
1 
 

Ecotoxicity assessment of dicationic versus monocationic ionic liquids as a more 

environmentally friendly alternative  

M. G. Montalbána, G. Vílloraa*, P. Licenceb 

a Department of Chemical Engineering, Faculty of Chemistry, Regional Campus of International 

Excellence "Campus Mare Nostrum", University of Murcia, P.O. Box 4021, Campus of 5 

Espinardo, E-30071, Murcia, Spain. 

b School of Chemistry, The University of Nottingham, Nottingham, NG7 2RD, UK. 

*Corresponding author. E-mail: gvillora@um.es. Telephone: +34 868887363. 

ABSTRACT 

One of the reasons why ionic liquids have received growing interest from researchers is their 10 

environmentally interesting characteristics, such as their negligible vapour pressure and their 

good chemical and thermal properties. In particular, dicationic ionic liquids whose thermal and 

electrochemical stability is higher than that of monocationic ionic liquids have begun to gain 

attention during recent years. In this work, monocationic and dicationic ionic liquids were 

synthesized, characterized and tested for their toxicity, which was assessed using the 15 

luminescent bacterium Vibrio fischeri. The results revealed that the toxicity of the ionic liquids 

mainly depends on the head groups and linkage chain length of their cationic structure. 

Introduction of a new cationic head decreased the EC50 (concentration which leads to 50% 

reduction in bioluminescence of the bacteria) of the ionic liquids. The results present a 

promising picture of dicationic ionic liquids as alternatives with lower environmental impact 20 

than their monocationic counterparts and underline the significance of designing particular 

structures for ionic liquids. 
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1. INTRODUCTION 

Ionic liquids (ILs) are organic salts which are liquids at or near ambient conditions (T < 100°C). 

ILs have gained much attention as alternative solvents during recent years due to their rather 

unique combination of physical and chemical properties, which include negligible vapour 

pressure, non-flammability, wide liquid state temperature range, high thermal and chemical 30 

stability and high ionic conductivity (Lee and Lin, 2014). Moreover, the properties of ILs can be 

tuned by adjusting the structures of their anion and cation, or both, leading ILs to become 

known as “designer solvents” (Viswanathan et al., 2006). In this way, it is possible to control 

several physical properties, such as hydrophobicity, viscosity, density, solubility and their 

biodegradability and toxicological behaviour (Ventura et al., 2012). Because of these properties, 35 

monocationic ILs can be used in a wide variety of applications in different inter-disciplinary 

research areas, such as in the field of chemical engineering, organic synthesis, separation 

process, material science, catalysis, biocatalysis, green chemistry, sensoristics, medicine, 

electrochemistry, electronic devices (Galinski et al., 2006; Hough et al., 2007; Kogelnig et al., 

2010; Kore et al., 2013; Wasserscheid and Welton, 2008) and supported liquid membranes 40 

(Víllora, 2013). 

Geminal (symmetrical) dicationic ILs are generally composed of two distal cationic head groups 

linked by some form of linking fragment, which may be composed of simple alkyl chain, or 

more functional in nature. These compounds are especially interesting because they generally 

possess higher thermal and electrochemical stability, making them more suitable than 45 

monocationic ILs for use in high-temperature applications (Steudte et al., 2014). In this context, 

the suitability of dicationic ILs as reaction media has been studied when high temperatures are 

necessary (Han and Armstrong, 2005). They have great potential to be used as solvents for high 

temperature uses, surfactants, lubricants, nanoparticle coating, gas chromatography stationary 

phases, separation media and catalyst for esterification and transesterification reactions (Wei-Li 50 

et al., 2014; Anderson et al., 2005).  
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Asymmetrical dicationic ILs are another type of dicationic ILs which consist of different head 

groups of cation which are also attached via a linking fragment such as an alkyl chain. These 

asymmetrical ILs can be said to have dual functionality as they have two different head groups 

(Masri et al., 2016). Asymmetrical dicationic ILs based on both imidazolium and aliphatic 55 

ammonium have been synthesized as potential electrolyte additives applied to lithium secondary 

batteries (Zhang et al., 2008).  

On the other hand, heteroanionic dicationic ILs can be symmetrical or asymmetrical (head 

groups), but they have one dication with two different anions. Currently, dicationic ILs are 

extensively investigated as separation material (supported liquid membrane technology) and 60 

catalyst candidates (hydrolysis, biodiesel production, esterification of carboxylic acid…) (Masri 

et al., 2016). 

Although ILs should not contribute to atmospheric pollution due to their non-volatility (Pham et 

al., 2010), they can be easily soluble in water and therefore could be toxic to aquatic organisms 

(Freire et al., 2009) in cases of accidental release or at the end of their life cycle. For this reason, 65 

the environmental behaviour and toxicological effects of ILs need to be evaluated. However, 

more studies related to the ecotoxicological risk profiles of ILs are required because of the huge 

number of ILs that can be synthesized (Ventura et al., 2011; Lee and Lee, 2009). During the 

past few years, some publications have studied IL toxicity using different aquatic organisms 

such as bacteria (especially, Vibrio fischeri) (Montalbán et al., 2016; Samorì et al., 2007; Pinto 70 

et al., 2012, García et al., 2005; Docherty and Kulpa, Jr., 2005; Romero et al., 2008; Stolte et 

al., 2007; Ventura et al., 2011, 2012, 2014; Luis et al., 2007), green algae (e.g. 

Pseudokirchneriella subcapitata) (Pretti et al., 2011; Pham et al., 2008), aquatic plants (e.g. 

duckweed Lemna minor) (Stolte et al., 2007; Larson et al., 2008; Zhang et al., 2013), 

invertebrates (mainly the freshwater crustacean Daphnia magna and Artemia Salina) (Pretti et 75 

al., 2011; Wells and Coombe, 2006; Steudte et al., 2014; Gouveia et al., 2014; Vraneš et al., 

2016) or vertebrates like fish (the zebrafish Danio rerio) (Pretti et al., 2006, 2011) or frogs 

(Rana nigromaculata) (Li et al., 2009). In these studies, ILs show a varying hazard potential, 
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depending on their individual chemical structure and morphology. Regardless of the studied test 

system, the strongest effect on IL toxicity seems to be their lipophilicity (Steudte et al., 2014). 80 

However, despite the increasing number of studies which evaluate IL aquatic toxicity, the 

information available is still limited, especially information related to dicationic ILs.  

Several published works have attempted to predict the aquatic toxicity of ILs by Quantitative 

Structure-Activity Relationships (QSAR) methods (Luis et al., 2007, 2010; Lacrămă et al., 

2007; Ismail Hossain et al., 2011; Couling et al., 2006; Bruzzone et al., 2011) which are 85 

mathematical models mainly based on the anion, the cation core and the length of the alkyl 

chain of the cation of the IL. Nevertheless, this kind of models is not sufficiently well developed 

to be applied to more complex or functional structures including relatively simple dicationic 

ILs. For this reason, more experimental data concerning the toxicity of dicationic ILs are 

required for incorporation in the respective databases, which will help predict their toxicity. 90 

According to Ventura et al. (2011), one of the most widely used toxicological tests is the 

Microtox® Acute Toxicity Test, which uses the gram negative marine bacterium Vibrio fischeri 

(formerly known as Photobacterium phosphoreum). In 2007, Vibrio fischeri was renamed to 

Aliivibrio fischeri (Urbanczyk et al., 2007). This test is one of the most commonly used 

bioassay tests due to the intense and stable light emission of these bacteria and because it is 95 

highly sensitive to different compounds (Fuentes et al., 2006), and has been used for more than 

two decades in a large number of studies to determine the toxicity of conventional organic 

compounds toxicity for more than two decades (Kaiser and Palabrica, 1991). In fact, this 

method constitutes a standard (eco) toxicological inhibition assay in Europe (DIN EN ISO 

11348) (“ISO 11348-3. Water quality. Determination of the inhibitory effect of water samples 100 

on the light emission of Vibrio fischeri (Luminescent bacteria test). Part 3: Method using freeze-

dried bacteria,” 2007), which determines the toxicity of a substance toward Vibrio fischeri by 

measuring the diminution in their light output. This decrease in Vibrio fischeri light emission is 

due to a reduction in enzymatic activity, so that any luminiscence is directly proportional to the 

metabolic activity of the bacterial population (Parvez et al., 2006).  105 
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The main goal of this work was to measure the aquatic toxicity of a set of twenty-six 

imidazolium, pyrrolidinium and pyridinium-based ILs (9 monocationic and 17 dicationic) (see 

Table 1 in Montalbán et al., 2017) using the Vibrio fischeri inhibition test as the effective 

nominal EC50 concentration (concentration necessary to decrease 50% of luminescence 

produced by the bacteria population). To date, the synthesis of some of these compounds has 110 

not been reported and hence no report in the literature has studied the toxicity of the most of 

these ILs (22 out of 26) towards Vibrio fischeri. The results represent an accurate study of the 

influence of the composition and structure on ILs toxicities. 

2. MATERIALS AND METHODS 

 115 

2.1 Test Chemicals 

1-methylimidazole (>99%), 1-methylpyrrolidine (>98%), pyridine (>99%), 1-bromooctane 

(>99%), 1,2-dibromoethane (>98%), 1,3-dibromopropane (>99%), 1,4-dibromobutane (>99%), 

1,6-dibromohexane (>96%), 1,8-dibromooctane (>98%), 1,12-dibromododecane (98>%), 

lithium bis(trifluoromethane)sulfonylimide (99.95>%) sodium hexafluoroantimonate (V) 120 

(technical grade), acetonitrile, ethyl acetate, dichloromethane and methanol were purchased 

from Sigma Aldrich (Steinheim, Germany). All chemical products were used without additional 

purification. 

2.2 Synthesis and characterization 

All ILs investigated herein were prepared in the laboratories of the University of Nottingham. A 125 

full description of each chemical synthesis is provided in Montalbán et al., 2017. Full 

characterization data of all the compounds, including 1H NMR, 13C NMR and 19F NMR 

spectroscopy and mass spectrometry (MS), are also provided in Montalbán et al., 2017. Melting 

point temperature or thermal decomposition temperature of the solid ILs at room temperature 

was measured and included in Montalbán et al., 2017 (see Table 2). 130 

 

 



6 
 

 

2.3 Toxicity tests 

The Microtox® Toxicity Test evaluates any inhibition in luminescence of the marine Gram-135 

negative bacterium Vibrio fischeri. This bacterium was purchased in lyophilized form from 

Modern Water and activated by rehydration with a restorative solution of MilliQ water. A 

control sample of the bacterial suspension without the test substance was included along with 

the sample. Both, standard and samples were used in 2% NaCl to adjust the osmotic pressure. A 

Microtox® M500 Analyzer (Azur Environmental) was used to measure the light emission of the 140 

bacterium in contact with the samples. In this test, a range of diluted aqueous solutions (from 

5.625 to 45.000 %) of each IL was used. A concentration of 100 % corresponds to a known 

concentration of an IL stock solution. After 15 minutes of exposure to the IL solution, whose 

concentration depends on the IL, the light output of the luminescent bacterium was measured 

and compared with the light output of a blank control sample. The toxicity was evaluated and a 145 

50% reduction in luminescence was computed. The toxicity values reported in the text and 

tables are expressed as Log EC50 (μM), representing the toxicity value measured 15 min after 

Vibrio fischeri comes in contact with an IL. The measurement was taken at least three times for 

most ILs.  

 150 

3. RESULTS AND DISCUSSION 

The above mentioned mono- and dicationic ILs were synthesized and their ecotoxicity towards 

the luminescent marine bacterium Vibrio fischeri was evaluated. The yield of the synthesis 

reactions varied between 35.4% and 99.9%.  

Tables 1 and 2 show the experimental results of the EC50 for monocationic and dicationic ILs, 155 

respectively. Table 1 also includes the EC50 values found in the literature and estimated by a 

QSAR method. There are no data available for dicationic ILs (Table 2). Table S1 shows the 

EC50 values of common volatile organic compounds (VOCs) collected from the literature. 

Figure 1 depicts the EC50 values collated in Tables 1, 2 and S1 for comparison. 
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To obtain less toxic ILs, several structural changes affecting the cation core (in mono- and 160 

dicationic ILs), the central alkyl chain length (only in dicationic ILs) and the anion (only in 

monocationic ILs) were introduced. The influence of these parameters on ILs toxicity was 

analyzed. In an attempt to increase the readability of this study, the main results will be 

discussed in three sections: monocationic ILs, dicationic ILs and mono- versus dicationic ILs.  

Table 1. Log EC50 values for monocationic ILs tested in each trial after 15 min of exposure of 165 

the luminescent bacterium Vibrio fischeri, with respective 95% confidence limits (in brackets) 

and Log EC50 mean values. Log EC50 values found in the literature and Log EC50 obtained using 

a group contribution method QSAR (Luis et al., 2010) are also shown. Toxicity is expressed as 

Log EC50 (μM). 

Ionic liquid Log EC50, this work  

(lower limit, upper limit) 
Log EC50,  

this work 

(average) 

Log EC50  

from literature 
Log EC50  

from QSARa  

C8 (MIm) Br 

0.75 (0.45, 1.05) 

0.71 0.63b; 2.27c  1.17 0.78 (0.75, 0.80) 

0.60 (0.30, 0.89) 

C8 (MIm) NTf2 

0.99 (0.96, 1.02) 

0.95 - 0.76 0.93 (0.87, 1.00) 

0.92 (0.89, 0.96) 

C8 (MIm) SbF6 

0.96 (0.93, 0.99) 

0.85 - - 0.83 (0.63, 1.02) 

0.78 (0.61, 1.82) 

C8 (Pyr) Br 

1.24 (1.01, 1.47) 

1.27 1.89c  0.95 1.27 (1.09, 1.46) 

1.30 (1.10, 1.50) 

C8 (Pyr) NTf2 

1.47 (1.38, 1.57) 

1.51 -  - 1.48 (1.42, 1.54) 

1.59 (1.49, 1.69) 

C8 (Pyr) SbF6 

1.14 (0.99, 1.29) 

1.13 - - 1.07 (0.99, 1.16) 

1.18 (1.14, 1.22) 

C8 (MPyrr) Br 

1.53 (1.46, 1.60) 

1.66 2.26c  1.96 1.72 (1.60, 1.84) 

1.74 (1.59, 1.87) 

C8 (MPyrr) NTf2 

1.48 (1.45, 1.50) 

1.53 1.58c  0.34 1.54 (1.37, 1.71) 

1.58 (1.57, 1.60) 

C8 (MPyrr) SbF6 

1.71 (1.13, 2.30) 

1.69  - - 
1.69 (0.75, 2.63) 

1.67 (1.00, 2.34) 

1.69 (0.73, 2.65) 
aLuis et al., 2010; bDocherty and Kulpa, Jr., 2005; cViboud et al., 2012 170 
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Table 2. Log EC50 (μM) values for dicationic ILs tested in each trial after 15 min of exposure of 

the luminescent bacterium Vibrio fischeri, with respective 95% confidence limits (in brackets). 175 

Ionic liquid Log EC50(μM), this work  

(lower limit, upper limit) 

Log EC50 (μM),,  

this work (average) 

C2 (MIm)2 Br2 5.35 (5.05, 5.64) 5.35 

C3 (MIm)2 Br2 

5.40 (5.24, 5.56) 
5.37 

5.30 (5.23, 5.37) 

5.41 (5.05, 5.77) 

C4 (MIm)2 Br2 

5.02 (4.67, 5.36) 

5.00 5.06 (4.87, 5.25) 

4.92 (4.53, 5.31) 

C6 (MIm)2 Br2 

4.54 (4.09, 4.99) 
4.56 

4.59 (4.14, 5.05) 

4.56 (4.11, 5.01) 

C8 (MIm)2 Br2 
2.33 (2.20, 2.45) 

2.34 2.34 (2.18, 2.49) 

2.35 (2.21, 2.50) 

C3 (MPyrr)2 Br2 

5.18 (5.14, 5.23) 

5.07 4.89 (4.61, 5.18) 

5.13 (4.99, 5.28)  

5.06 (4.99, 5.13) 

C4 (MPyrr)2 Br2 

4.26 (3.97, 4.55) 

4.31 4.28 (3.88, 4.68) 

4.36 (4.01, 4.70) 

4.33 (4.01, 4.65) 

C6 (MPyrr)2 Br2 

4.17 (4.10, 4.23) 

4.08 4.22 (4.04, 4.40) 

3.86 (3.69, 4.04) 

C8 (MPyrr)2 Br2 

3.64 (2.63, 4.64) 

3.77 

3.69 (3.48, 3.90) 

4.00 (3.78, 4.23) 

3.82 (3.49, 4.14) 

3.51 (3.22, 3.79) 

3.95 (3.77, 4.13) 

C2 (Pyr)2 Br2 
5.37 (5.31, 5.42) 

5.40 
5.42 (5.25, 5.60) 

C3 (Pyr)2 Br2 

4.59 (4.48, 4.71) 

4.56 4.60 (4.49, 4.70) 

4.48 (4.46, 4.50) 

C4 (Pyr)2 Br2 

4.93 (4.81, 5.05) 

5.04 5.15 (5.04, 5.26) 

5.03 (4.90, 5.17) 

C6 (Pyr)2 Br2 

5.11 (4.76, 5.46) 

5.18 
5.17 (4.94, 5.40) 

5.31 (4.57, 6.05) 

5.13 (4.90, 5.36) 

C8 (Pyr)2 Br2 

4.19 (3.32, 5.06) 

4.52 

4.64 (4.58, 4.71) 

4.39 (2.93, 5.85) 

4.62 (4.55, 4.68) 

4.77 (4.76, 4.82) 

C12 (Pyr)2 Br2 

2.07 (2.04, 2.11) 

2.07 2.04 (2.01, 2.07) 

2.09 (2.06, 2.13) 

C3 (Pyr) (MIm) Br2 

5.18 (4.77, 5.59) 

5.23 
5.24 (5.04, 5.44) 

5.31 (5.28, 5.34) 

5.19 (5.04, 5.34) 

C3 (Pyr) (MPyrr) Br2 

4.54 (4.51, 4.58) 

4.55 4.59 (4.57, 4.81) 

4.52 (4.19, 4.85) 
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Figure 1. Comparison between Log EC50 values of ILs (white and grey rectangles, 180 

monocationic and dicationic ILs, respectively) and COVs (black rectangles). 

 

3.1 Monocationic ILs 

The toxicity of monocationic ILs towards Vibrio fischeri has been widely screened in the 

present work. The Log EC50 values of monocationic ILs (Table 1) reflect influence of two 185 

structural features on the bacterial toxicity: the influence of the cation core in ILs with the same 

anion and the influence of the anion in ILs with the same cation. 

A variety of toxicology studies (Matzke et al., 2007, 2008) have correlated the lipophilicity of 

ion-pairs constituent of the ILs with their biological activities, suggesting that the disruption of 

the plasma membrane plays the major role in ILs toxicity. Moreover, several ILs act as 190 
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surfactants which are generally highly disruptive to membranes (Gal et al., 2012). For this 

reason, the increasing emphasis on the characterization of membrane binding and disruption 

induced by ILs as putative critical biological determinants is based upon the notion that the lipid 

bilayer is naturally the first cellular constituent encountered by the ILs. Furthermore, the plasma 

membrane is a well-known target for varied biological substances, both water-soluble as well as 195 

amphiphilic (Bechinger, 2010). 

Analysis of the C8(MIm)+, C8(Pyr)+ and C8(MPyrr)+ derivatives showed that, for the same anion, 

the order in toxicity was C8(MIm)+>C8(Pyr)+>C8(MPyrr)+. These results agree with those 

obtained by Docherty and Kulpa (Docherty and Kulpa, Jr., 2005). This fact could be explained 

on the basis of the cation structure. The imidazolium and pyridinium are both flat, in the 200 

imidazolium the positive charge is distributed across two nitrogens and if one considers 

separated charges or charge distribution the net positive charge on each atom is very different to 

the pyridinium analogue where the polarisation of the head group is greater, i.e. its delta 

positive is much more focused. In the pyrrolidinium, the magnitude of the positive charge is 

comparable with the pyridinium, but the nitrogen is tetrahedral and the carbon substituents are 205 

somewhat more puckered, the nitrogen is “hidden” inside an envelope of carbon such that the 

positive charge is not as accessible (Blundell and Licence, 2014a, 2014b). Therefore, due to the 

planarity of the aromatic cations, such as imidazolium or pyridinium, monocationic ILs based 

on these cations presumably possess lower steric hindrance which could increase the 

interactions with the membrane lipid bilayer and hence increase their toxicity. The results of the 210 

EC50 tell us that symmetry of the head group is dominant on the magnitude of the positive 

charge on each atom. Gal et al. (2012) obtained results particularly significant from a structural 

standpoint. They point that the head group structure and orientation are key factors that 

determine membrane interactions and concurrent toxicity. While an increase in the cationic side 

chain length of an IL might be directly related to an increase in membrane activity, the 215 

orientation of head cationic group emerges as an structural and biological element that has to be 

also considered in ILs toxicity. 
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From Table 1, it can be observed that the Log EC50 values for a given anion series are very 

similar and no general trend for the anion constituent of the monocationic ILs studied could be 

established concerning toxicity towards Vibrio fischeri. Many authors have suggested that the 220 

cation has a much stronger effect on ionic liquid toxicity than the anion (Montalbán et al., 2016; 

Docherty and Kulpa, Jr., 2005; Romero et al., 2008; Couling et al., 2006; Gal et al., 2012; Stolte 

et al., 2007; Matzke et al., 2008; Evans, 2006). This is quite expected because most cellular 

membranes exhibit negative charge and therefore would be affected much more significantly by 

the cationic components of ILs, although membrane interactions of ILs are in fact dictated by 225 

more subtle mechanisms (Gal et al., 2012). The toxicity of ILs has been correlated with 

increasing alkyl chain length of the cationic constituent, proposing that the alkyl chains are 

inserted through the polar head group region of the membrane bilayer, and consequently induce 

membrane damage and cell death. In fact, in our case, the long alkyl chain (octyl) on the cation 

has a stronger effect on toxicity than the effect of the anion. 230 

3.2 Dicationic ILs 

The Log EC50 values of dicationic ILs depicted in Table 2 allow to analyze the influence of 

three different structural features on the toxicity of the ILs towards the marine bacteria: i) the 

effect of the cation core nature, ii) the charge carrier symmetry, flat or tetrahedral, with the same 

anion (bromide) and iii) the influence of the alkyl linkage chain length in ILs with the same 235 

cation core.  

In order to assess the influence of the cation core on the toxicity towards Vibrio fischeri, two 

families of dicationic ILs were synthesized: fifteen symmetrical (imidazolium, pyridinium and 

pyrrolidinium-based ILs) and two asymmetrical (pyridinium-imidazolium and pyridinium-

pyrrolidinium ILs).  240 

As it can be seen in Table 2 and Figure 2, the effect of the cation core over the Vibrio fischeri 

toxicity depends on the alkyl chain length of the cation. The following order was obtained for 

the toxicity of dicationic ILs with alkyl linkage chains comprising three atoms of carbon: 

C3(Pyr)2 Br2 (log EC50=4.56) > C3(mPyrr)2 Br2 (log EC50=5.07) > C3(MIm)2 Br2 (log EC50=5.37), 
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while the opposite order for the analogous ILs with eight carbon atoms: C8(MIm)2 Br2 (log 245 

EC50=2.34) > C8(MPyrr)2 Br2 (log EC50=3.77) > C8(Pyr)2 Br2 (log EC50=4.52). A similar 

conclusion was previously suggested by Docherty and Kulpa, Jr. (2005) for monocationic ILs, 

who found that imidazolium and pyridinium toxicities could not be directly compared because, 

according to their results, C4(MIm)Br was significantly less toxic than C4(MPyr)Br but 

C6(MIm)Br was more toxic than C6(MPyr)Br and, in the case of eight atoms of carbon, 250 

C8(MIm)Br and C8(MPyr)Br had similar toxicities.  

 

Figure 2. Effect of the number of carbons of the alkyl linkage chain on the aquatic toxicity (Log 

EC50) of dicationic ILs with different cation cores; ✕ methylimidazolium, ● 

methylpyrrolidinium and ∆ pyridinium. 255 

Comparing symmetrical and asymmetrical dicationic ILs, the following toxicity order was 

established (see Table 2): C3 (Pyr)2 Br2 (log EC50=4.56) > C3 (Pyr) (MIm) Br2 (log EC50=5.23) > 

C3 (MIm)2 Br2 (log EC50=5.37) and C3 (Pyr)2 Br2 (log EC50=4.56) ≈ C3 (Pyr) (MPyrr) Br2 (log 

EC50=4.55) > C3 (MPyrr)2 Br2 (log EC50=5.07). This strongly suggests that, for short alkyl 

linkage chains, pyridinium-based ILs are more toxic than imidazolium and pyrrolinium-based 260 

ones and is in close agreement with Docherty and Kulpa, Jr. (2005). 
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core but different central chain. In this specific case, we examined the following series: from 

C2(MIm)2Br2 to C8(MIm)2Br2, from C3(MPyrr)2Br2 to C8(MPyrr)2Br2 and from C2(Pyr)2Br2 to 265 

C12(Pyr)2Br2 (Table 2 and Figure 2). The ecotoxicity of the ILs can be ranked as follows: C8 (log 

EC50=2.34) > C6 (log EC50=4.56) > C4 (log EC50=5.00) >C3 (log EC50=5.37) ≈ C2 (log 

EC50=5.35) for the imidazolium-based ILs, C8 (log EC50=3.77) > C6 (log EC50=4.08) > C4 (log 

EC50=4.31) > C3 (log EC50=5.07) for the pyrrolidinium-based ILs and, finally, C12 (log 

EC50=2.07) > C8 (log EC50=4.52) ≈ C3 (log EC50=4.56) > C6 (log EC50=5.18) ≈ C4 (log 270 

EC50=5.04) > C2 (log EC50=5.40) for the pyridinium-based ILs. The increase in toxicity (and 

lower EC50 values) when the alkyl linkage chain increases is due to the higher hydrophobicity 

and cell permeability. 

According to these results, for the families of imidazolium and pyrrolidinium-based ILs tested 

in this work, toxicity towards Vibrio fischeri increases with the length of the alkyl linkage chain. 275 

However, in case of the pyridinium-based ILs studied, although the same general trend existed, 

the results were not so clear as for the other two families of ILs. Although, the results available 

in the literature related to dicationic ILs toxicity are scarce, their tendencies generally agree with 

our experimental data (Gindri et al., 2014; e Silva et al., 2014; Steudte et al., 2014). For 

instance, Steudte et al. (2014) found that acetylcholinesterase inhibition and toxicity towards 280 

Daphnia magna diminished with short alkyl linkage chains in some of the imidazolium-based 

dicationic ILs tested in this work. In addition, the results of e Silva et al. (2014) showed the 

same trend for Vibrio fischeri toxicity in the case of cholinium-based dicationic ILs. Gindri et 

al. (2014) also found the same tendency for MC3T3-E1 cytotoxicity of imidazolium-based 

dicationic ILs. Nevertheless, no previous studies have evaluated the Vibrio fischeri toxicity of 285 

the dicationic ILs tested in this work. 

 

3.3 Mono- vs dicationic ILs 

Comparisons of the ecotoxicity of mono- and dicationic ILs were made for the three different 

cation cores. More specifically, we compared ILs with the same cation core (imidazolium, 290 

pyrrolidinium or pyridinium), alkyl chain length (octyl) and anion (bromide): C8(MIm)Br (log 
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EC50=0.71) vs C8 (MIm)2 Br2 (log EC50=2.34), C8(Pyr)Br (log EC50=1.27) vs C8 (Pyr)2 Br2 (log 

EC50=4.52) and C8(MPyrr)Br (log EC50=1.66) vs C8 (MPyrr)2 Br2 (log EC50=3.77). According to 

the results shown in Tables 1 and 2, the dicationic ILs were less toxic toward the Vibrio fischeri 

bacterium than their monocationic counterparts. This is in good agreement with the results for 295 

cholinium-based ILs obtained by e Silva et al. (2014), who suggested that the reason could be 

related to the size of the molecules of the ILs, which would restrict their interactions with the 

cell membranes. Other authors, including Steudte et al. (2014), observed the same trend for 

mono- and dicationic ILs for their acute toxicity towards IPC-81, S. vacuolatus and D. magna. 

Recently, Gindri et al. (2014) obtained similar results in a toxicity assay using MC3T3-E1 pre-300 

osteoblast cells. In this case, the authors affirmed that the reduced toxicity of the ILs may be due 

to an increase in polarity of the ionic liquid structure.  

Monocationic ILs with high alkyl chain lengths show strong attachment of the molecule to the 

lipid bilayer surface, most likely giving rise to a considerable disruption of the membrane 

bilayers, consistent with a strong micellization effect. When the alkyl chains in the cationic 305 

structure are short and the overall dimension of the molecule is small, the insertion of the 

compounds into the lipid bilayer is deeper, resulting in lesser membrane-surface perturbation. 

This explanation was also given by Gal et al. (2012). 

In the case of dicationic ILs, the second charge carrier stops the carbon chain, segregating into 

the membrane structure, hence reduces potency. Until the linker gets long, it then folds like a 310 

hairpin and can again segregate into the membrane. 

3.4 Relationship between octanol water partition coefficient (Kow) and Vibrio 

fischeri toxicity 

Several authors have claimed that the Vibrio fischeri toxicity of ILs follows the same trend as 

their hydrophobicity: the more hydrophobic they are, the greater their toxicity (Docherty and 315 

Kulpa, Jr., 2005; e Silva et al., 2014; Gindri et al., 2014). One of the parameters to represent the 

hydrophobicity of a compound is the octanol-water partition coefficient (Kow) because the water 

saturated-octanol system closely represents very well the physico-chemical environment of 
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living organisms (Montalbán et al., 2015). In a previous study (Montalbán et al., 2016), the 

authors obtained an empirical correlation between the hydrophobicity (expressed as the Log 320 

Kow) and the Vibrio fischeri toxicity (expressed as Log(1/EC50)) based on experimental data of 

both parameters for a set of twenty-nine ILs: 

𝐿𝑜𝑔 (1/𝐸𝐶50) = −1.436 + 0.859𝐿𝑜𝑔𝐾𝑜𝑤 − 0.119(𝐿𝑜𝑔𝐾𝑜𝑤)2            (1) 

With the experimental data shown in Tables 1 and 2, we estimated the values of Log Kow for all 

the ILs studied in this work using equation (1). The estimated values are shown in Table 3. 325 

Apart from by equation (1), two other approaches were used to estimate Kow: the web pages 

molinspiration.com (“http://www.molinspiration.com/services/logp.html,” 2015) and 

chemicalize.org (“http://www.chemicalize.org/,” 2015). These approaches predict the toxicity of 

a given molecular structure by breaking it up into fragments or groups of atoms which have a 

previously assigned empirical constant and structural factor. Both approaches use SMILES 330 

(Simplified Molecular Input Line Entry System) notation. These estimated values are also 

depicted in Table 3. 

 

 

 335 

 

 

 

 

 340 
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Table 3. Estimated values of Kow using Equation (1), molinspiration.coma and chemicalize.orgb 

for the studied ILs.  

IL Log Kow (from Eq 1) Log Kow
a  Log Kow

b  

C8 (MIm) Br 9.78E-1 -0.02 -0.37 

C8 (MIm) NTf2 6.19E-1 2.97 2.17 

C8 (MIm) SbF6 7.63E-1 -0.02 -0.37 

C8 (Pyr) Br 1.99E-1 -1.01 -0.09 

C8 (Pyr) NTf2 -8.51E-2 2.97 2.17 

C8 (Pyr) SbF6 3.76E-1 -1.01 -0.09 

C8 (MPyrr) Br -2.52E-1 0.23 -0.46 

C8 (MPyrr) NTf2 -1.08E-1 2.97 -0.46 

C8 (MPyrr) SbF6 5.19E-1 0.23 2.17 

C2 (MIm)2 Br2 -3.17 -5.45 -7.11 

C3 (MIm)2 Br2 -3.18 -5.39 -7.05 

C4 (MIm)2 Br2 -2.95 -5.32 -6.53 

C6 (MIm)2 Br2 -2.66 -5.00 -5.64 

C8 (MIm)2 Br2 -0.93 -4.54 -4.76 

C3 (MPyrr)2 Br2 -2.99 -5.25 -7.24 

C4 (MPyrr)2 Br2 -2.49 -5.17 -6.73 

C6 (MPyrr)2 Br2 -2.33 -4.8 -5.84 

C8 (MPyrr)2 Br2 -2.10 -4.19 -4.95 

C2 (Pyr)2 Br2 -3.20 -5.83 -6.55 

C3 (Pyr)2 Br2 -2.66 -5.79 -6.49 

C4 (Pyr)2 Br2 -2.97 -5.74 -5.97 

C6 (Pyr)2 Br2 -3.06 -5.55 -5.08 

C8 (Pyr)2 Br2 -2.63 -5.31 -4.19 

C12 (Pyr)2 Br2 -0.67 -4.52 -2.41 

C3 (Pyr) (MIm) Br2 -3.09 -5.61 -6.77 

C3 (Pyr) (MPyrr) Br2 -2.65 -5.56 -6.87 
a“http://www.molinspiration.com/services/logp.html,” 2015; b“http://www.chemicalize.org/,” 2015 

 345 

As can be seen in Figure S1 and Table 3, the toxicity of ILs towards Vibrio fischeri increases 

with increasing Log Kow. In addition, it can be observed that for most of the tested ILs, the Log 

Kow values are negative. It is commonly known that only compounds with Log Kow values 

between 1 and 5 (Heipieper et al. 1994), i.e. highly hydrophobic, accumulate in bacterial 

membranes causing modifications of the membrane fluidity and altering the membrane structure 350 

and function (Sikkema et al., 1994). Specifically, Log Kow values obtained from Eq. 1 are 

negative for all the dicationic ILs whereas the values for the monocationic ones are positive or 

near to zero. The main difference between the cations of the tested dicationic ILs is their 

different lipophilicity. Heckenbach et al. (2016) reported the influence of hydrophobicity and 

length of alkyl chain of the cation on ionic liquid toxicity. The lipophilic properties, function of 355 

the structure of the ionic liquid, have been correlated with toxicity (Piotrowska et al. 2017; 
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Costa et al., 2015; Pham et al., 2010, 2016). This correlation can be explained by accumulation 

of the compounds in membrane lipid bilayer, that may cause the loss of integrity and ion 

dysregulation (Sikkema et al., 1995). The higher is Log Kow of the ionic liquid, the higher is its 

membrane accumulation and toxicity. Therefore, the results of Log Kow also confirm that 360 

dicationic ILs are less toxic than their monocationic counterparts although, according to our 

results, none of them would accumulate in the membrane lipid bilayer. 

4. CONCLUSIONS 

The Vibrio fischeri toxicity, reported as Log EC50, of twenty-six monocationic and dicationic 

ILs ranged between 0.71 and 5.37. The experimental values showed very good agreement with 365 

those estimated using the QSAR method. Some trends relating the composition and chemical 

structure of the ILs with their Vibrio fischeri ecotoxicity could be established. According to our 

results, the strongest influences on the ecotoxicity of the ILs studied are the length of the alkyl 

chain and the existence of one or two cation cores. The toxicity of ILs increased as a function of 

alkyl chain length of the substituent of the cation and was mainly related to the cation and not to 370 

the nature of the anion. Finally, it was established that the EC50 of dicationic ILs was lower than 

that observed for the homologous monocationics.  

The hydrophobicity of ILs, reported as Kow, was estimated using three approaches and the Log 

(1/EC50) was seen to be related with Log Kow. Because the EC50 values are of the same order as 

VOCs, we conclude that the aquatic toxicity of these ILs is quite similar to that of industrial 375 

VOCs, particularly, dicationic ones. This means that dicationic ILs can be designed for practical 

and environmentally friendly industrial applications. 
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