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ABSTRACT 

ILs are liquids composed entirely of ions where they are salts with melting point 

lower than 100°C. Recently, Ionic Liquids (ILs) have received much attention from 

the scientific community. The use of ILs has been increasing rapidly in broad range 

of application segment such as chemical reaction, separation process, and many 

more. Despite their high interest and extraordinary properties, the toxicity of ILs 

towards aquatic enviromnent needs to be evaluated. This is because, ILs can easily 

dissolve in water, and this may lead to aquatic pollution and related risks. Toxicity 

of ILs can be measured experimentally. Indeed, the biological effects of a number of 

ILs have recently been reported on various species such as bacterium, aquatic 

organisms and cells. However, due to the large number of ILs, it would be very 

costly and time consuming to measure the ILs' toxicity using experimental work. 

Thus, it is necessary to develop mathematical models that can be used to estimate 

the toxicity of ILs by means of Quantitative Structure Activity Relationship 

(QSAR). In this work, toxicity of ILs towards Vibrio Fischeri marine bacteria is 

estimated by developing a new QSAR model. A dataset was constructed using 

effective concentration (ECso) for Vibrio Fischeri marine bacteria collected from 

different literature and published data. The data was then analysed using summed 

contributions from the cations, alkyl substitution, and anions. The model employed 

Multiple Linear Regression (MLR) and polynomial models and the code is written 

using MATLAB programming language. The result shows that the model is capable 

of predicting the ILs toxicities accurately, where R2=96.83% with an average 

absolute deviation error 4.96%. The model describes and predicts the considered 

ECso values better than other published models and has the potential to be used as an 

alternative to experimental measurement in the determination of ECso values for a 

wide range of ILs. 
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1.1 Background of study 

CHAPTER I 

INTRODUCTION 

Generally, ILs are liquids composed entirely of ions where they are salts with 

melting point lower than 100°C. The asymmetry of at least one of the ions, low 

intermolecular attraction, and the presence of ionic attraction are the reason for their 

melting points lower than 100°C (Luis et a!., 2006). ILs have been the subject of 

increasing attention due to their unique physicochemical properties such as high 

thermal stability, large liquid range, high ionic conductivity, high solvating capacity, 

negligible vapour pressure, and non-flammability that make them ideal solvents for 

green chemistry (Wasserscheid and Welton, 2009). They are often referred to as 

designer solvents because of their structure and ability to be modified and produce a 

set of desired properties (Earl and Seddon, 2000) for a specific purpose, such as 

solvents, catalysts, extraction process, and electrochemistry. 

Theoretically, there are well over one million ILs which can be synthesized, though 

only about one thousand have been reported to date (Luis et a!. 2007). Despite the 

attractive properties of ILs, due to their often high solubility in water, the future 

possible industrial discharge of spent or waste ILs into natural water bodies such as 

sea may have significant toxicological impact to the aquatic organisms (Hossain et 

a!., 2011). Thus there is the necessity to evaluate the ecological risks posted by ILs 

towards the aquatic environment. 

Aquatic organisms are the first recipient of any toxic substances generated by 

industries due to its wastewater discharge into the sea. As ILs are soluble in water, 

they may cause a large impact on the aquatic bodies. Vibrio jischeri marine bacteria, 

one of the aquatic organisms, are bioluminescent bacteria. It is found predominantly 

in symbiosis with marine animal, and survive in decaying organic matter, thus 

making it suitable to be one of the testing species for ecotoxicology. It is necessary to 

measure the toxicity of ILs towards aquatic organisms because it may give impact to 
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the survival, growth, reproduction and behaviour of the organisms. It is also 

important to provide an easy way to predict the toxicity of ILs towards Vibrio 

.fischeri marine bacteria due to rapid increase of the used of ILs in industries. The 

result from this study can be beneficial not only to industrial people who used ILs in 

their industrial processes, but also beneficial in keeping the aquatic environment 

clean and safe. 

Generally, toxicity is the exposure concentration of the chemicals to the enviromnent 

which can kill the population of the certain organisms. Toxicity is usually expressed 

by Effective Concentration (ECso), Lethal Concentration (LCso) or Inhibitory 

Concentration (ICso). A general concept of toxicology is that effects are dose­

dependant. The dose of the chemicals is defined as mgL·1
, mM, t-IM or ppm. Toxicity 

of ILs can be measured using experiment. Indeed, the biological effects of a number 

of ILs have recently been reported on various species such as bacterimn, aquatic 

organisms and cells. However, such experimental investigations are time consuming 

and require significant physical and chemical resources. Since there are very large 

nmnbers of ILs, experimental investigations may not be the convenience approach to 

evaluate the toxicities of ILs towards Vibrio .fischeri marine bacteria. There is, 

therefore, a need to provide a faster and more cost-effective approach to assess the 

aquatic toxicity of ILs. 

Quantitative Structure-Activity Relationship (QSAR) method was first developed in 

nineteenth century by E. J. Mills, (1884) who proposed a quantitative structure­

property relationship (QSPR) models to predict melting points and boiling points of 

homologous series. Nowadays, QSAR method has been widely used in predicting 

various properties or activities. In this work, new mathematical models have been 

developed that expresses the toxicities (ECso values) of a wide variety of ILs towards 

bioluminescence bacteria Vibrio jischeri, by means of QSAR method. This model 

afford a practical, cost-effective and convenient alternative to experimental 

toxicological assessments of many ILs. 
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1.2 Problem statement 

Over the past decade, ILs which can be considered as green solvent have become 

very popular and are being used vastly in industries mostly to replace the 

conventional solvents. Due to their high solubility in water, it is important to evaluate 

the toxicity of ILs so that future possible industrial discharge of spent ILs into the sea 

will not pollute the aquatic enviromnent and bring no harm to the population of 

aquatic organisms. Experimental work is the standard procedure to evaluate the 

toxicological risks of ILs but it is time consuming, requires specific chemical and 

physical resources, and using costly apparatus. Currently, there are several (QSAR) 

models that have been developed to estimate the toxicity of ILs towards Vibrio 

.fischeri marine bacteria and other aquatic organisms. However, these models were 

developed based on dataset that have limited number of ILs, thus accuracy of the 

developed model are not very high. For this reason, the proposed model can enhance 

the accuracy. 

1.3 Research objectives 

This project focuses to develop a novel mathematical model as an alternative to 

experimental assessments which are more practical, faster, and cost-effective 

approach to predict the toxicity of ILs. 

The objectives of this project are; 

I. To develop a new mathematical model usmg QSAR approach for 

prediction of toxicity of ILs based on the up to date existing data 

published towards Vibrio .fischeri marine bacteria. 

II. To validate the results from the developed model with other results 

published by established models. 

1.4 Scope of study 

There is a necessity to study the toxicological effect posted by various ILs used in 

industries. Toxicity of ILs normally measured using experimental works. However, 

such experimental measurements are time-consuming, costly, and require various 
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physical and chemical resources. Therefore, this study intends to develop a 

mathematical model that can be used to estimate the toxicity of various ILs towards 

Vibrio jischeri marine bacteria. This is the more practical, cost-effective, and faster 

approach to assess the aquatic toxicity of ILs. This is theoretical work and no 

experimental work is involved in this project. In order to develop the model, the ILs 

data that had been gathered from various literatures need to be analysed by 

fragmenting all the ILs components based on the cations, anions, and the alkyl 

substitutions. Based on the constructed dataset, the model can be developed using 

MATLAB software. Familiarization of MATLAB software is needed in order to 

write the code correctly thus developing a good model that can produce the best 

results. 

Tools required in this project are Microsoft Excel 2007 to develop the dataset and 

MATLAB 7.8.0.347 software to write the code. 

1.5 Relevancy and feasibility of the project 

This project is relevant since it is related to student background of study which is 

Chemical Engineering. The knowledge of Organic Chemistry is very much applied 

in order to do data fragmentation of the ILs structure. The knowledge of Engineering 

Mathematics and Probability and Statistics is also applied in developing the code for 

MATLAB software. Study of ILs is also one of the fields that are emphasized by 

Chemical Engineering department. This project will contribute a lot in the field of 

ILs and Health, Safety, and Environement (HSE) field since it will provide 

alternatives to the experimental work in order to determine the toxicity ofiLs. 

This project is a theoretical based project and did not require any laboratory work. 

The model is developed based on toxicity data collected from published literature by 

using MA TLAB software. Thus, this project is feasible within the scope and time 

frame. 
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CHAPTER2 

LITERATURE REVIEW 

2.1 Introduction 

This chapter provides a review on the related research work in the field of toxicity of 

ILs done by other researcher. The review includes experimental work as well as 

theoretical work. 

ILs are composed of ions only and they are fluid below 1 00°C due to asymmetry of 

one of the ions. They are thermally stable with liquid range up to 300°C compared to 

1 00°C for water and show very low vapour pressure, being of great interest due to 

these properties. ILs typically consist of bulky orgauic cations, such as imidazolium, 

pyridiuimn, ammonimn, phosphonium, etc. paired with various anions, such as 

hexaflurophosphate (PF 4"), bromide (Br"), etc (Pemak et al., 2005). Currently, there 

were millions of ILs have been synthesized and commercially available. Although 

intensive information and data regarding IL's physical and thermodynamic properties 

have been reported and continuously published, only limited data with regard to the 

toxicity and ecotoxicity of ILs'were reported. Several papers that have been reported 

on toxicity of ILs were reported by Bemot et al., (2005), Latala et al., (2005), Pretti 

et al., (2006), etc. 

In general, the toxicity of chemicals can be measured using standard experimental 

procedure. Indeed, the biological effects of a nmnber of ILs have been recently been 

reported on various aquatic organisms such as marine bacterium Vibrio jischeri 

(Ranke et al., 2004), algae (Cho et al., 2008), the freshwater crustacean Daplmia 

magna (Bemot et al., 2005a), the freshwater snail Physa acuta (Bernot et al., 2005b) 

and many more. Although experimental study can give the toxicity or value of EC50 

(effective concentration where 50% of maximmn effect detected) for ILs tested, 

however, such experimental investigations are time consmning and require some 

chemical and physical resource. In principle, there are well over one million ILs 

which can be synthesized, though only about one thousand have been reported to 
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date (Luis et a!., 2007). Therefore, there is a need to provide a faster and more cost 

effective approach to evaluate the toxicity of ILs. The used of mathematical model 

that can expresses the toxicities (EC50 values) of a wide variety of ionic liquids (ILs) 

towards aquatic orgauisms by means of a quantitative structure activity relationship 

(QSAR) is one of the alternative to experimental assessment. 

2.2 Ionic Liquids (ILs) 

The field of ILs was started by Paul Walden with his report on the physical 

properties of ethylammonium nitrate ([EtNH3][N03]; mp 13-14 uC) which was 

formed by the neutralisation of ethylamine with concentrated nitric acid in 1914 

(Plechkova & Seddon, 2008). The ever increasing interest in ILs grows from their 

interesting physical properties and the simplicity by which they can be adapted for a 

specific system. The most common cations consist of imidazolium, pyrrolidinium, 

pyridinium, tetraalkylammonium, and tetraalkylphosphonium. Billions of different 

structures of ILs can be synthesized based on the combination of cations and anions. 

Some cation and anion combinations comprising the main roots of the ILs are shown 

in Figure 1. 

( Cations ) 

(Anions ) 

~~ 
R-0-Rl 

RluR2 0 R-N-R3 I ..,. 
I N N N R2 I I 'Rt I 

ammonium R2 R R 
ImtdazoH.um Pytidlntum Pyt'l'Olldtntwn 

Rl 0 -~~OH I, 
R2-P-R4 

I 
R3 

Phosphonium 

F 
I, 

F-B-F 
I 

F 

R ..... 'Rl 

Pipetidinium 

F F 
\ ~ 

F-P-F 
I\ 

F F 

I 
Cb.oUne 

ten-anuot·oboJ-ate bexafluot'Ophospbate bis(n1Dnot·osuHonyl)imide 

CtCWotide 
B1p Bt'Omide 

Other anion~: 

,..,N::_ 
~c CS:-

N"" 'N 
dtcyanamide 

[RS04]-.RCOO·. Tso-.R~O.f 

~PO£, [Lactatel-TfO-. N03-. Tf 

CCoN Do 
1 ~o 

S:-... 0 II 
(("o o 

Sacchlninate ncesulfama:te 

Figure 1: Examples of cation and auion pairs used to form the ILs. 
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According to the variety of ILs, they can be classified as seen in Fignre 2, although it 

can't give an aetna! idea of all the cations and anions of the ILs' world. 

I Ionic liquids I 
• I Cations I I Aruons I 
I I • • • I Cyclic I Acyclic I Organic I loor$anic I 

I (Sulfoniwn, 
Phospbonitun, • • 

1 Aromatic 1 Non-aromatic Aunllonilllll FlttOrides Non-fluorides 

I Amino Acids) (BF( PFi) (X. No,-, HCo,·. 
so;. F.Cii) • • • • _i 

Monoatomic Diatomic Polyatomic Fluorides Non-fluorides 
(Pyridiniwn, (lnwlazoliwn, (Triazoliwn, (Tf. rro·. NTfi, (Rcoo·. RSo;, 

IsoquinoliniDDl) Pynolidiniwn, TetrazoliDDl) CF3COO) RSO],RO) 
Morpholiniwn) 

Figure 2: Classification ofiLs (Hossain, 2012). 

ILs are gaining strong interests from both academic and industrial fields due to its 

unique properties. ILs also show high capability to dissolve a wide variety of 

materials; including salts, fats, proteins, amino acids, snrfactants, sugars, and 

polysaccharides as well as organic molecnles including crude oil, inks, plastic, and 

DNA in a large liquidus range of about 300 oc (Hossain, 2012). The chemical and 

physical properties of ionic liquids can be tuned by selecting a certain anion and 

cation combination (Ranke and Jastorff, 2000). ILs have low melting point and 

sometimes the melting point of ILs can be far below 0 °C (Cho et a!., 2008). 

Furthermore, unlike volatile organic compounds, ILs does not evaporate, but they 

decompose at high temperatures. The decomposition temperature depends on the IL, 

and particularly on the anion (Anastas and Warner, 1998). The properties of ILs have 

been extensively studied by so many researchers and they conclude that their unique 

properties have drawn attention into using ILs as replacement for other volatile 

organic compounds. The most important properties of ionic liquids are: thermal 

stability, low vapour pressure, electric conductivity, tunable solubility, liquid crystal 

structures, high electroelasticity, high heat capacity and inflammability. These 

properties enable the use of ionic liquids in a wide range of applications, as shown in 

Fig. 3 (Romero et al. 2008) 
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2.2.1 Toxicity ofiLs towards aquatic organisms 

According to Society of Toxicology, toxicology is the study of the adverse effects of 

chemical, physical or biological agents on living organisms and the ecosystem, 

including the prevention and amelioration of such adverse effects. Generally, the 

survival of human beings depends on the survival of other species (plants and 

animals alike); on the availability of clean water, air, and soil; and on the availability 

of energy (Zakrzewski, 2002). The release of chemicals into the environment can 

resulted in global impacts. Large exposures of chemicals can disrupt the ecological 

systems that exist in rivers, lakes, oceans, streams, wetlands, forests and fields thus 

affecting human health. Figure 4 below described some potential routes in assessing 

the chemical exposure to the public. 
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Figure 4: potential routes in assessing the chemical exposure to the public 

Aquatic toxicity assessment is the study of the effects of the chemicals and other 

anthropogenic and natural materials and activities on aquatic organisms at various 

levels of organization and ecosystems. Generally, most toxic substances generated by 

industrial, agricultural, and domestic activities are released often into the aquatic 

environment. Thus, aquatic organisms are the first recipient of most of these toxic 

substances. As ILs are soluble in water, they cause a large impact on aquatic bodies. 

The management of chemical compounds entering into water resources is difficult 

because contaminants can enter into the aquatic system from a multiple of diffuse 

sources. Although aquatic ecosystems are pliable with different physical, chemical 

and biological mechanisms by which the chemicals may be assimilated without 

serious implications for endemic biota, when contaminants reach levels in excess of 

the assimilative capacity of the receiving waters, they may affect the survival, 

development, growth, reproduction or behavior of organisms (Pieraccini et al., 2007). 
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2.2.1.1 Experimental studies ofiLs Toxicity 

A series of experiment that study the toxicity of TI..,s towards aquatic organisms have 

been performed previously by the researcher. (Docherty and Kulpa, 2005) reported 

on the toxicity of TI..,s towards Vibrio .fischeri marine bacteria where the experimental 

result shown that an increase in alkyl group chain length as well as an increase in the 

number of alkyl groups substituted on the cation ring corresponded with an increase 

in toxicity. The study of the toxicity of TI..,s were conducted towards many types of 

species such as marine bacterium Vibrio fischeri (Ranke et a!., 2004), algae (Cho et 

a!., 2008), the freshwater crustacean Daphnia magna (Beruot et al., 2005a), the 

freshwater snail Physa acuta (Bemot et al., 2005b) and many more. Recently, 

(Ventura et al., 2012) reported about the toxicity of five-guadinium, six­

phosphonium, and six-imidazolium based TI..,s towards Vibrio fischeri. The 

experimental results have shown that guadinium, unlike the imidazolium and 

phosphonium based ILs, do not follow the trend of increasing toxicity with the 

increase in the alkyl chain length. 

Dreissena 
polymorpha 

Daphnia magna 

Stcondary 
Con.-

Physa acuta 

Prianu·v 
CWSUUHt. 

Plimuy 
p•·odunn 

· " quadrrc· auda C. reinhardti Lemna minor "· 

Figure 5: A simple aquatic food web with example members whose TI..,s toxicity is 
studied (Kulacki et al., 2007). 

It is proved that experimental study can give the value of EC50 (effective 

concentration where 50% of maximum effect detected) for every single ionic liquid 
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tested. However, such experimental investigations are time consuming and require 

some chemical and physical resource. Therefore, there is a need to provide a faster 

and more cost effective approach to evaluate the toxicity of !Ls. 

2.2.1.2 Quantitative Structure Activity Relationship (QSAR) 

Developing a mathematical model to predict the toxicity of ILs by means of 

Quantitative Structure Activity Relationship (QSAR) is one of the best alternatives to 

the experimental assessment. Basically, QSAR method was first developed in 

nineteenth century by E. J. Mills (Mills,1884), who proposed a QSPR models to 

predict melting points and boiling points in homologous series. Previously, several 

QSAR models have been developed by other researcher for prediction of several 

physical properties such as melting point, density, viscosity. This method was then 

applied to predict the toxicity of ILs by the several researchers. For example, Couling 

et al. (2006) proposed QSAR models for two aquatic organism Vibrio fischeri and 

Daphnia magna. They were capable to prove their models can follow the relevance 

between side chain length and toxicity for imidazolium, pyridiniwn and quarternary 

ammonium compounds, the anion plays a secondary role regarding to the toxicity. 

The models can predict the toxicity with an accuracy R2 
= 0.78-0.88. 

Luis et al., (2007) introduced the group contribution method for estimating the 

toxicity of ILs by means of a QSAR model on Vibrio fischeri. They divided the !Ls 

molecules into nine different fragments (three cations, three anions and three 

substituents) and applied the contributions to establish the model using the Polymath 

5.0 software. The model can predict the toxicity with an accuracy of R2 
= 0.925 for 

43 ILs. The observed and calculated dimensionless ecotoxicity data has also been 

plotted. 
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Figure 6: Observed and calculated dimensionless ecotoxicity data plot 
(Luis eta!, 2005) 

Later on, Luis et al., (2010) extended the list ofiLs for 96 ILs and applied similarly 

to divide them into fifteen different fragments. The model was developed by using 

Polymath 5.0 software and can predict the toxicity with accuracy R2 
= 0.924. 

Garcia-Lorenzo et al. (2008) developed a QSAR model using the topological sub­

structural molecular design (TOPS-MODE) approach on the CaCo-2 Carcinoma 

colon cell line for imidazolium based ILs to predict the effect intensity of side chain 

and anion. 

Torrecilla et al. (2009) designed four mathematical approaches to estimate the 

toxicity of ammonium, imidazolium, morpholinium, phosphonium, piperidinium, 

pyridinium, pyrrolidinium and quinolinium ILs in Leukemia rat cell line and 

acetylcholinestearase enzyme by multiple linear regression (MLR), radial basis 

network (RB), multilayer perception (MLP) and neural network (NN) models. The 

empirical formula and molecular weights of 153 ILs were calculated and used for 

their toxic prediction using MATLAB software. 

Katritzky et al. (2001) developed QSAR models for the prediction of aqueous 

toxicities for Poecilia reticulata (guppy) using the CODESSA treatment. 

Experimental LCso (and log P) values from the literature for 293 compounds were 

divided into 4 groups based on the structure and a QSAR model was obtained for 

each. 

Other than that, Guerra and Irabien, (20 11) have reported on the new approach for 

estimating the ecotoxicity of ILs, based on the standardised assay with bacterium 
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Vibrio fischeri by means of the application of Partial Least Squares-Discriminant 

Analysis (PLS-DA). This model makes it possible to discriminate ILs, formed by 

combinations of 30 anions and 64 cations, on the basis of their expected toxicity with 

respect to conventional solvents that they may replace. This model is a technical 

approach that can be used for screening purposes during early stages of development 

of ILs for specific tasks. 

Hossain eta!., (2011) had also reported a QSAR model that had been developed to 

estimate the toxicity of ILs towards daphnia magna aquatic species. Instead of using 

Polymath 5.0, this model employed Multiple Linear Regression (MLR) analysis with 

polynomial model, developed by using MATLAB software. The contributions of 

substituents, cations, and anions towards the toxicity percentage have also been 

observed. This model has achieved high value of R2 which are comparable to other 

QSAR models developed by other researcher. 
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3.1 Material and Methods 

3.1.1 Data Collection 

CHAPTER3 

METHODOLOGY 

A bioluminescent bacterium, Vibrio fischeri, has been used to develop the QSAR 

model using MATLAB software. The toxicity data used to develop the model can be 

gathered from published literature. These data can be found in the work of Kaiser 

and Palabrica (1991), Ranke et al. (2004), Docherty and Kulpa (2005), Garcia et al. 

(2005), Couling et al. (2006), Matzke et al. (2007), Stolte et al.(2007), Luis et al. 

(2007), Samori et al. (2007), Romero et al. (2008), Luis et al. (2010), Ventura et al. 

(2010), Papaiconomou et al. (2010), Alvarez & Irabien (2011), Sylvie et al. (2012) 

and from the "UFT /Merck Ionic Liquids Biological Effects Database" 

(http://www.il-eco.uft.uni-bremen.de/). The list of 217 ILs toxicities studied in this 

work covers a wide range of alkyl-substituted cations based on imidazolium, 

pyridinium, pyrollidinium and so on with anions including hexafluorophosphate, 

tetrafluoroborate, dicyanamide and so forth. 

3.1.2 Dataset preparation 

The first step in preparing the dataset is to design the 'ILs structure table' based on 

the molecular fragments (groups) (description of molecular structure of ILs 

compounds). Next is to find the molecular structures of all these pure compounds. 

This dataset was prepared manually. Table 3 shows the dataset that have been 

prepared. The ILs chemical structure was fragmented according to its anion, cation, 

and alkyl substituents. ILs structure table will be used as a dataset for MATLAB 

code to process the data comprised in this dataset and predict the best fit model (the 

model which can give the most accurate results between the experimental and 

predicted values). The accuracy of the obtained results will be depending on how 

accurate the data set table build. Figure 7 shows some of the descriptors used in the 
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dataset while figure 7 shows some of the chemical structures of the ILs. Table 1 

describes example on how the ILs structure was fragmented. 
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Figure 7: Some of descriptor used in dataset 
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Figure 8: Some of chemical structures of ILs together with substitution groups used 
in the group contribution method 
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Table 1: Example of ILs fragment 

No Full Name of Compound Compound Structure Fragment 

1 Ethylmethylimidazolium [C2MIM][Cl] .f'H• -CH3 =1 

Chloride r ~ -NCH3=l 
-NCHz=l 
imida=l 

H, • cr=l 
Cl 

2 Butyldimethylpyridinium [C4MMPy][Br] 

~ 
-CH3 =3 

Bromide -NCHz=l 
-CH2=2 
Pyrid=l - Br"=l 

Br 

3.1.3 Model Development 

In this work, the dataset that has been developed was utilized to develop a new 

model based on a combination between Multiple Linear Regression (MLR) method 

and polynomial method. The dataset consist response variable which can be denoted 

as Y, while the predictor variables is denoted as x~. X2, ... , Xp, where p represents the 

total number of predictor variables. The true relationship between Y and X1. Xz, ... ,Xp 

is approximated by a regression model (Chatterjee and Hadi, 2006) expressed as: 

(I) 

Where, s is defined as a normal random error expressing the discrepancy in the 

approximation. 

The linear form ofEq. (2) can be expressed as: 

Y =flo+ fJIX! + flzXz + ... + flpXp + fi (2) 

Where /lo,/JI, .. flp, are defined as regression coefficients. 
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Eq. (2) was modified by integration with the polynomial model Eq. (3) (Angelov, 

2002) and the interaction between the two models (lllX,) can be described by Eq. (4): 

(3) 

n m k 

Y = a0 + :L;a,X, + :L;y,a/ + :L;c5,wX, (4) 
i=n+l 

where, 

a, = fJ,for i5. n; r, = fJi+n for i5. m ; o, = P.+n+m for i5. k ; n+m+k = p. 

y1 •..•.• y mare the parameters for polynomial model, and 

ol ...... ok are the parameters for the interaction between the descriptors. 

MATLAB software version 7.8.0.347 was used to develop the code and estimate the 

ILs toxicities based on the algorithm illustrated by Fig. 9. The accuracy of the 

develop model is confirm using the average relative deviation (ARD) (Eq. 5), 

average absolute relative deviation (AARD) (Eq. 6), and average absolute error 

(AAE) (Eq. 7) between the predicted values of toxicities and the experimental data. 

where, 

N is the number of the substances, 

<Peat is the calculated values, and 

<PExp is the experiment values. 

17 
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The selection of significant coefficients based on the descriptors, which construct a 

relationship between the toxicity of each IL and its molecular structures, is an 

important step in QSAR modelling. For this purpose, multiple linear regression 

method plus polynomial model were used to determine the important coefficients 

based on functional group contributions as given by the Eq. 4 and the calculations 

were performed using MATLAB programming language. The code was written 

using a 80%-20% training-predicting split. Tn the dataset, 174 from 217 data were 

used for training process; while the rest of the data were used for prediction process. 

In the training process, the code trained the data to obtain the optimal coefficients 

based on the minimum square error between the toxicities predicted and 

experimental values. Tn order to compress the number of coefficients without 

decreasing the accuracy of the model, R2
, hypothesis testing was implemented in the 

code. The most significant coefficients have been used in Eq. 4 to predict the 

toxicities. 
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Figure 9: Algorithm for estimation of IL densities using MA TLAB 7 .8.0.347 
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3.2 Gantt chart and key milestones 

Gantt chart for activities planned along for this final year projects first semester is shown in Figure 8 and suggested milestones 

.,.._,. ··.· ·i·~W.. ••• .,. ill 1 

I Selection of Project Topic 

2 Pre liminal)· Research Work 

3 1:suonusSion or 

4 IProoos::~l DefPiloP 

5 !PrOJect work ' 

6 !Submission of Interim Draft Report 

I 0 !Submission of Interim Report 

e Suggested milestone 

-Process 

• 

•·i···•~t~~+T•·f•..:··F·~ IJ3 l~ 

..:.: 

~ 
..0 

~~I I I I I 
~ 
I 

"'=' 
~I I I I I I • 

• 

Figure 10: Gantt chart for final year project first semester (FYP 1) 
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Figure 11: Gantt chart for final year project second semester (FYP 2) 
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CHAPTER4 

RESULT AND DISCUSSION 

The developed models were initially trained with the training data set using least 

square error method. MATLAB code utilized expermintal data (80% of the whole 

dataset) for training the code and then to calculate the coefficients of the proposed 

model ( a.i' )'1 A, A1•1 ) in Eq. (5). Then MATLAB code used the remaning data (20% 

of the whole dataset) with the obtained coefficients from the training data set to test 

how good is the model has been trained and then how accurate the model can predict 

the results. It should be noted that the test set is not used during training process, it is 

only used to compare the predicted results. For the development of toxicity model, 

174 components were utilized for training set and 43 were used for testing set. 

The data set of ILs toxicities towards Vibrio fischeri marine bacteria is shown in 

Figure 4.1. Listed anions were Trifluoroacetate (TF K), Acetate (Ace), Caprylate 

(Cap·), Sulfate (S04- ), Bis[l,2-benzenediolato(2-)]borate [(2-0Ph0)2B-], and many 

more. Cations included imidazolium, pyridinium, ammonium, phosphonium, 

pyrrolidinium, and many more. Substituent groups included -CH3, -CH2-, 

-NCH3, -NCH2-, and many more. Table 3 shows the dataset developed. 

Table 2: Dataset of IL toxicities on Vibrio fischeri. 

Exp.Log Pred. Log 
No. Compound Full name of compound EC50 EC50 References 

{pmol/L) (pmol/L) 

I [IMJ[fFA) Imidazolium Trifluoroacetate 4.07 3.18 
Luis et al., 

{2010) 

2 [IM)[Ace] Imidazolium Acetate 3.61 3.61 
Luis et al., 

(201 0) 

3 [IM)[TfO] 
Imidazolium Trifluoromethane 

3.81 3.81 
Luis et al., 

sulfonate (2010) 

4 [IM][Cap] Imidazolium Caprylate 2.29 3.18 
Luis et al., 

(2010) 

5 [CIIM)[TFA) 
Methylimidazolium 

3.57 3.57 
Luis et al., 

Trifluoroacetate {2010) 
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Table 2 ( cont) 

6 [CIIM][Ace] Methylimidazolium Acetate 4.07 4.07 
Luis eta!., 

(2010) 

7 [CIIM][T£0] 
Methylimidazolium 4.35 3.24 

Luis eta!., 
Trifluoromethanesulfonate (2010) 

8 [CIIM][Cap] Methylimidazolium Caprylate 2.13 3.24 
Luis et aL, 

(2010) 

9 [CIIM][For] Methylimidazolium Formate 2.83 2.83 
Luis et al., 

(2010\ 
Docherty 

10 [MIM] Methylimidazolium 0.16 0.16 and Kulpa, 
(2005) 

11 [CIMIM][MetS04] 
Methylmethylimidazolium 

4.76 4.76 
Romero et 

Methyl sulfate aL, (2008) 

12 [C2MIM][EtS04] 
Ethylmethylimidazolium 

4.02 4.02 
Romero et 

Ethyl sulfate al., (2008) 

[C2MIM][(2-
Ethylmethylimidazolium Matzke et 

13 Bis[1,2-benzenediolato(2- 3 3 
0Ph0)2B] 

)lborate 
al., (2007) 

14 [C2MIM][Cl] 
Ethylmethylimidazolium 

4.55 4.4503 
Luis et al., 

Chloride (2007) 

15 [C2MIM][Cl] 
Ethylmethylimidazolium 

4.33 4.4503 
Stolte et aL, 

Chloride (2007) 

16 [C3MIM][BF4] 
Propylmethylimidazolium 3.94 3.5091 

Ranke et al., 
T etrafluoroborate (2004) 

17 [C4IM][TFA] 
Bulylimidazolium 

3.28 3.28 
Luis et al., 

Trifluoroacetate (2010\ 

18 [C41M][Ace] Butylimidazolium Acetate 3.32 3.32 
Luis et al., 

(2010) 

19 [C4IM][Tf0] 
Butylimidazolium 2.77 2.77 

Luis et al., 
Trifluoromethanesulfonate (2010\ 

20 [C4IM][Cap] Butylimidazolium Caprylate 2 2 
Luis et al., 

(2010) 

21 [C4IM][For] Butylimidazolium Formate 3.19 3.19 
Luis et al., 

(2010\ 

22 [C4MIM][PF6] 
Butylmethylimidazolium 

3.07 3.07 
Garcia et al., 

Hexafluorophosphate (2005) 

23 [C4MIM][BF4] 
Butylmethylimidazolium 

3.55 3.5091 
Ranke et al., 

Tetrafluoroborate (2004) 

24 [C4MIM][BF4] 
Butylmethylimidazolium 

3.1 3.5091 
Garcia et al., 

Tetrafluoroborate (2005\ 

25 [C4MIM][BF4] 
Butylmethylimidazolium 

3.54 3.5091 
Matzkeet 

Tetrafluoroborate al., (2007) 

26 [C4MIM][Br] 
Butylmethylimidazolium 

3.07 3.5512 
Ranke et al., 

Bromide (2004) 

27 [C4MIM][Br] 
Butylmethylimidazolium 

4.01 3.5512 
(Couling et 

Bromide al., (2006) 

28 [C4MIM][Br] 
Butylmethylimidazolium 

3.27 3.5512 
Garcia et al., 

Bromide (2005) 

29 [C4MIM][Cl] 
Butylmethylimidazolium 

3.71 3.44 
Couling et 

Chloride al., (2006) 

30 [C4MIM][Cl] 
Butylmethylimidazolium 

3.39 3.44 
Romero et 

Chloride al., (2008) 

31 [C4MIM][Cl] 
Butylmethylimidazolium 3.4 3.44 Matzkeet 

Chloride al., (2007) 

32 [C4MIM][Cl] 
Bulylmethylimidazolium 3.47 3.44 Stolte et aL, 

Chloride (2007) 
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Table 2 ( cont) 

33 [C4MIM][Cl] 
Butylmethylimidazolium 3.34 3.44 

Garcia et a!., 
Chloride 12005) 

34 (C4MIM][N(CN2)2] 
Butylmethylimidazolium 3.67 3.67 

Couling et 

Dicyanamide a!., (2006) 

35 (C4MIM][80S03] 
Butylmethylimidazolium 0-

1.85 1.85 
Matzkeet 

Octylsulfate a!., (2007) 

[C4MIM)[N(CF3S02) 
Butylmethylimidazolium Couling et 

36 Bis(trifluoromethanesulfonyl)im 3.39 2.8617 
2] ide 

al.,(2006) 

[C4MIM)(N(CF3S02) 
Butylmethylimidazolium Matzkeet 

37 Bis(trifluoromethanesulfonyl)im 2.48 2.8617 
2] ide 

a!., (2007) 

38 [C4MIM)[N(CF3)2] 
Butylmethylimidazolium 

3.48 3.48 
Matzkeet 

Bis(trifluoromethyl)amide a!., (2007) 

Butylmethylimidazolium p- Ranke eta!., 
39 [C4MIM)(pTS] Toluenesulfonate/methylbenzen 3.52 3.52 

esulfonate 
(2004) 

40 (C4EIM](BF4] 
Butylethylimidazolium 

2.8 2.8 
Ranke et a!., 

Tetrafluoroborate (2004) 

41 (C5MIM][BF4] 
Pentylmethylimidazolium 

3.14 3.4198 
Ranke et a!., 

Tetrafluoroborate 12004) 

42 [C6MIM][Br] 
Hexylmethylimidazolium 

1.42 2.2685 
Couling et 

Bromide a!., (2006) 

43 [C6MIM][Cl] 
Hexylmethylimidazolium 

1.94 2.308 
Luis eta!., 

Chloride 12007) 

44 [C6MIM)[Cl] 
Hexylmethylimidazolium 

2.18 2.308 
Romero et 

Chloride a!., (2008) 

45 [C6MIM)(Cl] 
Hexylmethylimidazolium 

2.91 2.308 Sto/;te ;~a! , 
Chloride 200 

46 (C6MIM][Cl] 
Hexylmethylimidazolium 

2.32 2.308 
Garcia eta!., 

Chloride 12005) 

47 [C6MMIM)[Cl] 
Hexyldimethylimidazolium 

1.74 1.74 
Luis eta!., 

Chloride (2007) 

48 [C6MIM)[PF6] 
Hexylmethylimidazolium 

2.17 2.14 
Garcia eta!., 

Hexafluorophosphate (2005) 

49 [C6MIM)[PF6] 
Hexylmethylimidazolium 

2.11 2.14 
Romeroet 

Hexafluorophosphate a!., (2008) 

50 [C6MIM)[BF4] 
Hexylmethylimidazolium 

3.18 2.9948 
Ranke et a!., 

Tetrafluoroborate 12004) 

51 [C6EIM][BF4] 
Hexylethylimidazolium 

2.15 2.15 
Ranke eta!., 

Tetrafluoroborate 12004) 

52 [C7MIM](BF4] 
Heptylmethylimidazolium 

2.44 2.3293 ~eetal., 
Tetrafluoroborate 2004) 

53 [C8MIM][Br] 
Octylmethylimidazolium Docherty 

Bromide 
0.63 1.3486 

ant K~~~a, 2005 

54 [C8MIM)[Cl] 
Octylmethylimidazolium 

1.19 1.1721 ~~iaetal, 
Chloride 2005) 

55 [C8MIM)[Cl] 
Octylmethylimidazolium 

0.94 1.1721 
Romeroet 

Chloride a!., (2008) 

56 [C8MIM)[Cl] 
Octylmethylimidazolium 

1.01 1.01 
Stolte eta!., 

Chloride 12007) 

57 [C8MIM][PF6] 
Octylmethylimidazolium 

0.95 0.825 
Garcia eta!., 

Hexafluorophosphate (2005) 
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Table 2 (cont) 

58 (C8MIM][PF6] Octylmethylimidazolium 0.7 0.825 Romero et 
Hexafluorophosphate aL, (2008) 

59 (C8MIM][BF4] 
Octylmethylimidazolium 1.41 1.5365 

Ranke etaL, 
Tetrafluoroborate (2004) 

60 [ C9MIM](BF4] 
Nonylmethylimidazolium 

0.72 0.7033 
Ranke et al., 

T etrafluoroborate (2004) 

61 [Cl OMIM][Cl] 
Decylmethylimidazolium 

0.5 0.135 
Ranke et al., 

Chloride (2004) 

62 (ClOMIM](Cl] 
Decylmethylimidazolium -0.23 0.135 

Stolte et al., 
Chloride _(2007) 

63 [Cl0MIM][BF4] 
Decylmethylimidazolium -0.18 -0.18 Ranke et al., 

Tetrafluoroborate (2004) 

64 (Cl4MIM](Cl] Tetradecylmethylimidazolium -0.15 -0.167 
Stolte et al., 

Chloride (2007) 

65 (C16MIM][Cl] Hexadecylmethylimidazolium 0.23 0.2431 Stolte et aL, 
Chloride (2007) 

66 (C18MIM][Cl] 
Octadecylmethylimidazolium 

1.45 1.447 
Stolte et al., 

Chloride (2007) 

67 [MPy] Metllylpyridinium 3.07 3.07 
Cou1ing et 
al., (2006) 

68 [C4Py](Br] Butylpyridinium Bromide 3.4 3.5086 Cou1ing et 
al., (2006) 

69 (C4MPy][Br] Butylmethylpyridinium 2.75 2.7527 Couling et 
Bromide al., (2006) 

70 (C4MMPy][Br] 
Butyldimethylpyridinium 

2.69 2.7237 Cou1ing et 
Bromide al., (2006) 

71 [C4Py](Cl] Butylpyridinium Chloride 3.41 3.3296 Couling et 
al., (2006) 

72 (C4Py][Cl] Butylpyridinium Chloride 3.18 3.3296 Stolte et aL, 
(2007) 

73 [C4Py][N(CN2)] Butylpyridinium Dicyanamide 3.31 3.3695 
Cou1ing et 
al., (2006) 

74 (C4MPy][N(CN2)] 
Butylmethylpyridinium 

2.66 2.541 
Cooling et 

Dicyanamide al., (2006) 

75 [C4MMPy][N(CN2)] Butyldimethylpyridinium 
2.38 2.4395 Cou1ing et 

Dicyanamide al., (2006) 

76 [C6MPy ][Br] 
Hexylmethylpyridinium 

2.06 1.9917 
Coulinget 

Bromide al., (2006) 

77 [C6MPy](Cl] Hexylmetllylpyridinium 1.44 1.44 Luis et al., 
Chloride (2007) 

78 [C8MPy](Br] Octylmethylpyridinium 
0.79 0.9746 Cou1ing et 

Bromide al., (2006) 

79 [C4PyRR][Cl] B utylpyrrolidinium Chloride 4.3 4.3 Stolte et al., 
(2007) 

[C4Pyrrol][N(CF3S02 Butylpyrrolidinium 
Stolte et al., 80 Bis(tritluoromethanesulfonyl)im 2.54 2.54 )2] 

ide (2007) 

81 (C6MPyrrol][CI] 
Hexylmethylpyrrolidinium 

2.99 3.0618 
Luis et al., 

Chloride (2007) 

82 [C4MMorp ][Br] 
Butylmethylmorpholinium 

4.3 4.875 Stolte et aL, 
Bromide (2007) 

[C4MMorp][N(CF3SO Butylmethylmorpholinium 
Stolte et al., 83 Bis(trifluorometllanesu1fonyl)im 2.49 2.49 

2)2] 
ide (2007) 
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Table 2 (cont) 

84 [C4MPiper][Br] 
Butylmethylpiperidinium 4.27 4.245 

Stolte eta!., 

Bromide (2007) 

[C4MPiper][N(CF3SO 
Butylmethylpiperidinium Stolte eta!., 

85 
2)2] 

Bis(trifluoromethanesulfonyl)im 2.56 2.56 (2007) 
ide 

86 [C4(CH3)2N-Py][Cl] 
Butyl( dimethyl amino )pyridiniu 2.52 2.52 

Stolte et al., 

mChloride (2007) 

Butyl(dimethylamino)pyridiniu 

87 
[C4(CH3)2N-Py] m 1.85 1.615 

Stolte eta!., 

[N(CF3S02)2] Bis(trifluoromethanesulfonyl)im (2007) 

ide 

88 [Choline][Cl] Choline Chloride 5 5 
Couling et 
al., (2006) 

[Choline ][N(CF3 S02) 
Choline Couling et 

89 
2] 

Bis(trifluoromethanesulfonyl)im 4.15 4.15 al., (2006) 
ide 

90 [TMG][TFA] 
I, I ,3 ,3-Tetramethylguanidine 

0.47 0.47 
Luis et al., 

Trifluoroacetate (2010) 

91 [TMG][Ace] 
I, I ,3,3-Tetramethylguanidine 

3.17 3.17 
Luis et al., 

Acetate (2010) 

92 [TMG][Tto] 
I, I ,3 ,3-Tetramethylguanidine 

3.52 3.52 
Luis et al., 

Trifluoromethanesulfonate (2010) 

93 [TMG)[Cap] 
I, I ,3 ,3-Tetramethylguanidine 

2.29 2.29 
Luis et al., 

Caprylate (2010) 

94 [Melamine] [TF A] 
1,3,5-Triazine-2,4,6-triamine 

2.24 2.24 
Luis et al., 

Trifluoroacetate (2010) 

95 [Melamine][ Ace] 
1,3,5-Triazine-2,4,6-triamine 

2.39 2.39 
Luis et al., 

Acetate (2010) 

96 [Melamine][TfO] 
I ,3, 5-Triazine-2, 4, 6-triamine 

2.45 2.45 
Luis et al., 

Trifluoromethanesulfonate (2010) 

Santos 

97 [CIMIM][CH3S04] 
Methylmethylimidazolium 

4.76 4.76 
personal 

methyl sulfate corrununicati 
on 

Santos 

98 [C2MIM][C2H5S04] 
Ethylmethylimidazolium 

4.02 4.02 
personal 

Ethylsulfate communicari 
on 

99 [TMGC4]I 
di-butyl-tetramethyl-

1.94 1.94 
Ventura et 

guanidinium iodide al., (2012) 

100 [TMGC7]I di-heptyl-tetrametbyl-
0.88 0.88 Venturaet 

guanidinium iodide a!., (2012) 

101 [TMGC12]I 
di-dodecyl-tetramethyl-

1.43 1.43 
Venturaet 

guanidinium iodide al., (2012) 
N"N"-dimethyl-N,N,N',N'-tetra-

Venturaet 102 [(C30)4DMG]Cl (2-methoxyethyl)-guanidinium 2.46 2.46 
chloride 

al., (2012) 

103 [(di-h)2DMG]Cl 
tetrahexyl-dimethyl-

0.92 0.92 
Ventura et 

guanidiniumchloride al., (2012) 

104 [C502mim]Cl 
1-(2-(2-methoxyethoxy)ethyl)-

2.26 2.26 
Venturaet 

3-methylimidazolium chloride al., (2012) 
3-methyl-1-

Ventura et 
105 CIOC(O)OEtmim]Br (ethoxycarbonyloctyl)imidazoli 1.08 1.08 

urn bromide 
a!., (2012) 
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Table 2 (cont) 

106 [P6,6,6,14]Br 
trihexyltetradecylphosphonium LOS 1.05 

Venturaet 
bromide a!., (2012) 

107 [P6,6,6,14][CH3S03] 
trihexyltetradecylphosphonium Ll! Lll Venturaet 

methanosulfonate a!., (2012) 

108 [P6,6,6,14]Cl 
trihexyltetradecylphosphonium 

1.14 1.14 
Venturaet 

chloride a!., (2012) 

109 [Pi(4,4,4)1 ][TOS] 
triisobutyl(methyl)phosphonium 

2.65 2.65 
Venturaet 

tosylate a!' (2012) 

I I 0 [P4,4,4,1][CH3S04] 
tributyl( methyl )phosphonium 

2.84 2.84 
Venturaet 

methyl sulfate a!., (2012) 

111 [P4,4,4,4]Br tetrabutylphosphonium bromide 2.71 2.71 
Venturaet 
a!., (2012) 

112 [C4MlM]Br 3.53 3.5512 
Venturaet 
a!., (2012) 

113 [C4mim][CH3S03] 
I -butyl-3 -methylimidazolium 

3.56 3.56 
Venturaet 

methanosulfonate a!., (2012) 

114 [C4mim][TOS] 
1-butyl-3-

3.32 3.32 
Ventura et 

methylimidazoliumtosylate a!., (2012) 

(Cyanomethyl)methylimidazoliu 

I I 5 
[CNCIMIM][N(CF3S m 

3.81 3.81 
Stolte eta!., 

02)2] Bis(trifluoromethanesulfonyl)im (2007) 
ide 

(Ethoxymethyl)methylimidazoli 
The 

UFT!Merk 
116 

[EOCIMIM][N(CF3S urn 
3 3 ionic liquids 

02)2] Bis(trifluoromethanesulfonyl)im 
effects 

ide 
database 

The 

[C2MlM][(C2F5)2P02 
Ethylmethylimidazolium UFT!Merk 

117 Bis(pentafluoroethyl)phosphinat 3.05 3.05 ionic liqnids 
l e effects 

database 
The 

Ethylmethylimidazolium 
UFT!Merk 

118 [C2MIM][(CN)4B] 3.56 3.56 ionic liquids 
Tetracyanidoborate 

effects 
database 

The 

Ethylmethylimidazolium 
UFT!Merk 

119 [C2MlM][SCN] 
Thiocyanate 

4.15 4.15 ionic liquids 
effects 

database 
The 

Ethy1methylimidazolium UFT!Merk 
120 [C2MIM][fFA] 

Trifluoroacetate 
4.28 4.28 ionic liquids 

effects 
database 

Ethylmethylimidazolium Alvarez& 
121 [C2MIM][FeCI4] 1.51 1.51 Irabien 

Tetrachloroferrate(!II) 
(2011) 
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T bl 2 ( t) a e con 
The 

(Ethoxyethyl)rnethylimidazoliu UFT/Merk 
[EOC2MIMJ[N(CF3S rn 2.96 2.96 ionic liquids 122 02)2] Bis(trifluorornethanesulfonyl)irn effects 

ide database 

(Hydroxyethyl)rnethylimidaziliu 
The 

UFT/Merk 
[OHC2MIM] rn 4.08 4.08 ionic liquids 123 [N(CF3S02)2] Bis(trifluorornethanesulfonyl)irn effects 

ide database 

(Hydroxyethyl)rnethylimidaziliu 3.89 3.89 
Stolte et al., 

124 [OHC2MIM][IJ rnlodide (200'7}_ 
The 

(Methoxyethyl)rnethylirnidazoli UFT/Merk 
[MOC2MIM] urn 2.84 2.84 ionic liquids 125 
[N(CF3S02)2] Bis(trifluorornethanesulfonyl)irn effects 

ide database 
The 

UFT/Melk 
126 [MOC2MIM](Cl] 

(Methoxyethyl}rnethylimidazoli 
4.18 4.18 ionic liquids 

urn Chloride 
effects 

database 

(Methoxyethyl}rnethylimidazoli 
1.15 1.15 

Sarnori eta! 
127 [MOC2MIM][BF4] 

urn Tetrafluoroborate (2007) 

(Methoxyethyl)rnethylimidazoli 
1.07 1.07 

Samori et.al 128 [MOC2MIM][N(CN)2] 
urn Dicyanamide (2007) 

(C3MIM][N(CF3S02} 
Propylrnethylimidazoliurn 

Ventura et. al 
129 Bis(trifluoromethanesulfonyl)irn 2.77 2.77 

(2010) 2] 
ide 

(Hydroxypropyl)rnethylimidazol 
The 

UFT/Merk 
(OHC3MIM][N(CF3S !Urn 

3.89 3.89 ionic liquids 130 
Bis(trifluoromethanesulfonyl)irn 02)2] 

effects 
ide 

database 

(Methoxypropyl)rnethylimidazo 
The 

UFT/Merk 
[MOC3MIM][N(CF3S liurn 

3.24 3.24 ionic liquids 131 
02)2] Bis(trifluorornethanesulfonyl)im 

effects 
ide 

database 
The 

UFT/Merk 
132 [C4MIM][I] Butylrnethylirnidazolium Iodide 3.59 3.59 ionic liquids 

effects 
database 

Butylrnethylirnidazolium 
Alvarez& 

133 (C4MIM][FeCI4] 1.51 1.51 Irabien 
Tetrachloroferrate(III} 

(2011) 
The 

Hexylrnethylimidazoliurn UFT/Merk 
134 

[C6MIM][N(CF3S02) 
Bis(trifluorornethanesulfonyl)im 2.05 2.1965 ionic liquids 

2] 
ide effects 

database 

28 



l 2 ( ) Tabe cont 
The 

Hexylme1hylimidazolium UFT!Merk 
[C6MIM][P(C2F5)3F3 

Trifluoridotris(pentafluoroe1hyl) 2.65 2.65 ionic liquids 135 
l phosphate effects 

database 
The 

Hexylme1hylimidazolium 1,1-
UFT/Merk 

(C6MIM](2- Dioxo-1,2-
2.67 2.67 ionic liquids 136 

802PhCO)N] dihydrobenzo[d]isothiazol-3-
effects onate 

database 
The 

Octylmethylimidazolium UFT!Merk 
[C8MIM](N(CF3802) 0.83 0.83 ionic liquids 137 Bis(trifluorome1hanesulfonyl)im 

effects 
2] 

ide 
database 

Alvarez& 
[CIOMIM](FeCl4] 

Decylmethylimidazolium 
-0.43 -0.43 Irabien 138 

T etrachloroferrate(lll) 
(2011) 

The 
Hydroxypropylpyridinium UFT/Merk 

[OHC3Py ](N(CF3802 
Bis(trifluorome1hanesulfonyl)im 4.01 4.01 ionic liquids 139 

)2] 
effects ide 

database 
The 

UFT!Merk 
[C4Py](Al2Cl7] 

Butylpyridinium 11-
3.01 3.01 ionic liquids 140 

Chlorohexachloridodialuminate 
effects 

database 
The 

UFT!Merk 
[C4MPy](BF4] 

Butylmethylpyridinium 
3.02 3.02 ionic liquids 141 

Tetrafluoroborate 
effects 

database 
The 

UFT!Merk 
142 (C8Py](Cl] Octylpyridinium Chloride 1.69 1.6207 ionic liquids 

effects 
database 

Papaiconom 
(C8MMPy ](Br] 

Octyldime1hylpyridinium 
1.12 0.9473 ou et.al., 143 

Bromide 
(2010}_ 

Octyldime1hylpyridinium Papaiconom [C8MMPy](N(CF380 
Bis(trifluorome1hanesulfonyl)im 0.36 0.36 ou et.al., 144 

2)2] 
ide (2010) 

The (E1hoxye1hyl)me1hylpyrrolidiniu 
UFT!Merk [EOC2MPyRR](N(CF m 

2.97 2.97 ionic liquids 145 
3802)2] Bis(trifluorome1hanesulfonyl)im 

effects ide 
database 

The (Hydroxypropyl)methylpyrrolidi 
UFT!Merk 

[OHC3MPyRR](N(CF nium 
3.91 3.91 ionic liquids 146 

3802}2] Bis(t.rifluoromethanesulfonyl)im 
effects 

ide 
database 
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Table 2 (cont) 

[C4MPyRR][N(CF3S 
Butylmethylpyrrolidinium Stolte et a!., 

147 Bis(trifluoromethanesulfonyl)im 2.54 2.6865 
02)2] ide 

(2007) 

The 

[C4MPyRR)[P(C2F5)3 
Butylmethylpyrrolidinium UFT/Merk 

148 F3) 
Trifluoridotris(pentafluoroethyl) 1.7 1.7 ionic liquids 

phosphate effects 
database 

149 [C6MPyRR][Cl] 
Hexylmethylpyrrolidinium 3 3.0618 

Luis. P et.al., 

Chloride (2007) 
The 

UFT/Merk 

150 
[C6MPyRR][N(CF3S Hexylmethylpyrrolidinium 

02)2) Chloride 
2.4 2.2535 ionic liquids 

effects 
database 

(Ethoxymethyl)methylmorpholi 
The 

151 
[EOC1MMorp][N(CF3 mum 

UFT/Merk 

S02)2] Bis(trifluoromethanesulfonyl)im 
3.38 3.38 ionic liquids 

ide 
effects 

database 

152 [C4(CH3)2N-Py)[Br] 
Butyl( dimethylamino )pyridiniu 

2.32 
Couling eta! 

mBromide 
2.32 

(2006) 

Hexyl( dimethylamino )pyridiniu The 

153 
[C6(CH3)2N- m 

UFT/Merk 

Py][N(CF3S02)2) Bis(trifluoromethanesulfonyl)im 
1.38 1.615 ionic liquids 

ide 
effects 

database 

154 [C16MMMN)[Br] 
Cethyltrimethylammonium 

Kaiser and 

Bromide 
0.04 0.04 Palabrica 

(1991) 

155 [C16MMMN)[Cl] 
Cethyltrimethylammonium 

Kaiser and 

Chloride 
0.4 0.4 Palabrica 

(1991) 

156 [C16BnMMN][Cl] 
Hexadecylbenzyldimethylammo 

Kaiser and 

nium Chloride 
-0.31 -0.31 Palabrica 

(1991) 

157 [C12BnMMN][Cl] 
Benzyldimethyldodecylammoni 

Kaiser and 

urn Chloride 
-0.23 -0.23 Palabrica 

(1991) 

Kaiser and 
!58 [C4NJ[Cl) Tetrabutylammonium Chloride 2.69 2.69 Palabrica 

(1991) 

159 [C4N][Br] Tetrabutylammonium Bromide 3.27 
Couling 

3.27 
et.al., (2006) 

160 [C6EEEN][Br] 
Hexyltriethylammonium Couling 

Bromide 
2.46 2.46 

eta!., (2006) 

161 
[C4EMMN][N(CF3SO 

Butylethyldimethylammonium 

2)2] 
Bis(trifluoromethanesulfonyl)im 3.21 3.21 

Stolte eta!., 

ide 
(2007) 

(Ethoxycarbonylmethyl)ethyldi 
The 

162 
[EOCOCIEMMN][N( methylammonium 

UFT/Merk 

CF3S02)2] Bis(trifluoromethanesulfonyl)im 
3.32 3.32 ionic liquids 

ide 
effects 

database 
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Tabl 2 ( t) e con 
The 

UFT/Merk 

163 [OHC2MMN][Ace] 
(Hydroxyethyl)dimethylammoni 4.29 4.29 ionic liquids 

urn Acetate effects 
database 

The 
(Methoxyethyl)ethyldimethylam UFT/Merk 

[MOC2EMMN][N(CF monium 3.35 3.35 ionic liquids 
164 3S02)2] Bis(trifluoromethanesulfonyl)im effects 

ide database 

tetrabutylphosphonium bromide 2.71 2.71 
Stolte et al., 

165 [C4P][Br] (2007) 

[(C4)3EP][(CH3CH2)2 Tributylethylphosphonium 3.07 3.07 
Stolte et al., 

166 
P04] Diethylpbosphate (2007) 

1-Butyl-1-methylmorpholinium 
Sylvie 

167 [BMMOR][N(CN)2] 4.89 4.89 Viboud et.al 
eli cyanamide (2012}_ 

1-Butyl-1-methylpyrrolidinium 
Sylvie 

168 [BMPYRRO][N(CN)2] 4.26 4.26 Viboud et.al 
dicyanarnide 

(2012}_ 

1-0ctylquinuclidinium 
Sylvie 

169 [OQUINU][N(CN)2] 2.26 2.26 Viboud et.al 
dicyanarnide 

(2012) 
Sylvie 

170 [OTROP][N(CN)2] 1-0ctyltropinium dicyanarnide 2.52 2.52 Viboud et.al 
(2012) 

1-Butyl-1-methylmorpholinium 
Sylvie 

171 [BMMOR][CF3S03] 4.4 4.4 Viboud et.al 
triflate 

(2012) 

[BMPYRRO][CF3S03 1-Butyl-1-methylpyrrolidinium Sylvie 
172 3.98 3.98 Viboud et.al 

1 triflate 
(2012) 

[B2M3MPYR][CF3SO 1-Butyl-2,3-dimethylpyridinium 
Sylvie 

173 2.84 2.84 Viboud et.al 
3] triflate 

(2012) 
Sylvie 

174 [BTROP][SCN] 1-Butyltropinium thiocyanate 4.07 4.07 Viboud et.al 
(2012) 

1-butyl-2,3-dimethylpyridinium 
Sylvie 

175 [B3M5MPYR][SCN] 2.25 2.25 Viboud et.al 
thiocyanate 

(2012) 

1-0ctyl-1-ethylpiperidinium 
Sylvie 

176 [OEPIP][SCN] 1.5 1.5 Viboud et.al 
thiocyanate (2012) 

1-Butyl-1-methyltropinium Sylvie 
177 [BTROP][NTt2] Bis(trifluoromethylsulfonyl)irni 2.61 2.61 Viboud et.al 

de (2012) 
1-0ctyl-1-methyltropinium Sylvie 

178 [OTROP][NTf2] Bis(trifluoromethylsulfonyl)irni 2.17 2.17 Viboud et.al 
de (2012) 

1-Butyl-1-methylpyrrolidinium Sylvie 
179 [BMPYRRO][NTt2] Bis(trifluoromethylsulfunyl)irni 2.72 2.72 Viboud et.al 

de (2012) 
1-0ctyl-1-methylpyrrolidinium Sylvie 

180 [OMPYRRO][NTt2] Bis(trifluoromethylsulfonyl)irni 1.58 1.58 Viboud et.al 
de (2012) 
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Tabl 2 ( t) e con 
1-Buty1-3,5-dimethylpyridinium Papaiconom 

181 [B3M5MPYR][NTt2] Bis(tritluoromethy1su1fonyl)imi 1.86 1.71 ou et.al 

de (2010) 

1-Butyl-2,3,5- Papaiconom 

182 
[B2M3M5MPYR][NTf trimethylpyridinium 1.56 I. 71 ou et.al 

2] Bis(tritluoromethylsulfonyl)imi (2010) 
de 

1-0ctyl-2,3,5- Papaiconom 

183 
[02M3M5MPYR][NTf trimethylpyridinium 0.62 0.62 ou et.al 

2] Bis(tritluoromethylsulfonyl)imi (2010) 
de 

1-Ethyl-1-methylimidazolium 
Sylvie 

184 [EMIM][B(CN)4] 3.62 3.62 Viboud et.al 
tetracyanoborate (2012) 

1-0ctyltropinium 
Sylvie 

185 [OTROP][BF4] 2.77 Viboud eta! 
tetratluoroborate 2.77 (2012) 

1-0ctyl-3,5-dimethylpyridinium 
Sylvie 

186 [03M5MPYR][BF4] 2.77 2.77 Viboud et.al 
tetratluoroborate 

(2012) 

1-0ctyl-1-ethylpiperidinium 
Sylvie 

187 [OEPIP][BPh4] 1.36 1.36 Viboud et.al 
tetraphenylborate 

(2012) 
Sylvie 

188 [Ch][Cl] Choline chloride 6.17 6.17 Viboud et.al 
(2012) 

1-B uty1-1-methyllmorpholinium 
Sylvie 

189 [BMMOR][Br] 5.45 4.875 Viboud et.al 
bromide 

(2012) 
Sylvie 

190 [OMMOR][Br] 1-0ctylmorpholinium bromide 2.56 2.56 Viboud et.al . 
(2012) 
Sylvie 

191 [BTROP][Br] 1-Butyltropinium bromide 5.36 5.36 Viboud et.al 
(2012) 
Sylvie 

192 [BTROP][I] 1-Butyltropinium iodide 4.74 4.74 Viboud et.al i 

(2012) 
Sylvie 

193 [BQUINU][Br] 1-Butylquinuclidinium bromide 4.45 4.45 Viboud etal ' 
(2012) 
Sylvie 

194 [OQUINU][Br] 1-0ctylquinuclidinium bromide 2.32 2.32 Viboud et.al 
(2012) 

1-Butyl-1-methylpyrrolidinium 
Sylvie 

195 [BMPYRROJ[Br] 4.4 4.2535 Viboud et.al 
bromide 

(2012) 

1-Hexyl-1-methylpyrrolidini urn 
Sylvie 

196 [HMPYRRO][Br] 3.19 3.203 Viboud et.al 
bromide (2012) 

1-0ctyl-1-methylpyrrolidinium 
Sylvie 

197 [OMPYRRO][Br] 2.26 2.3936 Viboud eta! 
bromide (2012) 

1-0ctyl-1-methylpyrrolidinium 
Sylvie 

198 [OMPYRRO][Cl] 2.17 2.0364 Viboud eta! 
chloride (2012) 
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Table 2 (cont) 

1-B uty1-1-methy1piperidinium 
Sylvie 

199 [BMPIP][Br] 4.22 4.245 Viboud et.al 
bromide (2012) 

1-Hexyl-1-methylpiperidinium 
Sylvie 

200 [HMPIP][Br] 2.94 2.94 Viboud et.al 
bromide (2012) 

1-0ctyl-1-methylpiperidinium 
Sylvie 

201 [OMPIP][Br] 2 2 Viboud eta! 
bromide (2012) 

1-B utyl-1-ethylpiperidinium 
Sylvie 

202 [BEPJP][Br] 3.96 3.96 Viboud et.al 
bromide . (2012) 

1-0ctyl-1-ethylpiperidinium 
Sylvie 

203 [OEPIP)[Br) 1.8 1.8 Viboud et.al 
bromide (2012) 

1-0ctyl-1-ethylpiperidinium 
Sylvie 

204 [OEPIP][IJ 2.2 2.2 Viboud et.al 
iodide (2012) 

1-Butyl-1-methylimidazolium 
Sylvie 

205 [BMIM][Br] 3.66 3.5512 Viboud et.al 
bromide 

(2012) 

1-Hexyl-1-methylimidazolium 
Sylvie 

206 [HMIM][Br) 3.13 2.2685 Viboud et.al bromide 
(2012) 

1-0ctyl-1-methylimidazolium Sylvie 
207 [OMIM][Br] 2.27 1.3486 Viboud et.al 

bromide 
(2012) 
Sylvie 

208 [BPYR][Br) 1-Butylpyridinium bromide 3.72 3.5086 Viboud et.al 
(2012) 
Sylvie 

209 [HPYR][Br] 1-Hexylpyridinium bromide 2.85 2.9183 Viboud et.al 
(2012) 
Sylvie 

210 [OPYR][Br] 1-0ctylpyridinium bromide 1.89 1.865 Viboud et.al 
(2012) 

1-B utyl-2,3 -<timethylpyridinium 
Sylvie 

211 [B2M3MPYR][Br] 2.93 2.7237 Viboud et.al 
bromide 

(2012) 

1-0ctyl-2,3-dimethylpyridinium 
Papaiconom 

212 [02M3MPYR][Br] 1.08 0.9473 ou et.al 
bromide 

(2010) 

1-Butyl-3,5-dimethylpyridinium Papaiconom 
213 [B3M5MPYR][Br] 2.49 2.7237 ou et.al 

bromide 
(2010) 

1-0ctyl-3 ,5-dimethylpyridinium 
Papaiconom 

214 [03M5MPYR][Br] 1.12 0.9473 ou et.al 
bromide 

(2010) 

1-Butyl-2,3,5-
Papaiconom 

215 [B2M3M5MPYR][Br] 2.48 2.4497 ou et.al 
trimethylpyridinium bromide (2010) 

1-0ctyl-2,3,5-
Papaiconom 

216 [02M3M5MPYR][Br] 0.64 0.6703 ou et.al 
trimethylpyridinium bromide (2010) 

1-0ctyl-2-methyl-5-
Sylvie 

217 [02M5EPYR][Br] 0.59 0.9473 Viboud et.al 
ethylpyridinium bromide (2012) 
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Table 4 shows the statistical parameters of the training, testing and the total dataset. 

It can be clearly concluded from this table that the developed models is cabable of 

predict the toxicity with high accuracy, R2=97.53% for the traning set, R2=99.56% 

for the testing set and R2=96.83% for the whole dataset. It can also be concluded 

from this table that the values of K, ARD, AARD, AAE and 82 between the between 

the training and testing sets are very close to each other. This indicates that the 

proposed model is stable for training and testing abilities. 

Table 4: The statistical parameters of the developed models 

99.56 
.;;(:ti~~~~ / 
0.0285 

j"~~~!'i,i•Qf. 
0.0075 

~~lc!. 
96.83 

. ··· · ~~IAAtt'Z · r: · 
0.0387 

.. •.· -~~~~fl~~)'QJI~ • 
0.0496 

A comparison was made between the results obtained using the proposed model for 

toxicty and other experimental values. A good fit is achieved with squared 

correlation coefficient, as illustrated in Figure 11. 

Figure 11: Comparison between predicted and experimental Toxicity values. 
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The average relative deviation (ARD), average absolute relative deviation (AARD), 

average absolute error (AAE), and standard deviation were respectively obtained 

equal to -0.0017, 0.0387, -8.36*10.15
, and 0.0496. It can be concluded from 

Figure 12 - 14, that out of 217 components, there are about 170 components with 

'zero' error between the predicted toxicity values and those experimental toxicity 

values. From table 5,it is also proved that the results predicted from the model are the 

most accurate as compared to other models that predicted toxicity of ILs towards 

Vibrio fischeri marine bacteria. 
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Figure 12: AAE histogram for the toxicity model 
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Figure 13: AARD histogram for the Toxicity model. 
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Figure 14: ARD histogram for the Toxicity model 
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Method 

-

MLR, Radial Basis (RB) 
multilayer perception 
(MLP), neural network 
(NN) 

~cw!il~, .. r _- ;J, 
MLR and polynomial 
methods 

MLR and polynomial 
methods 

Table 5: Comparison of QSAR model 

Organism(s) 

IPC-81; 
Acetylcholinesterase 
(AChE) 

. ,.;;,;; ·' ii;'w.. .. 
· · -r!tr!J()iJ!·&y~~/'1: · 

Daphnia magna 

Number 
ofiLs 

:9(i ...... 
64 

217 

Correlation 
Coefficient, R2 

= 0.867 (IPC) 
MLR, R2 = 0.814 
(AChE) NN, R2 = 0.982 
(IPC) NN, R2 

= 0.973 

........ ~i,i.: .. , 
0.974 
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Software used 

S tatgraphics 
Plus 

Error 

and 
O.o38 

References 

!?.!!~~.~.if- ~.: ... 'ZJ:t.~s\J.tcl!f:@:iHi) 
MATLAB 0.0283 Hossain et al. 
7.8.0.347 (2011) 



CHAPTERS 

CONCLUSIONS AND RECOMMENDATIONS 

5.1 Conclusion 

This study presents a new method for prediction of toxicity of ILs towards Vibrio 

fischeri marine bacteria based on QSAR approach. Developments of this model have 

been done based on a code written using MATLAB software (version 7.8.0.347) and 

it is based on the combination of MLR, and polynomial models. For developing this 

toxicity model, 217 ILs of experimental data were used. The model show very 

accurate results, where R2=96.83% with standard deviation=0.0496. Moreover, the 

accuracy of the developed models was compared with other established models and 

found to have a higher accuracy than others established models. Therefore, this 

model is capable and reliable of predicting the toxicity of a variety of ILs towards 

Vibrio fischeri marine bacteria. This model provides a practical, cost-effective, 

convenient and reliable alternative to experimental measurements of ILs toxicity 

determination. 

5.2 Recommendation and future work 

Future studies in this area will need to cover a wider spectrum of ILs with respect to 

their toxicity towards algae, fish, and other higher-order organisms. 
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