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Abstract:  

The strategy of mixing ionic liquids opens up new possibilities for obtaining liquid chemical 

systems (i.e., double salt ionic liquids, DSILs) with well-defined, beneficial properties, which 

is particularly important for the design of new biologically active substances. Here, we describe 

the application of the DSIL strategy for obtaining new systems containing a common 

amphiphilic cation with a hexadecyl substituent and 2 anions derived from synthetic auxins at 

the different molar ratio – MCPA and dicamba, both suitable for use as novel herbicides with 

enhanced efficiency. Detailed analysis of the NMR spectra indicates the presence of new 

interactions in the structure of DSILs, which affect the chemical environment of the ions and 

are strictly dependent on the molar ratio of the parent ionic liquids. Moreover, a non-additive 

effect of combining two surface-inactive anions on the surface activity of DSILs was 

discovered. DSILs with molar ratios from 8:2 to 2:8 had better surface activity compared to 

their starting components containing only one anion. Moreover, in greenhouse experiments 

DSIL containing molar fraction of dicamba equal to 0.2 showed significantly better efficiency 

than the other tested systems. This enhancement can be explained by the occurrence of a 

synergistic effect between both utilized anions. However, insertion into DSIL greater content 

of the dicamba anion nullified this beneficial effect. The initial ecotoxicity studies also pointed 

out potential risks associated with the increased toxicity of the new DSIL systems to non-target 

organisms, which warrants further research on the effects of mixing ionic liquids on 

environmental loading. 
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1. Introduction 

The concept of ionic liquids (ILs) has evolved significantly over the past 40 years. The 

considerable amount of data obtained from the studies of compounds belonging to this group 

and the property models created from them have made it possible to verify early generalizations 

about ILs, that they were supposedly safe, non-toxic, thermally stable and “green” compounds, 

particularly in comparison to conventional organic solvents.[1] When the potential problems of 

recycling and disposal of ILs were taken into account, as well as the effects of their introduction 

into the environment, the search for new sources of ILs ions, and safer methods of their 

synthesis became important.[2–4] 

However, the possibility of almost free[5] adaptation of ILs’ structure to the desired properties 

(so-called “designability”) – including in the context of their toxicity – and the related 

multiplicity of their potential applications in various industries remains an unquestionable 

advantage. As a result of the development of specific models on the basis of collected 

experimental data, methods based on machine learning[6–8] are now becoming helpful in 

achieving favorable results and predicting the properties of designed ILs. However, the desired 

effect can be achieved not only by selecting the right combination of cation and anion or by 

slight structural modifications to one of the ions (e.g., altering the length of an alkyl chain), but 

also by creating entirely new ionic systems as a result of mixing 2 or more ILs. Such an 

approach offers an additional degree of freedom in the choice of cation and anion,[9] does not 

require the design of a new synthesis process (as in the case of anion exchange or other 

structural modifications), and the resulting IL mixtures with potentially non-ideal 

characteristics can have new and unique properties that none of the constituent ionic liquids 

possess.[10,11] To distinguish such systems from simple mixtures, the name double salt ionic 

liquids (DSILs) has been proposed for them.[12] Analogous to deep eutectic solvents (DESs), 

numerous properties of DSILs result from chemical interactions between the constituent ions, 

and a change in the molar ratio of parent ILs can result in a significant change in the properties 

of a given system,[9] which justifies investigating the physical, physicochemical and biological 

properties of various DSIL systems. Moreover, in some cases DSILs can become the basis for 

new DESs.[1] 

In view of the advantages offered by the liquid, modular form of the active ingredient, including 

the ability to avoid the problems associated with the use of a solid form of the active ingredient 

(e.g., low bioavailability, polymorphism) and at the same time increase activity against the 

target organism through structural modifications or the use of an appropriate combination of 
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ions, adherence to ILs (and, more recently, DESs[13,14]) concept is a legitimate strategy for 

designing new biologically active substances.[15–18] In agrochemical treatments, it is popular 

to use more than one herbicide, since such a measure broadens the spectrum of action of the 

herbicide formulation, and can also counteract the acquisition of resistance by undesirable 

vegetation.[19,20] It is also known that the transformation of the herbicide active ingredient 

into an IL may result in a significant increase in the biological activity of the new substance 

against weeds compared to reference formulations.[21] At the same time, it should be 

emphasized that the observed increase in efficacy is mainly due to the favorable surface 

properties of the IL solution applied, which improves the penetration and action of the herbicide 

anion.[22] Thus, it becomes reasonable to use a DSIL strategy and combine the surface-active 

cation with two or more active anions originating from known herbicides (e.g., 4-chloro-2-

methylphenoxyacetic acid (MCPA) or 3,6-dichloro-2-methoxybenzoic acid (dicamba)).  

Given that the properties of DSILs are strictly dependent on the molar ratio between 

constituents, in this study we have attempted to further elucidate the phenomenon of synergistic 

action for DSILs for agrochemical applications and to find the optimal molar ratio of the parent 

ILs which will provide the most favorable properties. We have also provided a detailed spectral 

and physicochemical characterization of the new DSILs as well as preliminary evaluation of 

their aqueous toxicity toward model freshwater algae – Chlorella vulgaris. 

 

2. Experimental 

2.1. Materials 

2-[2-(Dimethylamino)ethoxy]ethanol (purity 98%) was purchased from Merck and additionally 

purified by vacuum rectification. The colorless fraction boiling at 79–80 °C at a pressure of 0.2 

mbar was collected and used for further syntheses. 1-Bromohexadecane (purity 97%), anion 

exchange resin AmberTec™ UP550 OH, and activated carbon (powder – 100 mesh particle 

size), were purchased from Merck (Darmstadt, Germany) and used without further purification. 

Ethanol (purity ≥99.8%), methanol (purity ≥99.8%), 2-propanol (purity ≥98%), and acetonitrile 

(purity 99%) were obtained from Avantor (Gliwice, Poland) and used without further 

purification. (4-Chloro-2-methylphenoxy)acetic acid (MCPA, purity 94%) and 3,6-dichloro-2-

methoxybenzoic acid (dicamba, purity 99%) used in this study were supplied by Pestinova 

(Jaworzno, Poland). In addition, MCPA was purified by recrystallization followed by treatment 

with activated carbon according to the previously described protocol.[23] Of the compounds to 

be used for OECD TG 201 medium preparation boric acid (purity ≥99.5%), potassium 

dihydrogen phosphate (purity ≥99.5%), sodium bicarbonate (purity ≥99.7%), copper(II) 
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chloride dihydrate (purity ≥99.0%), manganese(II) chloride tetrahydrate (purity ≥99.0%),  zinc 

chloride (purity ≥99.0%), sodium molybdate dihydrate (purity ≥99.5%), and 

ethylenediaminetetraacetic acid disodium salt dihydrate (EDTA, purity ≥99.0%) were 

purchased from Merck (Darmstadt, Germany); ammonium chloride (purity ≥99.0%), 

magnesium chloride hexahydrate (purity ≥99.0%), calcium chloride dihydrate (purity ≥99.0%) 

were purchased from Th. Geyer Ingredients (Höxter-Stahle, Germany); magnesium sulfate(VI) 

heptahydrate (purity ≥99.0%) was purchased from Alfachem (Poznań, Poland); cobalt(II) 

chloride hexahydrate (purity ≥99.0%) and iron(III) chloride hexahydrate (purity ≥99.0%) were 

purchased from Pol-Aura (Morąg, Poland). Water for apparatus calibration, surface activity 

measurements and biological assay studies was deionized, with a conductivity <0.1 μS·cm−1, 

from demineralizer HLP Smart 1000 (Hydrolab, Straszyn, Poland). 

 

2.2. Methods 

2.2.1. General 

1H NMR spectra were acquired using Varian VNMR-S 400 MHz spectrometer (Palo Alto, 

USA) with TMS as the internal standard, using deuterated dimethylsulfoxide (DMSO-d6) as a 

solvent. Samples of 0.1 ±0.001 g were dissolved in 0.6 cm3 of DMSO-d6 to obtain comparable 

spectra. 13C NMR spectra were obtained with the same instrument at 100 MHz. The FT-IR 

spectra were recorded on IFS 66v/S spectrometer (Bruker Optics, Ettlinger, Germany). The data 

were sampled from 4000 to 400 cm-1 and visualized using Spectragryph 1.2.13[24] software. 

The water content in all obtained products was measured with a TitroLine 7500 KF trace 

apparatus (SI Analytics, Germany) using the Karl Fischer titration method according to the 

previously described procedure.[22] Differential scanning calorimeter (DSC) was performed 

on DSC 209 F1 Phoenix unit (Netzsch, Germany. Samples between 5 and 20 mg were placed 

in platinum pans and were heated from 25 to 120 °C at a heating rate of 10 °C min−1 and cooled 

at a cooling rate of 10 °C min−1 to -80 °C. After that, samples were heated again to 120 °C and 

subsequently cooled to 25 °C. 

 

2.2.2. Preparation of ILs 

To obtain parent ILs with MCPA and dicamba anions, a quaternization of 2-[2-

(dimethylamino)ethoxy]ethanol with 1-bromohexadecane in acetonitrile was conducted 

analogously to the previously described procedure[25] using a 100 cm3 EasyMax reactor 

equipped with ReactIR® 15 spectrometer, a reflux condenser, a stir bar and a temperature 

sensor. The FT-IR spectra acquired in situ were subsequently normalized using Pearson’s 
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correction on the entire dataset, and the optimal reaction time was established based on the 

change in relative absorbance of the band occurring at 919 cm-1. The obtained hexadecyl[2-(2-

hydroxyethoxy)ethyl]dimethylammonium bromide was then subjected to the two-step anion 

exchange reaction according to the previously described procedure.[26] In the first stage, 40 

cm3 of ethanolic solution of hexadecyl[2-(2-hydroxyethoxy)ethyl]dimethylammonium bromide 

(0.1 mol) was introduced into a suspension of 80 cm3 of the AmberTec™ UP550 OH anionic 

resin in 100 cm3 of ethanol. The mixture was stirred for 1 h at 25 °C, and in the next step, the 

resin was filtered and washed three times with small volumes (15 cm3) of ethanol. The solution 

of hexadecyl[2-(2-hydroxyethoxy)ethyl]dimethylammonium hydroxide was subsequently 

neutralized with an equimolar amount of the herbicidal acid (MCPA or dicamba). The solvent 

was subsequently evaporated using a rotary evaporator. To remove the water formed during the 

neutralization step for analytical purposes, the ILs were subjected to two-step azeotropic 

distillation: first, they were dissolved in 20 cm3 of 2-propanol and the 2-propanol-water binary 

azeotropewas distilled off before evaporating the excess of pure 2-propanol. To remove the 

residual 2-propanol, the ILs were additionally dissolved in 20 cm3 of anhydrous methanol and 

subjected to another step of evaporation. Finally, the obtained ILs were dried under reduced 

pressure (5 mbar) at 75 °C for 48 h. Both synthesized ILs were stored under reduced pressure 

over P4O10 to reduce water absorption. 

 

2.2.3. Preparation of DSILs 

A series of DSILs with varying molar fraction of dicamba anion was prepared by mixing the 

ethanolic solutions of single-ion ILs. First, 0.05 mol of each parent IL (weighed with the 

accuracy of ±0.0001 g) was dissolved in ethanol to obtain 50 cm3 of solution, and then both 

solutions were combined in such volumes as to obtain DSILs with the following MCPA-

dicamba molar ratios: 9:1, 8:2, 7:3, 6:4, 5:5, 4:6, 3:7, 2:8, and 1:9. To ensure full reproducibility 

of the results for all DSILs, the same single-anion ILs solutions of a well-defined concentration 

(1 ±10-5 mol dm-3) were used to obtain the solutions, which were dispensed using the same pre-

calibrated automatic pipette. The obtained mixtures were vigorously stirred for 5 min, and then 

the solvent was evaporated. The products were pre-dried under reduced pressure conditions (5 

mbar, 75 °C) analogously as for single-anion ILs. For analytical purposes, a significant amount 

of water was removed from the obtained products by two-step azeotropic distillation. The 

obtained product was dissolved in 30 cm3 of 2-propanol, after which the azeotrope and the 

remaining 2-propanol were evaporated under reduced pressure. The residue was dried using a 

Schlenk line (pressure: 2·10-5 bar) while heating to 65 °C for at least 6 hours. Subsequently, the 
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residual 2-propanol was removed by performing azeotropic distillation with methanol and 

drying the residue as in the previous step. The obtained DSILs were stored analogously as in 

the case of their parent ILs. After drying, using a dicamba-derived single-anion IL and a DSIL 

containing 0.9 molar fraction of dicamba anion, 2 additional DSILs with molar ratios of MCPA 

and dicamba anions of 5:95 and 1:99 were also obtained for additional spectral studies 

according to an analogous method. 

 

2.2.4. Density 

Density of DSILs was determined using an Automatic Density Meter DDM2911 (Rudolph 

Research Analytical, Hackettstown, NJ) equipped with a Peltier module for precise temperature 

control, with the mechanical oscillator method. The measurement was acquired at 20 °C in 5 

repetitions for each of the samples (approximately 1.0 cm3). Before the series of measurements, 

the apparatus was subjected to a two-point calibration using deionized water and air as the 

references. After each series of measurements, the densimeter was washed with water and 

organic solvents (methanol and acetone) and dried with airflow. The uncertainty of the density 

measurement was estimated to be less than 5×10-4 g cm-3. Based on the experimental density 

values obtained at 20 °C (ρ20), and average molecular weights of ILs and DSILs (Mw), the 

following parameters were calculated: molar volume (Vm
20), excess molar volume (VE20), 

average volume of a single ionic pair (Vip
20), lattice energy (UPOT

20), and standard molar entropy 

(S°20), according to the equations below[27,28]: 

𝑉𝑚
20 =

𝑀𝑤

(𝑁∙𝜌20)
 (1) 

𝑉𝑚
𝐸20 =

𝑥𝑨𝑀𝑤𝑨+𝑥𝑩𝑀𝑤𝑩

𝜌20𝑨𝑩
−

𝑥𝑨𝑀𝑤𝑨

𝜌20𝐴
−

𝑥𝑩𝑀𝑤𝑩

𝜌20𝑩
 (2) 

𝑈𝑃𝑂𝑇
20 = 1981.2 ∙ (

𝜌20

𝑀𝑤
)

1

3
+ 103.8 (3) 

𝑆°20 = 1246.5 ∙ 𝑉𝑚
20 + 29.5 (4) 

 

In the eq.2, x corresponds to the molar fraction, Mw is molecular weight, and ρ20 is density value 

measured at 20 °C. Subscripts A and B refer to the parent ILs, and the subscript AB refers to 

their mixtures – DSILs. 

 

2.2.5. Refractive index 

Refractive index was determined by using an Automatic Refractometer J357 (Rudolph 

Research Analytical, Hackettstown, NJ) with electronic temperature control at 20 °C for all 
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DSILs. The apparatus was calibrated using deionized water before use, and the accuracy of 

refractive index measurements was ± 2×10-4 according to the manufacturer’s specifications. 

Based on the experimental refractive index values obtained at 20 °C for parent ILs A and B, 

differences between the experimental values recorded for DSILs and the theoretical nD
20 values 

was calculated according to the equation below: 

∆𝑛𝐷
20 = 𝑛𝐷∙𝑨𝑩

20 − (𝑥𝑨𝑛𝐷∙𝑨
20 + 𝑥𝑩𝑛𝐷∙𝑩

20 ) (5) 

where subscripts A and B refer to the parent ILs, and the subscript AB refers to the respective 

DSIL. 

 

2.2.6. Surface activity 

The surface tension and contact angle measurements were carried out using a DSA 100E 

analyzer (Krüss, Germany) at 25 °C. According to the manufacturer, the measurement accuracy 

of this instrument amounts to ±0.001 mN m-1. The surface tension was determined using the 

drop shape method. Basically, the principle of this method is to form an axisymmetric drop at 

the tip of a needle of known diameter. The image of the drop is taken with a CCD camera and 

digitized. The surface tension (γ, mN m-1) was calculated according to the results of the drop 

profile analysis according to the Laplace equation. The value of the surface tension and contact 

angle allowed for calculation of the CMC and surface tension at CMC (γCMC) based on the plot 

γ vs log C using a linear regression analysis method. The temperature was controlled using a 

Fisherbrand FBH604 thermostatic bath (Fisher, Germany, accuracy ±0.1 °C). The 

determination of the contact angle (CA) was based on the sessile drop method. The drops of 

solution are deposited on a solid hydrophobic surface (paraffin). The images of the drops were 

taken with a CCD camera, digitized and evaluated using Young-Laplace fitting. The CA was 

determined as the slope of the tangent line at the contact point between the 3 phases (solution, 

paraffin surface, and air). The measured error of the CA determination in this method is 

estimated to be less than 0.1° by the manufacturer. 

 

2.2.7. Greenhouse experiments 

Common lambsquarters (Chenopodium album L.) was used in greenhouse experiments as test 

plant during the evaluation of herbicidal efficacy of the obtained single-anion ILs and the 

selected DSILs, for which the value of the molar fraction of dicamba anion was 0.2, 0.4, 0.6 

and 0.8. All plants were grown in 0.5 dm3 plastic pots containing commercial peat-based potting 

material (Lasland, Grądy, Poland). Stable conditions (temperature of 20 ±2 °C, humidity of 

60% and a photoperiod of 16/8 day/night hours) were maintained in the greenhouse during the 
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entire growth period. Within 10 days after emergence, the plants were thinned to 5 per pot and 

watered when necessary. The greenhouse experiments were performed in completely 

randomized design with 12 independent experimental units (6 ILs or DSILs and 6 reference 

herbicides). Each test was carried out in 3 replications. The plants were treated by herbicides at 

the 3–4 leaves growth stage (BBCH 13–14). Commercially available herbicide: Chwastox 

Extra 300 SL (300 g dm-3 of sodium and potassium salts of MCPA, CIECH Sarzyna, Poland, 

equivalent to 10.02 mmol dm-3) was used as a reference product for MCPA-based single-anion 

IL. For the single-anion IL involving dicamba, Dicash 480 SL (480 g dm-3 dicamba as 

dimethylamine salt, Sharda Europe, Dilbeek, Belgium, equivalent to 4.54 mmol dm-3) was used 

as a reference instead. The obtained single-anion ILs and their reference herbicides were applied 

in doses corresponding to 400 g ha-1 of the active ingredient (a.i.) for MCPA-based herbicides 

and 200 g ha-1 of the active ingredient (a.i.) for dicamba-based herbicides. 

Non-standard doses for the 4 tested DSILs with varying molar fraction of dicamba anion were 

used to capture differences between the experimental objects. The total doses of the DSILs were 

determined via interpolation. The following doses were used as input data:  

 400 g ha-1 (MCPA only, wdic = 0), 

 340 g ha-1 (standard MCPA-dicamba mix Chwastox Turbo 340 SL,[25] wdic = 0.118), 

 200 g ha-1 (dicamba only, wdic = 1). 

Where wdic is mass fraction of dicamba anion. 

To ensure that the determined function did not take values less than 200 g ha-1, an additional 

input was taken: 205 g ha-1 for wdic = 0.8. Based on the 4 points described above, a polynomial 

function of 3rd degree was determined (Fig. 1a): 

𝐷𝑡𝑜𝑡𝑎𝑙 = −194.30 𝒘𝒅𝒊𝒄
3 + 568.50 𝒘𝒅𝒊𝒄

2 –  574.19 𝒘𝒅𝒊𝒄 +  400.00 (6) 

Where Dtotal is total dose of both MCPA and dicamba anions (g ha-1) for a given wdic value. 

Based on the determined function, the Dtotal values for the tested DSILs were found and rounded 

off. The dependence of the Dtotal, DMCPA (MCPA anion dose) and Ddic (dicamba anion dose) on 

the wdic is shown in Fig. 1b. The exact dose values and regression parameters for the found 

functions are provided in Supplementary Data (Tables A.1 and A.2). 
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Figure 1. Determination of the total dose (Dtotal) of active ingredients for tested DSILs with 

varying molar fraction of dicamba anion (a) and values of the determined doses (total, MCPA 

anion only, and dicamba anion only) found for each mass fraction of the considered systems 

(b) 

 

For each of the DSIL tested, a reference system consisting of both Chwastox Extra 300 SL and 

Dicash 480 SL in doses of an herbicidal anion equivalent to the determined non-standard doses 

of MCPA and dicamba anions in DSIL systems was prepared and tested. 

Both single-anion ILs and DSILs, as well as the respective reference systems, were dissolved 

in water and applied with a moving sprayer (APORO, Poznan, Poland) by using a TeeJet VP 

110/02 (TeeJet Technologies, Wheaton, IL, USA) with a flat-fan nozzle capable of delivering 

200 dm3 of spray solution per 1 ha at an operating pressure of 0.2 MPa. The sprayer was moved 

at a constant speed of 3.1 m s-1 at the height of 40 cm above the plants. The treated plants were 

subsequently placed in a greenhouse under the environmental conditions defined previously. 

Two weeks after treatment, the plants were cut at the soil level and weighed at 0.01 g accuracy. 

The results of the experiment were expressed in form of percent of the fresh weight reduction 

in comparison to the weight of control objects (plants untreated with any herbicidal 

formulations). Each error margin range represents standard errors of the mean (SEM). The SEM 

values were calculated according to following equation: 

SEM = s/n0.5 

where SEM is the standard error of the mean, s is the sample standard deviation, and n is the 

number of replications. Data were statistically analyzed using one-way ANOVA with a random 

series effect. Fisher’s multiple post hoc test (α = 0.05) was used to compare treatments. 
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2.2.8. Toxicity towards freshwater algae 

To determine the acute toxicity of the selected DSIL and its parent ILs, experiments were 

carried out on model Chlorella vulgaris (SAG 211-11b) cells obtained from Culture Collection 

of Algae at Göttingen University (Germany). The experiments was performed according to the 

methodology described in OECD 201 Guidelines.[29] Algae were cultivated in OECD TG 

medium prepared as described in the Annex 3 of the OECD 201 Guidelines in sterile conditions. 

To accommodate C. vulgaris to test conditions, algae cells have been cultured in OECD 

medium for 4 days before tests. The inoculum was continuously aerated with sterile air and 

illuminated with magenta (red + blue) LED grow light with the illuminance of 5500 ±800 lx. 

Before tests, inoculum was diluted with pure medium until its absorbance of monochromatic 

light (688 nm) was in the range of 0.05–0.08 at 10 cm path. To obtain the desired range of 

concentrations, 19 cm3 portions of diluted inoculum were mixed with 1 cm3 of the prepared 

toxicant solution in OECD medium. For control, 1 cm3 of pure OECD medium was added. In 

the range finding tests, the selected IL and DSIL systems were tested in triplicates at a series of 

geometrically decreasing concentrations: 100, 10, 1, and 0.1 mg dm-3. The absorbance at 688 

nm was tested for each sample using 10 cm-long glass cuvettes, and the measurements were 

conducted at the start of the experiment and after 72 hours. The contents of all test vessels were 

mixed and illuminated continuously during the test, and their position was randomized to 

achieve similar levels of illumination for each sample throughout the experiment. The tests 

were conducted at 22–23 °C. The rate of inhibition of algae growth was calculated according 

to the eq. 7: 

𝜇= 
ln(ODt2)−ln(ODt1)

t2−t1
 (7) 

where 𝑂𝐷𝑡2
 and 𝑂𝐷𝑡1

are the absorbances of the tested solution at the start (𝑡1) and at the end 

(𝑡2) of the experiment, respectively. Growth rate inhibition was then calculated in relation to 

the control mean: 

𝐼𝑟 = 100 ∙ (1 −
𝜇𝑠𝑎𝑚𝑝𝑙𝑒

𝜇𝑐𝑜𝑛𝑡𝑟𝑜𝑙
) (8) 

The EC50 range for each of the toxicants tested was determined based on the relationship 

between its concentration and the calculated 𝐼𝑟 value., To determine the exact EC50 values, the 

experiments were replicated for each of the toxicants using the same methodology as described 

above, but different series of decreasing concentrations based on the EC50 ranges found for each 

compound: 2.84, 2.13, 1.60, 1.20, 0.90, and 0.625 mg dm-3 for ILs comprising a single anion, 

and 1.60, 1.20, 0.80, 0.40, 0.20, and 0.10 mg dm-3 for the DSIL system. Based on the 
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concentration-𝐼𝑟 relationships and the analyses of dose-response curves plotted and 

approximated to the Hill equation, EC50 values were determined for each of the tested systems. 

 

3. Results and discussion 

3.1. Synthesis 

Before the syntheses were conducted, 2-[2-(dimethylamino)ethoxy]ethanol was subsequently 

transformed into the source of IL cation, hexadecyl[2-(2-

hydroxyethoxy)ethyl]dimethylammonium bromide (Scheme 1, Stage I). The quaternary 

ammonium salt was obtained according to a previously developed method.[25] However, based 

on FT-IR spectra acquired in situ during the synthesis, it was established that the quaternization 

product is formed in satisfactory amounts as early as 5 h after the start of the process – 1 hour 

less compared to previous reports.[25] The resulting bromide was isolated by filtration followed 

by washing with an apolar solvent, but originally used hexane was substituted by significantly 

safer heptane.[30] These changes made it possible to reduce the negative environmental impact 

of the process. 

 

Scheme 1. Synthesis of quaternary ammonium bromide (Stage I) and ILs (Stage II and III) 

 

Subsequently, the bromide anion in the obtained bromide was exchanged for either MCPA or 

dicamba anion to obtain two single-ion ILs: hexadecyl[2-(2-

hydroxyethoxy)ethyl]dimethylammonium 4-chloro-2-methylphenoxyacetate (A) and 

hexadecyl[2-(2-hydroxyethoxy)ethyl]dimethylammonium 3,6-dichloro-2-methoxybenzoate 

(B), respectively. Both of these single-anion ILs were previously described[25,26] and the 
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process was conducted according to the known two-step methodology which consisted in 

alkalization of a quaternary bromide with anionic resin (Stage II) and subsequent neutralization 

of the formed hydroxide with the appropriate synthetic auxin (MCPA or dicamba) in acid form 

(Stage III), using naturally derived ethanol as a solvent.[26] 

 

Scheme 2. Preparation of DSILs (Stage IV) 

 

The basic properties of 9 new DSILs obtained in a simple homogenization (Stage IV, Scheme 

2), as well as their parent ILs, are summarized in Table 1. To perform accurate spectroscopic 

studies, 2 additional DSILs with the highest molar fractions of dicamba (AB0.95 and AB0.99) 

were obtained by mixing AB0.9 and B according to an analogous method. All of the obtained 

systems were colorless liquids at 25 °C. 

Table 1. Synthesized ILs (A, B) and DSILs (AB0.1–AB0.99) 

IL/DSIL Anions 
Molar fraction of the 

dicamba anion xdic 

Water 

content 

(initial) 

[%] 

Water 

content 

(after 

drying) 

[%] 

State at 

25 °C 

A [MCPA] 0.00 6.115 1.402 liquid 

AB0.1 [MCPA]0.9[dicamba]0.1 0.10 6.400 1.234 liquid 

AB0.2 [MCPA]0.8[dicamba]0.2 0.20 3.885 1.681 liquid 

AB0.3 [MCPA]0.7[dicamba]0.3 0.30 5.095 1.219 liquid 

AB0.4 [MCPA]0.6[dicamba]0.4 0.40 5.232 1.795 liquid 

AB0.5 [MCPA]0.5[dicamba]0.5 0.50 5.394 1.129 liquid 

AB0.6 [MCPA]0.4[dicamba]0.6 0.60 4.657 0.914 liquid 

AB0.7 [MCPA]0.3[dicamba]0.7 0.70 4.281 0.798 liquid 
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AB0.8 [MCPA]0.2[dicamba]0.8 0.80 3.899 0.756 liquid 

AB0.9 [MCPA]0.1[dicamba]0.9 0.90 4.294 0.637 liquid 

AB0.95 [MCPA]0.05[dicamba]0.95 0.95 -a 0.721 liquid 

AB0.99 [MCPA]0.01[dicamba]0.99 0.99 -a 0.833 liquid 

B [dicamba] 1.00 4.207 0.849 liquid 
a Systems AB0.95 and AB0.99 were obtained from the previously dried ILs. 

The formation of water during synthesis, combined with highly hygroscopic properties of ion 

exchange products, results in a high water content in the raw products (approximately 4–6%, 

Table 1) and difficulties in its removal. Such a high water content would significantly affect 

and alter analysis of the physicochemical properties of the obtained DSILs (e.g., density, 

refractive index).[31–33] Therefore, an effort was made to remove most of the water from the 

DSILs via a two-step azeotropic distillation. Thorough removal of solvents was facilitated by 

subsequent drying of the residue using a Schlenk line with a vacuum of approximately 2·10-5 

bar. 

 

Figure 2. Removal of water from ILs and DSILs using two-step azeotropic distillation method 

 

As a result of the above method, it was possible to significantly reduce the amount of water in 

the obtained DSILs: from 2.5 times (AB0.2) up to 6.5 times (AB0.9). The exact water contents 

after drying the systems are summarized in Table 1, they ranged from 0.6% (AB0.9) to 1.7% 

(AB0.2). It is likely that this is due to an increase in the strength of DSIL–water hydrogen 

bonding as the molar proportion of the MCPA anion increases. Drying process revealed that 

the remaining water must be therefore relatively highly bound with the ionic system. Further 
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dehydration of such highly hygroscopic DSILs would require sophisticated methods, and 

conducting further analyses would have to take place in a dry inert gas atmosphere to achieve 

substantially reduced water contents (<2000 ppm) demonstrated in other reports. However, it 

should be borne in mind that the obtained ILs are intended for use in aqueous solutions, thus 

the increased water content in raw products does not constitute significant issue from a point of 

view of their industrial application. 

3.2. Spectral analysis 

Detailed 1H NMR spectra of each system and 13C NMR and FT-IR spectra of ILs A and B as 

well as selected DSILs (AB0.2, AB0.4, AB0.6, and AB0.8) are summarized in Supplementary Data 

(Figs. A.1–A.26). The analysis of the NMR spectra allowed for determination of accuracy of 

the molar ratio between the utilized biologically active anions.[26] Moreover, clear changes in 

the intensity of signals originating from carbon atoms in both anions were observed in the 13C 

NMR spectra, coinciding with variations in their molar fractions, while signals from the 

common cation were characterized by equal intensity on all 13C NMR spectra. As shown in 

previous 1H NMR spectra analyses,[34–37] that are consistent with our studies,[25,26,38] some 

hydrogen atoms in IL mixtures (particularly those in the vicinity of the charged atoms) alter 

their chemical shifts compared to the respective atoms of pure single-anion ILs. Therefore, we 

thoroughly analyzed the changes in chemical shifts for the signals in the 1H NMR spectra for 

all the ILs and DSILs obtained, taking into account the increasing xdic value. We observed that 

an increase in the amount of dicamba in the DSILs has a particularly pronounced effect on the 

chemical shift of the signal coming from the methylene group in the MCPA anion (highlighted 

in Fig. 3a, comparison of the whole 1H NMR spectra for A, AB0.1–AB0.99 and B is provided in 

Fig. A.27, Supplementary Data), which is in close proximity to the carboxylate moiety (3 bonds 

away from the negatively charged oxygen atoms in the MCPA anion). The dependence of the 

chemical shift change on the molar fraction of the dicamba anion xdic is exponential, and at xdic 

= 0.99 (AB0.9) the signal appeared at a chemical shift of 4.393 ppm – 0.256 ppm more compared 

to the single-anion IL containing MCPA only (A, xdic = 0.0). We observed a similar, but 

approximately three times weaker increase for the signal coming from the hydrogen atom in 

the α position to the 2-hydroxy-2-oxomethoxyl substituent in the aromatic ring, 6 bonds away 

from the negatively charged oxygen atoms – from 6.655 (A) to 6.718 ppm (AB0.99). More 

detailed analysis of the lesser chemical shift changes observed for other hydrogen atoms in the 

MCPA anion is provided in Supplementary Data (pages A.30–A.32, Tables A.3–A.4). The 

recorded data clearly indicate that the competing anion-anion interactions are responsible for 

the phenomenon of deshielding of hydrogen atoms that increases as the molar ratio of the 
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competing anion (dicamba in the analyzed DSIL system) rises. It should be noted here that the 

greater the number of chemical bonds between a given hydrogen atom and the moiety on which 

the negative charge is localized, the lower the intensity of the phenomenon described (Fig. A.28, 

Supplementary Data). 

 

Figure 3. Changes in the 1H NMR spectra acquired for A, AB0.1–AB0.99 and B (a) and the 

dependency of chemical shift changes for hydrogen atoms in the MCPA anion on xdic value (b) 

 

Of the considerable number of determined relationships of chemical shift changes with xdic 

value, the MCPA methylene group shift dependency visible in Fig. 3b has the largest difference 

in the value of the dependent variable (chemical shift) and can be approximated to an 

exponential function with the following formula: 

𝛿 = 𝛿0 + 𝐴1𝑒𝑥𝑝
𝒙𝒅𝒊𝒄−𝒙𝒅𝒊𝒄∙𝟎

𝑡1 + 𝐴2𝑒𝑥𝑝
𝒙𝒅𝒊𝒄−𝒙𝒅𝒊𝒄∙𝟎

𝑡2  (9) 

where 𝛿0 is a chemical shift value recorded for A (see Table A.3, Supplementary Data). 

Therefore, with the known characteristics of this dependence, 1H NMR analysis proves to be 

an excellent auxiliary tool for determining unknown molar fraction values of DSIL components 

not only based on band integration, but also on the basis of chemical shifts of known signals in 

the spectrum. 

Found values of the equation parameters given above are provided in Table A.4 (Supplementary 

Data). The approximation above is characterized by a very high R2 value (0.999) in the 

investigated range of dicamba molar fraction from 0.0 to 0.99.  

The corresponding chemical shifts changes in the other ions present in the obtained systems 

(the dicamba anion and the hexadecyl[2-(2-hydroxyethoxy)ethyl]dimethylammonium cation) 

were also analyzed. They were far less pronounced compared to the signal from the methylene 
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group in the MCPA anion described above, and are described in detail in the Supplementary 

Data (for the dicamba anion: pages A.33–A.34, Fig. A.29, Table A.5, for the cation: pages 

A.35–A.36, Fig. A.30, Tables A.6–A.7). 

The influence of the dicamba molar ratio of the DSILs analyzed on the changes in the chemical 

shifts, evident in the 1H NMR spectra for all 3 ions present in the systems to some extent, is 

imperceptible in the 13C NMR spectra. The performed analysis showed that the signals from 

the same carbon atoms occur at nearly identical chemical shifts (max. ±0.2 ppm). Moreover, 

these changes exhibit no correlation with xdic value. For example, in the case of the signal 

originating from the carbon atom in the CH2 group in the MCPA anion it occurs at almost the 

identical chemical shift around 67.9–68.2 ppm, with the σ value increasing as follows: AB0.8 < 

A < AB0.4 ≈ AB0.6 < AB0.2. This phenomenon shows that the effect of the molar fraction change 

of the competing anion in the DSIL system on the chemical environment of the carbon atoms 

cannot be unequivocally determined. The FT-IR analysis of obtained ILs and DSILs indicates 

the presence of all the characteristic bands derived from the cation and from both anions in the 

collected spectra. We also noted the rise of intensity of the bands derived from the dicamba 

anion along with increase in xdic value. This effect is evident in the highlighted regions on a 

comparison of FT-IR spectra from A, AB0.5 and B, which are shown together in Fig. A.31 

(Supplementary Data). The occurrence on each of the analyzed spectra of a broad signal of high 

intensity in the range from 3650 to 3050 cm-1 originating from stretching vibrations in the O–

H bonds is indicated by the formation of numerous hydrogen bonds, most likely both between 

the ions of the analyzed systems, and also between the hydroxyl group and water that remains 

in the ILs and DSILs after drying. 

 

3.3. Physicochemical properties  

The following basic physicochemical properties were studied for both single-ion ILs (A, B) and 

DSILs (AB0.1–AB0.9): density and refractive index at 20 °C, as well as the characteristics of 

phase transformations in the temperature range from -80 °C to 120 °C. The two single-anion 

ILs exhibited values of density equal to 1.0511 (A) and 1.0886 g cm-3 (B), while all the studied 

DSILs possessed densities between these two values. The density dependence of xdic is shown 

in Fig. 4a (detailed data are summarized in Table A.8, Supplementary Data). These results 

showed that there is a close correlation between the density at 20 °C and the molar proportion 

of the dicamba anion (xdic) in a given system; across the xdic range, a 0.1 increase in this 

parameter resulted in an increase in DSIL density of approximately 0.0038 g cm-3. This 

relationship can be approximated to a linear function with very high accuracy (R² = 0.997), with 
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exact regression parameters provided in Table A.9 in Supplementary Data. The obtained results 

are consistent with previous studies on multi-ion ILs,[11,28,39] where such systems have often 

been reported as having good correlation with a linear mixing law.[12]  

Since the average molar mass of ILs and DSILs (Mw) increases proportionally with increasing 

xdic, it should be emphasized that a close linear relationship also exists between the average 

molar mass of systems A, AB0.1–AB0.9 and B and their measured density. This is confirmed by 

the fact that all analyzed systems are characterized by a very similar molar volume (Vm
20), 

defined as the quotient of the molar mass of a substance and its density at a given temperature. 

The average value of this parameter for all ILs and DSILs is approx. 531.4 cm3 mol-1, and the 

calculated extreme values (530.7 cm3 mol-1 for AB0.9 and 532.0 cm3 mol-1 for AB0.1) differ from 

the average value by about 0.1%. It should be noted here that DSILs containing a higher molar 

proportion of MCPA anion (AB0.1–AB0.5) have positive excess molar volume (Vm
E20) values 

than the average, while at higher xdic values Vm
E20 values fall below zero. This relationship is 

shown in Fig. 4b. Positive values of Vm
E20 indicate the presence of non-additive physical 

contributions in the analyzed system, including non-specific interactions between mixture 

components that alter the molar volume, while negative values are associated with chemical or 

structural interactions (e.g., changes in coulombic interactions or hydrogen bonds between 

mixture components, changes in free volume or ion packing).[28] Thus, it can be predicted that 

an increase in the molar proportion of the dicamba anion above 0.5 plausibly causes a 

significant change in the nature of the interactions in DSIL. These changes may affect the 

chemical environment of MCPA anions, which explains the observed deshielding of hydrogen 

atoms in NMR spectra. 

The negligible differences between Vm
20 values also indicate that other parameters proportional 

to this physical quantity also have similar values. The average volume occupied by a single ion 

pair of a given system (Vip
20) is nearly identical (from 0.881 nm3 for AB0.9 to 0.883 nm3 for 

AB0.1) in all analyzed cases. Moreover, there are no significant differences between the studied 

ILs and DSILs systems in terms of lattice energy at 20 °C (UPOT
20) and standard molar entropy 

(S°20) values. 
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Figure 4. Relationships of physicochemical properties of ILs and DSILs with xdic parameter: 

density at 20 °C (a), excess molar volume at 20 °C (b), refractive index at 20 °C (c), and melting 

points and crystallization temperatures (d) 

 

As in the case of density, values of the refractive index at 20 °C (nD
20) took extreme values for 

single parent ILs: 1.5041 for A and 1.5116 for B, whereas the refractive indices of DSILs 

occurred within this range. Detailed results are given in Table A.8 (Supplementary Data). 

However, the linear correlation of the refractive index with xdic is not as accurate as in the case 

of density; the R2 value is equal to 0.888 (Fig. 4c). It should be noted here that the experimental 

values for DSILs containing similar or the same proportion of MCPA anions as dicamba 

(AB0.4–AB0.6) were close to the theoretical ones. Thus, the relationship between ΔnD
20 and xdic 

followed a similar pattern as the dependence of excess molar volume (Vm
E20) on the molar 

fraction of dicamba. This corroborates with a known relationship between density and refractive 

index: with a higher density of a substance, the spatial packing of its chemical constituents 

increases, and refraction results from the interaction of light with molecules (or ions).[40] 
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The phase transitions of the studied systems were also determined using the differential 

scanning calorimetry technique. For both parent ILs A and B, as well as all systems containing 

MCPA and dicamba (AB0.1–AB0.9), melting (Tm) and crystallization (Tc) temperatures were 

observed during heating and cooling cycles, respectively. The thermograms are available on 

Figs. A.32–A.42 (Supplementary Data), while values of the phase transition temperatures are 

summarized in Table A.10 (Supplementary Data). The presence of a long hexadecyl substituent 

in the cation of ILs and DSILs significantly reduced lattice energy. This is evidenced by the 

fact that analogous MCPA and dicamba salts with shorter substituents in the cation underwent 

only glass transition at temperatures lower than -30 °C.[25] As shown in Fig. 4d, the observed 

Tm values ranged from -28 °C (IL A) and rose with increasing xdic value up to -12 °C for B. 

Thus, the melting point reduction typical of eutectic mixtures was not observed for DSILs. The 

crystallization temperatures (Tc), on the other hand, for each of the studied systems were 1–3 

°C lower than the corresponding Tm values. The dependence of both phase transformation 

temperatures on xdic can be approximated to a linear function with high accuracy (R2 > 0.98). 

3.4. Surface activity 

In binary systems or mixtures, the ratio of components has a notable impact on surface activity. 

In this study, the critical micelle concentration (CMC) and surface tension at CMC for ILs A 

and B and DSILs at various molar ratios (AB0.1–AB0.9) were determined. The obtained data is 

depicted in Fig. 5, and the exact values are provided in Table A.11 (Supplementary Data). 

 

Figure 5.  Relationships between CMC (a) and surface tension at CMC (b) with molar fractions 

of dicamba anion xdic in ILs and DSILs. 

 

A non-linear dependency of CMC on the xdic was established in the analyzed compositions. The 

CMC for DSILs with a molar fraction of dicamba anion ranging from 0.2 to 0.8 exhibited 

significant deviation from the theoretical CMC values of binary mixtures calculated according 
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to the Clint’s equation (Fig. 5a; the deviation is visualized as a blue area).[41–43] The most 

notable discrepancy was observed for the DSIL AB0.4, where the experimental CMC value was 

as much as 45% lower compared to the theoretical one. Similar deviations from the “ideal” 

binary mixture behaviour were also observed previously for mixtures of anionic/cationic[44] 

and ionic/non-ionic[45] surfactants. These non-additive effects in surfactant mixtures 

predominantly stem from the entropy of the diffuse counter-ion layer outside the micelle 

interfacial boundaries, as well as the length of the tails and the charges in the cation and 

anion.[45,46] 

The occurrence of the above-described synergistic effect in DSILs makes it a legitimate strategy 

to combine two active surfactants in well-defined ratios to reduce the amount of surfactants 

introduced into the environment. Synthetic auxins show higher efficiency when applied in the 

form of aqueous solutions with the addition of a surface-active adjuvant, therefore, such DSILs 

with a surface-active cation and pesticidal anions can guarantee excellent efficacy without 

necessity of use any other additives.[25,47] Furthermore, the analysis of the surface tension of 

the aqueous solution for the DSILs AB0.1–AB0.9 and ILs A and B at their respective CMCs 

indicated a linear dependence on the xdic value, as illustrated in Fig. 5b. No significant deviation 

from the linear relationship (R > 0.98) indicates lack on any unexpected interactions in the 

analyzed systems with water and air.[48] 

 

3.5. Greenhouse experiments 

To determine the ability of the DSILs obtained from two popular herbicides, greenhouse 

experiments were performed on common lambsquarters – a plant susceptible to both, MCPA 

and dicamba, accordingly. It should be noted that dicamba is characterized by higher activity 

towards dicotyledonous weeds compared to MCPA, so the dose of both active agents differed. 

The method of determining Dtotal value for systems with different proportions of the dicamba 

anion is visualized in Fig. 1. Both parent ILs A and B, and 4 of the obtained DSILs: AB0.2, 

AB0.4, AB0.6, and AB0.8 were selected for greenhouse experiments. Reference products – 

commercially available herbicide formulations (mix of Chwastox Extra 300 SL and Dicash 480 

SL) were used at the same molar ratio of active ingredients and concentrations as the ILs and 

DSILs. The obtained results are illustrated in Fig. 6, and the exact values of fresh weight 

reduction are given in Table A.12 (Supplementary Data). 

https://doi.org/10.26434/chemrxiv-2024-rq2ls ORCID: https://orcid.org/0000-0002-9146-0082 Content not peer-reviewed by ChemRxiv. License: CC BY 4.0

https://doi.org/10.26434/chemrxiv-2024-rq2ls
https://orcid.org/0000-0002-9146-0082
https://creativecommons.org/licenses/by/4.0/


22 

 

 

Figure 6.  Herbicidal efficiency of the obtained ILs and DSILs compared with reference 

formulations (REF) with the same molar ratios of the active ingredients (MCPA and dicamba) 

 

The applied ILs or DSILs were capable of reducing the fresh weight of lambsquarters plants in 

the range from 61% (AB0.6) to 86% (AB0.2) compared to the fresh weight of control objects, 

while the commercially available herbicides or their tank mixes were characterized by lower 

activity in the range from 11% to 57%. These findings indicate that not only ILs but also DSILs 

were characterized by higher biological activity compared to the reference formulations. In the 

case of AB0.2, AB0.8, and B, these differences were statistically significant. It should also be 

noted that AB0.8, and B were able to inhibit the growth of test plants 2 times and 7 times more 

effectively, respectively, compared to the reference herbicides. This increased herbicidal 

activity is mainly due to surface activity of the cation and the improved wettability of the 

leaves.[49] The data of the contact angle of the aqueous solutions of ILs and DSILs, which were 

applied in the greenhouse experiments, on the model hydrophobic surface (paraffin) are 

presented in Table A.11 in Supplementary Data. These data indicate that all the systems tested 

were capable of reducing the contact angle of their aqueous solution to values in the range of 

71–77°, which is approximately 35–40° less compared to the contact angle of water on 

hydrophobic paraffin surface.[50] 

The DSIL systems containing a significant molar proportion of dicamba anion (xdic = 0.4 or 

more, i.e. AB0.4, AB0.6, and AB0.8) were capable of reducing the fresh weight of test plants at 

an analogous level to single-anion IL A containing only MCPA at a higher dose. This result 

https://doi.org/10.26434/chemrxiv-2024-rq2ls ORCID: https://orcid.org/0000-0002-9146-0082 Content not peer-reviewed by ChemRxiv. License: CC BY 4.0

https://doi.org/10.26434/chemrxiv-2024-rq2ls
https://orcid.org/0000-0002-9146-0082
https://creativecommons.org/licenses/by/4.0/


23 

 

means that the addition of dicamba allows the reduction of the MCPA dose in DSILs with 

higher xdic values to be fully compensated, and also confirms that the proposed method of 

selecting the total dose of both herbicides (Dtotal) proved to be correct. 

Noteworthy, DSIL AB0.2 exhibited the highest biological activity of all studied systems, and its 

application resulted in an 85% reduction in fresh weight of the test plants compared to the 

control. This result, indicating the possibility of effective control of common lambsquarters 

growth in the crop, was clearly superior to other tested active forms. For larger xdic values, the 

addition of dicamba is able to compensate for the significant loss of MCPA, but it does not 

result in a clear improvement in DSIL activity. Moreover, the compensation effect facilitates 

the use of DSILs at lower doses of the active ingredient. AB0.2 applied at a reduced total dose 

of 305 g of a.i. per ha enables slightly better results compared to the application of the IL A 

(with MCPA anion only) at a higher dose (400 g ha-1). These results confirm our previous 

findings, in which it was revealed that the DSIL containing the same cation and anions of 

MCPA and its less biologically active analog, mecoprop-P, along with a small addition of 

dicamba.[26] Effectiveness at the level of 85% for AB0.2, with a 30% reduction in the dose of 

active ingredients compared to the recommended doses of commercial formulations indicates 

the possibility of common lambsquarters control in a crop production, while also reducing the 

amount of pesticides released into the environment. 

3.6. Ecotoxicity studies  

Since the application of AB0.2 resulted in the greatest efficacy towards the tested dicotyledonous 

plant, it was also necessary to analyse its potential threat to non-target organisms. It is assumed 

that only 5% of active substances of herbicide formulations interact with target organisms, 

while the remaining 95% affects non-target organisms or penetrates the environment, either 

accumulating in the soil or leaching into groundwater.[51] In addition, it is well known that 

cationic surfactants exhibit very high toxicity to aquatic organisms. For example, benzalkonium 

chloride, popularly used as an active ingredient in disinfectant formulations, exhibits very high 

acute toxicity to freshwater crustaceans (Daphnia magna, EC50 = 0.016 mg dm-3),[52] algae 

(Chlorella vulgaris, EC50 up to 0.0576 mg dm-3)[53] or fish (Oncorhynchus mykiss, gill cell 

line-W1, EC50 = 0.31 mg dm-3).[52] 

To provide a preliminary evaluation of the risks associated with obtaining ILs and DSILs with 

a surface-active amphiphilic cation, an acute toxicity analysis was performed using a model 

organism from the freshwater algae group, C. vulgaris. The study was performed for both parent 

ILs, A and B, as well as DSIL AB0.2. Based on the analysis of the obtained dose-response 
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curves, EC50 values were determined for each of the tested systems  (Fig. 7 and Table A.13 in 

Supplementary Data).  

 

Figure 7. Dose-response curves and EC50 values determined for A, AB0.2 and B based on C. 

vulgaris acute toxicity tests 

 

The results show that A and B exhibited virtually the same toxicity profile against C. vulgaris 

(EC50 = 1.60 mg dm-3 for A and 1.59 mg dm-3 for B). This allows to classify both ILs to 

Category II substances in terms of aquatic hazards according to the GHS. The similar toxicity 

of compounds A and B indicates that the chemical structure of synthetic auxin in the anion 

(dicamba or MCPA) has no significant effect on ecotoxicity. It has been discovered that 

compounds from the auxin group are also produced by other groups of organisms, including 

bacteria, fungi or algae.[54] It is postulated that auxins in algae play a similar role to those in 

higher plants, stimulating cell division and growth of algal colonies.[55] Consequently, 

herbicidal substances from the group of synthetic auxins (including MCPA and dicamba) were 

characterized by low toxicity to algae,[56] while cationic surfactants are known for their high 

toxicity to algae,[57] primarily due to their ability to adsorb to their cell membranes.[58] 

For the AB0.2, a noticeable increase in acute toxicity toward C. vulgaris compared to ILs A and 

B was observed. The determined EC50 value was equal to 0.88 mg dm-3. Considering the 

mechanism of surfactant toxicity against algal cells, the increased ecotoxicity of AB0.2 is most 

likely due to the previously described surface activity enhancement on the interfacial surface, 

which causes the DSILs to have lower CMC compared to their parent ILs. However, the 

analyzed DSIL exhibits lower toxicity towards C. vulgaris compared to conventional 

quaternary ammonium salts with a substituent of the same length: cetyltrimethylammonium 

chloride (CTAC, EC50: 0.14 mg dm-3) or benzyldimethylhexadecylammonium chloride 
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(BAC16, EC50: 0.16 mg dm-3).[53] This type of activity also indicates additional potential for 

the use of AB0.2 as an algicide (e.g., to counteract algal growth in pools or ponds) at well-

defined concentrations. Algicides are also used to counteract the eutrophication in natural water 

bodies. One of the most commonly used substances to counteract algal growth is copper(II) 

sulfate, however, this compound exhibits considerable toxicity to other aquatic organisms. 

Moreover, copper accumulates in the environment and can be dangerous to human health, so 

the search for less toxic alternatives is warranted.[59] 

 

4. Conclusions 

In the course of the present study, a series of new double salt ionic liquids (DSILs) were 

successfully obtained by simple homogenization of two known ILs comprising hexadecyl[2-

(2-hydroxyethoxy)ethyl]dimethylammonium cation and two anions with herbicidal activity 

(MCPA or dicamba). Prepared DSILs contained different molar ratios between MCPA and 

dicamba ions, ranging from 9:1 (90% of MCPA) to 1:99 (1% of MCPA) in respective system. 

Spectral analysis confirmed that the formation of DSILs causes a change in the chemical 

environment of specific groups of atoms in the tested ions. In 1H NMR spectra such alterations 

occurred as a significant difference in the chemical shifts of specific signals. The melting points 

of the analyzed DSIL systems were lower than -15 °C, which allows them to be classified as 

room-temperature ionic liquids. Fascinatingly, the determined critical micelle concentration 

(CMC) values for DSILs comprising MCPA:dicamba in a molar ratio from 2:8 to 8:2 were 

characterized by significantly lower values compared to the expected results from mixing law. 

The greatest reduction in CMC value (lower by 45% compared to assumptions) was observed 

for DSIL containing MCPA:dicamba in a molar ratio amounting to 6:4. Thus, the strategy 

involving formation of these surface-active DSILs may allow for effective reduction of the 

amount of surfactants or active agent used for treatment. 

All DSILs evaluated for herbicidal efficacy against common lambsquarters showed similar 

efficacy compared to parent ILs with a single anion (MCPA or dicamba). These results indicate 

that there were no noticeable synergistic effects for the analyzed systems comprising large 

amounts of dicamba anion. Interestingly, the system containing a smaller amount of dicamba 

(MCPA:dicamba in a molar ratio amounting to 8:2) exhibited the highest biological activity 

within all the active substances tested and achieved 85% of fresh weight reduction compared to 

control. It can be concluded that a small addition of dicamba can more than compensate for the 

loss of MCPA dose. Therefore, the total dose of pesticide can be effectively reduced up to 25% 
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(from 400 to 305 g ha-1) without any loss of efficacy. Most likely, the occurring synergistic 

effects cause a noticeable increase in the toxicity of this system towards C. vulgaris compared 

to parent ILs. This result confirms that a more thorough evaluation of the ecotoxicity of new 

compounds is crucial in the process of development of novel herbicidal formulations that are 

not only effective in use but also safe for non-target species. 
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