 100 °C)
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The different colour of CILs not only caused by the heating procedure, but it can also be
explained due to the different anions. Different anions used gave a different colour to the
CILs produced. Not all liquid CILs change their colour when heated. [Na2][thr],
[N22221[aIn], [N2222][glu] and [N2222][lys] maintained their colors when put under vacuum
for two days at 65 °C. Meanwhile for solid CILs, only [N2222][his] showed an orange solid
compared to the others which observed in white solid. The nature of these colored
impurities is yet unknown, as they are not detectable by NMR or other spectroscopic

methods.

4.4 Melting Temperature (Tp)

It is well known that the characteristic properties of ILs vary with the choice of anion and
cation. The structure of ILs directly impacts upon its properties, in particular the melting
point and liquids ranges (Wasserscheid and Welton, 2003). Melting temperature (T,) of
CILs was measured using DSC and the results were presented in Table 6 (page 50). In this
work, only four compounds showed a Ty, which are two derived from amino acids and

another two derived from plant acids.

In comparison, one compound derived from plant acids ([N2222][tar]) showed a highest T,
which was 198 £ 1.0 °C. Because of this compound had T, above 100 °C, it will not be
considered as ILs and will not further explore except for Single X-ray Crystallography
analysis. Compound [N2z2;][tar] did not fulfill the characteristic of ILs with relatively low
Tm below 100 °C. On the other hand, [Nazz][mal] (Tm 87.7 £ 0.4 °C) have a lower Tn
compared to [Nax][tar]. It can be elucidated the non-existence of intermolecular H-
bonding between cation and anion in the compound, therefore the ions are most likely to

be held together by Coloumbic interactions (Abdul Rahman et al., 2009). Furthermore, the
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packing efficiency and T, were reduced because cation and anion were regarded as two

separated units.

Meanwhile, for CILs derived from amino acids, [N2z22][his] (Tm = 54.0 £ 1.0 °C) have
lower T, compared to [Nzz22][asn] (Tm = 58.0 = 1.0 °C). The increment in anion size in
[N2222][his] decreased the T, of salts through reduction of Coloumbic attraction
contribution to lattice energy. Similar ILs derived from amino acids has been synthesized
by Fukumoto et al. (2005). However in their work, alkylimidazolium-based which is 1-
ethyl-3-methylimidazolium, ([emim]) was used as a cation with 20 amino acids as a
counterion. They reported amino acid ILs based on [emim] cation did not have T, but a
glass transition temperature (Tgy) ranging from —65 to 6 °C. In the measurement, the CILs
produced from amino acids had no Ty when the temperature programmed was set up in the
range of —60 to 130 °C. According to Jiang et al. (2008), they found that the Ty for

tetraalkylammonium-based amino acids was in the range of —60 to —80 °C.

In comparison, tetraethylammonium-based CILs synthesized in this work has relatively
high T, compared to alkylimidazolium-based amino acids synthesized by Fukumoto et al.,
(2005). The high Ty, in tetraethylammonium-based CILs was probably due to the charge
localization on the nitrogen atom in tetraethylammonium cation (Figure 4a), meanwhile
low T, of alkylimidazolium-based is because the ring is aromatic structure, which
facilitates the charge delocalization (Figure 4b). This effect is responsible for lowering the
Coloumbic forces and reduces the attraction forces between the cation and the anion thus

lowering the T, for alkylimidazolium-based amino acids (Jiang et al., 2008).
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Figure 4: The structure of tetraethylammonium cation (a) and alkylimidazolium cation (b).

Although Coulombic forces are one of the factors involved in order to understand Ty, the
effect of chains length should also be considered. Increasing the chain length of cations
reduced the T, values. As reported by Wasserscheid and Welton (2003), imidazolium-
based ILs decreased the Ty, with increasing chain lengths up to Cg-chain. As a comparison
with tetrabutylammonium asparaginate ([TBA][asn], Tm 42—44 °C) synthesized by Allen
et al. (2006), higher T, was observed for tetraethylammonium L-asparaginate
([N2222][asn], Tm=58.0 £ 1.0 °C). The value of Ty, decreased almost 15 °C between these
two ILs because of the side chains of tetraalkylammonium that increased from —ethyl to —

butyl.
4.5 Solubility in Organic Solvents

Solubility of the solute, the reaction efficiency as solvent, and the miscibility with other
solvents are influenced by the ILs properties (Crowhurst et al., 2004). The solubility of the
synthesized CILs in various VOSs has been determined (Table 6, page 50). The results
showed that all CILs are miscible with water and some polar organic solvents such as
methanol (MeOH) and ethanol (EtOH) but immiscible in non-polar solvents such as

acetone and hexane.
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For all CILs, they showed a similar pattern which the deprotonation of carboxylic acid
residue to form carboxylate during neutralization reaction as shown in Scheme 9. The
hydrogen bonds between O—H were broken and the proton became mobile. The interaction
of proton and hydroxyl by H-bonding formed water molecules as by-products. The
deprotonated carboxylic group has an increase polarity of the CILs (real negative charge)

in comparison to the ester group (partial negative charge).

Scheme 9: Deprotonation of carboxylic acid residue by hydroxide ion to form carboxylate

ion and water as by-product.

As a conclusion, all new CILs synthesized have a polarity almost similar to polar organic
solvents. Additionally, they can be called ‘hydrophilic CILs’ because it was easily
dissolved in water (Seddon, 1997). Holbrey and Seddon, (1999) reported that the
solubility of ILs in water depends on the nature of the anions and cations. Generally, an
increase in the organic character of the cation resulted in a decrease of water solubility of

ILs (Wasserscheid and Welton, 2003).

In this work, the same cation was used for all CILs produced but different in the structure
of anions. Overall, it can be seen that all anions used have more than one functional
groups such as alcohol, carboxylic acid and amine. These functional groups increased the

hydrophilic character of the ILs as well as the solubility.
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4.6 Thermogravimetric Analysis (TGA)

The thermal stability of ILs is defined by the strength of their heteroatom-carbon and
heteroatom-hydrogen bonds (Anouti et al., 2008). The starting temperature (Tsar) and
onset temperature (Tonset) for all CILs was summarized in Table 7, meanwhile the
thermograms for all CILs produced were showed in Appendix C. For most of CILs, the
thermograms showed one major decomposition temperature in the range 0f160 to 210 °C.
From the results, it was clearly shown that tetraethylammonium-based CILs have lower

thermal stability but higher than the minimum 100 °C (Wasserscheid et al., 2002).

Table 7: Starting temperature (Tswt) and onset temperature (Tonset) for

tetraethylammonium-based chiral ionic liquids.

ClLs Tetar/°C Tonset!°C
[N2222][ser] 146.67 187.62
[N2222][pro] 134.69 172.92
[Naz22][thr] 145.72 188.72
[N2222][ile] 131.61 168.98
[N2225][asn] 146.63 191.88
[N2222][gln] 168.27 210.40
[N2222][lys] 132.97 181.00
[Na222][glu] 136.46 210.30
[Nazz2][met] 133.42 176.15
[N2222][his] 140.59 174.69
[Nazz2][mal] 174.91 210.76

Low thermal stability of tetraethylammonium-based CILs was influenced by the cation.
Similar ILs derived from amino acids have been synthesized by Fukumoto et al. (2005).

They  reported that synthesized alkylimidazolium-based ILs  (1-ethyl-3-
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methylimidazolium, [emim]) have the decomposition temperature (Tq4, onset) around 220
°C except for [emim][cys] at 173 °C. As a comparison for both cations, it showed that
tetraethylammonium-based ILs have a decomposition temperature at 35 °C lower than

alkylimidazolium cation with the same anions.

According to the observation, tetraethylammonium cation has a lower stability than the
alkylimidazolium cation. This can be explained that the quaternary ammonium salts in an
alkaline environment that are sensitive to the Hofmann degradation as reported by Cope
and Trumbull, (1960). Alkaline environment in this work came from the ionized amino
acids. MacFarlane et al. (2006) reported in their work that the ionized amino acids are
slightly basic and the mechanism of decomposition is probably related to the Hoffman
elimination reaction. A schematic presentation of this decomposition path is presented in

Scheme 10.

R, O
R;N/\’\/H—> H,C=CH, * NHRR,R; + H0
2 \

R1

Scheme 10: Schematic presentation of the Hoffman degradation reaction

High decomposition temperature of alkylimidazolium-based ILs compared to our
synthesized CILs can also be explained due to the pyrolysis of the alkylimidazolium-based
salts (Awad et al., 2004). The pyrolysis of alkylimidazolium-based ILs have been reported
to proceed most likely via Sny2 process. Therefore, changes in the basicity and/or

nucleophilicity of the anions are likely to change the thermal stability (Awad et al., 2004).
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Seven new tetraalkylammonium-based amino acids ([TAA][amino acids]) have been
synthesized by Jiang et al. (2008). They reported that the decomposition values of the ILs
in the range of 170 to 200 °C are based on different tetraalkylammonium with three amino
acids which are L- and p-alanine, valine and glysine as counterions which was in

agreement with our results.

Anions also play an important factor when determining the thermal stability. For CILs
derived from chiral plant acid, thermogram showed one major weight losses for
[N2222][mal] as shown in Appendix C-11. The first drop which almost 5 % in weight
stopped below 100 °C due to moisture adsorbed by the sample and the major weight losses
started at temperature £ 170 °C. Almost 85 % in weight of sample was decomposed and

the decomposition curve ended at 261.57 °C.

These CILs derived from plant acid also showed higher decomposition temperature (Tonset)
compared to amino acids CILs (will be discussed in the next page). This might be due to
the presence of hydroxyl group. Hydroxyl group allowed the molecules to form more H-
bonding and thus have a strong interaction, therefore more energy (high temperature) was
required to break the interaction and as a result, higher temperature decomposition was

achieved. Figure 5 shown the structure of L(-)-malic acid.

0]

OH
w0 Y

OH O

Figure 5: Structure of L(-)-malic acid contained two carboxylic acid moiety and one

hydroxyl group.
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In case of CILs derived from amino acids, ten different amino acids were employed in
order to produce ten different CILs with the same cation which is tetraethylammonium
cation ([N2222]) as mentioned earlier. All of CILs produced from amino acids showed first
drop in weight below 130 °C due to moisture adsorption by the samples except for
[N2222][met] (Appendix C-8). Almost of all CILs showed one major weight losses with
percentage of sample decomposed in the range of 87 to 98 % except for [Na22][asn],
[N2222][his] and [N2222][gIn] which showed two major weight losses (Appendix C-5, C-6

and C-9).

Various anions play a significant role in the thermal stability. Fredlake et al. (2004)
reported that thermal stability depends on both anions and cations. Changing the anions
gave a little difference to the decomposition temperature as well as thermal stability. Tonset
as showed in Table 8 apparently followed the trend: [Nax2][ile] < [Naz2o][pro] <
[N2222][his] < [Nazzz][met] < [Nazz2][lys] < [Nzzzz][ser] < [Nazzz][thr] < [Nzzz2][asn] <

[Na2222][glu] < [N2222][gln].

It is very difficult to explain how different amino acids gave different decomposition
temperature for CILs produced, as known that amino acids have more than one functional
groups in a single molecule and also different configurational structure. In order to
understand the effect of various anions, the amino acids used were separated base on their
functional groups present and the structure of amino acids. Figure 6 showed the basic
structure of amino acids meanwhile Table 8 depicted their ‘R’ structure, functional group

present and Tonset.
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H

R—/’C—COZH
H,N

Figure 6: Basic structure of amino acids.

Table 8: Structure of ‘R’ amino acids, functional group present and Tonset fOr ten amino

acids used in this work.

ClLs Structure of ‘R’ Functional group Tonset/°C
presence
[N2222][ile] —CHCH,CH Alkane 168.98
CH,

(Neutral amino acid)

[N2222][pro]* R Ring 172.92
HO} (j (Neutral amino acid)
e eutral amino aci
o/ N
H
[Na2222][his] H, Aromatic ring 174.69
M (Imidazole)
4
| midazole
HN
[N2222][met] —CH,CH,SCH; Sulphur 176.15
[No22o][lys]  —CH,CH,CH,CH,NH, Amine 181.00
[N2222][ser] —CH,0H Hydroxyl 187.62
[szzz][thl’] _?HOH Hydroxyl 188.72
CH,
[N2222][asn] —CH,CONH, Amide 191.88
[N2222][glu] —CH,CH,CO,H Carboxylic acid 210.30
[N2222][gIn] —CH,CH,CONH, Amide 210.40

* The structure of ‘R’ is a five member ring with N atom (red colour)
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From the results in Table 8, it was also found that Tonse: fOllowed the trend of the
functional group present; alkane < ring < sulphur < amine < hydroxyl < amide =
carboxylic acid. It showed that, the presence of different functional group in the structure
of amino acids gave a different thermal stability to CILs produced. However, the other
criteria should be considered in order to explain the thermal stability for each CILs
because all CILs have different structure. The stereochemistry strcuture of each amino
acid and other interaction such as H-bonding play an important factor when determining

the decomposition temperature.

The presence of carboxylic acid (-COOH) and amide (-CONHy>) in the structure of glu and
gln gave a better thermal stability for [N2222][glu] and [N2222][gIn]. Both of glu (Figure 7a)
and gIn (Figure 7b) have a similar molecular structures but different in functional group
present. The structure of glu have a -COOH meanwhile gln have —-CONH, functional
group. From the results, both of the CILs which were [N2222][glu] (Tonset 210.30 °C) and
[N22221[gIn] (Tonset 210.40 °C) have a similar thermal stability. We found that, both
functional groups did not showed large effect towards the thermal stability of [N2222][Glu]

and [N2222][GIn] while both amino acids structure (gln and glu) have a similar structural

properties.
NH, NH, O NH,
HO OH H,N OH ‘. _OH
M M HZN
o) o] 0 o] o]

@) (b) (©)

Figure 7: Structure of L-glutamic acid (glu) (a), L-glutamine (gln) (b) and L-asparagine

(asn) (c)
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Meanwhile, [N2222][asn] (Tonset 191.88 °C) have a slightly low thermal stability compared
to [N2222][glu] and [N2222][gln]. This is maybe due to size of the molecules. L-asparagine
(asn) has a similar functional group with gln, but diversed in number of carbon atom. L-
gutamine (gIn) (Figure 7b) have five carbon atoms meanwhile asn (Figure 7¢) only have
four, thus make asn a small molecule compared to gin. It can be concluded that, small

molecule ([N222][asn]) gave a low thermal stability compared to bigger ones

([N2222][gIn]).

Figure 8 showed the structure for ser and thr. Both molecules showed similar properties
but different in the hydroxyl group they were bonded to. Hydroxyl group in ser (Figure
8a) showed a primary alcohol (1°) meanwhile secondary alcohol (2°) was detected in thr
(Figure 8b). Unfortunately, the thermal stability for [Naxz][ser] (Tonset 187.62 °C) and
[N2222][thr (Tonset 188.72 °C) were almost same. This means that, the difference in primary
or secondary alcohol place in both structures does not produce any impact towards their

thermal stability.

OH

HO
HO\Q"'NHZ HO "'NH,

(0] )
(@) (b)

Figure 8: Structure of L-serine (ser) (a) and L-threonine (thr) (b)

As mention earlier, the presence of different functional group affected the thermal stability
for all CILs including CILs derived from plant acids. But, others factor such as alkyl
chains and configurational structures should be considered in order to understand their

thermal stability. The structures of lys (Figure 9a) have a six carbon atoms that form long
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alkyl chains compared to others amino acids. As comparison with met (Figure 9b),
[N2222][lys] have a Tonset OF 181.00 °C, a little bit higher than [Naz2][met] (Tonset, 176.15
°C). This is may be due to the difference in alkyl chains lengths and also functional groups

present.

HO}—{_\ﬂ HO)J\;/\/S\

O NH, NH, AH,
(a) (b)

Figure 9: Structure of L-lysine (lys) (a) and L-methionine (met) (b)

From the results, [N2222][hiS] (Tonset 174.69 °C) and [N2222][pro] (Tonset 172.92 °C) have
almost similar decomposition temperature meanwhile [N2x22][ile] have the lowest Tonset
168.98 °C compared to all CILs produced. The structure of his (Figure 10a) formed a
[N2222][his] and has a slightly high decomposition temperature due to its configurational

structure and the presence of imidazole ring.

Meanwhile, without the presence of functional group in the structure of pro (Figure 10b)
and ile (Figure 10c) (except for basic functional group for amino acids and alkane group)
it was found that both neutral amino acids formed [Na222][pro] and [N2222][ile] have a low
decomposition temperature. This might be due to branch alkyl chains or less other

interaction such H-bonding.
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Y P,
2 OH 748
I§N I NH © N

Figure 10: Structure of L-histidine (his) (a), L-proline (pro) (b) and

L-isoleucine (ile) (c)
4.7 Single Crystal X-ray Crystallography

Two different crystal structures were obtained depending on the crystallization conditions.
Both crystal structures, [Na22o][tar] and [N2222][mal] were formed by slow evaporation of
methanol after a few days at room temperature. The Single Crystal X-ray structure study
was proposed to understand the H-bonding between cation and anion. H-bonding is an
important feature in the solid state structure complexes. Publication for both compounds
has not been reported yet and we are the first group to publish for these compounds

(Abdul Rahman et al., (2008), Abdul Rahman et al., 2009)

4.7.1 Crystal Structure of Tetraethylammonium L-tartarate, ([N2222][tar])

The single crystal of tetraethylammonium L-tartarate contained a monoclinic crystal
system with space group P23, a = 7.4074(1)A, b = 13.8989(2)A, ¢ = 8.0546(1)A together
with o = 90°, B = 106.5530(1)° and y = 90° respectively. The crystal data for this

compound was summarized in Table 9 and the overall data was depicted in Appendix D.
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Table 9: Crystal data and structure refinement for tetraethylammonium L-tartarate.

Data
Empirical formula C12 Hog N Og
Formula weight 315.36
Temperature 100.0 (1) K
Wavelength 0.71073 A

Crystal system, space group

Unit cell dimensions

Volume

Z, Calculated density
Absorption coefficient
F(000)

Crystal size

O range for data collection
Limiting indices

Reflections collected / unique
Completeness to ® = 35.00
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F?

Final R indices [I1>2sigma(l)]
R indices (all data)

Largest diff. peak and hole

Monoclinic, P2;

a=7.4074()A o=90°
b=13.8989(2)A B =106.5530(1)°
c=8.0546(DA  y=90°
794.891(19) A®

2,1.318 Mg/m®

0.110 mm™

344

0.47 x0.45x0.17 mm

2.64 to 35.00°

-9<=h<=11, -22<=k<=17, 12<=I<=12

10518 / 3579 [R(int) = 0.0307]
99.40 %

Semi-empirical from equivalents
0.9811 and 0.8614

Full-matrix least-squares on F2
3579/1/218

1.049

R1=0.0371, wR2 = 0.0886

R1 =0.0426, wR2 = 0.0922
0.292 and -0.231 e.A®
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The asymmetric unit of the title compound contains a tartarate anion as a counterion, a
tetraethylammonium cation and two water molecules of crystallization in the structure
(Figure 11). Two intermolecular C—H---O hydrogen bonds involving O4 as a bifurcated
acceptor link anion and cation in the asymmetric unit to form a seven membered ring, with
R',(7) ring motif (Bernstein et al., 1995). These formation of anion-cation pairs connected
by two H-bonding was found with C8—H8---04 distance of 0.96 A or O---O distance of

3.34 A and C11—H11---O4 distance of 0.97 A or O---O distance 3.26 A, respectively.

No H-bonding could be observed between different anion-cation pairs in the structure of
[N2222][tar]. In the crystal structure, the ionic units and water molecules are linked via O—
H---O and C—H---O hydrogen bonds, forming a two-dimensional network parallel to the
(001). Two water molecules are coordinated to tartarate anion. The O1—C1—0O2 angle of
the carboxylic group is 124.88 ° . This is in good agreement with the average bond angle
found in Cambridge Structural Database (CSD). The molecular structure of a hydrogen-
bonded anion-cation pair of [Na22][tar] is shown in Figure 11. In Figure 12, the packing of
the molecules in the crystal structure is presented meanwhile H-bonding geometry (A)

was showed in Table 10.
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Figure 11: Molecular structure of tetraethylammonium L-tartarate determined by single
crystal X-ray diffraction. Hydrogen bonds between anion-cation are shown as dashed

lines.
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Figure 12: The crystal packing of tetraethylammonium L-tartarate, view down the c-axis.

Hydrogen bonds are shown as dashed lines.
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Table 10: Hydrogen-bond geometry (A) for tetraethylammonium L-tartarate.

D-H---A D-H H---A D---A D-H---A
02-H102---05' 1.00 (2) 1.52 (2) 2.5108 (13) 173 (2)
03-H103---01W" 0.91 (2) 1.85 (2) 2.7191 (14) 162 (2)
04-H104---02W" 0.84 (2) 2.18 (2) 2.9780 (16) 160 (2)
O1W-H1W1---02" 0.82 (2) 2.56 (2) 3.0668 (14) 122 (2)
O1W-H1W1---02W" 0.82 (2) 2.57 (2) 3.2155 (16) 137 (2)
O1W-H2W1---06™ 0.88 (3) 2.00 (3) 2.8672 (15) 171 (2)
O2W-H2W2---01" 0.84 (2) 2.40 (2) 3.0082 (14) 129 (2)
C5-H5A---03"" 0.97 2.56 3.4344 (15) 151
C8-H8B---04 0.96 2.38 3.3447 (16) 178
C10-H10B---03"" 0.96 2.47 3.4195 (16) 168
C11-H11A---O4 0.97 2.50 3.2693 (15) 136

Symmetry codes: (i) -X + 2,y - ¥, -z; (ii) X, y, 2 -1; (iii)) x+ 1,y -%,-z+ 1; (iv) x—-1,y,z+ 1; (v) X + 1,
y-Y%,-z+2;, (Vi) X, y+1,z+1; (vii)X+1,y-%, -z

4.7.2 Crystal Structure of Tetraethylammonium L-malate, ([N222.][mal])

The crystal structure of tetraethylammonium L-malate contained a monoclinic crystal
system with P2; space group similar to the previous one. This crystal showed a unit cell
dimensions, a = 7.4724(2)A, b = 19.9721(5)A, ¢ = 10.2726(3)A, v =90° B = 92.481(1)°
and a = 90°. The crystal data was summarized in Table 11 and the atomic coordinates,
bond lengths and angles, anisotropic displacement parameters, hydrogen coordinates and

torsion angles are shown in Appendix E.
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Table 11: Crystallographic details of the presented crystal structures
tetraethylammonium L-malate.
Data
Empirical formula Ca24 Hsg N2 O13
Formula weight 580.71
Temperature 100.0(1) K
Wavelength 0.71073 A

Crystal system, space group

Unit cell dimensions

Volume

Z, Calculated density
Absorption coefficient
F(000)

Crystal size

O range for data collection
Limiting indices

Reflections collected / unique
Completeness to ® = 35.00
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F?

Final R indices [1>2sigma(l)]
R indices (all data)

Largest diff. peak and hole

Monoclinic, P2;
a=747242)A a=90°
b=19.9721(5)A B=92.481(1)°
c=10.2726(3)A y=90°
1531.64(7) A3

2,1.259 Mg/m®

0.101 mm™*

636

0.45x0.35x0.32 mm

2.23 to 38.06°

-12<=h<=12, -34<=k<=29, -15<=I<=17
36497 / 8479 [R(int) = 0.0291]
99.10 %

Semi-empirical from equivalents
0.9685 and 0.9560

Full-matrix least-squares on F?
8479/1/372

1.039

R1 =0.0456, wR2 =0.1197
R1=0.0527, wR2 = 0.1247
0.625 and -0.804 e.A®
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Unlike from previous crystal, the asymmetric unit for this compound was composed of
two crystallographically independent ion pairs, with similar conformations and three water
molecules of crystallization (Figure 13). One of the water molecules (O1W) was partially
occupied with a site-occupancy factor of 0.721 (5). The bond lengths and angles were
within normal ranges (Allen et al., 1987). In the crystal structure, there was no
intermolecular interaction between cation-anion pair, but it had two intramolecular
interactions in anion. Intramolecular O3A—H30A---O5A and O3B—H30B---O5B have
a similar distance of 0.82 A (or O0—O distance of 2.68 A) hydrogen bonds form S(5) ring

motifs (Bernstein et al., 1995).

04A OSA

Figure 13: The molecular structure of tetraethylammonium L-malate with atoms label and
40 % probability ellipsoids for non-H atoms. The hydrogen atoms of the cations were

omitted for clarity. Intramolecular interactions are shown as dashed lines.
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In the crystal structure, the molecules were linked together by water molecules through a
direct four membered O—H---O—H---O—H interactions to form one dimension infinite
chains along the a-axis. Since the molecules were also linked into one dimension infinite
chains along the b-axis, molecular sheets parallel to the (001)-plane were created (Figure
14). The crystal structure was stabilized by two intramolecular O—H---O hydrogen bonds,
nine intermolecular O—H---O and ten C—H---O hydrogen bonds. Table 12 showed

hydrogen-bond geometry (A) for tetraethylammonium L-malate.

Figure 14: The crystal packing of tetraethylammonium L-malate, view down the c axis
showing infinite 1-D chain along the a- and b-axes of the unit cell. Intermolecular

interactions are shown as dashed lines.
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Table 12: Hydrogen-bond geometry (A) for tetraethylammonium L-malate

D-H---A D-H H---A D---A D-H---A
O1A-10A---O4A' 0.82 1.68 2.4968 (12) 171.0
O3A-30A---02W 0.82 2.00 2.7292 (15) 149.0
O3A-30A---05A 0.82 2.24 2.6850 (13) 114.0
O3B-30B---03W 0.82 2.00 2.7438 (16) 151.0
O3B-30B---O5B 0.82 2.26 2.6827 (13) 112.0
O1W-1W1---O4A" 0.92 2.03 2.9359 (19) 166.0
O1W-2W1---01B" 0.92 1.90 2.8020 (2) 165.0
O2W-1W2---O5B 0.84 1.99 2.7962 (14) 162.0
02W-2W2---03B" 0.65 2.25 2.8969 (14) 175.0
O3W-2W3---03A 0.75 (3) 2.17 (3) 2.9163 (14) 176.6 (19)
O3W-1W3---O5A' 0.87 (2) 1.98 (2) 2.7907 (14) 155.0 (2)
C2A-2AB---O1W" 0.97 2.44 3.3850 (2) 165.0
C5A-5AA---O1A" 0.97 2.41 3.2826 (16) 149.0
C7A-7TAA---O1W 0.97 2.42 3.2510 (2) 144.0
C11A-11B---O2A 0.97 2.53 3.2863 (16) 135.0
C7A-7AB---O4B™ 0.97 2.46 3.3810 (17) 157.0
C5B-5BB---04A" 0.97 2.50 3.4140 (2) 156.0
C7B-7BB---02B" 0.97 2.47 3.4332 (16) 170.0

Symmetry codes: (i) X +1,v, z; (i) X, ¥,z -1; (iii)) X+ 1,y - %, -z + 1; (iv) x - 1,v, Z; (V) X, ¥y, Z + 1; (Vi) -X,

y+%, -z +1; (Vi) X,y + %, -z.
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4.8 Optical Rotation, ([a] 0>)

In this research, each CILs derived from amino acids and plant acids have a chiral
structure. The optical rotation values were measured in aqueous solution with
concentration for all CILs and starting acids at 1 g/100 mL. Measurements of optical
rotation were performed at 25 °C and the results were tabulated in Table 13. The results

showed the magnitudes of optical rotation of CILs which were smaller than starting acids

except for [N2222] [gln], [N2222] [glU], [N2222][met] and [N2222] [mal].

Table 13: Optical rotation value ([a]p?) for starting acids and CILs at 25 °C

Compound Value of Starting Value of
Acids CILs
[N2222][ser] -7.5 -15
[N2222][pro] -84.8 -42.9
[Naz22][thr] - 28.6 -3.8
[N2222][is0] +11.3 +4.9
[N2222][asn] -6.5 -51
[N2222][gln] +6.3 -74
[N2222][glu] +11.8 -2.1
[N2222][met] -7.8 +1.1
[N222][his] -38.9 -5.2
[N2222][lys] +12.3 +6.9
[N2222][mal] -4.8 -7.4

Interestingly, for [Nax22][gIn] and [Na22][glu], the direction of optical rotation was
different between starting acids and CILs. Both of these starting materials showed a
clockwise [a]o®® value, but anti-clockwise [a]p®® value for CILs. From the results, it
explained that the direction of plane rotation of the polarized light was at the opposite of

the starting acids. Allen et al. (2006) reported the optical rotation value for entire
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tetrabutylammonium-based amino acids were found to become much smaller than this
work except for [TBA][L-met]. This phenomenon also has been previously observed for a

variety of amino acids in the presence of an acid or a base (Ding and Armstrong, 2005).

Furthermore, the variation of the optical rotation value of the CILs cannot be compared in
any meaningful way to that of the free of amino acids as ab initio calculations have shown
that variations in conformational structure resulted in variation of the optical rotation value
(Pecul, 2006 and Pecul et al., 2004). Meanwhile, for CILs derived from plant acids, the
magnitudes of optical rotation for [N2222][mal] was observed much bigger than the starting

acid.

4.9 Viscosity and lonic Conductivity

ILs in general are more viscous than most common solvents. ILs’ viscosity at ambient
temperature range from around 10 cP to values in excess of 1000 cP. For comparative
purposes, the viscosity of water, ethylene glycol and glycerol at room temperature were at
0.89, 16.10 and 934.00 cP. Meanwhile for ionic conductivity properties, ILs also have
good ionic conductivities compared to organic solvents/electrolyte systems (up to 10 mS
cm™) (Galinski et al., 2006). Viscosity and ionic conductivity for CILs in room

temperature are listed in Table 14. Only CILs in a liquid form have been analyzed.
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Table 14: Molecular weight (Mw), viscosity and ionic conductivity data for CILs

produced at 25 °C.
CiLs Mw* Viscosity lonic
(g mol™) (cP) Conductivity
(mS/cm)

[N2222][ser] 234.34 1763 0.16
[N2222][pro] 244.37 438 0.46
[Naz22][thr] 248.36 1002 0.24
[N2222][ile] 260.42 526 0.35
[N2222][asn] 261.36 a a
[N2222][gIn] 275.39 a a
[Nazz2][lys] 275.43 352 0.54
[N2222][glu] 276.37 a a
[N2222][Met] 278.45 462 0.45
[N2222][his] 284.40 a a
[N2222][mal] 263.33 a a

a = solid or glass at 25 °C, hence the property was not determined; * from calculated/theory

Abbot et al., (2006) reported that viscosity of ILs is dependant on the size of molecules.
Large molecules of ILs give a high viscosity compared to small molecules. Conversely, in
this study we found that the size of molecule does not influence the viscosity and ionic
conductivity. In a series of CILs from amino acids containing the same cation with
different anions clearly affects both viscosity and ionic conductivity. The order of
increasing viscosity with respect to the anion is: [CsH13N202] (Lys) < [CsHsNO,] (Pro) <
[CsH10NO2S] (Met) < [CeH12NOz] (lle) < [C4HgNO3z]™ (Thr) < [C3HgNO3s] (Ser).
However, these trends do not exactly correlate with the anions size. This may be due to the
effect of anion’s property on the viscosity such as their ability to form H-bonding.
Meanwhile, the order of increasing ionic conductivity is reversible from the order of

increasing viscosity.
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The symmetry of cations also affected the slightly changes in viscosity. In this research,
tetraethylammonium cation ([N2222]) has been used in synthesizing CILs which is large
symmetrical molecule. Jiang et al. (2008) reported that [TAA][amino acids] composed of
asymmetric cations (such as [Ni112] and [N1113]) and small amino acid anions of simple
structure may be expected to have lower viscosity than the symmetric cations with similar
amino acid anions. As a general rule, symmetric cations usually cause high viscosity of
aliphatic ammonium-based ILs (McFarlane et al., 2004). As described earlier, quaternary
ammonium used in this work, have symmetry properties as shown in Figure 15, thus

increasing the viscosity of CILs.

Figure 15: Symmetry properties of tetraethylammonium cation.

From the results in Table 14, the different for viscosity and ionic conductivity was
strongly influenced by the different of anion used. In details, the side chains of the
corresponding amino acids anions and H-bonding in the structure of CILs were strongly
affecting the viscosity and ionic conductivity (Fukumoto et al., 2005). As mention earlier,
amino acids have more than one functional groups. This implies that some intra- and inter-
molecular interactions influenced in the ILs structure. In other words, introduction of a
functional group such as H-bonding donor or acceptor increased the viscosity and
decreased the ionic conductivity through intra/intermolecular interactions (Ohno and

Fukumoto, 2007).
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[N2222][ser] and [Nax22][thr] have relatively low ionic conductivity, may be due to H-
bonding or some other ion interactions which were expected through their side chains. The
presence of hydroxyl group (—OH) allowed the molecule to form H-bonding through
inter/intramolecular interactions in the structure of CILs, thus the existence of strong H-

bonding and cause high viscosities and low ionic conductivities.

Another factor that influences the viscosity and ionic conductivity is the side chains of
amino acids itself. The rotation volume in branch side chain of Ile will be decreased if
compared to a straight alkyl chain. Thus, it will eventually increase the viscosity and
decrease the ionic conductivity of [Nax2][ile]. However, the result for viscosity of
[N2222][ile] is slightly lower than [Na2][thr] and [N2222][ser], because of no hydroxyl

group present in the structure of [Na22.][ile].

The difference between met and ile were caused by the presence of the methyl group.
Structure of met has only one methyl group compare to ile which has two methyl groups.
As reported by Tamar et al. (2006), the increase of viscosity also due to the substituted
methyl group. Methyl group has a significant effect, observed from the increased of a —
CHjy linkage in the alkyl chain, which is due to the increment of the asymmetry of the

molecules.

The relationship between the component ion structures with viscosity and ionic
conductivity is not fully understood, probably because there are several parameters, such
as shape of ions, charge density, contribution of other interaction forces and

conformational change of alkyl chain involved in the structure of ILs (Ohno, 2006).
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Meanwhile, Figure 16 showed the strong linear correlation between the ionic conductivity
and the viscosity of CILs. When viscosities decrease, the ionic conductivities increase or
vice versa. lonic conductivity in this work showed lower conductivities but slightly higher
compared to alkylimidazolium-based amino acids synthesized by Fukumoto et al. (2005).
This was due to the size of cation. Large cation tends to lower the ionic conductivity, most

probably due to the lower mobility of the larger cations (Wassercheid and Welton, 2003).

Figure 16: Relationship between ionic conductivity and viscosity at 25 °C.

In the group of alkylimidazolium-based ILs, [emim][gly] has the lowest viscosity of 486
cP at 25 °C. A few of [N2222][amino acids] CILs synthesized in this study had significant

lower viscosities compared to [emim][amino acids] ILs. The [emim] cation with protons at
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the 2, 4, and 5 positions at imidazolium structure was contribute to H-bonding and it
becomes the reason for the high viscosity of the [emim][amino acids] ILs reported by
Jiang et al. (2008). Meanwhile, Kagimoto et al. (2007) found the lowest viscosity for
tetrabutyphosponium  L-lysinate  ([TBP][lys], 277 cP at 25 °C) among
tetrabutylphosponium-based ILs. In this work, [N2222][lys] gave 352 cP of viscosity, which

was higher than [TBP][lys].

The results for ionic conductivity showed a five CILs synthesized in this work have a high
ionic conductivities compared to [emim][amino acids] ILs reported by Fukumoto et al.
(2005). As an example, [emim][ser] (0.65 mS cm™) showed the highest conductivity
among [emim][amino acids] ILs at 25 °C however in this work, the highest conductivity
was observed for [Naaz][lys] is 0.54 mS cm™. As a conclusion, the rest of [Naz22][amino
acids] CILs showed higher ionic conductivitiy values compared to [emim][amino acids]

ILs excluding [N2222][ser].
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4.10 Application of CILs

4.10.1 Esterification of Oleyl Alcohol with Various Fatty Acids

Esterification reactions between oleyl alcohol and various acids was carried out using
native lipase and CILCE as a biocatalyst. The chain length varies from short chain adipic
acid (Cg dicarboxylic acid) and hexanoic acid (Cg carboxylic acid), medium chain capric
acid, (Cg carboxylic acid), lauric acid (Cy, carboxylic acid) myristic acid (Cy4 carboxylic
acid) and palmitic acid (Cy6 carboxylic acid) and long chain stearic acid (Cyg carboxylic

acid) and oleic acid (Cyg carboxylic acid, one double bond).

The esterification of various acid and alcohol using CILCE showed highest percentage of
conversion of ester compared to CRL. Figure 17 showed the percentage of conversion of
wax ester in hexane as a reaction media. It is clearly showed that lipase showed enhanced
percentage of conversion without losing any significant activity when it is coated with
CILs. The conversion of oleyl hexanoate was almost in two folds in CILCE (72.95 %)
compared to CRL (40.53 %). For di-oleyl adipate, the different in percentage of
conversion is almost 30 % when using CILCE compared to CRL. Similar results also been
observed for oleyl caprate and oleyl laurate with the difference between the percentage of

conversion of CILCE and CRL was only about 10 %.
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Figure 17: Percentage of conversion of various esters in hexane. Reaction was performed

at 40 °C for 1 hour.

Previous study by Ng (2008) reported that the CILCE did not aggregate and the coating
ILs are said to be stable and were not removed from the enzyme surface during the
reaction. Overall it can be seen that CILCE in most cases are more effective than native
CRL for short, medium and long alkyl chain acids. The results of higher percentage of
conversion using CILCE can be explained due to the hydrophilicity of CILs itself as

previously discussed in Section 4.5 on page 53.

Generally, esterification reaction is a reversible reaction, which means the reaction can
produced ester and hydrolysis of ester to form starting material at the same time. During
the reaction, water was produced as a by-product with ester. Hydrolysis of ester in the
presence of water will reduce the amount of ester, thus lowering the yield. The presence of
CILCE in the reaction can act as two functions; as a biocatalyst to increase the percentage
of ester and at the same time, absorbed the molecule of water produced. When the amount
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of water decreased, possibility of hydrolysis of ester also decreased and the amount of

ester increased.

Lipases are easily denatured at high temperature (Wei et al., 2002) where the peptide
bonds and amino acid side chains are reactive and can participate in deleterious reactions
(Fagain, 1997). This may be one of the reasons why native CRL gave quite a low
percentage of conversion as the reactions were carried out at 50 °C. However, for the
CILCE, the lipase active conformation was protected against high temperature by CILs, as
tetraethylammonium L-asparaginate was thermally stable. Therefore, we found that the
conversion were higher in CILCE compared to native CRL. In this context, the coated
lipase was able to enhance its performance without losing any significant activity when it

is coated with CILs.

Biocatalysis in nonaqueous media often suffers from reduced activity, selectivity or
stability of enzyme (Klibanov, 1997). To overcome these limitations, many approaches
have focused on the development of more efficient enzymes by enzyme modification,
molecular imprinting, additive addition or substrate matching (Lee and Kim, 2002). This
new method by coating the enzymes using ILs hopefully would mark the enhancement to
enantioselectivity and reliable stability. In the CILCE, the hydrophilic CILs will interact
with the hydrophilic enzyme surface (enzyme has a thin essential water layer on its

surface).

Okahata and Mori (1997) also observed similar intermolecular H-bonding between the
lipid and enzyme in their lipid-coated enzyme. The presence of these hydrogen bonded
nano-structures with polar and non-polar regions may be responsible for the stabilization

of enzymes coated in CIL that can maintain their functionality under very extreme
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denaturative conditions. Thus, both the solvophobic interactions are essential to maintain
the native structure and the water shell around the protein molecule which are preserved
by the ‘inclusion’ of the aqueous solution of free enzyme into the CILs network. This will

promote a clear enhancement of the enzyme stability (Kolle and Dronskowski, 2004).

Although, this is only a preliminary suggestion on how the enzyme and the ILs is bonded
during coating process. More research in characterizing its physico-chemical properties
will be carried out in near future (for example by using molecular modelling) in order to

find out more about this phenomena.
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CHAPTER 5

CONCLUSIONS

The main goal of this work is to synthesize a series of tetraethylammonium-based CILs
derived from amino acids and plant acid. We have shown that CILs can be synthesized
from readily available starting materials and the procedure is very simple and
straightforward using neutralization reaction methods. This synthetic pathway showed
CILs synthesized in good overall yield (> 85 % yield for CILs from amino acids and > 98

% for CIL derived from plant acids).

By using this simple and reproducible neutralization method, eleven new CILs derived
from amino acids and plant acids has been synthesized and characterized meanwhile
another one compound (Tetraethylammonium L-tartarate, [N222][tar]) can’t be classified

as ILs due to high T, above 100 °C. The new CILs produced were:

i)  Tetraethylammonium L-serinate ([N2222][ser])

i) Tetraethylammonium L-prolinate ([N2222][pro])

i)  Tetraethylammonium L-threoninate ([Na222][thr])
iv) Tetraethylammonium L-isoleucinate ([N2222][ile])
v)  Tetraethylammonium L-asparaginate ([N2222][asn])
vi)  Tetraethylammonium L-glutaminate ([N2222][gIn])
vii) Tetraethylammonium L-glutamate ([N2222][glu])
viii) Tetraethylammonium L-methioninate ([N2222][met])

iX) Tetraethylammonium L-histidinate ([N2222][his])
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X)  Tetraethylammonium L-lysinate ([N2222][lys])

xi)  Tetraethylammonium L-malate ([N2222][mal])

All CILs produced were characterized by *H and **C NMR, CHNS/O elemental analysis,
DSC, TGA, single crystal X-ray diffraction analysis, optical rotation, viscosity and ionic

conductivity.

Single Crystal X-ray data showed that intermolecular H-bonding interaction occurs
between cation and anion in [Nax2][tar] show a higher melting point compared to
intramolecular interaction in the compound of [N2222][mal]. Other than that, the symmetry
properties of L(+) tartarate also resulted in high melting point. Meanwhile, the lower
melting point of CILs derived from amino acids for [N22,][his] compared to [N2222][asn]

could be due to the anion size.

TGA analysis showed that the presence of more than one functional group in a single
molecule of anions, different conformational structure and also different alkyl chain
clearly affected the thermal stability of each CILs produced. The viscosity and ionic
conductivity for liquid CILs were also been determined. Interestingly, it was found that
size of molecules did not influence the viscosity and ionic conductivity. The symmetry of
cation, different of anions used and other interaction such as H-bonding were affected the
viscosity and ionic conductivity. Other than that, the strong relationship between viscosity
and ionic conductivity was found. When the viscosity was increased, the ionic

conductivity was decreased or vice versa.
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In biocatalysis application, tetraethylammonium L-asparaginate was chosen to be coated
with Candida rugosa lipase (CRL) due to the smaller size compared to
tetraethylammonium L-histidinate. This CILCE was then used as biocatalyst in
esterification of oleyl alcohol and various fatty acids. It was observed that CILCE showed
a better percentage of conversion when compared to native CRL for all alkyl chain of fatty
acids from short, medium and long chains. The observation indicated that coated lipase

showed enhance activity.

In near future, specific modifications of the chemical and physical properties of the
tetraethylammonium-type CILs may assist their presence especially in pharmaceutical
industries. For example, tetraethylammonium L-lysinate showed less viscosity as
compared to other CILs should find a new solvent for chiral discrimination and CILCE

should find uses as a new type of biocatalyst in many chemical reactions.
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5.1 Recommendation for Further Studies

Based on this study, several strategies should be further studied for the improvement of

ClILs in term of the synthesis of CILs and its applications. Among the strategies are:

1. Selecting the appropriate anions for decreasing the viscosity and improving their

thermal stabilities of CILs.

2. Study of other suitable combinations of cations and anions to tailor the best ILs for

desired applications should be thoroughly researched.

3. Study the physico-chemical properties of CILCE. More research should be done in

order to know the interactions occurred between CILs and lipase and to understand

the performance of CILCE as catalyst.
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APPENDIX A

Calculation for Esterification Reaction of Oleyl Alcohol with

Various Fatty Acids

The percentage of conversion (%) was calculated based on the following equation:

Percentage of Conversion (%0) = (Vcontrol.— Vsampte) X 100 %0

Vcontrol

Veontrol = Volume of 0.1 M NaOH needed to titrate the control

Vsample = Volume of 0.1 M NaOH needed to titrate the sample
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APPENDIX B-1 (*H NMR)

—=—— PROCESSING PARAMETERS ~~~-

do_balance

sexp : 0.2[Hz)

trapezoid3 i 0[%) : 80[%] : 100IX]
1

08B137P_SER3

1394689

= zerofill 1
& ££ft 1 1 t TRUE
= machinephase
4 pom
3 auto_reference 1 5[%])
[ HO
g‘ 3
= . -
‘ : \I o 'NHz
3 NN
=
= 0 == T e
=3 —mmm ACQUISITION PARAMETERS ————
File Wame = :gns;;;sn.a
3 i = i Auvthor = oha
o] Tetraethylammonium L-serinate % =
S Contant = pingleo_pulse
& e Creation Date = 30-JUL-2008 15:22:144
=
= Revision Date = 20-AUG-2008 08:09:02
| = | o Spec site = ECA400
3 = Spec Type = DELTAZ2_NMR
[ £ o Data Format = 1D CONPLEX
i o :’:‘ Dimgnaions = X
> > S | Dim Title = 1n
S > Dim Size = 13107
[ Dim Units = [ppeml
: 4 = pingle_pulse.ex2
‘ Probe_id - 3236
{ Temp_get = 21.2[4C]
2 Spin_get = 16(Hz)
=l Solvant = D20
Racvr_gain = 30
Scans -8
= X_presc =1
=k bigital filter = TRUE
3 3 Filter_factor =
X_points = 16384
X_domain = 18
g T X_offaet = 5{ppm)
=£ 58 X_freq - 399.78219838 [patz]
S F 9 X_swaep = 15.02403846 [x¥x]
= S & X_acq_time = 1.09051504 (3]
X_rasclution = 0.91699454 [#z]
i e Relaxation delay= 5[a]
S3 (g Repetition_time = 6.09051904(3]
27 = X_angle = 45 (deqg)
1 [ ~ X_90_width = 11.5[ual
] so = 5.75(us]
Xx_atn - 4.6[aB])
S I+ Dante_prosat = FALSE
] ] | Ixr_mode = Off
) Irr_domain = AH
- | [ Irr_frog = 399,78219838 (MH=]
2 £ Irr _offset -5
s =2 Irr_pwideh = 0.115 [=a]
= £4 Daad_tine = 0[us)
= i l Delay = 0[as]
z i | | 2ri_moda = off
= | | | Tri_domain - 18
| .4 Trifreg = 399,76219938 (MHz)
=3 o *ri_offaet = 5(ppa}
1 R B e RS BEasEsas s — —pre ey 1 Tri_pwidth - i{ua}
_pwiaca = 1[as
11.0 10.0 9.0 3.0 7.0 6. 5.0 Q.OM f 3.0 Qui saen - 1fas]
£ \ Qua_pwidth = 1[us]
L)X Sex_pwidch “ 1l[us]
NoRED Sep_pwidth = 1[uel
§ 922%] Oct_pwidch = 1i(us)
@ hﬁﬁ o wWon_pwidth = 1[us}
- S e o Dac_pwidth = 1(us]

'H NMR spectrum of tetraethylammonium L-serinate
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APPENDIX B-1 (*C NMR)
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230.0 220.0 210.0 200.0 190.0 lS(T.O 170.0 160.0 150.0 140.0 130.0 120.0 110.0 100.0 0.0

v ey T
30.0 70.0 60.0 50.0 40.0 30.0 20.0 100 O

64,1682
57.5561 -
52,0365 —
6.7753 —

1790231

fZ X : parts per Million : 13C

3C NMR spectrum of tetraethylammonium L-serinate
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===~ PROCESSING PARAMETERS
dc_balance

[exp : 2(Hz)
trapezoid3d : 0(%)
zerofill : 1

££t : 1 : TRUE
mackinephase

r 80({%) & 2000%)

prm
auto_reference 1 5{%)

ARANETER:
088137C_SER.3
mjohadii

File Hame =

hutbhox -

Sample ID = ser

Content = gingle pulse decoupled
Creation Date = 9-AVG-2008 15:45:39

Revision Date = 20-RUG~2008 O0B:06:10
Spec Site = ECALCO
= DELTAZ_HNR

Data Format = 1D COMPLEX
Dimansions - X
Dim Title = 13C
Dim Size = 26214
Dim Units = [ppem]
Expar: nt = single_pulse_dec
Probe_id = 3236
Temp_get = 25.2(48cC)
Spin_get = 14 [Hz]
Solvent = D20
Recvx_gain - 50
Scanc = 25
X _prescans -4
Digital filtexr = TRUE
Filter_ factor =
X_points = 32768
X_domain = 13C
X _offaet = 100 [ppe=]

req = 100,52530333 D=
X_sweep = 37.87878788 (kH=z)
X_acq _time = 0.8650752[a]
X_rosolution = 1,15596887 [#z]
Relaxation delay= 2([s8]
Repotition time = 2.8650752(#]
X_angle 30 [dog)
X_90_width 9.5[ue]

se 2.83333333 [us]

X_atn 10.5(4asj]
Nee_tima 2 (=]
Pecoupling TRUE
Irr_domain

ix
399.78219838 [MHx)
5

Irr_pwidth 0.11%(ms)
Ire_akta nce 1s5.6[asj
Irr_atn_dec 20.2(4d8)
Izxr_nolze Z
time 0 [ue)
Delay 0 (us)
oei_pwidth 1(us]
Obs_pwidth 1 [us)
Qui_pwidth 1[us]
Qua_pwidth 1[usl
S8ex_pwidch 1(us)
Sep_pwidch 1[us}
Oct_pwidth 1[ue)
dth 1(us)
pec_pwideh 1[ua]



(Millions)

~ l08B137P_PRO.3
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APPENDIX B-2 (*H NMR)

ance
gexp : 0.2(Hz}
trapozoidld
zexofill ¢ 1

machinephace

L),
7

Tetraethylammonium L-prolinate

File Name

tont
Creaticn Date

689552

Revision Data
Spec Site

Spec Type
Data Yormat
| Dimensiono
Dim Title

=)

|

| X-prescans

| Digital_rilter
Filter_factor

. 0:CCH
P

Dante_presat
Ixrx_mo!

Yrr domain
Irs_£freq
Iry_offset
Irx_pwidth
Dead_timo

110

12.0 10.0

Dec_pwidth

X : parts per Million : 1K

'H NMR spectrum of tetraethylammonium L-prolinate
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££t 1 1 1 TRUE

r 0f%)

mmww RCQUISITION P

Ed
H

o
-
o«

o
o
!5

E.

[

TP ENERAEDABAEDADINAERE NN

5 BO[%) : 100(%]

ope.
auto_refexence : S5[%]

ARAMETERS
00_8!.37?7P)IO. 3
i

=3
pro

single _pulse
31-JUL~-2008 00:59:46

20-AUG-2008 09:38:17
BCAL00

DELTAZ_NMR
10 COMPLEX
x

iR

13107

(ppm;

single pulse.ax?
3238

22.914ac)
24 (H2)
D20

S [ppm]
399,78219838 [MHz2]
15.02402846 (xHx)
1.0905190412]
0.51655454 [Hz)

5(s)
6.050515041(s)
45 (@egl
11.%(us)
5.750ual
4.6(as)

FALESE

Off

18

399.78219838 (MBE=z])
S{ppm)

0.147 (msa)

Ofus]

Ofusa)

Off

18
399.78219836 MEz)
S (ppm)



—0;5!737(_‘_!’]10.27

|
3 Ll |

Tetraethylammonium L- prolinate

500

300.0 400.0

2000

~-~— PROCESSING PARAMETERS ===

‘ dc_palance

saexp : 2(

trapezoids 1 0(%) 3 80[%] : 100[%)
zaxofill : 1

£ft + 1 : TRUE

machinephase

pam
| auto_reference 3 5[%])
\ wwme ACQUISITION FARAMETERS ———-—

File Wams = 0§BA37C_PRO.2
Author = mjohadii

Sample ID - pro

Conten = pingle pulse decoupled
Creation Date = S-AUG-2006 16:13:12

Ravision Date

Spec Site = ECAL00
Spac Typs = DELTAZ_NMR
Data FYormat = 1D COMPLEX
Dimensions =X
Dim Title = 13C
Dim Size = 26214
Dim Unita = [ppm]
riment = single_ pulse _dec
Probe_ia = 3236
Tomp_get = 22.3[4C)
Spin_get = 15 [Hz]
Soivent = D20
Recve_gain = 50
Scans - 32
X_prescans = 4
Digital filter « TRUE
Filter_factox =8
X _points = 32768
X_domain = 13¢
X_offset = 100 (pp
x_freg = 100.52520333 (Muz])
X_swoep = 37.87878788 [kBz]
¥_acg tima = 0.8650752 (=)
ion - 1.1 7 [Hz)

xX_x
Relaxacion delay= 2

€3]
2.8650752 (3]

Repstition_time =
1 X_anglae = 30(deg)
| %_90_width « 8.5[us)
1 | X_puloe = 2.83333333 [us])
= %_ata = 10.5(as)
g Noo_time = 2(8)
- Decoupling = TRUE
Irxr_domain - 1B
'z 1 Irr_freq = 399.78219838 DME=)
Z i Irx offset = 5(ppm)
= | Irr_pwidth - 0.115(ma]
g Irx_atn_noo = 20.2{dn)
= | | Irx_atn_dac - z0.21a2)
it 1 ‘ Irr_noise = WALZTZ
H i Dead_time = Ofus)
o ; J L JJL Delay = Dfus]
b Tri_pwidth = 1fus)
B T T T o o T o T T T Y T T T T e e e e Obe_puddth = ifus]
220.0 210.0 200.0 190.0 180.0 170.0 160.0 150.0 140.0 130.0 120.0 1100 100.0 90.0 $0.0 70.0 60.0 50.0 40.0 30.0 200 100 0 Q“’-mg“-h = :{::;
| [ Sex_pwidth = dfual
Sep. Mth = 1fus)
Oct_pwidth = 1fusa]
2 3 & ? g Q7 & Hon_pwidth = 1{us)
b 3 & W 1 o | Dac_pwidtn = 1fua)
- -
= “ 0 ~
S ¥ g% =
A X : parts per Million : 13C

3 C NMR spectrum of tetraethylammonium L-prolinate
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APPENDIX B-3 (*H NMR)
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(Milllons)

APPENDIX B-3 (*C NMR)

“L0B9SC_THR2

7000

OH

“rINH2
(o]

i

N+

600.0

Tetraethylammonium L-threoninate

500.0

———— PROCESSING PARRMETENS =~ e
-

de_balanc

meccp = 2{i=)

trapezoidl 1 O(N) : SO0(N] : 100([(%)
zarofill : 1

£fe : 1 : ThRUE

machisephase

rom
auto_xoference » (%l

—me= ACQUISITION PANSMETENS w=w=

Pile Name = 1OBSSC_THR.Z
Author = mjohadii/mfasii/sharens
Seople ID - the
Comtont » mingle pulse decaupled
| Creation Date = 20-APR-20C10 12:30:16
Rovision Date = 2W0-APR-2010 1%5:25:01
Spec Site “ ECA400
= DELTA2_J0m
Data Format = 1D COMPLEX
o. i - X
Dim Title - 13c
Dim 8ize = 26214
Dim Unito = [ppn)
= iment = single_pulso_deo
FProbe_id - 3256
Torp_ go = 23.4fac)
Spin_get “« 14[Hz]
Balveat - D20
Rocvr_gain " 60
Sooan: = 308
-4
PDigital _filter =~ TRUE
Filtor_factor =8
X_points - 3Z768
X_dommin - 13C
X_ocffsot = 100 (ppe=]
req « 100.52530333 [(MH3)
- 37.87870788 [kMx)
t = D.B6%50753 (=)
X_xeuolution = 1.15596887(Ha)
Relaxation_delayw= 2{u)
Ropotition time = 2.06%507%2([=)
X_anglo = 30[dog]
X_90_width = 9.25[us]
X_palme - 3.08333333(us)
X_atn = 10.%[an)
Boe_time = 2o}
Dacoupling - TRUE
Irr_doommin - im
Irx_froqg = 399.702158306 (rarz)
Xrx _offsot = 50
Irx puidth - 0.115(ma)
Irs_atn_nce = 25.26(4n)
Irr_atn_dec = 2%.3004n)
Iry noise = WALTZE
Daad_tinae = 0[ua)
Dolay = 0lux)
Tri_pwidth = 1llus)
Cha_pwidtlk = 1llus)
Cai_peidth = 1u=)
o _pwidth = Liu=)
Sox_pwidth = l{us)
Sep pwidth = 1fus]
Oct_pwidth = 1{us)
¥on_pwidth = llux)
Doo_pwidth = lius]

.
=
- 4
i ;
e | |
= ?
=R
{ [
|
e |
=
= |
|
] |
= | |
g |
| |
! i
] |
,1 L . — e -
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= ~
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3 C NMR spectrum of tetraethylammonium L-threoninate
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(Millions)

APPENDIX B-4 (*C NMR)

(HOBYSC_ILES3 | =—=— PROCESSING PARMETERS ——-—
{ lanca

de_ka
soxp & 2{E=)
tragezoid3 : O[%] : SO[%] t 100(%]
zorofill & 1
£fe : 1 : TRUE
= machinepbase
ppe
H2N auto_seference : S[%1
\_\I 0o Z
™ z
(o]
7 Tetraethylammonium L-isoleucinate —-— ACQUISITION PARANETERS -—--
File Hamo = 10BS5C_ILE.3
H Author = mjohadii/mfaxli/abkaree
Sample ID - ile
Content « single pulse dGecoupl
< Creation Date = 20-APR-2010 12:112:51
==
B Revision Date = 20-APR-2010 15:105:00
Spec 2ite = BCA400
= DELTAZ DM
= iD COMPLEX
-x
- 13C
- 26214
= (ppm]
= pingle_pulse dec
1 = 3236
- 23.6(4C]
1 - 15[Hz]
- D20
= 60
= 354
= 4
= TRUX
1 -8
- 32768
=3 - 13C
2 = 100 {ppm)
= 100,52530333 Doex)
1 = 37.87078708 (kix)
= 0,.8650752(=)
- 1.1 87 [H=]
Relaxation delay= 2[(s]
reparition timo « 2.865075Z([s)
X_angle = 30(dey)
X_50_width = 9.25%(unl)
X_palse = 3.08333333 [ux]
x_ato - -5[an)
Bow_time - 2[x)
4 Dacoupling = TRUE
Irr domalin = 1H
< | Irr_{f. = 399.78315038 Ducs)
Irr_offset = 1
Irr _pwidth = 0,115 [m]
Irr_atn_snoe - 25.1g[as]
1 Irr_atn_dec = 25.18(as])
i | “ !rr_poiuo = "
o TORPT TR ARPYY | YPYPY e popron PrROpTe Jual 1 W bkl " v g Dead_time = Glus)
© A oy R i e S A e ] AN W Vet iy i i ) “ Delay = Ofux)
Tri_pwidth = L[us)
O B e B BAREE R an sasns ne el R R R R R AN AR NN R " et - T 1+ Obsa_gwidek - 2[us)
230.0220.0 210.0 200.0 190.0 150.0 170.0 160.0 150.0 140.0 130.0 120.0 110.0 100.0 90.0 80.0 70.0 60.0 50.0 40.0 30.0 20.0 10.0 ¢ it - i{z;
‘ ‘ | | Sox_pwidth = i(us}
! Sep_pwidth - x%u;
~ Oct_pwideh = L[us
> 3 2 % 2 8 =24 é dch - 2[ua}
L % = x| R ®=as< Dec_pwidth = 1(us]
- € o % :; w8
= e w - ——
X : parts per Million : 13C

3 C NMR spectrum of tetraethylammonium L-isoleucinate
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APPENDIX B-5 (*H NMR)

IBILP N2XX2ASNS

(/3
e

NH; O

NH;

Tetraethylammonium L-asparaginate

vy o BA iy
4.0 13.0 12.0 11.0 10.0 9.0

X : parts per Million = 1H

balacce

xp 1 O.2(He)

| zexofill :
£2x 3 1 1 YEUB
machinenphaxa

1287307

3

NCH,
NCH-CH

¥ile MNamo
], Asthor
Gaxpla ID
Content
Cruatice Datéa

$.851677

Ravixice Date
Spuc. Site

Rmeve_gaio
Szans
X_praxcanz
Digitel riltac
FPiltar tactor

0C-CH
»
3
3
g
g
g

Ropoticion _time
X _angle

X _ S0 _wiath

X paloe

X_aTn

Danteo prosat
Aer modo
Xrx_domain

LEodo
Iri_doamsin
Prd Creq
Txri _offmes

T
| Dmc_pwideh

'H NMR spectrum of tetraethylammonium L-asparaginate
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“me— PROCESZING PARMIETERS s

: 200(N)

SBILP _HZRAIASK.S
ohaddi

35

n2322asn
single_yulse
13-J00-2005 16540:3%

13~SAN-200% 17205155
ECALOD

1e38a
in

= {ppa)
399.786213858 (px]
25.02403846 (eyx]
3.09051904 (=]
©.915993%54 (1)
=i=l
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APPENDIX B-5 (*C NMR)

i ———— PROCESSING PARANE ———
1 dc_balance
1 | | mexp @ 2(Hz)
1 trapozoidd : O[%] : 80[%] : 200(%)
= 1] zerofill 1 i
= | ££t : 1 1 TRUE
el | machinephase
L | Q | opm
1 j | | auto_reference : 5[%]
1 N NH
i [’ Lg_ > 2 |
‘ <1 NH; O
g
| 1 i = i | - - - -
1 Tetraethylammonium L-asparaginate TR e s
Name - 0BB137C_OLU.Z
‘ = mjobadii
1 =
i ! = #ingle pulse decoupled
== | creation Date = 9-AUG-2008 16:04:10
| "81 | Revision Date = 20-AUG-2008 03:16:04
JI | Spec Site = ECA400
|
‘ l | = DELTAZ ¥R
| Data Format = 1D COMPLEX
{ Dimencions e x
1 | Dim Title = 13c
24 | Dim Siza = 26214
£ | Dim Unica =
= | Experimeat = aingle pulse_dec
| Frobe_: = 3236
Temp_gat = 22.9(&C)
Spin_get - 14 [Hz]
Solvent = D20
| Recwvr_gain = §0
=1 Scana = 13%
=8 | X_prescans -4
= | pigital_filter = TRUE
=1 ¥iltar factor = 3
1 X_points = 32766
| X_Gomain - 13cC
X_offoeot = 100 [ppee]
- X freq = 100.52530333 (MHx]
X_swe - 37.87378788 (kHz)
= X_acq_time = 0.8650752(s]
| s- *_resolution = 1.15596807 (¥=)
| =8 | Relaxation_delay= 2[s8]
| Repatition_time = 2.8650752(e])
| X_angle = 30[dag]
X_S0_width = 8.5[us)
X_puiae = 2.83333333(us)
{ X_atn = 1i0.5[a=)
| Noa_t. = 2(e]
21 Decoupling - TRUE
| 8 Irx_dama: = 18
o= Irx freq « 355.78219838 [16(z)
Z Irx_offset = 5(ppm]
=l 3 Xrx ath = 0.115 [ms]
= - Irr_atn_nos « 20.2[dB]
2 3 Irx_atn_dec = 20.z(dn]
b3 Irx_ncise -
= Dead_time = Ofus]
‘ b 0w ol 1 A Dalay = 0fus)
b Tri_pwidth - 1fus)
| o FSt BLL it BRI N i St s S 2 ot e s e e e e I e o e e e B e e o e SR | Obs_pwidth = 1[us]
[ 230.0 220.0 210.0 200.0 190.0 180.0 170.0 160.0 150.0 140.0 130.0 120.0 110.0 100.0 20.0 80.0 70.0 60.0 50.0 40.0 ﬁ.ﬁ? ZO.T 100 o g‘»"";g:: : :%::;
5 A ‘ . ‘ g, = et
‘ NS fl Sep_pwidth =1 %u;
| - o Oct_pwidth = 1fus
ZRE2 z2g 3% g S ¥on_pwiach = 1{us)
T35S 33 23 = Dec_pwidth = 1fas)
=88 45 BARN ,
popopwpn)
X : parts per Million : 13C

13C NMR spectrum of tetraethylammonium L-asparaginate
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APPENDIX B-6 (*H NMR)
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APPENDIX B-6 (*C NMR)
- | ‘ éﬁ;él?g‘gg(g:m PARAMETERS ~=—m
l E‘:'%‘??:Si,f,.ﬁ,,:m : 80[%] : 200(%)
\

700.0

prem
auvto_reference : 5[%]

NH;
Y

e s
s 0 o/ )}
g , , B .
1 Tetraethylammonium L-glutamin ate e ACQUESITION PARAMETERS —-w-
| File Nane = 0BB137C_OLU.2Z
1 Author = mjobadii
i Sample ID = gln
3 Content = zingle pulse decoupled
<= | Cxeation Date = 9-AUG-200§ 16:04:10
§ 1 Ravision Date = 20-AUG-2008 03:16:04
‘ | Spec Site = ECA400
‘ = DELTA2_MMR
Data Format = 1D COMPLEX
1 | Dimencions = x
Dim Ticle = 13C
3 1 Dim Size = 26214
g Dim Unita = {ppm)
= Experiment = siagle pulse_dec
Probe_id = 323§
Temp_gat = 32.9(ac)
Spin_get = 14 [Hz]
Solvant = D20
| Recvr_gain - 60
= Scans = 135
s | X_prescans -4
£ ' pigital_filter = TRUE
4 ¥ilter factor = 3
1 X_points = 32768
| X_Gomain = 13c
X_offaot = 100 [ppem]
X_fraq = 100.52530333 (M)
X_swoop = 37.87878788 (kHz)
= X_acqg _time = 0,8650752(s]
= ¥_raesolution = 1.15596807 (8=z)
| Relaxation_delay= 2([s1
| | Repatition time = 2.8650752(s]
X_angle = 30[d8eg]
X_S0_width = #.5[us)
X_puisae = 2.83333533(us)
i X_atn = 1i0.5[a=]
= Noa_time = 2(e])
| - Decoupling = TRUE
| 8 Irs ¢ = 118
3 - 3 Irx freq « 355.78219%838 [Mz)
| = 3 Irx_offset - ppn]
2 Yrx pwidth = 0.115 [ms]
= 4 Irx_atn_noa = 20.2(aE]
§ 3 Irx_atn_dec = 20.2[dn]
£ Irx_ncise - 1Z
| | | Dead_time = Ofus]
&4 i) ) J | A Daiay = 0fus)
Tri_pwidth = 1fua)
e LRI it s i Al o e e e e B SO A B L i B |1 Obs_pwidth = 1fus]
230.0 220.0 210.0 200.0 190.0 180.0 170.0 160.0 150.0 140.0 130.0 120.0 110.0 100.0 90.0 80.0 70.0 0 Qui_pwidath = 1fus]
, Qua_pwidth = ifus]
5 \ ‘ Sax_ywidl = 1(us]
! J Sep_pwicen = 1fas)
P - ~ Oct. th = ifus]
ZREIT ggﬁg 33§§ g 8 Mon_pwia = 1{us)
333 3323 G2k 3§ vecomiam S
Zgex E5in Gane = ‘
-
xX= ion : 13C 1

13C NMR spectrum of tetraethylammonium L-glutaminate

113



APPENDIX B-7 (*H NMR)

y 2 R —
‘ 0SBI3TP_GLUS ( - PROCESSING PARANETERS =ww== |

| | § | dc_baianc
| 3 |12 zexp : 0.2(Hz]
‘ S =3 trapezoidd : O(%) 1 B0[%] = 100(%)
] o a | zerof£ill :
| . | ££2 : 1 : TRUE
| o1 "}‘ | machinephasa
5 ' | ppm
3 o | max_ref : 3.262[ppm] s 4lppm]
NH, =
2 |
1 o}
Tetrasthyl . —_— t ‘2 | o ACQUISITION PARAMETERS -
etrae ammonium L- am File Kame = 0BBLITE_GLU.
= Y glutamate £ Author = mjohadil
S | - Sample ID - glu
@ . Content = single _pulce
| | Crmation Date = 30-JUL-2008 21:39:17
1 | Revigion Date = 20-AUG-2008 03:21:21
| 8pec gite = ECA400 |
| 1 | Spec = DELTA2_YMR ‘
| Data Format = 1D COMPLEX
i Dimansions =X |
| | | Dim Title = 1H
| | pim size = 13107 [
! Dim Unitsa = [(ppm]
| Experiment = single_pulse.ex2
= Probe _id = 3236
= Tenp_get « 23(ac)
) Spin_get = 16[Hz]
| Solvent = DzO
{ Racvr_gain = 30
Scans =8 |
X_prescans -1 .
| pigital _filter = TRUX
Filter_factor -8 |
¥ _points = 16384 |
| X_domain = 1H
‘ ¥ _offscet = 5 [ppeal
. x_freq = 399.78219938 DEz) |
‘ | L X_swoep - 15.02403846 (kNz]
[ £ 0 %_acq_time = 1.09051904[5]
(=} X_resolution % 0.51699454(nz]
= 5 116 #elaxation delay= S([&]
= | Py O Repetition tima = 6.05051904(=]
5ol 71 3 e ¥X_angie = 45[deg)
\ o g3 X_90_sidtn = 11.5(us)
| | leg = 5.75[us)
| | 3 X_acn = 4.6[as]
| Jre | ] Dante_presat = PALSE
| | Irx_mode = Off
0l | Irr_domain = 1H
I ( Irr freg = 299.78219838 [MM]
| | 1 / rrr_offset = 5 [ppm] [
| Irr_pwideh = 0.147 (n3)
1} = Q[us]
{ | = 0 [us] ‘
= off
= 1%
= - L = 359%.78219838 [MHz)
1 = S[ppm)
T T e e e o P SALMAR AL ,,_F,,;
i = 1lfus
14.0 13.0 12.0 11.0 10.0 9.0 T oad o Tiunl
| Qua_pwidth = 1(us)
= ifusa)
) Sep_pwidth = Afus)
] oct_pwidth = 1fus)
@ Non_pwidth = 1fus]
B3 Dec_pwidth = 1fus)

X : parts per Milllon ix1

'H NMR spectrum of tetraethylammonium L-glutamate

114



APPENDIX B-7 (*C NMR)

awsm PROCESSING PARANETERS ———o

1 | do_ba
1 sexp : Z[Hz)
trapesoidd : 0[%] : BOIX] : 100(%)
) | zerofill : 1
2 £t ¢ 1 : TRUE
= so

=
L
13

P
auto_reference : $[%]

“/<"/\\/\n/0
< !
§ K o} o}
! i = e ACQUISITION PARAMETERS ———-
Tetraethylammonium L-glutamate e B
2 | Authox = mjobadii
‘ 3 | Samplo ID = gla
{ Content = mingle pulse decoupled
2 Creation Date = 9-ADG-2008 16:04110
§- Revision Date “ 20-ADC-2008 09:16:04
Spec Site = ECA400
Spoc = DELTAZ Nt
Tata Format = iD COMPLEX
Tinsansions - X
. pim Title = 13C
s | Dim Size = 26214
§ Dir Unics = {ppmi
| Exper. t = mingle pulse_dec
Probe_id =~ 32386
Tarp_ges - 22.3{aC])
Spin_get = 14(Hz)
Selvent - DzO
1 JNecwr_gain = 60
a1 Scans = 135
= X_prescans =
21 Digital_filter = TRUD
| Filter_factor -8
X_points - 32768
| X_domain - 13C
X cffaet « 100 [ppr]
1 X _fraq = 100.52530333 (3@rx]
1 X_oweep = 37.87878708 [kxx)
2 X_acg_time = 0.8650752[a]
1 Auti - 1.1 7 {8z
LU Relaxation deley= 2[a]
1 Repetition tinme = 2.3650752([s)
} | X aagle « 30(deq)
1 X_90_widen = 8.5(un)
{ X_pulce = 2,#3333333 [us])
1 X_atn = 10.5[as}
= | Hoo_time - 2[a)
=3 Decoupling - TRUE
=2 Izx_domain - 1H
z =4 ez freq = 399.70215038 Dmex)
= - Irr_offget = $([ppm]
2 1 Irr_pwidsh = 0,135 [mal
= Irr_atn_nos - 20.2[48]
‘: Irr_atn dec - 20.2[4ae)
1= Trr_noise - WALTZ
= = Of[us]
- 3 Il 1AL | . | Delay = O(un)
- | Txi_pwidth = i(usl
e L IO SR g T T T Ob_pwidth - 2fual
230.0 220.0 210.0 200.0 190,0 180.0 170.0 160.0 150.0 140.0 130.0 120.0 110.0 100.0 90.0 80.0 70.0 60.0 50.0 40.0 30.0 20.0 10.0 0 ui_pvideh = Lfusa)
BU 1 )i | Qua_pwidth = ifus)
FANRY ARA [ Sex_pwidtn = 1fus)
FANCY bl ! Sep_pwidthn = :%ul
- o Oct_pwidth = ifus)
35’.3% 38§§ § = Hon_pwidth - ifus)
SdRF SR a & |[Dreauas “gusy
EEaR SaRY S ‘
oy - -
X : parts per Million : 13C

3C NMR spectrum of tetraethylammonium L-glutamate
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APPENDIX B-8 (*H NMR)

OSBI3TP MET3 ) = —--- PROCESSING PARAMETERS ——-—
|0SBI3TP_MET3 ( (% ITppnocs
1 | g mexp : 0.2([Hz]
| trm£ﬁ§¢3 i C[%) 3 S8C[%3 : 100(%)
1 w TOES: =
‘ = | ££t 1 1 3 TRUE
wachinephase
Dpo
o ! auvte_vxeference t (%)
=2 N+JJ\/\/S |
\ ! NHz | -
. o | ———— ACQUISITION PARAMETERS ——-—
Tetraethylammonium L-methioninate [ | 7ile nama - ossive ¥ET.S
Authos = ohadii
‘ Sawple ID = At
P I"’ Content = siogle pulae
'3 o Creation Date = 31-JUL-2008 0&:37137
| =
= i E E’;' Bovision Date = 20-AUG-2008 10401117
3 | Spec Site - ECAd
s =
| ’ B = DELTAZ_RMR
Data Format = 1D COMPLEX
Dimensions =X
Din Title = i
Din Size - 13107
l Dinm Units = fppm)
[ Experisont = zingle_pulse.ex2
\ yroba_id = 323
| | Mm:goc = Q:EZI?CI
| 8p. got = 16([H=
| = Soivent - 520
[ o | Recvr_gain - 30
3 o | Scans -8
8 | % _prescacs - 1
| Digital filter = TRUE
| Filver_factor = 8
7 = | | X_poin = 16304
= o w | X_domain = im
| [=] P =3 | X_offset = 5 [ppn)
| > b X_froq - 339.78219838 (=]
2 | X _mmap = 15.02403846 (kix)
0 X _meg time = 1.09:51931{:!]
X_ragsolution = 0.916994 Hx
| | | Relaxation_dolay= $(x]
| | {upot:.tian_ei-o - fg?sns;soa sl
| X_angle - acy’
g ; | X_90_wideh = 11.5(us)
=4 x_pulse = S-Z?g:!
X_ate = a.
l Dante_presat = r:.:an
| Irx_modo = O
Irr_domain - M
- Irr_froq = 299.78219838 DOiz)
E Trr_offaar - 1
: -e" xrz_pws.l::n = oin'ivln-)
= Dead_t = Ofus
E ; Dolay = g}:tl
< { | Tri_domain - 1B
| | Tri_frex = 29570219030 (10s2)
- oxi_offaet =5
[ e - e Ty v 2xdi_pwidth = ::uvg
Obg_pwidth = us
110 2.0 8.0 70 6.0 S.Ol 0 Qui. 1ath - ifua)
Qul_prc: - igun}
3 = - U
= s::ruwm:n = 1ius)
= Oct_pwidth = 1{us]
» Hon_pwidtn = ifus]
- Doc_pwidth = 1fus]

X : parts per Million : 16

'H NMR spectrum of tetraethylammonium L-methioninate
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APPENDIX B-8 (*C NMR)

~——— PRCCESSING PARANETERS ===
dc_balance
sexp 1 2 (Hz]
trapezoidd @ O0%) 3 80[%] : 100(%)
zoxofill 5 %
££fc : 1 i TRUE

.chi

(J(O | E:':o_:::::ea 2 50%)
FN'CO\JL\/\/S\

~=-— RACQUISITION FPARAMETERS —www

Tetraethylammonium L-methioninate

{ | File Name = CBBA3TC_MET.Z
| Author = mjohadii
| Sanrple ID = mot
| Content = gingle pulse decoupled
| Creation Date = S-AUG-2008 16:23:21

| Ravision Date

= 20-AUG-2008 09:59:29
| Spec Site « BECR400
| spac = DELTA2_MMR
| Data Format = 1D COMPLEX
| Dimensions =X
Dim Titie = 13C
Dim Size = 26214
Dim Unita = {(ppm)
Experinant = single _pulco_dec
Probe_id = 3236
Tamp_get = 23{dc)
| Spin_get = A4 (H=z]
Solvent = D20
Recvr_gain = 6Q
Scan = 92
i preszcans -4
Digital_filter = TRUE
Filter factor =
X_points - 32768
¥%_dcmain = 13C
X_offmet = 100 [ppea]
X_freq = 100.52530333 [Mrz]
| X aweap = 37.87878788 (knz)
X_acg time = 0.8650752(a)
X_resolution = 1.15596887 (¥Hx)
Relaxation delay= 2[s]
Repetition time = 2.865075213)
| X 1 = 30[deg)
| X_90_width = 8.5 [us]
| loe = 2.83333335[us)
| X_atn = 10.5[aB)
| Hee_tima = 2[=)
| Decoupling = TRUE
Irr_domain = 1K
| > Irr_freq = 395.78219938 (M=)
| Irz _offaet -5
| Irr_pwidt = 0.1150=s)
| X¥x_atn_nce = 20.2(aB)
| Irr_atn_dec = 20.2(4as]
| Xxx_noige = WALTZ
| I L | Bead stus = Oluel
s o) lay = uE
ST wed_pwiacn = 1fus]
L R—— rver=teess e ey T T T T T T T T T T T T T T T T T T T Py 1 {1 S T 1 I P Ty T ey e e e e Obs_pwidth - 1[us]
220.0210.0 200.0 190.0 180.0 170.0 160.0 150.0 140.0 130.0 120.0 110.0 100.0 90.0 80.0 70.0 60.0 50.0 40.0 300 200 10.0 ¢ M—""‘-::: 2 }E::}
[ Gua_grvi
| | | | | Sesx_pwidth = 1f{us]
! ' ! Sep_pwidth = 1l(us]
- Cot:_pwidth = 1l[us]
2 a2 a8 2o Ron_pwide: = 1[usl
ﬁ %g =4 2 5 § Dec_pwidch = 1fus]
z A RS =
=

X : parts per Million : 13C

3C NMR spectrum of tetraethylammonium L-methioninate
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APPENDIX B-9 (*H NMR)

N o)
¢ i

o
HiN NH; K‘“\

Tetraethylammonium L-histidinate

B e S IR

10.0 2.0

e
110

12.0

1
1.19859

1051431

el —e== PRCCESSING PARAMETERS —---—
Y dc_balance
= sexp : 0.2[Hz]
[ trapezeid3 : OCX1 : 8O0[%] : 100(%]
-] rerofill : 1
- fe : 1 3
| machinephase
| max_xef : 4.865(prm] : dlppm)
——=— ACQUISITION PARANETERS ~w=--=
File Nars = 08B137F_HIS.S
Aunthox = mjohadii
Sample ID = bhisz
Content = aingle pulse
:f‘ Creation Date = 30-JUL-2008 16:36:34
i. Revision Date = 20-AUG-~2008 08:58:39
o Spec Site = ECA40C
= = DELTAZ_HMR
Pata Format = 1D COMPLEX
Dimensions - X
Dim Ticle = 1H
Dim Size = 13107
Dim Units = [ppm]
Experisent « gingle pulse.ex2
Probo_: = 3236
Temp._gat = 22(ac)
Spin_get = 16[Hz]
Selvent = D20
| Recvz_gain = 36
Scans =8
| X_prescans = 1
pigital rfilter = TRUE
Filter_factor -8
| X _pointa = 16384
X_domain - 1H
X_offsaot = 5 (pr=])
X_fzeq « 395.78213838 (MEz]}
Lswoop = 15.02403846 [kBEz]
X_acq _time = 1.05051904 (=]
X_resolution = 0.91699454 [Hz]
Relaxation_dolay= 5(=]
Repetition tima = 6.05051304(s)
P lo = 45([Gegl
X_90_width = 11.5[u=)
X_pulse = 5.75[ual
X_atn = 4.6[(as])
Dante_presat = FALSE
Irr_mode = Off
Iry Qomain - 1B
7 | Ixr_£freq = 399.78219838[MHz)
| Xrr offset = 5 (ppm]
| Ixrz_pwidth = 0.147 [ms)
Dead_timo = 0fus)
« Ofus)
= Off
= 1B
- 395.78215838 (M=)
= S(ppm)
= 1lfus]
= 1iual
= L(us]
« xfus]
= i[uz]
= lfua]
= Lfual
= 1fus)
= Lfus]

'H NMR spectrum of tetraethylammonium L-histidinate
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APPENDIX B-9 (*C NMR)

=~ PROCESSING PARANETERS
de_balance

sexp : 2[H=z]

trapezeidl : O0f(%] : 80(%] : 100(%)
zerofill : %

££L : 1 : TRUE

machinephase

PP
auto_rxeference : 5(%]

<]
=
-
<
7
-
2
g
=] Tetraethylammonium L-histidinate
= wmmw ACQUISITION PARAMETERS -———
=3 File Name = 08B137C_NIS5.2
= Author « mjohadaii
< Sample ID = his
= Content = zinglo pulse decoupled
Creation Date = 9-AUG-2008 15:52:50
=
g Revision Date = 20-AUG-2008 0S:35130
= Spec Site = ECA400
2 Type - DELTAZ MMR
g Data Format = 1D CONPLEX
L Dimansions =X
| Dim Title - 13C
b= Dim Size = 26214
t—3a| Dim Units =~ [ppeal
i | Experiment = pingle_pulee_dec
| Probe_id - 3235
2 Tomp_get = 22.874C)
S Spin_get = 17(Hz)
Solvent = D20
= Racvr_gain = 60
= Scans - 5S4
- escans =4
Digital filter = TRUE
=3 [ Filter_factor =8
= 1 | X_peoints = 32768
2 X_domain = 13C
| X _offget = 100 [ppm)

Q4 X_freq = 100.52530333 [MHz)
s X_awaop = 37.87878788 [kiz)
1 X_acqg _time = 0.8650752(sc)
| lutio: = 1.1 7(Hz)

< Relaxation_delays= 2{a]
= Repetition_time = 2.8650752[s1
=3 X_angle = 20{deg)
i X_90_width = 8.5[ua]
2 X_pulse = 2.83333333[us)
&7 X atn = 10.5(dEB)
| | Hoe_tims = 2(s)
1 | Daccupling = TRUZ
2 ‘ Irr_domain - 3d
s Irr_trea = 359.78219838 (MKz]
Xrr offaat = )]
= | Irr_pwidth = 0.115[=sa]
=4 Irr_atn _noo = 20.2(4B
- | Irr_atn_dsc - 20.2[4B)
i | Irr_ncice = WALTZ
1 { l Dead_time = Ofus]
o -5 e ', S " s 3 " dpa Delay = 0fus]
| | ?xi_pwidth = 1{us)
L B RSN s e s ey e A e ey e s s p s e s e e p e e S e S e Sy S i e b e U S o B e e e B e | Obs_pwidth = 1f{us)
230.0 220.0 210.0 200.0 190.0 180.0 170.0 160,0 150.0 10,0 130.0 120,0 110.0 100.0 90.0 830.0 70.0 60.0 50.0 40.0 30.0 20.0 10.0 0 g::—gig:: = 2{oa]
| :[ 1, ‘ | Sex_pwidth = 1fus]
! A ) ' w_vv:dr.h = 1{us]
Oct_pwidth = 1{us)
5 3'—' = g 3 e g Hon_pwidth = 1{us]
Lr 59% S - g‘ S & Dec_pwidth = 1f{us)
-~ -
= “e = e - \c
= - -

X : parts per Million :

13C

3C NMR spectrum of tetraethylammonium L-histidinate

119



(Millions)

40,0

30.0

20,0

10.0

60.0

0.0

X2 parts per Million @ 1¥X

NYO

( 0 NH, NH;
Tetraethylammonium L-lysinate

'H NMR spectrum of tetraethylammonium L-lysinate

120

N-CHzand 0,C-CH

APPENDIX B-10 (*H NMR)

4.38201

N-CHz Chy

—e== PROCEESING PARAMETERS —-—-—
zexp : 0.2(Hz)

trapezoids : O0(%) : BO(%] : 100(%3
Forefill : 1

£t 1 1 1 TRUB

nachicophaco

ppe.
auto _xeference : S[X]

——== ACQUISITION PAINAMETERS ===

Yile Nawa = SB1l¥ N2222LY8.3
Author = mjohadii

Sezgle 1D - @m22221ys

Content = single pulze
Creation Date = 13-YAN-2009 16:44:11

Revision Date 13-JAN~2005 17:14:20
2400

Spec Site ECALD
Spuc Typa = DELTAZ_WMR
Data Format = 1D OOMPLEX
Dimangions - X
Din Title = 1K
Tinm Size - 13107
Din Units = ippml
Expariment = mingla_pulse.ox2
rrobe i4 - 3236
_got - 407 .11ac)

Spin_get = 16[82)
Solvent = DIo
Rocvr_gein - 20
Scans -8
X_prescans = 1
Digital filter « TRUS
Filtor_ factor =8
X _points - 16384
X _domain = 18
X_ocffuet = Sipgm)
X_freg ~ 358.78215838 [MHx]
X_oweop = 1%.02403846(knz)
X_ncq time - 1.03051804(s])
X_recolution = 0.91699434 [1tx}
Relaxation delay= 5(a)
Repatition time 6,090%2904 [ =]
X_nngle 45 [degl
X_90_width 10,28 [usl
X_palse S.44 (ux]
X_ate 4.7{aB}
Tanto_prosat TALSR
Irs_maode ors
Ixy_donmain 18
Irr_freg 599.78219838 [mHz]
Ixy_offsat 5{ppn]
Ixr_pwidth 1fus]

ad_tine Gius]

B B T B B O A )
o
-
F
a
-
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{

)
N)f\cl\//:_/_\_\
o NH,  NH,

Tetraethylammonium L-lysinate

APPENDIX B-10 (*C NMR)

e PROCESSING PATAMETERS ————

dc_balance
sexp : 2[He]

trapezoidd 3 C(%) 3 #0([%) 3 1000%]
zerofill = 1

af

££t : 1 : TRUE

machinephase

Ppen
auto_reference 3 3%}

, |
WA ARt ol (e

v T T T T T T T T T T ¥ T T T T
190.0 180.0 170.0 I60.0 IS0.0 140.0 1300 1200 1100 1000 900 800 700 60.0 500 0.0

183.4503

X : parts per Million : 13C

a
\
42 g
gz 4
265

SXTX
¥ile Hama

mevision Date
Spec 8ita

X_prescans
Pigital filter

e

10BS5C_LYS.2 |
mjohadii/mfazli/shares

2 b
single #a decoupled
20-APR-2010 146:34:17

20-APR-2010 15118148
ECAQ00

DXLTAZ_MBen
1D COMPLEX

x
13c
26214

Ton.
single _pulsa_dec
3236
23.7(4c] |
15(Hz] |
Dao |
60
50
4
TRUE

8
32768
13C

100 tppm}
100.52530333 tamtx}
37.87078708 [kix)
0,8650752[a]

1.1 8223

2[al
2.8650752(0)
30 (deg)
9.25(usl
3.08333333 [ua]
10.5([as)

2[a]

TRUE

180
399 .70219038 Da=x]

3C NMR spectrum of tetraethylammonium L-lysinate
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APPENDIX B-11 (*H NMR)

|9B11P_N2222TAR3 . ~- PROCESSING PARAMETERS —===
| -3 do_balance
! ] sexp : 0.20M=)
4 trapezo 3 1 2
2 = sroid3 1 Tora + BOrRI 1 1000%)
> | =8 zerofi 3
§ 1 ££t : 1 : TRUE
machinephase
2 OH Q auto_xaefaranca : 5(%]
= %o
} 2 | Nt OH
S O OH
= | $ mmm= ACQUISITION PARAMETERS ——=-
S- Tetraethylammonium L-tartarate File Kame = $811D NZ222TAR.2
=3 Author = michadii
| Semple ID = a2222tar
= (> Eom:ont = single_pulse
51 = Creation Date = 13-JAN- £38:
£ £ 1 2009 16:35:37
‘ = ; 3 Rovision Date = 13-JAN-2009 17:10:43
| | Spec Site = ECRAOO
=
‘ s Spac Type = DELTAZ_HMR
= | pData Format = 1D COMPLEX
| E Dimencions =X
= o o Bim Title - 1H
- & S Dim Size = 13107
o« > o Dim Unita = [pp=)
| > lxpo:i;mm; - :gx;gla_nulnc.exz
Prode_iad =
1 =1 Temp_get - 407.1tac)
4 Spin _ges = 130
Solvent -
Recvr_gain = 30
= Scans =8
8" X_prescans - 1
Digital_filter = TRUE
rilter factor - 8
X_points = 16384
= X dcmatn = 1=
S ! X_offmet = S(ppm]
X_fxeq = 399.78219836 (MHz]
- X_sweap « 15.02403846(knz]
Pt [=] X_acq _time = 1.09051904 (8]
x_raaolutio;el - gis:]lssslﬁl(:ﬂ:)
Relaxation ay= =
Repetition_time = 6.02051904(s)
5] ang. = 45[deg]
= X_S0_width = 10.99 [us]
g | X_pulze - S-‘lldl.:-?l
X_atn = 4.7
Dante _presat = FALSE
2 Irx_mode = Off
] | Irx_ demain = 1H
’i Irx_freq = 399.782159B838 (MHz)
Iry offset = S[ppm)
2 < ! ‘ Irr_pwidth = 1[us]
2 s Dead_time = dfus)
== ‘ Delay = 0fus)
|2 i Tri_mode - orc
i Tri_domain = 1K
s 1 B AN i I | erilereq = 339.78219838 (11z)
Tri_ocffset = S[ppa]
asnas R R AR R e L AR A N R AR A LS AR E RS SRR S AL R L LALLM B B Aie £ 8 e hn m ot nir e n man o s T ~— T T .,v..s.v”,'v—--\hl_wi:gn =1“‘=
- z Oba_pwiden = 1[us
14.0 13.0 12.0 11.0 10.0 9.0 8.0 7.0 6.0 5.0 4.0 :!3.0 2.0 o Qus idch w A igl
l AN Qua_pwiden = 1(use)
3-3. Sex_pwidth = 1[us)
oM aam 2 | Sep pwidch = 1[ue]
% =L 2 | oct_pwidtn = 1fus]
] eiriey S | Hon_pwidth = 1fuel]
- Pt QI' Bac_pwldch = 1(ue]
A X : parts per Million : 1XX

7 R -~

'H NMR spectrum of tetraethylammonium L-tartarate
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APPENDIX B-11 (*C NMR)

w=w= PROCESSING PARAMETERS
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_balance
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zerofill : 1
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o

e
auto_reference : 5(%)
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File Name = 10BISC_TAR.2
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13C NMR spectrum of tetraethylammonium L-tartarate
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APPENDIX B-12 (*C NMR)
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———= ACQUISITION PARAMETENS ===

File Name

Content
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Spec Site -
Speoc Type = DELTAZ_NMR
Data Format = 1D COMPLXX
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Pim Title - 13¢
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Hoe_puwideh = 1fus)
Dec_pwidth = 1lfus)

3C NMR spectrum of tetraethylammonium L-malate
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APPENDIX C-1

% UN2222 ser Lin - |
N2222 ser, 435130 mg
ood 1 -0.00
Onset 18762°C -0.02 4
Endset 23521°C
80 4 LetLimit 14667 °C b
RightLimt  27319°C
-0.04 4
60 | -006 1
7 -0.08
40 — i
-0.10
-0.12
20 —
1 ]
J -0.14
04 50 100 150 200 250 300 350 400 450 500 550
Lo b b b b e b b b e b oy ooy 1 2016
-ty e e e
0 5 10 15 20 25 30 35 40 45 50 55 __min

Lab: METTLER

STAR® SW 8.10

TGA and DTG curves for tetraethylammonium L-serinate ([N2222][ser])

APPENDIX C-2

%7 \N2222-PRO Limin
N2222-PRO,25.1430mg

00 4 ] -0.00 |

Onset 17292°C
Endset 22048 °C g

7 LetLimit 13469 °C
RightLimit 27890 °C -0.02
80 - i
-0.04
60 -0.06 |
-0.08 4
40 - E
-0.10
20 -0.12
-0.14
0 - 1 E
50 100 150 200 250 300 350 400 450 500 550 0169

(RN S T T T T T N T ST N N T T T N T S S N ST T T NN N T TN NN N ST S NN ST T S Y ST SN Y S

-—r---—---------------—-------<--------r----—<r---—-4-=t— ===
0 5 10 15 20 25 30 35 40 45 50 55 _min

Lab: METTLER

STAR® SW 8.10

TGA and DTG curves for tetraethylammonium L-prolinate ([N2222][pro])
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APPENDIX C-3

% \N2222 thr 1/min
N2222 thr, 47.8980 mg g
oo 1 -0.00
80 7 Onset 18872°C 1
Endset 22549 °C -0.05
] LetLimit ~ 14572°C |
RightLimt 26370 °C
60 | ]
E -0.10
40 ]
.0.15_
20 |
i 1
0 -0.20,
50 100 150 200 250 300 350 400 450 500 550 (]
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---------------------------------------------------r----r-+---r-r+r
0 5 10 15 20 25 30 35 40 45 50 55 min

Lab: METTLER

STAR® SW 8.10

TGA and DTG curves for tetraethylammonium L-threoninate ([Na222][thr])

APPENDIX C-4

% IN2222 is0 Limin ]
N2222is0,32.2210 mg 1
oo 1 -0.00
80 - Onset 16898 °C ]
Endset 20374°C

LetLimit 13161°C 0.05
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60 — 7
i 0.10
40 - i
0.15
20 - Onset 25490 °C g
Endset 27341°C |

LetLimit 24364 °C
B RightLimt 28813 °C 1
04 1 020
50 100 150 200 250 300 350 400 450 500 550 g
e Lo b b v b b b b b b b 1 N
LI S B B B B e s B S B B B B B B B B B B S B S B S B B B B B B B S S B B B B B N S e
(o] 5 10 15 20 25 30 35 40 45 50 55 min

Lab: METTLER

STAR® SW 8.10

TGA and DTG curves for tetraethylammonium L-isoleucinate ([N2222][ile])
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APPENDIX C-5

% WN2222 asn Umin 4
N2222 asn, 117690 mg
o0 ———_ Onset 19188°C
Endset  23175°C 0.00 4
LetLimit 14643 °C
i 2 Onset 7224 °C RightLimt  261.74 °C i
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-0.04
60
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40
1
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20 E
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0 5 10 15 20 25 30 35 40 45 50 55 min
Lab: METTLER STAR® SW 8.10

TGA and DTG curves for tetraethylammonium L-glutaminate ([N2222][gIn])
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APPENDIX C-7

% IN2222 glu Lmin -
N2222 g, 34.4250 mg
00 4 1 -0.00
002
80 |
Onset 21030°C
i Endset 23172°C -0.04
LetLimit 13646 °C
RightLimit 31396 °C E
60 |
-0.06 |
.0.08_
40
1 -0.10
20 1
012
b 1
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0 ) 10 15 20 25 30 35 40 45 50 85 rmin|
Lab: METTLER STAR® SW 8.10
TGA and DTG curves for tetraethylammonium L-glutamate ([N2222][glu])
% N2222 met Lin 7
N2222 met,59.5070 mg 1
00 i -0.00
80 Onset 176.15°C 4
Endset  20602°C
LetLimt  13342°C -005 4
| RightLimit 24932 °C 1
60 | 1
010
w0- j
i -0.15
Onset 287.18°C i
20 4 Endset 32564 °C
LetLimit 27272°C )
1 RightLimt ~ 34235°C E
\’\ g 020 -
= 4
50 100 150 200 250 300 350 400 450 500 550 °C]
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-+t e
0 5 10 15 20 25 30 35 40 45 50 55 _min
Lab: METTLER STAR® SW 8.10

TGA and DTG curves for tetraethylammonium L-methioninate ([N2222][met])
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APPENDIX C-9

% 1/min
Onset 17469 °C
00 Endset 24473°C 0.00 4
LetLimit 14059 °C
RightLimit 28387 °C ' 1
i 3
80 —
-0.02 o
4 \ Integral -224mg
Peak 34116 °C
60 —
Onset 32087 °C -004 4
g Endset 35872°C
LetLimit 28960 °C
RightLimt 39377 °C
40 |
.ow_
1
20
50 100 150 200 250 300 350 400 450 500 550 °C]
(I I T T T N S S S S S T IS S T N N S S T N S T S TS S T S S S T S S S S S S A S S
-------—-------<-----------+-----------<--t-——<---—4=t-—=— =4
0 5 10 15 20 25 30 35 40 45 50 55 _min
Lab: METTLER STAR® SW 8.10

TGA and DTG curves for tetraethylammonium L-histidinate ([N2222][his])

APPENDIX C-10

TGA and DTG curves for tetraethylammonium L-lysinate ([N2222][lys])

130



APPENDIX C-11

% IN2222 mal min
N2222 mal, 12.4190 mg ]

00 4 ~ 0.00 |
™1 1

E ?0nset  7168°C 1
Endset 9383°C -0.05

LetLimit 4480°C 4

80 RightLimt 10660 °C ]
| Onset 22336°C -0.10 :
Endset 23758°C E

LetLimit ~ 17491°C 1

60 RightLimit 26157 °C ]
015

1020

40 1
i 1025

20 - 1
1 ]

.030 -

o 50 100 150 200 250 300 350 400 450 500 550 d
7 -0.35 5

0 5 10 15 20 25 30 35 40 45 50 55 _min
Lab: METTLER STAR® SW 8.10

TGA and DTG curves for tetraethylammonium L-malate ([N2222][mal])

% | itar Lmin
tar,14.0750 mg ]

00 4 ] 0.00
4 Onset 21076 °C T
Endset 23125°C 1

LetLimit 17747 °C -0.05 t

80 — RightLimt 30137 °C i
E 010

60 | 1
-015

40 020
025

20 1
b 030

1 i

0 i
50 100 150 200 250 300 350 400 450 500 550 d

035 X

0 5 10 15 20 25 30 35 40 45 50 55 _min
Lab: METTLER STAR® SW 8.10

TGA and DTG curves for tetraethylammonium L-tartarate ([N2222][tar])
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APPENDIX D

Table D1. Crystal data and structure refinement for tetraethylammonium L-
tartarate ([Na22:][tar])

Empirical formula C12 Hag N1 Og

Formula weight 315.36

Temperature 100.0(1) K

Wavelength 0.71073 A

Crystal system, space group Monoclinic, P2;

Unit cell dimensions a=7.4074(1) A alpha=90°

b = 13.8989(2) A beta = 106.553° (1)
¢ =8.0546(1) A gamma = 90°

Volume (A% 794.891(19)

Z, Calculated density (Mg/m?) 2,1.318

Absorption coefficient (mm™) 0.110

F(000) 344

Crystal size (mm) 0.47 x0.45x 0.17

Theta range for data collection (°) 2.64 to 35.00

Limiting indices -9<=h<=11, -22<=k<=17, -12<=I<=12
Reflections collected / unique 10518/ 3579 [R(int) = 0.0307]
Completeness to theta = 35.00 (%) 99.4

Absorption correction Semi-empirical from equivalents
Max. and min. transmission 0.9811 and 0.8614

Refinement method Full-matrix least-squares on F2
Data / restraints / parameters 3579/1/218

Goodness-of-fit on F? 1.049

Final R indices [1>2sigma(l)] R1=0.0371, wR2 = 0.0886

R indices (all data) R1 =0.0426, wR2 = 0.0922
Largest diff. peak and hole (e.A®) 0.292 and -0.231
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Table D2. Atomic coordinates ( x 10%) and equivalent isotropic displacement
parameters (A? x 10%) for [Nax][tar]. U(eq) is defined as one third of the trace of the
orthogonalized Uij tensor.

X y z U (eq)
0(1) 7144 (1) 1923 (1) -357(1) 18(1)
0(2) 10201 (1) 2326 (1) 445 (1) 20 (1)
0(3) 6193 (1) 3682 (1) -1876 (1) 17 (1)
0(4) 6846 (2) 3911 (1) 1793 (1) 19 (1)
C(1) 8385(2) 2511 (1) -182(2) 14 (1)
C(2) 7987 (2) 3567 (1) -687(2) 13 (1)
C(3) 8193 (2) 4184 (1) 945 (2) 14 (1)
C(4) 8070 (2) 5255(1) 461 (2) 16 (1)
N (1) 6178 (2) 1358 (1) 4453 (1) 14 (1)
C(5) 6807 (2) 568 (1) 3433 (2) 17 (1)
C(6) 8153 (2) -164 (1) 4516 (2) 25(1)
C(7) 7851 (2) 1880 (1) 5644 (2) 17 (1)
C(8) 9195 (2) 2332 (1) 4760 (2) 23 (1)
C(9) 5073 (2) 948 (1) 5618 (2) 19(1)
C(10) 3270 (2) 428 (1) 4690 (2) 22 (1)
C(11) 4973 (2) 2033 (1) 3107 (2) 16 (1)
C(12) 4121 (2) 2871 (1) 3829(2) 21(1)
O (1w) 3085(2) 2756 (1) 8465 (2) 24(1)
O (2W) 6983 (2) 9760 (1) 9557 (2) 25 (1)
0 (5) 9367 (1) 5548 (1) -173(2) 22 (1)
0(6) 6774 (2) 5747 (1) 704 (1) 23 (1)

133



Table D3. Bond lengths [A] and angles [deg] for [Naxzo][tar]
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H(10A)-C(10)-H(10C) 109.
H(10B)-C(10)-H(10C) 109.
C(12)-C(11)-N(1) 115.
C(12)-C(11)-H(11ln) 108.
N(1)-C(11)-H(11Aa) 108.
C(1l2)-C(11)-H(11B) 108.
N(1)-C(11)-H(11B) 108.
H(11A)-C(11)-H(11B) 107.
C(l1l)-C(12)-H(12n) 1009.
C(1l1l)-C(12)-H(12B) 1009.
H(12A)-C(12)-H(12B) 1009.
C(1l1l)-C(12)-H(12C) 1009.
H(12A)-C(12)-H(12C) 1009.
H(12B)-C(12)-H(12C) 109.
H(1W1l)-O(1W)-H(2W1) 106 (
H(1W2) -0 (2W) -H (2W2) 106 (

oo
—
=
(@]

N WO oy Oor o0 OO OO OO OOl

~

Symmetry transformations used to generate equivalent atoms
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Table D4. Anisotropic displacement parameters (A? x 10°) for [Nax][tar]. The

+2h

anisotropic displacement factor exponent takes the form: -2 pi? [ h? a*? Uy + ...

k a* b* U, ].
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Table D5. Hydrogen coordinates ( x 10*) and isotropic displacement parameters (A?
x 10%) for [Nao][tar]

X % z U (eq)
H(2A) 8929 3785 -1246 16
H(32) 9446 4064 1739 17
H(5R) 5698 232 2745 20
H(5B) 7406 866 2638 20
H(6A) 8474 -632 3769 37
H(6B) 7563 -481 5285 37
H(6C) 9275 156 5181 37
H(7A) 7381 2382 6249 21
H(7B) 8550 1428 6507 21
H(8A) 10203 2644 5609 34
H(8B) 8532 2797 3926 34
H(8C) 9703 1841 4183 34
H(9A) 5880 505 6428 22
H(9B) 4763 1471 6286 22
H(10A) 2674 194 5523 33
H(10B) 3558 -104 4047 33
H(10C) 2437 864 3910 33
H(11lAa) 5737 2288 2411 19
H(11B) 3959 1665 2344 19
H(12A) 3389 3259 2891 31
H(12B) 5110 3253 4562 31
H(12C) 3325 2630 4489 31
H(102) 10430 (40) 1610(20) 450 (30) 45 (7)
H(103) 5340 (30) 3304 (19) -1590(30) 36(6)
H(104) 5900 (30) 4220(20) 1220(30) 33(6)
H(1wWl) 2600 (40) 3060 (20) 9110 (40) 55(8)
H(2W1) 3160 (40) 2160 (20) 8840 (30) 43(7)
H(1W2) 8180 (40) 9985 (19) 9800 (30) 37(6)
H(2W2) 6300 (40) 10250 (20) 9620 (30) 39(6)
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Table D6. Torsion angles (°) for [N2x2][tar]
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Table D7. Hydrogen bonds for [Nzz2][tar] ([A and deg.])

D-H---A D-H H---A D---A D-H---A
02-H102---05' 1.00 (2) 1.52 (2) 2.5108 (13) 173 (2)
03-H103---01W" 0.91 (2) 1.85 (2) 2.7191 (14) 162 (2)
04-H104---02W'" 0.84 (2) 2.18 (2) 2.9780 (16) 160 (2)
O1W-H1W1---02" 0.82 (2) 2.56 (2) 3.0668 (14) 122 (2)
O1W-H1W1---02W" 0.82 (2) 2.57 (2) 3.2155 (16) 137 (2)
O1W-H2W1---06'" 0.88 (3) 2.00 (3) 2.8672 (15) 171 (2)
02W-H2w2---01" 0.84 (2) 2.40 (2) 3.0082 (14) 129 (2)
C5-H5A---03"" 0.97 2.56 3.4344 (15) 151
C8-H8B---04 0.96 2.38 3.3447 (16) 178
C10-H10B---03"" 0.96 2.47 3.4195 (16) 168
C11-H11A---0O4 0.97 2.50 3.2693 (15) 136

Symmetry codes: (i) -X + 2,y - %, -z; (i) X, y, 2 -1; (iii)) X+ 1,y - %, -z+ 1; (iv) x - 1,y,z + 1; (V) X + 1,
y-Y%,-z+2; (Vi) X, y+1,z+1; (vii)X+1,y-%, -z
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APPENDIX E

Table E1. Crystal data and structure refinement for [N22;][mal]

Empirical formula Cas Hsg N2 O3

Formula weight 580.71

Temperature (K) 100.0(2)

Wavelength (A) 0.71073

Crystal system, space group Monoclinic, P 2;

Unit cell dimensions a="7.4724(2)A alpha=90°

b =19.9721(5)A beta =92.481° (1)
¢ =10.2726(3)A gamma = 90°

Volume (A% 1531.64(7)

Z, Calculated density (Mg/m®) 2,1.259

Absorption coefficient (mm™) 0.101

F(000) 636

Crystal size (mm) 0.45x 0.35x0.32

Theta range for data collection (°) 2.23 to 38.06

Limiting indices -12<=h<=12, -34<=k<=29, -15<=|<=17
Reflections collected / unique 36497 /8479 [R(int) = 0.0291]
Completeness to theta = 38.06 (%) 99.1

Absorption correction Semi-empirical from equivalents
Max. and min. transmission 0.9685 and 0.9560

Refinement method Full-matrix least-squares on F2
Data / restraints / parameters 8479/1/372

Goodness-of-fit on F2 1.039

Final R indices [I>2sigma(l)] R1 = 0.0456, wR2 = 0.1197

R indices (all data) R1=0.0527, wR2 = 0.1247
Largest diff. peak and hole (e.A®) 0.625 and -0.804
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Table E2. Atomic coordinates ( x 10%) and equivalent isotropic displacement
parameters (A? x 10°) for [N2x,][mal]. U(eq) is defined as one third of the trace of the
orthogonalized Uij tensor.

X y z U(eq)
0 (1a) 6458 (1) 6846 (1) 10952 (1) 17 (1)
0(2R) 5515(1) 6177 (1) 9303 (1) 20 (1)
O (3A) 2755 (1) 7363 (1) 8417 (1) 20 (1)
O (4A) -385(1) 6564 (1) 10463 (1) 19(1)
O (5A) =748 (1) 7347 (1) 8899 (1) 17(1)
N (1A) 6029 (2) 6735(1) 5175(1) 16(1)
C(1n) 5223 (1) 6583 (1) 10160 (1) 14 (1)
C(2R) 3359 (1) 6821 (1) 10446 (1) 16 (1)
C(3R) 2136 (1) 6847 (1) 9225 (1) 14 (1)
C (4R) 167 (1) 6940 (1) 9552 (1) 14 (1)
C (5R) 7321 (2) 6657 (1) 4091 (1) 23(1)
C (6R) 8686 (3) 7217 (1) 4015(2) 42 (1)
C(7R) 4655 (2) 6182 (1) 4985 (1) 18 (1)
c(8a) 3250 (2) 6157 (1) 6002 (2) 30 (1)
C(9A) 5129(2) 7421 (1) 5138(2) 23(1)
Cc(10Aa) 4094 (3) 7579 (1) 3869 (2) 30(1)
C(l1n) 7000 (2) 6688 (1) 6507 (1) 19(1)
C(122) 7974 (2) 6034 (1) 6771 (1) 22(1)
0 (1B) 10276 (1) 9994 (1) 5734 (1) 21(1)
0 (2B) 11058 (1) 9310 (1) 4133 (1) 17 (1)
0 (3B) 7671 (1) 8809 (1) 6707 (1) 22(1)
0 (4B) 4241 (1) 9551 (1) 4625 (1) 19(1)
O (5B) 4110 (1) 8800 (1) 6248 (1) 18(1)
N (1B) 1188 (2) 9390 (1) 22(1) 19(1)
C(1B) 9902 (2) 9572 (1) 4895 (1) 14 (1)
C(2B) 8001 (2) 9319(1) 4638 (1) 16(1)
C(3B) 6929 (1) 9308 (1) 5862 (1) 14 (1)
C(4B) 4920 (1) 9197 (1) 5564 (1) 14 (1)
C (5B) -219(2) 9916 (1) 276 (2) 26 (1)
C (6B) -1906(3) 9876 (1) -579(3) 51 (1)
C(7B) 2657 (2) 9496 (1) 1070 (1) 21(1)
C(8B) 4142 (3) 8983 (1) 1094 (2) 33(1)
C(9B) 392 (2) 8692 (1) 80 (1) 23 (1)
C(10B) -470 (3) 8512 (1) 1345(2) 30 (1)
C(11B) 1899 (2) 9453 (1) -1342 (1) 22(1)
C(12B) 2867 (2) 10102 (1) -1615(2) 23(1)
O (1w) 1293 (2) 6036 (1) 2888 (2) 40 (1)
O (2W) 963 (1) 8060 (1) 6482 (1) 21 (1)
0 (3W) 6117 (1) 8104 (1) 8653 (1) 20 (1)
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Table E3. Bond lengths [A] and angles [deg] for [Na222][mal].
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C(2A)-C(3A)-C(4n)
O(3A)-C(3A)-H(3AA)
C(2A)-C(3A)-H(3AA)
C(4A)-C(3A)-H(3AA)
O (5A) -C (4A) -0 (4A)
O (5A) -C (4A) -C(3A)
O (4A) -C (4A) -C(3A)
N (1A)-C(5A)-C(6A)
N (1A) -C(5A) -H(5AR)
C(6A)-C(5A)-H (5AA)
N (1A) -C (5A) -H (5AB)
C(6A)-C(5A)-H (5AB)
H(5AA) -C (5A) —-H (5AB)
C(5A)-C(6A) —H (6AA)
C(5A)-C(6A)—-H (6AB)
H(6AA)-C (6A) —H (6AB)
C(5A) -C(6A) —H (6AC)
H(6AA) -C (6A) —H (6AC)
H(6AB) -C (6A) —H (6AC)
C(8A)-C(7A)-N(1A)
C(8A)-C(7A)-H(7AA)
N (1A)-C(7A)-H(T7AR)
C(8A)-C(7A)-H(T7AB)
N (1A)-C(7A)-H(7AB)
H(7AA)-C(7A) -H (7AB)
C(7A)-C(8A)-H(8AA)
C(7A)-C(8A)-H(8AB)
H(8AA)-C(8A)-H (8AB)
C(7A)-C(8A)-H(8AC)
H(8AA)-C (8A)-H (8AC)
H(8AB) -C (8A) -H (8AC)
C(10A)-C(9A)-N(1A)
C(10A)-C(9A)-H(9AA)
N (1A)-C(9A) -H(SAA)
C(10A)-C(9A)-H(9AB)
N (1A)-C(SA) -H(9AB)
H(9AA)-C(9A) -H (9AB)
C(9A)-C(10A)-H(10A)
C(9A)-C(10A)-H(10B)
H(10A)-C(10A)-H(10B)
C(9A)-C(10A)-H(10C)
H(10A)-C(10A)-H(10C)
H(10B)-C(10A)-H(10C)
C(1l2A)-C(11Aa)-N(1a)
C(1l2A)-C(11Aa)-H(11Aa)
N (1A)-C(11A)-H(11lA)
C(12A)-C(11A)-H(11B)
N (1A)-C(11A)-H(11B)
H(11A)-C(11A)-H(11B)
C(11A)-C(12A)-H(12n)
C(11A)-C(12A)-H(12B)
H(12A)-C(12A)-H(12B)
C(11A)-C(12A)-H(12C)
H(12A)-C(12A)-H(12C)
H(12B)-C(12A)-H(12C)
C(1B)-0(2B)-H(20B)
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Table E4. Anisotropic displacement parameters (A* x 10°) for [Na,][mal]. The

+2h

anisotropic displacement factor exponent takes the form: -2 pi’ [ h? a*? Uy + ...

k a* b* Uy, ]
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Table E5. Hydrogen coordinates ( x 10*) and isotropic displacement parameters (A
x 10%) for [Nazz2][mal].

X % z U(eq)
H(10Aa) 7450 6722 10740 26
H (30A) 1900 7537 8020 31
H(2ARA) 3433 7263 10834 20
H (2AB) 2847 6521 11073 20
H(3ARA) 2244 6421 8762 17
H (5AR) 6640 6633 3267 27
H (5AB) 7954 6236 4211 27
H (6AR) 94061 7129 3314 62
H (6AB) 9383 7241 4821 62
H (6AC) 8076 7634 3862 62
H(7AR) 4055 6237 4135 22
H(7AB) 5277 5756 4984 22
H (8ARA) 2405 5808 5786 46
H (8AB) 2638 6579 6025 46
H (8AC) 3817 6068 6841 46
H(9AA) 4314 7447 5846 28
H (9AB) 6040 7761 5289 28
H(10A) 3550 8012 3929 45
H(10B) 3181 7247 3712 45
H(10C) 4898 7576 3166 45
H(11lA) 7860 7051 6587 22
H(11B) 6134 6752 7172 22
H(12R2) 8418 6023 7661 33
H(12B) 8958 5996 6205 33
H(12C) 7163 5667 6613 33
H(20B) 12073 9421 4380 26
H (30B) 6891 8663 7167 32
H(2BA) 8045 8870 4281 19
H (2BB) 7397 9603 3993 19
H(3BA) 7079 9742 6297 17
H (5BA) -542 9879 1178 31
H (5BB) 312 10354 166 31
H (6BA) -2739 10209 -312 76
H (6BB) -2431 9440 -500 76
H (6BC) -1623 9952 -1469 76
H(7BA) 3177 9935 949 25
H(7BB) 2118 9495 1913 25
H (8BA) 5080 9120 1705 50
H (8BB) 4610 8947 241 50
H (8BC) 3680 8557 1351 50
H(9BA) 1332 8370 =70 27
H (9BB) -503 8646 -628 27
H(10D) -826 8050 1322 45
H(10E) -1503 8789 1451 45
H(10F) 375 8583 2063 45
H(11C) 2711 9084 -1481 27
H(11D) 900 9408 -1971 27
H(12D) 3107 10126 -2524 34
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jasjyaianiiaiiasiiasiiasiian

3976 10116 -1107 34

2131 10474 -1385 34
585 6170 2176 60
955 5698 3439 60

1780 8322 6271 31
254 8239 6558 31

5270 (40) 7904 (14) 8570 (30) 29 (6)

6860 (30) 7777 (13) 8800 (20) 24 (5)
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Table E6. Torsion angles [deg] for [Naxz2][mal]
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Symmetry transformations used to generate equivalent atoms:
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Table E7. Hydrogen bonds for [Nxzz][mal] ([A and deg])

D-H--A D-H H-—A D-—-A D-H--A
O1A-10A-—-O4A 0.82 1.68 2.4968 (12) 171.0
03A-30A---02W 0.82 2.00 2.7292 (15) 149.0
O3A-30A---O5A 0.82 2.24 2.6850 (13) 114.0
03B-30B---03W 0.82 2.00 2.7438 (16) 151.0
03B-30B---05B _ 0.82 2.26 2.6827 (13) 112.0
O1W-1W1---04A" 0.92 2.03 2.9359 (19) 166.0
O1W-2W1---01B" 0.92 1.90 2.8020 (2) 165.0
O2W-1W2---05B 0.84 1.99 2.7962 (14) 162.0
02W-2W2---03B" 0.65 2.25 2.8969 (14) 175.0
03W-2W3---03A 0.75 (3) 2.17 (3) 2.9163 (14) 176.6 (19)
O3W-1W3---O5A! 0.87 (2) 1.98 (2) 2.7907 (14) 155.0 (2)
C2A-2AB---O1W" 0.97 2.44 3.3850 (2) 165.0
C5A-5AA---O1A" 0.97 2.41 3.2826 (16) 149.0
C7A-7TAA---O1W 0.97 2.42 3.2510 (2) 144.0
C11A-11B---02A 0.97 2.53 3.2863 (16) 135.0
C7A-7AB---O4B™ 0.97 2.46 3.3810 (17) 157.0
C5B-5BB---04A" 0.97 2.50 3.4140 (2) 156.0
C7B-7BB---02B" 0.97 2.47 3.4332 (16) 170.0

Symmetry codes: (i) X +1,v, z; (i) X, y, z-1; (iii)) X+ 1,y - %, -z + 1; (iv) x-1,v, Z; (V) X, ¥y, Z + 1; (Vi) -X,

y+%, -z +1; (Vi) X,y + %, -z.
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Abstract: This paper reports the synthesis of a series of new tetraethylammonium-based
amino acid chiral ionic liquids (CILs). Their physico-chemical properties, including
melting point, thermal stability, viscosity and ionic conductivity, have been
comprehensively studied. The obtained results indicated that the decomposition for these
salts proceeds in one step and the temperature of decomposition (7ouse) is in the range of
168-210 °C. Several new CILs prepared in this work showed high ionic conductivity
compared to the amino acid ionic liquids (AAILs) found in the literature.

Keywords: chiral ionic liquids; tetracthylammonium; amino acids; viscosity; ionic
conductivity

Abbreviations: [Na2:): tetraethylammonium; [ser]: serinate; [pro]: prolinate; [thr]:
threoninate; [ile]: isoleucinate; [asn]: asparaginate; [gln]: glutaminate; [glu]: glutamate;
[met]: methioninate; [his]: histidinate.
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1. Introduction

Tonic liquids (ILs), molten salts below 100 °C, have gained a lot of attention in the science and
industry communities as reaction media, extraction solvents, electrolytes and biocatalysts [1]. These
liquids contain ions which show good and tunable solubility properties combined with negligible
vapour pressure and excellent thermal stability. At the same time, they have found a place of choice as
valuable substitutes for many volatile solvents [2,3], which can dissolve polar 10 non-polar substrates
and almost anything including coal, plastics, woods and even rocks [4]. They are not as flammable as
classical volatile organic solvents (VOSs), therefore making the processes safer and environmental
concerns less of an issue. Thermodynamic and Kinetics of reactions carried out in these liquids could
be different to those in traditional solvents, which has led to great interest in their potential use as
solvents and co-solvents amongst chemists.

In the last few years, researchers have turned their interest to synthesis of chiral ionic liquids
(ClILs). Many CILs have been designed, synthesized and used in organic reactions. For example, a few
researchers have reported that CILs have great potential applications as reaction media in chiral
discrimination, asymmetric synthesis, and optical resolution of racemates [S-7). Chiral ionic liquids
can be synthesized from readily available starting materials contuining chiral anions/cations or by
using modification of non-chiral materials to produce chiral products. However, the modification
reactions are usually more complicated and many steps are required to complete the whole reaction.
By using starting materials such as lactates, sugars, sugar substitutes, plant acids and amino acids, a
variety of CILs can be produced.

Recently, we huve reported the synthesis of new tetraethylammonium-based ClLs derived from
plant acids [8,9], As part of our ongoing study, amino acids have now been selected as starting
material to produce CILs since they have a carboxylic acid residue, an amino group and a side chain
that varies between different amino acids. Until now, a fairly large number of novel CILs hased on
amino acid cations or anions have been prepared [10-16], but most of them have relatively low ionic
conductivities, higher viscosities and melting points. This viscous characteristic of amino acid ionic
liquids (AAILS) limits many of their potential applications as fluids and electrolyte materials. The
strong intermolecular interactions especially H-bonding in the AAILs was supposed to be the key
point for the high melting points and viscositics [14,17]. Some literatures have reported that AAILS
containing longer alkyl chains such as tetrabutylammonium, tetrabutylphosphonium and dialkyl-
imidazolium show high viscosity and low conductivity at room temperature [13,19]. In this work, we
aimed 1o study the effect of shorter alkyl chain of the tetracthylammonium cation, especially with
regard to their thermodynamic properties of the resulting AAILs. We expect that the shorter alkyl
chain of this cation will reduce the viscosity and increase the ionic conductivity.

2. Results and Discussion
2 1. Synthesis and Characterization

New tetracthy lammonium-based amino acids CILs were prepared according to a method modified
from literature [16]. A simple and straightforward synthetic pathway involved neutralization of
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commercially available starting materials that gave CILs in good overall yield (>85%), as shown in
Scheme 1.

Scheme 1. Synthetic pathway to tetracthylammonium-based chiral ionic liquids.

\)o-r} H:0.2 h, 1t \D S/ R',C:H
L 7 N (L ooc ™
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This method has an advantage since the by-product is only water, thus avoiding the use of metal
salts and jon-exchange. Therefore, the purification of the CILs only required the removal of water,
Most of the IL preparations have been carried out by formation of an organic halide salts which result
in halide contamination, Subsequent separation of the halide can also post difficultics and give
impurities that can change the properties of the desired ILs [18]. Therefore, in this work, halide
contamination and extensive of purification procedures were avoided. The reactions were carried out
at room lemperature because tetraethylammonium hydroxide can readily deprotonate the carboxylic
acid moiety of amino acids.

2.2. Thermal Stability and Physico-Chemical Properties

The melting point (7},). decomposition temperature (Tyne). Viscosity (17) and ionic conductivity (x)
data of the prepured CILs are summarized in Table 1. They are thermally stable up to 160-210 °C
(Figure 1), which is low compared to alkylimidazolium based-ILs (general 74> 300 °C). Interestingly,
the decomposition tempersture of these salts was a little lower than those of 1-ethyl-3-methyl-
imidazolium-based ([emim][amino scids]) ILs (T around 220 °C) [13] and tetrabutylphosphonium-
based ([TBP][amino acids]; 7y 210-320 °C) [19]. Although it had not been proven, we suspect that,
the lower observed 7T of our ClLs are the result of Hoffman climination reaction of
tetraethy lammonium sall,

A schematic presentation of this decomposition path is shown in Scheme 2. As it was discussed
previously by MacFarlane er al., [20], quaternary ammonium salts in a basic environment (lonized
amino acids are slightly basic) are subject to a decomposition mechanism related to Hoffman
elimination. Meanwhile, changing the amino acids anions had little effect on thermal stability.

Scheme 2. Hoffman elimination reaction.

o Bl

\,’5’0“

All of these new compounds can be classified as ILs since their 7, are below 100 °C. The main

factor that influences the 7, of these ClLs is the structure of the corresponding anions. The two solid
ClLs, which are [Naa|[osn] and [Nazaz][his], show 7}, values of 58 °C and 54 °C, respectively. In

H,C=CH; + NH(CHCHzly + H0
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comparison to [his], [asn] has a more symmetrical structure that may have attributed to its higher 7',
As reported by Jiang e al. [16], the high degree of asymmetric structure of amino acids contributed to
the low 7y, values of tetraalkylammonium-based amino acids 1Ls. However, the higher 7, of these two
solid CILs than the rest of CILs prepared cannot be fully explained. We are currently in the process of
obtaining the corresponding crystal structure data to ascertain the packing structure of the salts.

Table 1. The physico-chemical properties of tetraethylammonium-based chiral jonic liquids.

No ClLs Tw (°C) Toaset (°C) q(cP)  x(mSem’)
1 [Nanllser] ND 187 1763 0.16
2 [Naa][pro] ND 172 438 0.46
3 [Naax(thr] ND 188 1002 0.24
4 [Naalile] ND 168 526 0.35
5  [Nuzlasn] 58+1.0 191 a a
6 [Naxn](gin] ND 210 a a
7 [Nazlgh] ND 210 a 8
8 [Nyp](met] ND 176 462 0.45
9 [Nan](his] 54+ 1.0 174 a a

ND: not detected: a: solid or glass at 25 °C_ hence the property was not determined

Figure 1. Thermogravimetric analysis of several new tetrnethylammonium-based amino

acids chiral ionic liquids.
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2.3. Viscosity (n) and lonic Conductivity (k)

Thermodynamic properties such as viscosity (1) and ionic conductivity (x) of these new salts which
are liquids at room temperature were measured and the corresponding data are presented in Table 1.
According 10 the results, these salts showed conductivity values ranged from 0.16-0.54 ms cm”', were
much higher than those of similar ILs, [emim][amino acids] (x = 9.1 = 10”10 0.65 ms em™) [13). In
this work, [Nz |[pro] displayed the highest ionic conductivity (0.46 ms cm™') — three times higher
than [emim][pro] (0.16 ms em™) — while [Nym)[ser] (0.16 ms em™) showed the lowest ionic
conductivity among [Nias:][amino acids]. The lower conductivity of [emim] was due to the protons at
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the 2, 4 and 5 positions that contribute to the H-bonding interaction [13]. This interaction becomes the
reason of low fonic conductivity of [emim][amino acids] as compared to our CILs, For the sume
cation, the ionic conductivities values of anion are in the following order: [ser] < [thr] < [ile] < [met] <
[pro]. We found that the ionic conductivity of these salts closely related w the viscosity. In this study,
the salts followed the lincar relationship between ionic conductivity and viscosity (Figure 2).

Figure 2. Relationship between jonic conductivity (") and viscosity () for five
tetraethylammonium-based chiral ionic liquids at 25 °C.
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This linear correlation indicated that at 25 °C, the conductivity value is strongly affected by
viscosity, and thus the salts with low viscosity showed high ionic conductivities. This may be due to
an increase in the ion mobility of the salts. The cation structure strongly influences the viscosity.
which is governed essentially by van der Waals interactions and H-bonding ability. It can be seen that,
the [Nax:| structure has a much small molecular weight as well as short and flexible alkyl chain. The
short alkyl chains made the salts less viscous due to a decrease in van der Waals interactions and
increase rate of ion mobility of the salts ensuing the high jonic conductivity.

However, these new salts still showed higher viscosity than conventional ILs. This phenomenon
happens due to the symmetry properties of the cation structure. Generally, symmetric cations usually
bring high viscosity of aliphatic ammonium-based ILs [21,22]. Furthermore, the side chain of the
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corresponding amino acids and H-bonding interaction in the structure of ILs were also affect the
viscosity and ionic conductivity [13). H-bonding interaction should increase the solution viscosity as
well as decrease the ionic conductivity. Especially in the case of amino acids as anion, most of them
contain functional group such as not only amino group, but also carboxyl, hydroxyl and so on. This
implies some intra- and inter-molecular interaction influenced in the packing structure of CILs. In
others word, introduction of functional groups such as H-bonding donor or acceptor increased the
viscosity and decreased the ionic conductivity through intra/intermolecular interaction [1].

For example, the salts [Naaa][ser] (7 = 1763 ¢P) and [Naxz2][thr] (5 = 1002 ¢P) have relatively high
viscosity that may be due to H-bonding or some other interaction which were expected through the
side chains, The presence of hydroxyl group in both anions allowed the molecule to form H-bonding
through inter/intramolecular interaction. Thus, the existences of strong H-bonding cause high
viscosity and low ionic conductivity of these CILs. However, the relationship between the component
ion structures with viscosity and ionic conductivity is not fully understood probably because there are
several parameters, such as shape of ions, charge density and conformational changes of alkyl chain
that involve in the structure of TLs [23].

3. Experimental
3.1, General

All chemicals were commercially available and of analytical grade unless otherwise specified.
'H- and "“C-NMR spectra were recorded with JEOL JNM-ECA 400 MHz and chemical shifts & (in
ppm) were related to residunl solvent signal (DyO). Coupling constant J is expressed in Hz
Decomposition temperatures were measured with a Mettler-Toledo TGA/SDTA 851° Thermal
Gravimetric Analyzer (TGA) instrument under N; atmosphere. The Mettler-Toledo STAR® software
version 8.10 was used to determine the onset temperature (7ome). All samples were run in alumina pan
at heating rate 10 °C min"' and the temperature was programmed from 25-600 °C. Melting points (7,,)
were determined by using Mettler-Toledo Differential Scanning Calorimeter (DSC), model DSC822°
and data were evaluated using Mettler-Toledo STAR® software version 9.01, Measurement was carried
out t a scan rate of 10 °C min” by heating and cooling the samples from ~60-130 °C. Viscosity (1)
was measured at 235 °C using Brookfield LVDV-[1+Pro cone/plate viscometer equipped with CPE-52
spindle. The instrument was connected to computer with Rheocalc32 software version 3.1. lonic
conductivity (x) was determined at 25 °C by using SevenGo Conductivity Meter. Measurements of
optical rotation were carried out using Jasco P-200 Polarimeter equipped with a 100 mm standard glass
tube with bulb at 25 °C. The data were recorded on instruments which use the sodium lamp as o
radiation source and wavelength is constant and standard. The data was then recorded three times and
the average was taken as an observed optical rotation value (x). The value was then used in the
formula (1) to calculate the specific optical rotation value, [a],™:

a8 B
[a)y pr (1)

where [a] = specific optical rotation; @ = value of optical rotation obscrved: ! = length of cell (dm);
¢ = concentration in g/100 mL.
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3.2 Typical Synthetic Procedure for Tetraethylammonium-Based Amino Acids

An aqueous solution of tetracthylammonium hydroxide (20% w/w, 50 mmol) was added 10 a
solution of excess amino acid (50 mmol). The reaction mixture was stirred for 2 h at room
temperature. Then, the crude products were obtained after being dried at 70 °C under vacuum for
1 day. Since the crude product was miscible with EtOH and amino acid was nearly insoluble in EtOH,
the crude product was added into EtOH (50 ml.) to precipitate the excess of amino acid. After
filtration, the solvent was evaporated and the product was obtained after being dried in vacuo for 1 day
a1 65 °C.

Tetracthylammonium  L-serinate ([Nys:z]fser]r: Yield 96%; [a],™ = <15 (¢ 1. HO) 'H-NMR
5 3.82-3.77 (m, 2H, HO-CH3), 3.39-3.20 (m, 1H, 0:C-CH), 3.25 (g, " = 7.3 Hz, 8H, N-CH}), 1.25
(t, g = 7.3 Hz, 12H, N-CH,-CH,); "C-NMR 3 6.77, 52,03, 57.55, 64.16, 179.02; Anal. caled. for
Cy1HsN20s; € 56.38, H 11.18, N 11.95; found: C 56,00, H 11.01, N 11.48.

Tetraethylammonium L-prolinate ([Nas::][pro]): Yield 90%; [ale™ = -42.9 (¢ 1, H0); "H-NMR § 3.45
(dd, 1H, *Auma = 7.3 Hz, *Juug = 12,12 Hz, 0;C-CH), 3.12-3.09 (m, 1H, N-CH(a)). 321 (q.
Lhae = 7.3 Hz, 8H, N-CH3), 2.99-2.74 (m, 1H, N-CH(B)), 2.17-2.03 (m, 1H, HC-CH{a)), 1.72 10 1.6]
(m. 3H, HC-CH(P) and HyN-CHy-CH3), 1.14 (1, *Ju = 7.3 Hz, 12H, N-CH:-CHy): ""C-NMR 5 6.75.
25.10, 30.67, 46.19, 51.96, 61,56, 180.28; Anal. caled. for C)3HyN2Oy: C 63.89, 1 11.55, N 11.46;
found: C 63.53, H 11.23, N 11.07.

Tetraethylammonium L-threoninate ([Nsyy:){thr]): Yield 94%: [a]s” = -3.8 (¢ 1, H;0); '"H-NMR &
3.82-3.77 (m, 1H, OH-CH), 3.14 (q. *Ju = 7.5 Hz, 8H, N-CH}), 2.94 (d, “Jm = 5.5 Hz, TH, O,C-
CH), 1.13 (1, "y = 7.5 Hz, 12H, N-CHy-CH;), 1.06 (d, "Jye = 6.0 Hz, 3H, OH-C-CH;); VC-NMR
6.58, 19.33, 57.73, 68.16, 70.54, 180.32; Anal. caled. for C,;HasN;Os: C 58.03, H 11.36, N 11.28;

found: C 57.90, 11.14, N 10.97.

Tetraethylammoniwum L-isolencinate ([Nasa:)file]): Yield 87%; [alo™ = +4.9 (¢ 1, 11;0); 'H-NMR &
3.13 (q, i = 7.3 Hz, 8H, N-CH3), 2.96 (d, “Jyr = 5.0 Hz, 1H, O,C-CH), 1.65-1.54 (m, TH, HyN-
CH-CH), 130-1.28 (m, 2H, CH-CH3), 1.13 (1, "hnt = 7.3 Hz, 12H, N-CHp-CHj), 1.17-1.01 (m, 3H,
CHCH;), 0.82-0.76 (m, 3H, CH,CH;): "C-NMR §; 6.63, 11.38, 15.61, 25.19, 39.74. 60.43, 57.81,
179.27; Anal. caled. for CiyHpNyOy: C 64.57, H 12,39, N 9.89; found: C 64.25, H 12.24, N 9.76.

Tetraethylammonium L-asparaginate ([Nazz:]fasn]): Yield 92%; [a)™ = -5.1 (¢ 1, H;0); 'H-NMR &
3.69-3.57 (m, 1H, 0;C-CH), 3.25 (g, “hw = 7.5 Hz, 8H, N-CH), 2.64 (dd, “Jyuy = 12.5 Hz,
= 5.5 Hz, 1H, OOC-C-CH{u)), 2.42 (dd, *Ayap= 12.5 Hz, *Jyny = 8.0 Hz, 1H, OOC-C-CH(f)),
1.26 (1, "y = 7.5 Hz, 12H, N-CHy-CHj); BC-NMR 6 6.75, 40.20, 55.21, 57.10, 176.32, 179.90; Anal.
caled. for CyzH2aN;O5: € 55.15, H 10,41, 16.08; found: C 54.93, H 10.16, N 15.83.

Tetraethylammonium L-glutaminate ([Nax2){gin}): Yield 91%; [als™ = -7.4 (¢ 1, H;0); '"H-NMR &
3.96 (1, “hat = 7.3 Hz, 1H, O;C-CH), 3.05 (q, M = 7.3 Hz, 8H, N-CHy), 2.35 to 2.14 (m, 2H,
CH-CH;-CH3), 1.88 to 1.61 (m. 2H, CH-CH-), 1.08 (1. *Jyys = 7.3 Hz. 12H, N-CH,-CHj); "C-NMR &
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6.72, 30.39, 33.84, 56.75, 58.51, 176.43, 181.95; Anal. caled. for Ci3HyNyOy: C 56.70, H 10,61, N
15.26; found: C 56,38, H 10.34, N 15.04.

Tetraethylammonium L-glutamate ([Naya:][glu]): Yield 89%; (aln” = .2.1 (¢ I, HyO) 'H-NMR
8 3.74-3.58 (m, 111, O.C-CH), 3.24 (q, 3w = 7.3 Hz, 8H. N-CH;), 2.57-2.33 (m, 2H, O0,-CHr),
2.16-1.99 (m, 2H, 0,-CHy-CHj), 1.25 (1, “Jygu = 7.3 Hz, 12H, N-CH:-CH;); "C-NMR $ 6.70, 27.12,
33.62, 51.95, 54.68, 174.40, 180.94; Anal. caled. for CysHagN;O4: C 56,50, H 10.21, N 10.14; found: C
56.27. H 10,04, N 9.96.

Tetraethylammonium L-methioninate ({Nazz:][met)): Yield 95%; [aln™ = +1.1 (¢ 1, H;0); 'H-NMR 8
3.49-3.36 (m, 1H, 0,C-CH), 3.25 (q, *Jun = 7.3 Hz, 8H, N-CH)), 251 (t, “Jiny = 8 Hz, 2H, S-CH)),
2.11 (s, 3H, S-CHj), 1.82 10 1.99 (m, 2H, CH-CH3), 1.25 (t, “J = 7.3 Hz, 12H, N-CHy-CH,);
BC.NMR § 6.82, 14.35, 29.87, 33.90, 52.03, 55.30, 181.52; Anal. caled. for Ci3HzN20:8: C 56.07,
H 10,86, N 10.06, S 11.49; found: C 55.87, H 10.64, N 9.88, S 11.18,

Tetraethylammonium L-histidinate ([N232:][his]): Yield 86%: [a]p™ = -3.2 (¢ 1, H:0); 'H-NMR 3 7.65
(s, 111, N=CH-NH), 6,91 (s, 1H, HN-CH=C), 3.49 (t, "Jy= 7.3 Hz, |H, 0:C-CH), 3.19 (q, *Jws = 7.3 Hz,
8H, N-CH:), 2.97 (dd, *Jiasip = 12.5 Hz, = 5.5 Hz, 1H, 0,C-CH-CH(a)), 2.83 (dd, *Jyyaryy = 12.5
Hz, *Jun= 7.0 Hz 1H, O:C-CH-CH(B)), 1.22 (¢, *Junt = 7.3 Hz, 12H, N-CH,-CHj); "C-NMR § 6.64,
31.97, 51.94, 56.16, 118.08, 133.45, 135.84, 181.74; Anal. caled. for CyHaN:Ox: C 59.12, H 9.92,
N 19.70; found: C 58.92, H 9.73, N 19.45.

4. Conclusions

Nine new tetraethylammonium-based amino acid chiral ionic liquids (CILs) have been synthesized
and characterized. All of them showed lower decomposition temperatures but were stable up to
210 °C. By changing the anions, the thermal stability of the CILs is slightly affected due to the
configurational and functional groups present in the structure. Although these salts were thermally less
stable, they showed much improved viscosity and ionic conductivity compared to similur AAILS,
From the trend found in this study, cation structure, ion mobility, van der Waals and H-bonding
interaction influenced the viscosity and ionic conductivity. Some of these new CILs showed higher
ionic conductivity than similar AAILs reported until now, To our knowledge, this paper is the first to
report the existence of tetraethylammonium-based amino acids CILs having a high ionic conductivity.
These finding should be useful for designing suitable CILs for specific application such as in chiral
discrimination, biocatalysis and clectrochemical field as electrolyte.
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Tetraethylammonium L-malate 1.36-hydrate

M. B. Abdul Rahman, K. Jumbri, K. Sirat, R. Kia and H.-K. Fun

Comment

Previously, we have reported the formation of the tetraethylammonium L-tartarate crystal (Rahman et al., 2008). In this
study, we used a different anion in order to compare the interaction between the tartarate and malate ions, Generally, organic
molecules contain substituents with the ability to form inter- and intramolecular hydrogen bonding. In this work, tetraethyl-
ammeonium L-malate [CaHgN] ' [C4H4O5T, was synthesized by neutralization reaction of tetracthylammonium hydroxide
with L-malic acid. Related compounds containing the same anion have been prepared (Allen ef al., 2006, Ying-Ying et al.,
2007). Tetracthylammonium hydroxide is a strong base, which casily deprotonates the carboxylic acid moiety of L-malic
acid to form carboxylate anion and water as a by-product (Allen et al, 2006), The reaction between tetracthylammonium
liydeoxide and L-malic acid forms 4 weak bond, It scems that the bond formed between tetracthylammonium und L-malic
acid is weaker than a covalent bond but may still contribute to the achieved minimum energy configuration (Anandba ef
al., 2008),

In the title composnd 1, Fig. |, the asymmetric unit is composed of two crystallographically independent ion pairs (A and
B), with similar conformations and three water molecules of crystallization. One of the water molecule (O1W) is partially
aceupied with a site-oceupancy factor of 0.721 (5). The bond lengths (Allen ez al. 1987) and angles are within normal ranges.
Intramolecular O3A—H30A ~O35A and O3B-—H30B-05B hydrogen bonds form S(5) ring motifs (Table 1) (Bernsiein ef
al., 1995). In the crystal structure, the molecules are linked together by water molecules through directed four-membered
O—HO—HO—H interactions to form 1-1 miinte chains along the a-axis (Fig. 2). Since the molecules are also linked
into 1D infinite chains along the b-axis, molecular sheets parallel to the (001 )-plane are created (Fig. 2). The crystal structure
is stabilized by intramolecular O—H-0 (x 2) hydrogen bonds, intermolecular O—H--O (x 9) and C—H+O (x 10) hydrogen
bonds {Table 1).

Experimental

The synthetic procedure is similar 1o the previous one (Abdul Rahman et al., 2008) except that L-malic acid (6.704 g, 0.05
mole) was used. Single crystals suitable for X-ray diffraction were obtained by slow evaporution ot room temperature,

Refinement

The H atoms bound 10 O1W and O2W were located from the difference Fourier map and constrained o ride on the parent
atom. The hydrogen atoms of O3W were also located from the difference Fourier map and refined freely. The hydrogen of
the hydroxy groups were positioned using a freely rotating O—H bond and conistrained with a fixed disatnce of 0.82 A. The
rest of the hydrogen atoms were positioned geometrically and refined as a riding model. A rotating group model was used
for the methyl group. One of the water molecule (01 W) is partially occupied with a site-occupancy fuctor of 0.721 (5). In the
absence of significant anomalous dispersion elfects, the Friedel pairs (6331) were averaged. Only the relative configuration
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is known. The highest peak (0.51 e. A™) is located 0.35 A from HABC and the decpest hole (-0.46 A7) is located 0.67
A from O1W.

Figures

Fig. 1. The molecular steeeture of (1) with atom labels and 40% probability ellipsoids for non-
wu H atoms. The hydrogen atoms of the cations were omitted for clarity. Intramolccular interac-

tions are shown as dashed lines,

Fig. 2. The crystal packing of (1), vicwed down the c-axis showing infinite 1-D) chains along
e —— e a and b-axes of the unit cell, Intermolecular interactions are shown s dashed lines.

Tetraethylammonium L-malate 1.36-hydrate

Crystal data
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e= 102726 () A o= 0,10 !
fi=92481 (1) '=100()K
r=1s3nad (A" Block, coliurless
Z~4 0.45 % 0.35 % 0,32 mm
Darta collection
Bruker SMART APEXI CCD arca-detector y )
diffraczometer el ndeni seflections
Radiaton source: fine-focus scaled tube 7551 reflectbons with f >