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Herbicidal Ionic Liquids Containing the Acetylcholine Cation 

Daria Czuryszkiewicz,[a] Adam Maćkowiak,[a] Katarzyna Marcinkowska,[b] Andrzej Borkowski,[c] 

Łukasz Chrzanowski,[a] and Juliusz Pernak*[a] 

Abstract: This study presents a new group of herbicidal ionic liquids 

(HILs) based on a cation occurs commonly in nature – acetylcholine. 

The HILs were obtained with a high yield through ion exchange 

between acetylcholine chloride and potassium or sodium salts of 

selected acids with herbicidal activity. The results of the herbicidal 

activity measurement against common oilseed rape (Brassica napus 

L.) exceeded those of the commercial products. Spray solutions of the 

synthesized HILs revealed high surface activity and wetting properties 

which further manifested as higher herbicidal activity. The reduction 

of surface tension and low contact angles together with the specific 

action of acetylcholine allowed for better penetration of synthesized 

HILs into plant tissues. In addition, OECD 301F tests confirmed high 

mineralization of novel HILs. The simple transformation of commercial 

herbicides into acetylcholine HILs proved to be a very effective 

method of increasing their activity, and constitutes an interesting 

solution to the problem of weed infestation with the use of a substance 

commonly found in nature. 

Introduction 
 
The presence of weeds is one of the reasons responsible for the 

reduction of the yield of harvested crops. Those plants compete 

for access to light, water and mineral salts with arable crops, thus 

slowing their growth. Production of weeds seeds ensures their 

constant presence at the cultivated fields. In addition, they are 

characterized by very fast adaptation to a given cultivation 

technique. The weeds collected during harvest can also carry 

bacterial, viral or fungal diseases, and can thus be harmful to 

humans and animals.[1-6] Therefore application of herbicides is a 

common necessity with no other alternative. The most 

widespread substances with herbicidal activity from the group of 

growth regulators are potassium and sodium salts of: (2,4-

dichlorophenoxy)acetic acid (2,4-D), 2-(2,4-

dichlorophenoxy)propanoic acid (2,4-DP), 2-(4-chloro-2-

methylphenoxy)propanoic acid (MCPP-P), or (4-chloro-2-

methylphenoxy)acetic acid (MCPA). The aforementioned 

herbicides exhibit high toxicity, which combined with a long 

persistence in the soil and the possibility of migration into the 

ground- and the surface-waters, allows them to be classified as 

substances with potential negative impact on the natural 

environment.[1,7-12] Ionic liquids (ILs) are chemical compounds 

with a melting point below 100 C which have unique properties 

and applications as designable compounds. Thanks to the 

appropriate choice of the anion-cation pair, it is possible to obtain 

compounds characterized by the desired physicochemical 

properties and also biological activity.[13-18] At the beginning of the 

21st century, the idea of herbicidal ionic liquids (HILs) was 

introduced.[7] This concept allows to look at the future of global 

agriculture with hope. The compounds obtained from the 

combination of a quaternary ammonium cation with a herbicidal 

anion may exhibit significantly higher effectiveness against weeds 

than those currently applied.[19,20] Moreover, ionic liquids are 

characterized by very low vapour pressure and relatively low 

flammability, which minimize the risk of fire or explosion.[21,22] 

Introduction of the organic cation of natural origin into the 

structure of HIL may result in lowering the toxicity of the anion.[7,23] 

Moreover, herbicidal ionic liquids may be applied at lower dose in 

comparison to the commercial substances.[5,7,11,13,17,24] Natural-

derived compounds characterized by common accessibility, 

renewability and biodegradability are in scope of research by 

scientists around the world.[23,25] Choline-derivative-based ionic 

liquids are known in the literature.[26] Bio and readily 

biodegradable ILs also have been recognized.[27,28] In addition,  

a review of ILs was published as bioactive chemical tools for use 

in agriculture and the preservation of agricultural products. ILs 

were found to solve various problems and challenges, such as 

presence of weeds, harmful viruses, bacteria, and fungi, but also 

insects or rodent pests.[29] Acetylcholine occurs as a natural 

compound mainly in the human body, but also in plant tissues, 

with young leaves considered to be the place of its  

synthesis.[30-32] Acetylcholine (IUPAC name 2-acetyloxy-

ethyl(trimethyl)azanium) is a white solid soluble in water, with  

a melting point of 148 °C. Acetylcholine may affect the growth and 

development of plants as well as the germination process. Similar 

to red light, it stimulates the adhesion of root tips to moist surfaces, 

and also enhances the ion permeability of the root. Acetylcholine 

influences leaf movements and stimulates ion absorption through 

leaf surfaces. Acetylcholine stimulates enzymes and can thus 

modify the metabolism of plants.[33,34] The aim of the study was to 

prepare new HILs, which could act as effective and 

environmentally friendly growth regulators with herbicidal activity. 

To achieve this goal, the acetylcholine cation was combined with 

popular, cheap and commercially available herbicidal acids. In 

addition to the synthesis of new HILs, this study also 

characterizes their physicochemical and biological properties. 

Results and Discussion 

Synthesis 
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Herbicidal ionic liquids (Table 1) were obtained via a two-step 

approach as follows: a neutralization reaction of selected 

herbicidal acid (Figure 1) in methanol by the potassium hydroxide, 

and the subsequent reaction of ion exchange of acetylcholine 

chloride (ACh). The reaction with iodosulfuron methyl was an 

exception for which the metathesis reaction with acetylcholine 

chloride was conducted. Commercially available iodosulfuron 

methyl sodium was used. 

 

  

 

  

Figure 1. Structure of anions with herbicidal activity 

 

The reaction acid-base and ion exchange shown in Figure 2. 

 

 
 
Figure 2. Synthesis of ionic liquids with acetylcholine cation and herbicidal 
anions 

 

All products were successfully purified with acetonitrile. Both the 

synthesis and purification processes were efficient, resulting in 

high yields in the range 88 - 98% (Table 1). Structures of obtained 

salts were confirmed by 1H and 13C NMR spectroscopy as well as 

elemental analysis and provided in the Electronic Supporting 

Information (ESI, Table S1 and Figure 4 - 17). Additionally, the 

halide level for all obtained salts determined by AgNO3 test was 

below 500 ppm (above this value AgBr or AgCl precipitation is 

noticeable). As presented in Table 1, the salts 2, 5 and 7 were 

solids. However, the values of their melting points (below 100 °C) 

allow them to be classified as ionic liquids. Compounds 1, 3, 4, 6 

were liquids at room temperature and may be classified to the 

group of room temperature ionic liquids (RTILs). The prepared ILs 

with acetylcholine cation are new compounds. Ionic liquids with 

anions: Dicamba[13], 2,4-D[5,35,36], 2,4-DP[37], MCPP[38], 

pelargonate (Pel)[39] and iodosulfuron methyl (ISM)[40] are known 

in the literature. 

Physicochemical properties 

The solubility test was carried out for all obtained ILs (1 - 7) The 

physicochemical properties such as viscosity, density, refractive 

index were determined at 25 °C for the obtained RTILs (1, 3, 4). 

Measurements for 6 were not carried out due to too high viscosity 

and low clarity. The water content in all product, assayed by Karl-

Fischer measurements before the physicochemical analyses, 

which amounted less than 500 ppm (Table S2 in ESI). 

 

Solubility 

The solubility of the obtained ILs was tested at 25 °C in common 

organic solvents selected in increasing order of the value of their 

Snyder polarity index and shown in Table 2. 
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9.0[a] 6.6 6.5 6.2 5.1 4.3 4.3 4.1 2.3 0.0 

ACh + + ± - - + - + - - 

1 ± + + - + + - ± - - 

2 - + + - - + - - - - 

3 - + - + + ± + + - - 

4 - + ± + + ± + + - - 

5 + + + ± ± + - + - - 

6 + + - - - - - - - - 

7 + + + ± + - - ± - - 

[a] Snyder polarity index; + complete solubility; ± limited solubility; - insoluble 

All the obtained ILs were insoluble in aprotic solvents possessing 

low polarity such as hexane and toluene. Most ILs are 

characterized by solubility in chloroform despite low polarity and 

Table 1. Obtained ionic liquids with acetylcholine cation 

IL Short 
Yield 

[%] 
State[a] 

Melting 

point 

[°C] 

1 [ACh][Dicamba] 97 Liquid - 

2 [ACh][2,4-D] 88 Solid 95-97 

3 [ACh][2,4-DP] 98 Liquid - 

4 [ACh]MCPP-P] 95 Liquid - 

5 [ACh][MCPA] 99 Solid 90-91 

6 [ACh][Pel] 97 Liquid - 

7 [ACh][ISM] 96 Solid 74-76 

[a] At 25 °C 

 

Table 2. Solubility of the prepared ILs at 25 °C 

IL 
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aprotonicity, which may be associated with its high density. Most 

of the synthesized ILs were soluble in short-chain alcohols such 

as methanol and isopropanol. The exception was ILs 6, 7 with 

sulfonylurea and fatty acid (pelargonic acid) anions. The ion of 

choline ester has a favorable effect on the solubility of IL 1 in 

toluene and ethyl acetate as well as IL 2 in acetone compared to 

starting substrates. The acetyl group also has an influence on the 

solubility of IL 3. The IL with 2,4-D anion and the choline cation is 

dissolved in acetone, acetonitrile and water[36], while acetylcholine 

IL comprising 2,4-D exhibits significantly lower affinity towards 

these solvents. The hydrophilic acetylcholine cation in the ILs 

structure causes an increase in the solubility of ILs 5, 6 and 7 in 

water in comparison to herbicidal acids. IL 6 has the most limited 

solubility - it dissolves only in the most polar protic solvents: 

methanol and water. IL 4 is characterized by the widest range of 

solubility in various diluents - it is insoluble only in water, toluene 

and hexane. The additional methyl group in ILs 3 and 4 in the 

substituent attached directly to the aromatic ring increases the 

solubility of these compounds in ethyl acetate. Solubility of the 

obtain ILs with acetylcholine cation depended on anions 

structures, physical and chemical properties of solvents. 

Methanol was a universal solvent for all of the obtained ILs. 

 

Thermal analysis 

The thermal stability and phase transition values are presented in 

Table 3. 

 

Compound 
Tg

[a] 

[°C] 

Tc
[b] 

[°C] 

Tm
[c] 

[°C] 

Tonset 5%
[d] 

[°C] 

Tonset 50%
[e] 

[°C] 

1 -5 - - 178 204 

2 -3 - 65 189 218 

3 -2 - - 184 216 

4 -4 - - 180 214 

5 -11 58 91 183 215 

6 - - - 188 211 

7 26 - 54 177 244 

ACh - 78 132 180 237 

Dicamba - 102 111 201 239 

2,4-D - 128 138 181 229 

2,4-DP - 67 116 166 215 

MCPP-P - - 97 159 204 

MCPA - 114 120 170 216 

PelH - -13; 6 -8; 9 119 161 

ISMNa[f] 139 - - 208 393 

Indications: [a] - glass transition temperature, [b] - crystallization temperature,  

[c] - melting point, [d] - decomposition temperature of 5% of the sample,  

[e] - decomposition temperature of 50% of the sample, [f] - amorphous state. 

 

The melting point of the synthesized salts (1 - 7) did not exceed 

100 °C, thus the obtained compounds may be classified as ionic 

liquids. The synthesized ILs were characterized by a wide glass 

transition temperature range, where the minimum occurred for IL 

5 and it is -11 °C, and the maximum occurred for IL 7 (26 °C). The 

glass transition temperature increased in the following order: 

MCPA < Dicamba < MCPP-P < 2,4-D < 2,4-DP < ISM. For the IL 

with pelargonate anion (6) no glass transition temperature, 

melting point and crystallization were noted. On the basis of the 

obtained results, it can be concluded that the introduction of the 

methyl group to the aromatic ring caused a decrease in the glass 

transition temperatures, which was observed for pairs of ILs 3, 4 

and 2, 5. The inverse phenomenon was observed with the 

introduction of a methyl substituent to the ester group, which 

resulted in an increase of the glass transition temperatures (ILs 2, 

3 and 4, 5). The crystallization temperature was only recorded for 

IL 5 (58 °C). The results of the thermal analysis carried out for the 

starting substrates revealed that the fusion of acetylcholine and 

herbicidal acids resulted in a significant change in their thermal 

characteristics. The obtained ILs 2, 5 and 7, which exhibited lower 

melting and crystallization temperatures in the analysed 

temperature range, underwent the respective phase transition at 

the lower temperatures compared to the starting materials. 

Thermal stability of the obtained ILs revealed that they were 

stable up to 170 °C. The thermal stability increased in the 

following order considered of anions: Dicamba < Pel < MCPP-P 

< MCPA < 2,4-DP < 2,4-D < ISM. This dependence can be 

explained by the increase of nucleophilicity of the anion with which 

thermal stability decreases from 189 °C for 2 to 177 °C for 7.[41] 

The obtained ILs were degraded in a similar temperature range, 

which may indicate that the acetylcholine cation was preferentially 

degraded. The decomposition temperatures of individual 

herbicidal acids are very divergent, e.g. 119 °C for pelargonic acid, 

170 °C for MCPA, and 208 °C for Iodosulfuron methyl sodium. 

Comparing starting substrates and final products, it is concluded 

that the acetylcholine cation introduced into herbicidal acids 

increased the thermal stability of ILs with the anion derived from 

phenoxy acids (2 - 5) by 4-12% and the IL with pelargonate anion 

by 37%. In the case of ILs with anions derived from benzoic acid 

(1) and sulfonureas (7), it was noted that acetylcholine cation 

caused a reduction of thermal stability by 13% for 1 and 18% for 

7. Due to the high thermal stability, the studied ILs can be used in 

agricultural formulations without the risk of decomposition of the 

active substance. 

 

Viscosity  

The temperature dependence of the viscosity of RTILs 1, 3, 4 in 

the range from 20 to 90 °C is presented in Table S3 and Figure 1 

in ESI. The viscosity at 20 °C is shown in Table 4. 

The decrease of viscosity with temperature increase should be 

noted. At 20 °C, viscosity values varied from 511.9 Pa·s (4) to 

415.1 Pa·s (3). High viscosity values, above 400 Pa·s, are due to 

the presence of an additional carboxyl group in the cation that are 

able to form strong hydrogen bonds.[42] Analogues of the curves 

are the results of similar structures of obtained ILs which are 

phenoxy acids.[43] The ILs 2 and 4 have similar chemical 

structures, differing from each other by one substituent on the 

aromatic ring. The introduction of chlorine instead of the methyl 

group increases the viscosity by 20%. It may be due to the fact 

that chlorine atoms show stronger ion-ion interactions compared 

to the methyl group.[44] In addition, the presence of a halogen 

Table 3. Phase transitions and thermal stability of the prepared ILs, ACh 

and herbicidal acids 
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substituent in the aromatic ring may result in the formation of more 

hydrogen bonds, which also causes a rise in viscosity.[45] 

The high viscosity of the prepared ILs is advantageous from the 

point of view of their storage and can be reduced as needed by 

increasing the temperature without the risk of changing the 

chemical structures. The exponential nature of the curve was 

obtained, which describes all RTILs. This characteristic behaviour 

of ILs has been described repeatedly in the literature.[46] 

IL 1 3 4 

Viscosity [Pa·s] 430.4 415.1 511.9 

Density [g·cm-3] 1.31 1.27 1.19 

Refractive index 1.5406 1.5318 1.5199 

 

Density 

Density measurement was carried out for salts 1, 3 and 4 in the 

range from 20 to 90 °C. The density values at 20 °C are shown in 

Table 4. The dependence between density and temperature 

showed a linear character, which is characteristic for ILs. This 

phenomenon was most likely caused by a large temperature 

difference between their working temperature range and the 

critical temperature.[47,48] The density of the tested ILs at 20 °C 

ranged from 1.31 g·cm-3 for 4 to 1.94 g·cm-3 for 1. At 90 °C the 

density value was the lowest for ILs 4 (1.14 g·cm-3), and highest 

for 1 (1.26 g·cm-3). All the collected values are given in ESI (Table 

S4). The tested compounds have higher density than water at 

20 °C ranged from 30% for 4 to 95 % for 1. The cause of different 

values of studied ILs might be related with the degree of arranging 

in the space. IL 1 takes the least amount of space which results 

in the highest values of density. IL 4 has the lowest density of all 

compared ILs due to the presence of methyl group attached to 

aromatic ring which causes problems in proper arrangement in 

space. The chlorine atom in the anion may cause increased of 

symmetry of the molecule and the interactions ion-ion, leading to 

the decrease of the molar volume of the ILs. Obtained results 

confirmed the observations described in the literature that 

dicamba-based ILs were characterized by higher density values 

in comparison to phenoxyacids.39,45,49 The measured density 

values decreased linearly with an increase in the temperature 

(Figure 2 in ESI), and the line describing this relationship was 

expressed by the equation y = ax + b, were a was equal to 

approximately -0.0008 and b varied from 1.21 

g·cm-3 for 4 to 1.33 g·cm-3 for 1 (the correlation coefficients (R2) 

for all tested ILs amounted to at least 0.99 – see Table S5 in ESI). 

Heating the samples to 90 °C resulted in a reduction of density by 

approximately 0.12 g·cm-3 for all tested ILs. 

 

Refractive indices 

Refractive indices measurement was carried out for ILs 1, 3 and 

4 in the temperature range from 20 to 90 °C. Figure 3 and Table 

S6 in ESI present the obtained results. The refractive index at 

20 °C is shown in Table 4. The refractive index (RI) values 

depended on the structure of the cation and the anion comprising 

HILs.[50] The RI of ILs 1, 3, 4 at 20 °C ranged from 1.519 for 4 to 

1.541 for 1. The RI of a substance was higher if molecules were 

more tightly packed, thus when the compound possessed 

a higher density.[51] Here the dependence between density and 

refractive indices can be observed.[52] Refractive indices 

presented for ILs 1, 3, 4 are correlated with their density. Similar 

to the density measurement, the temperature increase caused a 

linear decrease of the refractive indices and depended on the 

anion (Figure 3 in ESI). Linear regression can be described by the 

equation y = ax + b - see Table S7 in ESI). 

 

Surface activity 

By selecting the appropriate cations, some HILs can reduce both  

surface tension and contact angle.[36,43,53] In that case HILs could 

increase the contact area with the leaf cuticle. Such an ability 

renders the use additional surfactants, which potentially may 

cause unnecessary harm to the environment. The surface tension 

and contact angle tests were carried out for the spray solutions 

used in during greenhouse experiments – synthesized ILs were 

dissolved in a mixture of water and ethanol (1:1 v/v). The obtained 

values are provided in Figure 3 as well as in ESI – Table S8).  

 
Figure 3. Surface tension and contact angle of spray solution of ILs 1 - 7 

 
Surface tension values for all studied ILs were equal to approx.. 

33 [mN·m-1]. This phenomenon was caused by the presence of 

ethanol, which in small quantities may significantly decrease the 

surface tension values. Only the values of the tested parameter 

differ for 6, which is 26.83. Such deviation was caused by the 

presence of nonanoic anion which reduced the surface tension 

even more due to its amphiphilic properties. It is worth noticing 

that commercial products were characterised by higher surface 

tension (65-72 mN·m-1) than obtained ILs. Contact angle values 

for the synthesized ILs differ insignificantly. The highest value was 

obtained for 3 and the lowest for 6, because this IL has the lowest 

surface tension and affinity of the solute for the hydrophobic 

surface. It was previously established that lower surface tension 

and contact angle may result in better herbicidal activity.[37] Lower 

values of these properties allow for more efficient wetting of the 

leaf surface and thus easier absorption of the compound and 

penetration into the plant. 

 
Octanol-water partition coefficient 

This parameter is a thermodynamic measure of the tendency of 

the compound to preferentially distribute between water or non-

Table 4. Viscosity, density and refractive index selected ILs with 

acetylcholine cation at 20 °C 
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aqueous phase.[54] Examination of this coefficient has particular 

importance for the environment. It allows to predict whether a 

given substance tends remain in the soil or if it will be more willing 

to migrate with water.[55] In case of herbicides, it is important to 

ensure that these compounds stay longer in soil, thus they should 

have higher affinity for octanol than for water. The values of the 

octanol-water partition coefficient depend strictly on the 

concentration[56], therefore for this study the salts doses were 

equal to the doses used for studying the herbicidal activity. The 

obtained results were compared with the literature values for 

herbicidal acids[37,57-60], and presented in Figure 4 and ESI - Table 

S9.  

Figure 4. Values of logarithm of octanol-water partition coefficient of ILs 1-7, 

free herbicidal acids and iodosulfuron methyl sodium at 25 °C 
 

ILs 1, 3, 6 exhibit higher affinity for octanol whereas ILs 2, 4, 5 for 

the water phase. The highest value of octanol-water partition 

coefficient was measured for 6 (1.11 ± 0.07) and the lowest value 

for 5 (-1.38 ± 0.06). Structures of ILs 3 and 4 differ on the basis of 

the substituent in the aromatic ring, chlorine for 3 and methyl for 

4. This results in a significant difference in affinity for the solvents. 

The presence of methyl group in the aromatic ring increases the 

affinity for water as represented by ILs 3 and 4. As expected, the 

long alkyl chain of IL 6 has a higher affinity for octanol. IL 7 has a 

higher affinity for octanol. ILs liquids 1, 3 and 7 were characterised 

by the octanol-water partition coefficient in the range 0 - 1. Such 

values were desirable for herbicide compounds. Values above 3 

may cause a hazardous situation – e.g. excessive 

bioaccumulation, sorption to soil and toxicity toward fish.[61] Low 

values of the partition coefficient may have a harmful impact on 

the environment, as the herbicide together with pesticides can be 

easily washed out of plants and soil and can enter the 

groundwater. The low partition coefficient values may also cause 

difficulties in the penetration of the herbicide through the leaf 

membrane, which could make the substance useless.[62-64] 

Synthesized ILs have lower octanol-water partition coefficient 

than precursors – herbicidal acids. The exception was compound 

7, in case of which the value was higher than iodosulfuron methyl 

by 1.57. ILs 1, 3, 6 and 7 were characterized by values of about 

1, which was the most advantageous due to the ecology and 

applications of herbicides. 

 

Biodegradability 

Results of OECD 301 F test revealed high susceptibility of 

acetylcholine-based ionic liquids for microbial degradation. 

Previous experiments conducted with betaine and carnitine-

based ILs of 2,4‐D, MCPA, MCPP and Dicamba confirmed that 

strategy of incorporation of bio-based cations into the structure of 

HILs may have a positive effect on overall biodegradation 

efficiency.[65] The minimum positive result should be the reduction 

of effects associated with usually low biodegradation of synthetic 

cation. Thus its replacement with a bio-based cation should be 

beneficial. In the most desired scenario the bio-based cation 

should enhance the biodegradation rate of the herbicidal anion.[35] 

It should also be noted that the test was carried out with the use 

of activated sludge microorganisms and that the biodegradability 

of the studied compounds in agricultural soils may differ.[24] 

Furthermore, fully synthetic ILs may notably decrease the 

biodiversity of microbial populations on the example of 

phosphonium-based ILs[66] or ammonium-based ILs[67], whereas 

HILs did not significantly impact the overall biodiversity[68] or did 

not exhibit mutagenic properties.[69] Acetylcholine is well known to 

not penetrate through lipid membranes, however it usually binds 

with ion channels present in the cell membrane. Such interaction 

between receptors of ion channel and acetylcholine is responsible 

for opening of an ion channel and free ions can easily pass 

through it. Acetylcholine is actively participating in plants 

biochemistry therefore higher activity of acetylcholine-based 

herbicidal ILs might be associated with the biochemical behaviour 

of well-chosen cation which stimulates the transport of anions, 

however more research is needed to confirm this hypothesis. 

Results presented in Table 5. 

 

IL 
Biodegradation after  

28 days  
[%] 

Time window between  
10% and 60%  

[days] 

1 90 5 

2 70 14 

5 80 13 

  

Herbicidal activity 

The herbicidal efficacy of all the obtained ILs (1 - 7) has been 

evaluated with the use of oilseed rape. ILs were compared with 

their commercial equivalent (Figure 5 and in ESI - Table S10). It 

should be noted that all studied ILs exhibited high biological 

activity towards the tested plant, (Brassica napus L.) which was 

expressed as higher reduction of fresh weed weight compared to 

commercially available herbicides. Mean values for the reduction 

differed from 20% for 2 to 47% for 4. Acetylcholine pelargonate 

(6) had a 25-fold higher herbicidal activity compared to choline 

pelargonate.39 The influence of the ester group is therefore 

significant. IL 1 showed no phytotoxic effects toward to the tested 

plants, 1 stimulated the growth of common oilseed rape, but to a 

lesser extent in comparison to the commercial agent by 25%. 

Acetylcholine cation favourably affected the herbicidal properties 

of products with the Dicamba anion, because it reduced their 

effect of pubic growth of weeds. These result indicated that the 

properly selected cation has a very significant effect on the 

Table 5. Biodegradability of synthesized ILs with acetylcholine cation 

according to the OECD 301 F Test 

   1             2              3              4              5               6             7 -2

-1

0

1

2

3

4

Dicamba 2,4-D 2,4-DP MCPP-P MCPA PelH ISMNa

L
o
g
 K
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w

IL Free acid or ISMNa

    1             2             3             4             5              6             7 
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biological activity of HILs. Ionic liquids with phenoxy-acid anions 

(2 - 5) showed high herbicidal activity, almost five times higher 

than commercial products. IL with sulfonureas anion (7) exhibited 

a high activity at a level of 37%, unlike the reference substance, 

which did not show phytotoxicity towards the tested plants. An 

additional advantage of the obtained ILs is the application of 

smaller doses of substances while maintaining higher herbicidal 

activity compared to commercial products. The obtain results 

allowed to classify ILs 1 – 7 as new HILs. 

Figure 5. Herbicidal activity against oilseed rape of ILs 1 - 7 

 

Conclusion 
This study presents the general concept from a design of novel 

HILs with acetylcholine cation, through their synthesis and 

determination of physicochemical properties, to the final 

evaluation of their biological performance. The synthetized bio-

based HILs were obtained with high yields and easily purified. All 

of them belong to the group of ILs, four being room temperature 

ionic liquids (RTILs). The determined physicochemical properties, 

such as density, viscosity and refractive index, confirmed that the 

products exhibited characteristics typical for ILs. A linear 

decrease in density and refractive index in relation to temperature 

increase was observed, which indicates the absence of volatile 

impurities. The selected liquids were characterized by a viscosity 

of approx. 500 Pa·s, (at 20 °C) which is 500 000 times more 

viscous than water. A dependence was found between the rise of 

temperature and exponential decrease in viscosity. All 

synthesized HILs were thermally stable. The decomposition 

started between 170 - 190 °C, and the distribution of 50% of the 

content of the tested samples was in the range from 200 to 250 °C. 

In general, all obtained HILs were soluble in methanol, and in 

water, DMSO, acetonitrile, acetone, isopropanol, depending on 

the herbicidal anion. The synthesized HILs were insoluble in non-

polar solvents, specifically in hexane and toluene. The 

synthesized ILs examined for herbicidal activity against Brassica 

napus L., showed better efficiency in comparison to commercial 

preparations. It should be emphasized that the doses of herbicidal 

ionic liquids in g·ha-1 were definitely lower than the doses of 

commercial preparations, which contain additional synthetic 

enhancers. In addition, the synthesized HILs contain the 

acetylcholine cation which is a naturally occurring compound and 

reduced the toxicity of the substances obtained. With longer use, 

the synthesized HILs should be more environmentally friendly, 

due to the lower content of the herbicidal substance in the soil and 

therefore less toxicity. Spray solutions of the synthesized HILs 

revealed very good surface-activation and wetting properties 

which have significant effect on herbicidal activity. The reduction 

of surface tension and low values of contact angle allows the 

obtained HILs to easily penetrate into the plants leaves. The 

measurement octanol-water partition coefficient indicated that the 

synthesized HILs had a lower potential for bioaccumulation in the 

soil. An additional advantage of the synthesized acetylcholine-

based HILs is associated with their rapid biodegradation, which 

confirms their environmental friendliness compared to 

commercially used herbicides. The presented results show the 

fundamental influence of the structure of synthesized HILs on 

biological properties and constitute a new contribution to the 

development of more environmentally friendly herbicides. 

 

Experimental section 
 
Materials 

2-(2,4-Dichlorophenoxy)propanoic acid [2,4-DP] (purity 97%), 

(2,4-dichlorophenoxy)acetic [2,4-D] (purity 97%), 3,6-dichloro-2-

methoxybenzoic acid [Dicamba] (98%), 2-(4-chloro-2-

methylphenoxy) propanoic acid [MCPP-P] (purity 97%), (4-chloro-

2-methylphenoxy)acetic acid [MCPA] (purity 97%) and 

iodosulfuron methyl sodium [ISMNa] (purity 97%) were obtained 

from CIECH Sarzyna (Nowa Sarzyna, Poland). Potassium 

hydroxide (purity 99%) and all solvents (methanol, acetonitrile, 

acetone, hexane, toluene, chloroform, isopropanol, DMSO and 

ethyl acetate) were purchased from Avantor (Gliwice, Poland). 

Acetylcholine chloride [ACh] (purity 99%) and pelargonic acid 

[PelH] (purity 96%) were purchased in Sigma-Aldrich (Poznan, 

Poland). Deionized water with a conductivity <0.1 µS·cm-1, from 

demineralizer HLP Smart 1000 (Hydrolab, Poland) was used for 

solubility and surface activity measurement. All reagents and 

solvents were used without further purification. Following 

commercial herbicides were used as the references: Dicamba 

480 SL (480 g dicamba per 1 L, SL Sharda International Ltd., 

India), Aminopielik Standard 600SL (600 g 2,4-D per 1 L, Adama 

Polska, Warsaw, Poland), Chwastox Extra 300 SL (300 g MCPA 

per 1 L, CIECH Sarzyna, Nowa Sarzyna, Poland), VVH 86086 

Devient Beloukha (Pel 3000 g per 1 L, Jade, Mérignac Cedex, 

France), Huzar 05 WG (ISMNa 7.5 g per 1 L, Bayer, Warsaw, 

Poland). 

 

General 

The studies were performed using a Varian XL300 

spectrophotometer, at 300 MHz for 1H NMR and 75 MHz for 13C 

NMR. Deuterated methanol was used as the solvent, and 

tetramethylsilane was the reference. The elemental analyses 

(CHN) were performed by using Elementar Analyser Vario EL III 

at the Adam Mickiewicz University, Poznan (Poland). The water 

content was assayed by Karl-Fisher titration using a TitroLine KF 

Trace coulometric titrator (SI Analytics). The melting points were 

determined by using the Büchi Melting Point B-540 apparatus. 

The viscosity of the ILs was measured with a rheometer (Rheotec 

RC30-CPS) with cone-shaped geometry (C50−2). Density was 
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determined by an Automatic Density Meter DDM2911 with the 

mechanical oscillator method. The density of the samples 

(approx. 2.0 cm3) was measured in the range of 20 - 90 °C 

controlled with a Peltier module. The apparatus was calibrated by 

using distilled water as the reference. After each series of 

measurements, the densimeter was washed with organic solvents 

(methanol and acetone) and dried with airflow. Viscosity was 

determined by using a rheometer (Rheotec RC30-CPS) with 

cone-shaped geometry (C50-2). The viscosity of the samples 

(approx. 1.5 cm3) was measured from 20 to 90 °C. The uncertainty 

of the viscosity measurement was estimated to be less than 10-4 

Pa·s. Refractive index was determined with an Automatic 

Refractometer J357 (Rudolph Research Analytical) with 

electronic temperature control. 

Synthesis 

Herbicidal ionic liquids with the acetylcholine cation were 

synthesized using a two-step approach. In the first step, the 

selected herbicidal acids were neutralized by potassium 

hydroxide in methanol. The solvent was then evaporated using 

a rotary vacuum evaporator. The obtained potassium salts of the 

selected acid were dried in a vacuum oven at 40 °C for 48 hours. 

Next, the previously obtained potassium salt of the selected acid 

or iodosulfuron methyl sodium was dissolved in methanol and 

mixed with acetylcholine chloride with 10% of stoichiometric 

excess. The reagent system was stirred in a water bath at 60 °C 

for 30 minutes. In the next step, the precipitated inorganic salt was 

filtered off and the solvent was subsequently evaporated. The 

obtained product was additionally purified through leaching with a 

portion of acetonitrile to remove the remaining inorganic 

impurities. The raw product was dried at 40 °C for 24 hours under 

reduced pressure. The obtained salts were stored in a vacuum 

desiccator over a drying agent. 

 

Solubility 

The solubility test was carried out based on the protocols 

described in Vogel’s Textbook of Practical Organic Chemistry.[70] 

A 0.1 g sample of the substance was weighed into the vial, with 

an accuracy to the second decimal place, and then introduced 

into a specific volume of the solvent. All samples were 

thermostated at 20 °C. Depending on the solubility in the volume 

of solvent used, three types of behaviours were recorded: “soluble” 

applies to compounds that dissolved in 1 cm3 of the solvent, 

“limited solubility” applies to compounds that dissolved in 3 cm3 of 

the solvent, and “not soluble” applies to compounds that did not 

dissolve in 3 cm3 of the solvent. The analyses was performed for 

ten organic solvents with a diverse polarity range, arranged in 

order of decreasing value of Snyder polarity index: deionized 

water (9.0), methanol (6.6), dimethyl sulfoxide (6.5), acetonitrile 

(6.2), acetone (5.1), ethyl acetate (4.3), isopropanol (4.3), 

chloroform (4.1), toluene (2.3) and hexane (0.0). The pH-value of 

water was 6.5. 

 

Thermal analysis 

The studies of thermal stability and temperature of phase 

transitions were performed using two methods: thermogravimetric 

analysis (TG) and differential scanning calorimetry (DSC). The 

Mettler Toledo TG / DSC1 Star was used to conduct the TG. The 

analysis consisted of sampling a mass of 2 - 10 mg, which was 

heated from 40 to 500 °C at a constant rate of 10 °C/min under a 

nitrogen atmosphere. The Mettler Toledo TG / DSC1 Star was 

also used for DSC testing. The analysis consisted of sampling a 

mass of 2 - 10 mg, which was heated at a constant rate of 

10 °C/min. 

 

Surface activity 

Interfacial surface tension was determined with the pendant drop 

method. The measurement of surface tension and contact angle 

was carried out for all synthetized compounds using DSA 100E 

analyser (Krüss, Germany, accuracy ± 0.01 mN·m-1) set at 25 °C 

(temperature controlled Fisherbrand FBH604 thermostatic bath, 

Fisher, with an accuracy of 0.1 °C). The test was conducted by 

preparing solutions of the active ingredients at the same 

concentration as spray solutions used in the greenhouse 

experiments. The surface tension (γ in mN·m-1) was calculated by 

analyzing the profile of the drop according to the Laplace equation. 

The determination of the contact angle was based on the sessile 

drop method, i.e., a drop of the spray solution is deposited on a 

hydrophobic surface (paraffin). During the measurement, a photo 

of the tested droplet was taken. 

 

Octanol-water partition coefficient 

The octanol-water partition coefficients (KOW) of new ILs were 

measured by the shake-flask method according to OECD 

guidelines.[71] For this test water saturated with octanol and 

octanol saturated with water were used. First, an aqueous 

solution of a particular IL (5 cm3) with the same concentration as 

the spray solution was prepared. Then, 5 cm3 of octanol saturated 

with water was added and the system was vigorously stirred at 

25 °C for 24 hours. After this time the solution was set aside to 

clarify the two phases. Then the concentration of active ingredient 

in the aqueous phase was analysed with UV/Vis 

spectrophotometer (based on formerly made calibration curves 

with plots of absorbance (at λmax = 279 nm for MCPA and MCPP 

anion, at λmax = 285 nm for 2,4-D anion, at λmax = 283 for 2,4-DP 

anion, at λmax = 274 nm for Dicamba anion, at λmax = 235 nm for 

Iodosulfuron methyl anion and at λmax = 215 nm for pelargonic 

acid anion all measurements were done in triplicates. 

 

Biodegradability tests  

The test was performed according to standard OECD guideline 

for 301F test previously described in detail by Borkowski et al.[72] 

and Choudhary et al.[73] 

 

Herbicidal activity 

The herbicidal activity of the synthesized ILs was assessed with 

the oilseed rape (Brassica napus L.). Plants were grown in 0.5 

dm3 plastic plots containing commercial peat-based potting 

material. Greenhouse conditions were: humidity of 60%, air 

temperature of 20 ±2 °C and a photoperiod of 16/8 day/night 

hours. Within 10 days after emergence, the plants were thinned 

to five per pot and watered when necessary. All HILs were 

dissolved in a mixture of water and ethanol (1:1 v/v) in an amount 

corresponding to 400 g of the active substance (a.i.) per 1 hectare 
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for ILs with MCPA, MCPP-P, 2,4-D, 2,4-DP anion, 200 g of the 

active substance (a.i.) per 1 hectare for IL with Dicamba anion, 

3000 of the active substance (a.i.) per 1 hectare  

for IL with pelargonate anion and 7.5 g of the active substance 

(a.i.) per 1 hectare for IL with iodosulfuron methyl anion. The ILs 

were applied with a moving sprayer by using TEE Jet 1102, which 

was moving at a speed of 3.1 m/s over the weeds. The atomizer 

was located at a distance of 40 cm from the tops of the plants, 

and the liquid pressure was 0.2 MPa. After treatment, the plants 

were again placed in greenhouse under the environmental 

conditions defined previously. After a period of two weeks the 

plants were cut at a height of 2 mm from the soil and the mass 

was determined to the second decimal place. On the basis of the 

obtained results, the reduction of fresh plant mass was calculated 

in comparison to the mass of control objects. 
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Acetylcholine as a component of herbicides. This study presents the synthesis of 

acetylcholine-based herbicidal ionic liquids and their physicochemical properties, 

such as: phase transitions, thermal stability, solubility, viscosity, density and 

refractive index. HILs exhibited superior physicochemical properties and biological 

activity compared commercial herbicides. Furthermore, synthesized HILs were 

readily biodegradable and had a low potential for bioaccumulation. 
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