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The utilization of efficient synthesis methods and natural raw materials to obtain novel compounds with
biological activity is crucial due to the requirement to reduce the negative effect on the environment. In
this study, we responded to recent trends and developed a procedure to synthesize a new group of ionic
liquids containing L-histidinate or L-prolinate anions and bis-ammonium or bis-phosphonium cations
with an alkyl linker or with a linker containing two ester bonds. The structures of the obtained com-
pounds were confirmed by performing spectral analyses (FT-IR, 'H and *C NMR). Based on analyses of
the effect of the obtained compounds on the deterrent activity against storage insects, the obtained ionic
liquids exhibited at least weak deterrent activity and the length of the alkyl linker and the presence of an
ester bond in the cation were essential determinants of biological activity. Furthermore, in the case of
several salts, we observed significant positive effects on root system development and limited inhibition
of shoot growth, indicating reduced phytotoxicity. Analyses of relevant physicochemical properties (dif-
ferential scanning calorimetry, thermogravimetric analysis, surface activity, and solubility analysis) were
performed to determine the effect of structure on the measured parameters. Furthermore, antimicrobial
activity assays were performed to analyze the environmental effects of the products. Our results indicate
a significant future potential use of these novel ionic liquids as agrochemicals.

© 2022 The Authors. Published by Elsevier B.V. This is an open access article under the CCBY license (http://

creativecommons.org/licenses/by/4.0/).

1. Introduction

The increased demand for cereal products results in the neces-
sity to secure cereal silos against of negative effects of all types of
harmful organisms. The most notable threats that may occur in
granaries include the growth of bacteria and fungi or the feeding
of storage pests on grains [1,2]. Bacteria and/or fungi deteriorate
grain in two ways, mainly by accelerating grain decomposition
and by producing toxic substances that are absorbed by the grain,
and can then affect living organisms [3,4]. A completely different
mechanism is observed in the case of insects. Storage pests treat
grain as a source of food, which in turn reduces its mass and
decreases its aesthetic value. In addition, insects contaminate the
warehouses with their excrements, excretions and dead bodies.
Therefore, various methods should be used to protect the harvest
and obtain high-quality grains stored in cereal silos [5].
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The preparation of chemical agents with all the aforementioned
properties is possible by designing new compounds belonging to
the group of ionic liquids (ILs), which consist of an organic cation
and an organic or inorganic anion [6,7]. In addition, the designabil-
ity of ILs makes them an attractive group of compounds with uses
in a wide variety of scientific and industrial fields (replacements
for traditional solvents, media for chemical or enzymatic reactions,
surfactants, disinfectants, antistatic or softening substances,
extractants, and wood preservatives) [8]. Their low volatility is
undoubtedly an additional advantage because it notably reduces
their negative effects on people directly exposed through contact.
Notably, a slight modification of the structures of the active sub-
stance enables the formation of multifunctional ILs with specific
physicochemical and biological properties (third-generation ionic
liquid) [9-14]. The structure of ILs is also a decisive element deter-
mining the environmental impact, since inappropriate selection of
ions and their modification may contribute to changes in toxicity.
Extensive research regarding this issue indicates a significant effect
of the cation structure on toxicity toward wheat, barley, and gar-
den cress [15,16]. Moreover, cation and anion structural elements
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contribute to a change in toxicity toward bacteria and fungi, and
influence the rate and level of biodegradation [17-19].

Dicationic ionic liquids (DILs) are an interesting group of ILs
composed of a cation that contains two centers with a positive
charge in its structure. Commonly used cations in DILs are bis-
ammonium or bis-phosphonium cations [20]. Moreover, the origi-
nal chemical structure and properties of DILs have resulted in
many important scientific studies in which gemini compounds
were utilized as novel surfactants or antibacterial and antifungal
compounds [21-23]. Recent reports describe the use of gemini
compounds with a bis-ammonium cation as herbicidal ionic lig-
uids or antifeedant ionic liquids [24-26]. These reports indicate
that appropriately designed bis-ammonium and bis-
phosphonium cations achieve the desired physicochemical and
biological properties.

The selection of the appropriate counterion is also very impor-
tant during the synthesis of ILs. In recent years, the use of amino
acids as anions has been one of the main interests. Indeed, this con-
cept represents a crucial aspect of the synthesis of nature-inspired
compounds. Based on published data, these compounds are non-
toxic and biodegradable, are commonly found in living organisms,
and have numerous useful applications, e.g., as medicines or nutri-
ents and as dietary supplements [27-29].

The purpose of the study was to synthesize novel dicationic
ionic liquids containing -histidine or L-proline as an anion. The
developed DILs contained two different linkers in the cations (a
straight alkyl chain or an alkyl chain containing additional ester
bonds). As a result, novel bioinspired compounds with biological
activity and reduced toxicity were obtained. Since these DILs have
not been described previously, the development of an efficient syn-
thesis method and confirming the designed structures were crucial
parts of the study. The research also includes an extensive assess-
ment of the potency of the obtained compounds to protect cereal
products. Therefore, we conducted a thorough analysis of the effect
of the cation structure on the bactericidal, fungicidal, and antifee-
dant activities of the synthesized DILs. Furthermore, their positive
or negative effects on plant development were determined.

2. Experimental
2.1. Materials

Tributylamine (99.5%, CAS Number 102-82-9), tributylphos-
phine (97%, CAS Number 998-40-3), 1,4-dibromobutane (99%,
CAS Number 110-52-1), 1,8-dibromooctane (98%, CAS Number
4549-32-0), 1,12-dibromododecane (98%, CAS Number 3344-
70-5), L-histidine (>99%, CAS Number 71-00-1), and L-proline
(99%, CAS Number 147-85-3) were purchased from Sigma-
Aldrich. Potassium hydroxide (85%, CAS Number 1310-58-3) was
purchased from Alfa Aesar. Potassium chloroacetate (CAS Number
7748-25-6) was obtained at the Department of Chemical Technol-
ogy of Poznan University of Technology. All solvents (methanol,
dimethylsulfoxide (DMSO), acetonitrile, 2-propanol, ethyl acetate,
chloroform, and hexane) were also provided by Sigma-Aldrich.
Water for the solubility and surface activity measurements was
deionized, with a conductivity below 0.1 uS cm™', using the HLP
Smart 1000 demineralizer (Hydrolab). Microbiological media were
purchased from Oxoid (United Kingdom).

2.2. Synthesis

A. Synthesis of alkane-1,w-bis(tributylammonium) dibromide
with an alkyl linker.

Alkane-1,w-bis(tributylammonium) dibromides were obtained

by performing a quaternization reaction between the appropriate
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dibromoalkane (0.1 M) and tributylamine (0.2 M). Reactions were
conducted in a 50 cm® mixture of acetonitrile:methanol (10:1 v:v)
at 60 °C for 24 h. Next, the solvents were removed by a vacuum
evaporator, and the product of the reaction was mixed with ethyl
acetate. After the solvent was added, the dibromide bis-
ammonium precipitated as a white solid and was isolated by filtra-
tion. The final product was dried under reduced pressure at 70 °C
for 24 h.

B. Synthesis of alkane-1,m-bis(tributylphosphonium) dibro-
mide with an alkyl linker.

Alkane-1,m-bis(tributylphosphonium) dibromides were
obtained through a quaternization reaction between the appropri-
ate dibromoalkane (0.1 M) and tributylphosphine (0.2 M). The
reactions were conducted in 50 cm?® of chloroform at 40 °C for
72 h under nitrogen. Next, the solvents were removed by a vacuum
evaporator, and the product of the reaction was mixed with ace-
tonitrile. The mixture was then transferred to a 250 cm? separation
funnel. The remaining substrates were extracted from acetonitrile
by washing them three times with 50 cm? of hexane. Next, acetoni-
trile was removed using a rotary evaporator and the product was
dried under reduced pressure at 70 °C for 24 h.

C. Synthesis of tributylammonioacetate.

Tributylamine (0.05 M) was dissolved in 50 cm® of methanol
and inserted into a reactor with a magnetic stirrer and a heating
bowl. Next, 0.05 M potassium chloroacetate was added, and the
reaction was carried out at 60 °C for 72 h. After the reaction, the
mixture was cooled to 5 °C, which led to the precipitation of potas-
sium chloride. The precipitated by-product was filtered off, and
than methanol was evaporated. The obtained product was further
dried in a vacuum dryer at 60 °C for 48 h. The product was stored in
a vacuum desiccator on molecular sieves to maintain the low water
content of the sample. The product was obtained at an 92% yield.

'H NMR (300 MHz, CDCl5) & [ppm] = 0.98 (9H, t); 1.39 (6H, m);
1.75 (6H, m); 3.02 (6H, m); 4.06 (2H, s).

13C NMR (75 MHz, CDCl5)  [ppm] = 13.2, 19.7, 24.7, 51.6, 60.8,
171.1.

D. Synthesis of tributylphosphonioacetate.

Tributylphosphine (0.05 M) was dissolved in 50 cm?® of metha-
nol and inserted into a reactor with a magnetic stirrer and a heat-
ing bowl. Next, 0.05 M potassium chloroacetate was added, and the
reaction was carried out at 60 °C for 96 h. Nitrogen gas was used to
remove oxygen from the system and to prevent the formation of
the by-product. Following the reaction, the mixture was cooled
to 5 °C, which led to precipitation of potassium chloride and by-
product was filtered off. After the filtration, methanol was evapo-
rated. Multiple acetonitrile:hexane extractions were used to purify
the main product from unreacted substrates. After purification,
acetonitrile was evaporated from tributylphosphonioacetate. The
obtained product was further dried in a vacuum dryer at 60 °C
for 48 h. The product was stored in a vacuum desiccator over
molecular sieves to maintain the low water content of the sample.
The product was obtained with a 70% yield.

'H NMR (300 MHz, CDCl3) 8 [ppm] = 0.97 (9H, t); 1.53 (12H, m);
2.04 (2H, d); 2.40 (6H, m).

13C NMR (75 MHz, CDCl5) 5 [ppm] = 12.9, 19.0/19.5, 23.1/23.3,
26.7/27.3, 159.8.

E. Synthesis of alkane-1,w-bis(carboxymethyltributylammo
nium) or alkane-1,m-bis(carboxymethyltributylphospho
nium) dibromide with two ester bond linker.
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Tributylammonio acetate or tributylphosphonio acetate
(0.05 M) was dissolved in 50 cm® of methanol or acetone. Then
1,4-dibromobutane, 1,8-dibromooctane or 1,12-dibromododecane
(0.025 M) was added and the reaction was carried out at 60 °C
for 120 h. Following the reaction, the solvent was evaporated from
the product. In the next step, hexane was added to the obtained
DILs to precipitate the reaction product. This step was repeated 5
times to remove impurities. The obtained product was then dried
in a vacuum dryer at 70 °C for 72 h. The synthesized products were
stored in a vacuum desiccator on molecular sieves to maintain the
low water content of the product.

F. Exchange reaction.

Potassium salts of L-histidine or L-proline (0.05 M), which were
obtained in a previous reaction of an amino acid with potassium
hydroxide, were placed in a reaction vessel and dissolved in
30 cm® of methanol. Bis-ammonium or bis-phosphonium dibro-
mide was then added in a stoichiometric ratio (0.025 M). The reac-
tion mixture was stirred at 25 °C until the inorganic salts (KBr)
precipitated. The mixture was then cooled to 5 °C and the inorganic
salt was removed by filtration. In the next step, methanol was
evaporated from the filtrate. The product was dissolved in acetoni-
trile and the mixture was cooled to 5 °C to remove the inorganic
salt residues. The precipitated residue was filtered, and the solvent
was evaporated. Finally, the product was dried in a laboratory
dryer under reduced pressure at 60 °C for 24 h. All synthesized
salts were stored under vacuum at 5 °C on P40o.

2.3. General

The methods were performed as previously described. The 'H
and '3C NMR spectra were collected using a Varian VNMR-S 400
spectrometer operating at 400/300 and 100/75 MHz, respectively.
Tetramethylsilane (TMS) was used as an internal standard, and
deuterated methanol and water (CD30D:D,0 at a 1:4 ratio) were
used as solvents in the analysis. FTIR spectra were recorded using
an IFS 66v/S spectrometer (Bruker Optics, Ettlinger, Germany).
Data were sampled from 4000 to 400 cm™~' and visualized using
Spectragryph 1.2.135! (IFS 66v/S). The samples for measurement
were prepared as KBr pellets (solids) or as thin films between
KBr plates (liquids). The water content in all obtained products
was measured with a TitroLine 7500 KF trace apparatus (SI Analyt-
ics, Germany) using the Karl Fischer titration method. First, each
compound was dissolved in anhydrous methanol. After the con-
centration of water in the pure methanol and in the obtained
methanolic solutions was determined, the water content in the
products was calculated.

2.4. Thermal properties

Thermal analysis was performed based on the method
described in the literature [6]. Thermal gravimetric analysis
(TGA) was performed using a Mettler Toledo Stare TGA/DSC1 unit
(Leicester, UK) under nitrogen. Samples (2-10 mg) were placed in
aluminium pans and heated from 30 to 450 °C at a heating rate of
10 °C min~'. Phase transition temperatures were determined by
differential scanning calorimetry (DSC), with a Mettler Toledo
Stare DSC1 (Leicester, UK) unit under nitrogen. The samples (5-
15 mg) were placed in aluminium pans and heated from 25 to
100 °C at a heating rate of 10 °C min~' and cooled with an intra-
cooler at a cooling rate of 10 °C min~! to — 100 °C and then heated
again to 100 °C.
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2.5. Solubility

The solubility of the obtained DILs was determined following
the methodology described in Vogel’s Textbook of Practical Organic
Chemistry [30]. Six solvents (water, methanol, DMSO, acetonitrile,
2-propanol and hexane) were selected for the solubility test on the
basis of their usefulness in synthesis and agrochemistry. According
to the methodology, a sample of the compound (0.1 + 0.0001 g)
was introduced into three volumes of each solvent and the behav-
ior of the sample was recorded. The term ‘good solubility’ refers to
compounds that dissolved in 1 cm? of the solvent; ‘limited solubil-
ity’ applies to ILs that dissolved in 3 cm?® of the solvent; and ‘poor
solubility’ refers to compounds that were insoluble in 3 cm?of the
solvent. All analyses were performed at 25 °C.

2.6. Phytotoxicity

Effect on the germination and early development of plants.
The experiment involved the assessment of the effect of synthe-
sized salts on the germination and early development of plants
of white mustard (Sinapis alba) using the phytotoxicity test based
on the international standard ISO-11269-2:2003. The germination
test was conducted in vertical plastic containers (PhytotoxKkit,
Tigret, Belgium). The containers were filled with 100 g of soil,
and then the analyzed substance was dissolved in water (25 cm®)
and added to the soil to achieve effective concentrations of 10 g/
kg of soil dry weight. In the next step, 10 white mustard seeds were
placed separately on the soil layer in a single row. Then the Phyto-
toxkit plastic containers were closed, placed in the dark, and main-
tained at a temperature of 25 + 1 °C for 7 days. At the end of the
experiment, the number of germinated seeds was counted, and
the lengths of the roots and shoots were measured.

Soil with the following elemental composition was used for the
experiment: 67 mg P kg!, 55 mg K kg~!, 54 mg Mg kg~!, 100 mg
Fe kg1, pH of 5.75 (in CaCl,), and an organic C content of 1.90%
(19.00 g kg 1). Based on the obtained data, the germination capac-
ity was calculated using the following equation:

G= (%) x 100%
Ge

where G; is the number of germinated seeds and Gg is the total
number of examined seeds.

All experiments were conducted in triplicate, and all error bars
presented in the figures represent SEM values.

2.7. Feeding deterrent experiment

The deterrent activity of the obtained salts toward two species
of essential storage grain pests, the granary weevil (Sitophilus gra-
narius (Linnaeus, 1758)) and the khapra beetle (Trogoderma gra-
narium Everts, 1898), was evaluated. These insects were reared in
the laboratory in an incubator at 26 + 10 °C and a relative humidity
of 60 = 5% on uncrushed wheat grain (granary weevil) and crushed
wheat grain products: flour, bran, and others (khapra beetle). Aza-
dirachtin was used as a reference substance in the experiment.
Choice and no-choice tests were conducted using a method
described in the literature [31]. Wafer disks that were 1 cm in
diameter and 1 mm thick (average weight of approximately
15 mg) were composed of wheat flour. The prepared wafers were
saturated by dipping them in methanol (control) or a 1% solution
of the obtained salt in methanol and then air-dried for 30 min.
After the evaporation of the solvent, the wafers were weighed
and provided to insects in plastic boxes as the sole food source
for five days. The wafers were placed in the Petri dishes according
to the type of test:
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o two disks treated with solvent (control for an experiment in a
test variant without choice),

e one disk previously dipped in solvent and one disk dipped in a
1% solution of the test compound (choice test),

o two disks previously dipped in a 1% solution of the test com-
pound (no-choice test).

Both variants of the experiment and control were performed in
5 replicates, where 3 adults of the granary weevil or 10 larvae of
the khapra beetle were placed in each dish. The number of insects
used in the experiments depended on the feeding intensity. After
the 5th day, the wafers were weighed again and the average
weight of the food consumed was calculated. The values of coeffi-
cients A (absolute coefficient of deterrence) and R (relative coeffi-
cient of deterrence) were calculated as follows:

() .
R = (&) x 100(choice test)

_ (CC—EE) e
A= (CC+EE) x 100(no — choice test)

where C and CC correspond to the amount of food consumed
from the control disks, and E and EE correspond to the amount of
food treated with the tested compound that was consumed.

The total coefficient of deterrence (T) was the sum of the rela-
tive and absolute coefficients.

Deterrent activity was defined according to a predetermined
scale, where the total coefficient of deterrence was used. Biological
activities with T values ranging from 151 to 200 indicate very good
deterrents, those with values ranging from 101 to 150 indicate
good deterrents, those with values ranging from 51 to 100 indicate
moderate deterrents, and those with values < 50 indicate weak
deterrents. The deterrence coefficients of the group of compounds
were analyzed using one-way analysis of variance (ANOVA) fol-
lowed by Tukey’s post hoc test with homogenous subsets.

2.8. Microbial toxicity assay

2.8.1. Microorganisms

The following microorganisms used in the research - (i) Gram-
positive bacteria: Staphylococcus aureus ATCC 33862, Staphylococ-
cus epidermidis ATCC 12228, Enterococcus faecalis ATCC 19433,
Bacillus subtilis ATCC 11774, Micrococcus luteus ATCC 4698, Clostrid-
ium perfringens ATCC 13124, Lactiplantibacillus plantarum DKK 003
(Department of Natural Science and Quality Assurance, PUEB col-
lection), (ii) Gram-negative bacteria: Escherichia coli ATCC 25922,
Pseudomonas aeruginosa ATCC 9027, Serratia marcescens ATCC
8100, Proteus vulgaris ATCC 49132, Moraxella catarrhalis ATCC
25238, Salmonella enteritidis ATCC 13076, and (iii) fungi: Candida
albicans ATCC 10231, Rhodotorula mucilaginosa DKK 040 (Depart-
ment of Natural Science and Quality Assurance, PUEB collection),
Botrytis cinerea BPR 187 and Fusarium graminearum KZF 1
(Research Centre for Registration of Agrochemicals, Institute of
Plant Protection-National Research Institute collection). Before
the experiments, the microorganisms were cultivated on appropri-
ate media for 24 h for bacteria and yeast, and 5-7 days for filamen-
tous fungi.

2.8.2. Determination of MIC and MBC/MFC values by two-fold dilution
in microplates

The minimal inhibitory concentration (MIC) and minimal bacte-
ricidal/fungal concentration (MBC/MFC) of 24 DILs were deter-
mined using the broth microdilution method and spot
inoculation method, respectively. Before the experiments, the ionic
liquids were dissolved in water or water with DMSO (1:1) (com-
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pounds: 7, 8,9, 10, 19, 20, and 21), resulting in a starting concen-
tration of 2000 pg cm~>. Didecyldimethylammonium chloride
[DDA][CI] and benzalkonium chloride [BA][Cl] were tested as sub-
stances to compare the antimicrobial activity.

a. Bacteria and yeast

The microbial suspensions prepared in Mueller-Hinton broth
for bacteria and in Sabouraud broth for yeasts from 24-hour cul-
tures were standardized to obtain MacFarland’s optical density of
0.5 with a final cell concentration of 10° cfu cm~>. Two-fold series
dilutions of the tested ionic liquids were prepared in 96-well
microtiter plates at concentrations ranging from 0.5 to
1000 pg cm>. For this purpose, 100 pl of Mueller-Hinton or
Sabouraud broth were introduced into the wells of sterile micro-
plates, except for the first row that contained ionic liquid solutions
at a concentration of 2000 pg cm™>. Subsequently, dilutions of the
ionic liquids were prepared, and then 100 pl of the bacterial or
yeast suspensions were added to all wells, obtaining a final inocu-
lum density of 5 x 10° cfu cm~3. Medium containing the ionic lig-
uid was used as a negative control, while the positive control was
the culture of microorganisms without the addition of the inhibi-
tory agent. The plates were incubated at a temperature of 30 or
37 °C, as appropriate for the growth of each of the tested microor-
ganisms, for 24 h. The optical density of microorganism growth
was determined by measuring the absorbance at 600 nm using a
BioTek Epoch 2 microplate reader.

b. Filamentous fungi

Fungal suspensions were prepared by harvesting the hyphae
and conidia from fresh cultures on PDA agar (Potato Dextrose Agar)
and mixing them with 10 cm? of 0.85% sterile saline. The cell con-
centration was adjusted to 10° cells/cm® by enumeration using a
hemocytometer chamber. Serial two-fold dilutions of the tested
ionic liquids were prepared as described above. Then, 100 pl of a
suspension of hyphae and fungal spores were introduced into all
wells. The medium containing ionic liquids was used as a negative
control, while the fungal culture lacking the inhibitory agent was
used as a positive control. The plates were incubated at 30 °C under
aerobic conditions for 5-7 days. The interaction of the ionic liquids
was assessed visually.

The results are reported as the averages of three parallel repli-
cates. The concentration of the ionic liquid that inhibited the
growth of the microorganism by at least 90% was defined as the
MIC value. The MBC/MFC value was determined by plating 10 pl
of culture along with the ionic liquids at a concentration equal to
or greater than the determined MIC value on plates with an appro-
priate agar medium, and spectrophotometric measurements or a
visual assessment in the case of filamentous fungi revealed 100%
inhibition of microbial growth.

2.9. Surface activity

Measurements such as contact angle and surface tension were
performed using a DSA 100E analyzer (Kriiss, Germany with
accuracy + 0.01 mN m~!) at a controlled temperature of 25 °C.
The particular steps of the method are described in our previous
studies. The surface tension was determined using the drop shape
method, while the contact angle was determined based on the ses-
sile drop method. As mentioned above, the surface tension (y in
mN m~!) was measured to investigate the surface activity of the
analyzed compounds by performing an automatic examination of
the drop profile using the Laplace equation. The wettability of
the synthesized compounds was tested using paraffin as the wet-
ting surface.
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3. Results and discussion

3.1. Synthesis

Synthesis of the precursors

Syntheses of bis-ammonium and bis-phosphonium salts with an
alkyl linker (Compounds 1-3 and 7-9).

Bis-ammonium dibromides and bis-phosphonium dibromides
with an alkyl linker were synthesized using methods described
in the literature with minor modifications. During the synthesis
of salts 1-3, a mixture of acetonitrile:methanol (10:1 v:v) was used
instead of acetonitrile to increase the solubility of tributylamine.
As a result, the reaction yield was increased compared to the reac-
tion that proceeded in acetonitrile or methanol only [24]. During
the synthesis of salts 7-9, the solvent was changed from acetone
to chloroform. Furthermore, the reaction was conducted under a
nitrogen atmosphere to prevent the oxidation of tributylphos-
phine. In addition, the hazardous ethers used to precipitate the
main product after the reaction were changed to extraction with
hexane and acetonitrile to purify the compound [32,33]. The
obtained salts were stored in a vacuum desiccator over a silicon
deposit. Products 1-3 and 7-9 were obtained with yields exceed-
ing 75% and are listed in Table 1.

Synthesis of bis-ammonium and bis-phosphonium salts with a lin-
ker containing two ester bonds (Compounds 4-6 and 10-12).

Alkane-1,m-bis(carboxymethyltributylammonium) dibromides
were synthesized using different methods from those presented
in the literature [34-36]. Moreover, to the authors’ knowledge,
the methods used to synthesize alkane-1,w-bis(carboxymethyltri
butylphosphonium) dibromides were first reported in this publica-
tion. In the first stage, tributylammonio acetate and tributylphos-
phonio acetate were obtained in a novel manner, as described in
detail in the experimental part in subsections C and D. Furthermore,
the synthesized products were O-alkylated to obtain bis-
ammonium and bis-phosphonium dibromides with ester bonds in
the linker. This reaction was conducted in methanol or acetone at
60 °C for 120 h. A shorter reaction time led to a significant decrease
in the reaction yield. Following the reaction, the solvent was evap-
orated and the product was purified by leaching the impurities with
hexane. The precipitated product was separated from the solvent
and dried in a vacuum dryer for 72 h at 70 °C. The compounds were
stored in a vacuum desiccator on a silicon deposit to prevent the
absorption of water. The experimental results of the synthesis for
salts 4-6 and 10-12 are presented in Table 1.
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Synthesis of DILs with bis-ammonium and bis-phosphonium

cations (1a-12a and 1b-12b)

The final stage of the synthesis was the metathesis reaction
between the bis-ammonium and bis-phosphonium dibromides
obtained above and the potassium salts of r-histidine or -
proline. The reaction was performed using the methods described
in the literature, where methanol was used as a solvent [24,39,40].
Following the reaction, the mixture was cooled to 5 °C and the
inorganic salt was removed by filtration. The solvent was then
evaporated on a rotary vacuum evaporator. Subsequently, in con-
trast to the methods described above, acetonitrile was added to
precipitate the inorganic salts (the use of acetone turned some
solutions yellow, which indicated an undesirable side reaction).
The prepared mixture was cooled to 5 °C and then the byproduct
was filtered off. For each salt obtained, the potassium bromide
level was determined by performing a test using AgNOs; and
was < 1000 ppm. The outcome of the synthesis reactions was
the synthesis of 24 new amino acid ionic liquids with bis-
ammonium or bis-phosphonium cations with yields exceeding
93% (Table 2). The water content of the compounds tested ranged
from 1.9 to 2.5%. The structure of the synthesized DILs is presented
in Fig. 1.

3.2. Spectral analysis of synthesized DILs

The structures of the synthesized products were confirmed by
FT-IR, and 'H and '3C NMR spectroscopy. All spectra and descrip-
tions for DILs 1a-12a and 1b-12b are presented in Figures S1-
S72 in the Supplementary Material.

An analysis of the FT-IR spectra of the obtained DILs confirmed
the presence of bands at 2800-3100 cm™!, and their intensity
increased with an increasing number of carbon atoms in the linker.
The bands in this region were assigned to the stretching vibrations
of alkyl C-H bonds. Additionally, all products exhibited a charac-
teristic band at 3800-3100 cm ™! associated with stretching vibra-
tions of the N-H (v ~ N-H) and O-H (v ~ O-H) groups in the anions
that originated from r-proline (a) and t-histidine (b). Furthermore,
in the FT-IR spectra of the DILs, intense peaks originating from
amino acid anions were identified, as bands from the carboxyl
group (v ~ C=0) at approximately 1670 cm~". In addition, a band
was observed at approx. 1740 cm ! originating from C=O0 stretch-
ing vibrations (v ~ C=0) for cations containing a linker with two
ester bonds. Several other characteristic bands were also noted at

Table 1
Synthesized salts comprising bis-ammonium or bis-phosphonium as a cation and bromide as an anion (1-12).
No. Dication -R- Anions Yield Tm
[%] [C]
1 C.H, C,Hy -C4Hg- 2Br 80 157-158°
2 C4Hq C4Hg -CgH6- 82 121-124°
3 Ny | | N CioHas 85 81-85
/ + / \
4 C4Hy C4Hq -C4Hs- 95 -b
5 \+ °~ / +/ CgHye 97 =
6 c,ng c,,H9 ~Ci2Hoa- 89 221-225
C4Hg C4Hg
7 C,Hq c4|-|g -C4Hs- 75 -b
8 C4Ho C4H, -CgHi6- 80 =
9 ~Np |/ CraHos- 81 <
+\ R +\
10 CqHo_ -+ + _C4Hg -C4Hg- 80 b
11 \ ™~ / / -CgHi6- 78 .
12 4H9 | C4H,g -Ci2Ha4- 75 -b
C4H9 C4Hg
2 solid [37];
b wax form;

¢ amorphous solids[38].
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Table 2
Synthesized DILs comprising bis-ammonium or bis-phosphonium as a cation and r-prolinate (1a-12a) or r-histidinate (1b-12b) as an anion.
No. Cation -R- Anion Yield
[%]
1a CHy C,Hg -C4Hg- o 98
2a C4Hy C4Hy -CsHi6- 99
3a Ny | | N CioHas i 97
/ \ / \ o)
4a Hg\+ o +/c,,Hg -C4Hg- NH 95
5a -CgHq6- 97
6a C4H9 C4Hg -CqoHo4- 99
C4Ho C4Ho
7a C4Ho C4H9 -C4Hg- 93
8a C4Ho C4Hg -CgHi6- 95
9%a ~Np | | p” CioHas 96
+\\//’f\\
10a CHy . C4Ho C4Hg- 98
11a \ N / / AT 97
12a cHy | CeHo CyoHos 93
CA 9 C4H,g
1b C4Ho C4H9 -C4Hg- N \ 94
2b C4Ho C4Ho -CsHie- U\\ 0 98
3b Ny | | N CioHas N 99
/ \ / \ H :
HoN
4b C4Hyg C4Hg -C4Hs- 95
5b \+ N / +/ CeHye- 96
6b cHy et —CipHog- 93
C4Ho C4Hy
7b C4Hy C4H9 -C4Hg- 95
8b C,4Hq C4Hg -CgHi6- 97
9b ~Np |/ CioHaa 98
+\\//'f\\
10b C4Hy + C4Hy -C4Hs- 99
11b \ ™~ / / “CgHye- 96
12b cHy | CeHo CyoHag- 94
C4 9 C4Hy
Cations:
CHy, C4Hy CHy, O C4Hy
+ N, O + ~ + .
CHs TR C.H, CHy~ o CH,
1-3
CHy | | _C4Hy CHy | | _C4Hy
I NP N + - +
CHy "R C,H, CHy~ 0 C,H,
7-9 10-12

R: -C4Hg-; -CgHy6-5 -C13Hoy-

Anions:
(o) (o)
_ N _
0 </ , (o]
NH HN NH,
a b

Fig. 1. Structure of DILs 1a-12a and 1b-12b.
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1470-1200 cm™ !, originating from stretching vibrations between
C-N (v ~ C-N) or C-P (v ~ C-P). Furthermore, all products showed
multiple significantly strong bands in the range of 930-1280 cm™!,
that were assigned to stretching vibrations from the C-0 (v ~ C-0)
and C-P (v ~ C-P) groups, as well as out-of-plane bending vibra-
tions from the O-H (8 ~ O-H) group [41-44].

We were able to distinguish characteristic signals at approx.
3 ppm (protons from the methyl group of the L-histidinate anion),
3.2-3.8 ppm (protons located in the surroundings of the amino
group) and approx. 7.0 and 7.6 ppm (protons originating from
hydrogen atoms in the imidazolium ring) in the 'H NMR spectra.
The lack of a signal from the proton of the amino group and the
N-H bond in the imidazolium ring was attributed to exchange
with the deuterated solvent used (CD3;0D:D,0). As shown in
Fig. 2, the cation signals occurred in a range of 0.9 to 5.0 ppm. Sig-
nals at 0.9 ppm (triplet of the methyl group) were not shifted by
changing the type of alkyl linker and the quaternary nitrogen or
phosphorus atom. Considering the other signals from hydrogen
atoms in the cation structures presented in Fig. 2, we observed sig-
nals at different chemical shift positions. The signal at approxi-
mately 3.0 to 3.5 ppm (protons in the methylene group on the
alkyl chains of bis-ammonium cations) changed to a value of
approximately 2.0 ppm by switching from a nitrogen atom to a
phosphorus atom. Notable observations included the introduction
of an ester bond into the linker for significant changes in value.
The signals from the methylene groups (at the quaternary atom)
shifted by 0.9 (bis-ammonium cation) or 0.5 ppm (bis-
phosphonium cation) with the substitution of an alkyl linker for
a linker with two ester bonds. Furthermore, an additional signal
of approximately 1.8 or 4.0 ppm was observed to originate from
the CH, group attached to oxygen.

Journal of Molecular Liquids 360 (2022) 119357
3.3. Solubility

The solubility characteristics of the obtained DILs 1a-12a and
1b-12b were essential aspects of the study due to the determina-
tion of solvents necessary for chemical reactions, the purification
procedure, and the application. The compounds reported in this
study will be applied in the preservation of granaries, therefore,
an appropriate solvent is crucial for the development of suitable
spray solutions. Consequently, we determined the solubility in 6
representative solvents for the prepared DILs 1a-12a and 1b-12b
at room temperature using the procedure described by Vogel
[30]. The results of the solubility test are shown in Table S1. An
analysis of the results suggests that the solubility in water, DMSO,
acetonitrile, 2-propanol, and hexane was not altered by the cation
and anion structure. None of the DILs dissolved in DMSO, 2-
propanol, or hexane, while they dissolved in water and acetonitrile.
Indeed, the main difference in the solubility attributed to the struc-
ture of the obtained compounds was that DILs 1a-12a dissolved
very well in methanol, while DILs 1b-12b exhibited reduced solu-
bility in that solvent.

Regarding the application of the obtained DILs 1a-12a and 1b-
12b as feeding deterrents, solubility in water and methanol was a
positive outcome, as spray applications using these solvents are
possible to prepare. The use of other solvents is not recommended
for the preparation of application formulations because of insolu-
bility or solubility limitations.

3.4. Thermal properties

Table 3 summarizes the glass transition temperature (Tg) and
decomposition temperature (Tggs) for the synthesized DILs, the

C‘“&
</\/(ll,8/ Pt /6/ 4‘H9
HC ® CHy
CH, JH,
0 CHy
CH 0. CH OJL ity
He Y THY N O CH,
vN-H vC-N c *{ CH
- 4ty CHy
vO-H vC-H vC=0vC-P
2
A~ ;
/ 4 \ |
\ LA
( \ "‘I" "\‘I‘. \
\ / Y b
A
A AL AR
N V]
o = ‘ 1
< 7]
2 Z 4 l
Il s n
B £ | \
g =
: E
o <
= H
.O
z
\ A \
\\‘l ///1 1
\ / :
\ | W 4 [
NZA N ‘ AT
| | 1] A ‘
I‘ I i
[ V
‘1/“ P S A !L R
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Fig. 2. FT-IR spectra of DILs 1a (blue), 4a (green), 7a (orange) and 10a (red), and 'H NMR spectra of DILs 1b (blue), 4b (green), 7b (orange) and 10b (red).
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Table 3
Thermal analysis (DSC and TGA) of the synthesized DILs.
No. T, Toos No. Ty To.0s
[*C] [°C] [°C] [°C]
1a —34 189 1b -13 199
2a —26 188 2b -25 195
3a -13 181 3b -8 191
4a -12 201 4b —15 232
5a -12 197 5b 5 222
6a° - 193 6b 24 205
7a -30 239 7b -9 300
8a —42 239 8b -21 294
9a -25 223 9b -17 277
10a —45 225 10b -51 272
11a —45 216 11b —-49 240
12a —-41 213 12b —48 227

@ Te=11.00 °C; Try = 22.43 °C (Tpeak Values); Tg - glass transition temperature; Tc - temperature of crystallization; Ty, - melting point; To o5 — decomposition temperature of

5%.

latter corresponding to a 5% mass loss. All compounds were waxes
at 25 °C, exhibiting glass transition temperatures between — 51
and 24 °C (except DIL 6a - T, = 11.00 °C; T, = 22.43 °C). The phase
transitions determined for the analyzed DILs qualified all synthe-
sized salts as ILs according to the definition [6]. Additionally, ther-
mogravimetric analysis revealed that the obtained DILs exhibited
simple thermal decomposition behavior with a single decomposi-
tion step. The Ty s values of all the obtained DILs ranged from
181 to 339 °C, whereas the thermal stabilities of L-proline and
L-histidine were 233 °C [45] and 380 °C [46], respectively. Although
the Ty o5 values of the synthesized DILs (higher than 181 °C) were
lower than those of the amino acids used, they were still suffi-
ciently high to enable their application. The most stable DILs were
salts 7a and 8a with L-prolinate anions and salts 7b and 8b with
L-histidinate anions, whereas DILs 3a and 3b were the least ther-
mally stable. In general, a slight decrease in the thermal stability
of all ILs was observed with the increase in the linker length in
the cation [47]. Moreover, DILs composed of a phosphonium cation
(7a-12a and 7b-12b) were more thermally stable than DILs with
an ammonium cation (1a-6a and 1b-6b). These results are consis-
tent with those previously reported, where ILs based on a quater-
nary phosphorus atom exhibited higher Tgos values than ILs
containing a quaternary nitrogen atom [48]. Carvalho et al. sug-
gested that this difference is related to the occurrence of weaker
interion interactions due to the increased ionic volume [49]. Inter-
esting differences were observed for DILs containing an ester bond
in the linker compared with those containing a simple alkyl linker.
The presence of an ester bond in the surroundings of a quaternary
nitrogen atom increases the stability of ILs compared to DILs with
alkyl linkers. The opposite effect was observed for the synthesized
salts with a bis-phosphonium cation. Further analyses are required
to explain this phenomenon. Nonetheless, the analysis of phase
transitions and thermal stability indicated that the synthesized
DILs may be applied at temperatures < 181 °C and, due to their
presence in liquid form at ambient temperature, their use should
not be problematic.

3.5. Feeding deterrent experiment

Due to the enormous risks associated with the damage to grains
in warehouses by insects, continuous searches for novel solutions
to prevent these effects are important. Therefore, for several years,
a search for ionic liquids that would be more affordable and effi-
cient formulations than the currently used commercial formula-
tions has been ongoing. An analysis of deterrent activity was
performed using the standard method described in the literature
to determine whether the synthesized DILs 1a-12a and 1b-12b
are feeding deterrents [24]. The control substance was azadirach-

tin, a chemical compound of natural origin with very good biolog-
ical activity. Studies were conducted using beetles and larvae of
common storage pests: beetles of granary weevil (S. granarius)
and larvae of the khapra beetle (T. granarium). The antifeedant
activity results are presented in Fig. 3A and B. Detailed values with
statistical analyses are available in Table S2 (Supplementary
Material).

The obtained results should be considered in two categories.
The first is the effect of anions, in which the obtained DILs exhib-
ited at least weak deterrent activity. According to the literature,
amino acids affect taste organs, resulting in their repellent effect
[50]. The obtained data indicated that DILs with the r-histidinate
anion (1b-12b) were more effective in repelling storage insects
than DILs with the r-prolinate anion (1a-12a). However, further
studies of the effects of amino acids and their ionic forms on deter-
rent activity are needed to explain this phenomenon.

The effect of the cation in the synthesized DILs on the deterrent
activity should be considered separately. The first intriguing result
observed was that the presence of an ester bond in the cation (DILs
4a-6a, 10a-12a, 4b-6b, and 10b-12b) reduced insect feeding
deterrence and therefore rendered these compounds relatively
weak feeding deterrents. This effect might be explained by the
increased hydrophilicity of compounds containing an ester bond
[51,52]. Furthermore, Niemczak et al. verified that as hydrophobic-
ity increases, biological activity against storage pests also increases
[39]. Additionally, by analyzing the effect of the length of the alkyl
linker on the cation, two correlations were observed. In com-
pounds with a simple alkyl linker (DILs 1a-3a, 1b-3b, 7a-9a,
and 7b-9b), biological activity increased with the elongation of
the linker. This effect is well known and described in the literature
[24]. However, in salts with an ester bond, the opposite result was
observed; as the distance between the ester bonds in the linker
(DILs 4a-6a, 4b-6b, 10a-12a, and 10b-12b) increased, the deter-
rent activity decreased. Therefore, the presence of an ester bond
must affect insect taste organs differently, and the distance of ester
bonds is very important. However, a larger group of insects must
be studied and the interaction of these compounds with their
receptors must be studied to confirm this hypothesis. We tenta-
tively concluded that the salts obtained in the present study pre-
vented the feeding of pests present in the granaries. More
importantly, salts 8a, 8b, 9a, and 9b may be alternatives to the
popularly used and expensive compound azadirachtin.

3.6. Determination of antimicrobial activity

The antimicrobial properties of the tested DILs against a wide
spectrum of microorganisms, including gram-positive and gram-
negative bacteria, as well as fungi, are presented in Table 4 and
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Fig. 3. Deterrent activity of DILs (1a-12a and 1b-12b) toward adult granary weevil and larvae of the khapra beetle compared to that of azadirachtin (Ref.); A - DILs 1a-12a

Journal of Molecular Liquids 360 (2022) 119357
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Table 4
MIC (pg cm—>) and MBC or MFC (pug cm~>) determined for the obtained DILs 1a-12a (1-prolinate anion) and 1b-12b (i-histidinate anion).

No. Gram-positive bacteria Gram-negative bacteria Fungi

M. luteus C. perfringens E. coli M. catarrhalis C. albicans F. graminearum

MIC MBC MIC MBC MIC MBC MIC MBC MIC MFC MIC MFC
1a 1000 1000 1000 1000 >1000 >1000 1000 1000 >1000 >1000 >1000 >1000
2a 125 125 >1000 >1000 >1000 >1000 31 31 >1000 >1000 >1000 >1000
3a <05 <0.5 125 125 125 125 <05 <05 31 31 500 500
4a 125 250 >1000 >1000 >1000 >1000 1000 1000 >1000 >1000 >1000 >1000
5a 1000 1000 >1000 >1000 >1000 >1000 >1000 >1000 >1000 >1000 >1000 >1000
6a 4 8 125 125 500 >1000 4 8 31 31 500 500
7a 250 500 >1000 >1000 >1000 >1000 250 1000 >1000 >1000 >1000 >1000
8a <05 <05 31 31 62 62 500 1000 16 16 250 250
9a <05 <05 16 16 62 62 31 62 8 8 125 125
10a 500 >1000 >1000 >1000 1000 >1000 1000 >1000 >1000 >1000 >1000 >1000
11a 500 >1000 >1000 >1000 >1000 >1000 1000 >1000 >1000 >1000 >1000 >1000
12a 250 250 500 >1000 >1000 >1000 500 >1000 1000 1000 >1000 >1000
1b 250 250 1000 1000 >1000 >1000 >1000 >1000 >1000 >1000 >1000 >1000
2b 125 125 1000 1000 >1000 >1000 >1000 >1000 1000 1000 1000 1000
3b 125 125 1000 1000 1000 1000 >1000 >1000 1000 1000 1000 1000
4b >1000 >1000 >1000 >1000 >1000 >1000 >1000 >1000 >1000 >1000 500 500
5b 250 250 >1000 >1000 >1000 >1000 >1000 >1000 1000 1000 500 500
6b 31 62 250 250 500 >1000 >1000 >1000 125 125 >1000 >1000
7b 31 31 500 500 1000 1000 >1000 >1000 1000 1000 >1000 >1000
8b 31 31 500 500 1000 1000 >1000 >1000 1000 1000 >1000 >1000
9b <05 <05 16 16 31 31 1000 1000 8 8 1000 1000
10b 500 1000 >1000 >1000 1000 >1000 >1000 >1000 >1000 >1000 >1000 >1000
11b 250 250 >1000 >1000 >1000 >1000 >1000 >1000 >1000 >1000 >1000 >1000
12b 250 250 >1000 >1000 >1000 >1000 >1000 >1000 >1000 >1000 >1000 >1000

Tables S3 and S4 (Supplementary Material). Most of the tested
compounds (19 of 24) exhibited no activity or slight inhibition of
some tested microorganisms. The strongest antagonistic effect
was observed for DILs 3a, 6a, 8a, 9a and 9b, and the detected activ-
ity against selected microorganisms was at a level similar to the
compounds used for comparative purposes: [DDA][Cl] and [BA]

[Cl]. These results were observed mainly for gram-positive bacte-
ria, while the effect was weaker on gram-negative bacteria and
fungi. The MIC ranged from < 0.5 to 125 pg cm™> for gram-
positive bacteria, from < 0.5 to > 1000 pg cm~> for gram-
negative bacteria, and from 8 to 1000 pg cm > for the tested fungi.
Compounds 6b and 8b showed activity against the majority of
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gram-positive bacteria and selected gram-negative bacteria and
yeasts, but the antibacterial effect was much weaker than that of
DILs 6a and 8a. The MIC values for DILs 8a, 9a and 9b against S. aur-
eus and M. luteus were less than or equal to the values obtained for
the reference compounds. The lowest concentration of the refer-
ence compounds and DIL 6a inhibiting the growth of M. luteus
was the same at < 0.5 pg cm 3. The MIC results for DILs 6a and
3a showed significant inhibition of the growth of the gram-
negative bacterium M. catarrhalis at the same and lower concentra-
tions, as the compounds [DDA][CI] and [BA][CI], respectively.

The remaining DILs showed activity toward only a few of the
tested microorganisms; however, the MIC was > 125 pg cm—. In
some samples, lower MIC values were noted for S. aureus (8b), M.
luteus (6-9b), S. marcescens (8b), M. catarrhalis (2b, 3b, and 6a)
and the yeast C. albicans (8b) and R. mucilaginosa (6b).

The effect of linker structure in the cation of the analyzed DILs
on antimicrobial activity was observed. Salts containing a linker
with 12 carbon atoms in its structure were characterized as dis-
playing the highest antimicrobial activity, and the exceptions were
DILs 12a and 12b (additionally containing two ester bonds in the
linker). The lack of ester bonds resulted in good antimicrobial
properties, especially against gram-positive bacteria, with lower
activity against gram-negative bacteria. Interestingly, DILs with
quaternary nitrogen atoms (1a-3a and 1b-3b) were less effective
at inhibiting microbial growth than DILs with quaternary phospho-
rus atoms (7a-9a and 7b-9b). Similar observations were reported
previously, in which the type of quaternary atom and the presence
of the ester bond exerted a significant effect on the toxicity of the
ILs tested [53-56]. In the present study, DILs containing two ester
bonds in the cation at the linker of quaternary nitrogen atoms were
some of the least effective compounds, except for IL 6a and 6b (the

120
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length of the alkyl chain between the two ester bonds was 12 car-
bon atoms).

After comparing the effect of the studied DILs on the growth of
individual groups of microorganisms, we concluded that gram-
positive bacteria and fungi showed greater sensitivity to the tested
compounds than gram-negative bacteria. Among gram-negative
bacteria, the most sensitive bacteria were M. catarrhalis and S.
marcescens.

3.7. Phytotoxicity

Phytotoxicity is a crucial criterion for evaluating the suitability
of a new compound for agricultural purposes. In particular, these
parameters indicate the safety of substances released to the envi-
ronment during controlled spraying or accidental leakage toward
plants. A phytotoxicity analysis was performed to determine the
effect of the obtained DILs 1a-12a and 1b-12b at a 1% concentra-
tion on the germination rate, and the stimulation of root and shoot
growth of white mustard. The results are presented in Fig. 4 A and
B and Table S5 (Supplementary Material).

Germination

The white mustard germination test indicated a significant ten-
dency of the formulated aqueous solutions of the examined DILs to
stimulate seed germination. Thus, we confirm that these com-
pounds permeate through the endosperm of seeds and encourage
their development (Table S5 in the Supplementary Material). The
effect of the obtained DILs on germination was more favorable
than that of the control sample containing demineralized water.
The only notable exceptions were the aqueous solutions of DILs
6a, 9a and 12a and 6b and 9b, which did not contribute to acceler-
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Fig. 4. Stimulation or inhibition of root (A) and shoot (B) length of white mustard seedlings by DILs 1a-12a and 1b-12b.
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Table 5
Surface activity parameters of the studied ILs.
No. y cA No. y cA
[mNm '] [] [mN m '] []
1a 49.7 88 1b 31.7 90
2a 49.5 85 2b 354 88
3a 48.1 80 3b 40.1 79
4a 65.1 109 4b 67.7 106
5a 52.6 98 5b 67.5 104
6a 46.7 96 6b 46.9 96
7a 499 92 7b 36.4 86
8a 443 80 8b 34.8 79
9a 47.8 78 9b 35.2 77
10a 49.5 98 10b 52.7 98
11a 44.9 93 11b 43.2 82
12a 39.2 71 12b 39.1 73

vy - surface tension (+) 0.3 [mN m~!] and CA - contact angle () 2.0 [°] of 1% aqueous solutions of DILs.

ated germination. No significant correlation was observed between
structure and this aberration - the lack of stimulation of germina-
tion by the abovementioned compounds was noted for some com-
pounds with the longest linker in the bis-ammonium or bis-
phosphonium cation.

The length of the shoot and the root

Studies aiming to determine the effect of the obtained DILs on
rooting and shoot length revealed their statistically significant
effects on plant growth. Root growth was stimulated by DILs 1a-
5a and 7a-9a, and DILs 1b-4b and 7b-9b (Fig. 4A). DILs that con-
tain the bis-ammonium cation and bis-phosphonium cation in
their structure with an alkyl linker (1a-3a, 7a-9a, 1b-3b and
7b-9b) promoted faster root system growth than the control
experiment. Moreover, DILs 7-9 (bis-phosphonium cation with
alkyl linker) stimulated growth by 40-70% more than DILs 1-3
(bis-ammonium cation with alkyl linker), regardless of the anion
used. The ester bond in the linkers of bis-ammonium (4-6) and
bis-phosphonium (10-12) cations increased the phytotoxicity to
white mustard and mainly inhibited root system growth compared
to the control experiment. The potential explanation for this phe-
nomenon is the increased transport of DILs containing ester bonds
through cell membranes and the better penetration of epicuticular
waxes. Consequently, the concentration of the obtained DILs was
sufficiently high to permeate the roots of germinated plants,
resulting in inhibition of root system growth [57,58]. Nevertheless,
in monocationic ionic liquids, the occurrence of an ester bond
decreased phytotoxicity [59].

An examination of the effects of synthesized DILs on shoot
growth revealed an effect of all salts on the growth of white mus-
tard (Fig. 4B). All tested compounds reduced the growth of the
aboveground part of the plant, regardless of the structure. Never-
theless, a similar trend was observed in this experiment, where
DILs with ester bonds in the linker (4a-6a, 10a-12a, 4b-6b, and
10b-12b) resulted in increased inhibition of shoot growth com-
pared to their analogs without ester bonds (1a-3a, 7a-9a, 1b-3b,
and 7b-9b). We did not observe a correlation between the anion
structure and shoot growth inhibition.

3.8. Surface activity and its correlation with biological activity

In general, the surface properties of ILs are valuable for an effec-
tive interpretation of their biological activity [60]. Therefore, aque-
ous solutions of DILs with the same concentration as those used in
biological studies were used to analyze surface activity. The surface
activity of DILs with anions that originated from r-proline and -
histidine was determined by measuring parameters such as surface
tension and contact angle (Table 5).
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All the tested DILs decreased the surface tension of water, in the
range of 39.2 to 65.1 mN m~! for compounds with L-prolinate
anions (1a-12a) and 31.7 to 67.5 mN m~! for DILs with L-
histidinate anions (1b-12b). The interfacial activity evidently
depended on the structure of the cation linker in the DILs investi-
gated. A trend was observed toward a decreased surface tension
with the elongation of the alkyl chain in the linker of the cation.
The exceptions are DILs 7a-9a and 1b-3b, in which the tendency
was not noticed. Moreover, the y values of phosphonium and
ammonium DILs suggested that changes in the central atom of
the cation influenced their behavior in aqueous solution. This con-
clusion is consistent with data presented by Sintra et al., 2019, who
examined the effect of changing the structure of ILs (phosphonium
and ammonium) on their interfacial activities [61]. For the analysis
of surface properties, the presence of an ester bond in the cation
did not exert a significant effect (exceptions include DILs 1b-6b),
in contrast to the previously mentioned biological activity of the
studied DILs.

A major goal was to determine the wettability of aqueous solu-
tions on a hydrophobic paraffin surface. The CA values for DILs
with L-prolinate and r-histidinate anions ranged from 71 to 106°,
respectively. The improved wettability of the paraffin surface
may be an advantage in future industrial applications of these DILs.

Nevertheless, no linear relationship was observed between sur-
face activity and biological activity. The most significant findings
were that the DILs (3a, 8a, 9a, and 9b) with excellent wettability
properties induced the greatest inhibition of microbial growth.
Regarding the deterrent activity of DILs with an alkyl linker (1-3
and 7-9), with the elongation of the linker, the values of the con-
tact angle increased, and the deterrent activity subsequently
improved. Interestingly, the deterrent activity of DILs with two
ester bonds in the linker (4-6 and 10-12) decreased as the wetta-
bility of paraffin improved. This trend requires further analysis.

4. Conclusions

In this study, a series of novel bioinspired ionic liquids with -
histidinate or L-prolinate anions and bis-ammonium or bis-
phosphonium cations with different linkers were described and
characterized. The synthesis methodology developed here allowed
the precursors and DILs to be obtained in high yields (exceeding
75% for precursors and 93% for DILs) and purity, as confirmed by
spectral analyses (FT-IR and 'H and '>C NMR). The experiments
revealed that the chemical structure of the cation negligibly altered
the solubility in most of the organic solvents used here, and that
only the anion contributed to the change in solubility in methanol.
Furthermore, the synthesized ionic forms of amino acids exhibited
biological activity, enabling them to be included in third-



Damian Krystian Kaczmarek, D. Gwiazdowska, K. Marchwiriska et al.

generation ionic liquids. Ionic liquids with bis-ammonium or bis-
phosphonium cations containing an alkyl bond showed moderate
antibacterial or antifungal activity, and good repellent properties
against common pests feeding on stored products. However, they
were not phytotoxic to white mustard. In contrast, DILs with bis-
ammonium or bis-phosphonium cations containing two ester
bonds in the linker exhibited weak fungicidal and bactericidal
activity, while they exhibited insect deterrent activity and were
phytotoxic. To the best of our knowledge, this report is the first
in which the biological activity of a dicationic ionic liquid was cor-
related with the occurrence of an ester bond in the linker.

The obtained results confirm that multifunctional ionic liquids
with desired antibacterial, antifungal, antifeedant and phytotoxic
activities can be obtained by modifying the linker in the bis-
ammonium or bis-phosphonium cation. These studies also indicate
that dicationic ionic liquids prepared with amino acids may be an
economically justified alternative to chemicals commonly used for
the protection of cereal seeds. Therefore, the use of DILs to replace
commercial formulations may become a promising solution based
on the concept of using products obtained from compounds of nat-
ural origin.
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