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Introduction 

Ionic liquids (ILs) are class of organic salt-like materials which are widely used nowadays 
as a reaction media [1], components of different electric and electronic systems and 
devices (batteries, supercapacitors, displays, etc.) [2], [3], technological liquids 
(lubricants, thermal fluids) [4], in extraction and separation processes [5], analytical 
chemistry (MALDI-TOF matrices, head-space solvents in gas chromatography) [6], [7], 
etc. [8]. The properties of ILs satisfy many of green chemistry principles [9]. 

Despite significant advantages over conventional solvents and materials [8], [9], 
very often ionic liquids cannot be considered as really sustainable due to problems with 
toxicity to many living organisms [10], [11], [12] and persistence in environment 
(ecological systems) [13], [14]. 

The efforts of the last years were focused on systematic analysis of ecological and 
toxicological properties of ILs, and design of sustainable low-toxic ecologically friendly 
molecules [13], [15], [16], [17], [18], [19]. 

The main tasks of current study were, taken previously selected sustainable 
L-phenylalanine derived ILs, to test them in scope of practical application
(Publication IV), evaluate possible ways and approaches of their structure improvement
(Publications I–V), and perform a testing of improved structures for some new practical
applications (Publications I, II, V). The chosen strategy can also help to demonstrate a
high flexibility of selected sustainable ionic liquid-based molecular platform in solving
different practical tasks and their significant potential for future improvement.

The obtained results have been presented to scientific community in Publications I–V 
(articles in international peer-reviewed journals) and as the reports at different 
conferences in Estonia, Hungary, Czech Republic, Ukraine and Slovenia. 
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1 Literature overview 

1.1 Green chemistry principles and design of sustainable products 

Green chemistry is focused on the design of chemical products and processes that reduce 
or eliminate the generation of hazardous substances [20]. 

The most important points of green chemistry concept were formulated by P. Anastas 
and J. Warner in 1998 and now they are well-known as 12 principles of green chemistry 
[21]: 

1. Prevention: it is much easier to prevent waste than find the ways of its proper
utilization / disposal; chemical processes should be designed with focus on minimization 
of wastes formation. 

2. Atom economy: target product should include a maximal number of atoms which
were present in the starting reagents. 

3. Less hazardous chemical syntheses: reagents and transformation products should
be low of non-toxic for humans and the environment. 

4. Design safer chemicals: the functionality of the target product should remain
unchanged compared to analogs, but their toxicity should decrease (or to be non-toxic 
for humans and the environment). 

5. Safer solvents and auxiliaries: solvents and other auxiliary chemicals should not be
used in the processes or selected safest ones. 

6. Design for energy efficiency: chemical processes designed should not require
special conditions and, in the ideal case, can be performed at the room temperature and 
normal pressure. 

7. Use of renewable feedstocks: renewable starting materials / feedstocks should be
used when it is possible. 

8. Reduce derivatives: minimization or excluding compounds derivatization steps
(protection/deprotection, temporary structure modification, etc.) from designed process 
for reducing of possible waste formation. 

9. Catalysis: catalytic reaction should be used to provide optimal reaction condition
(proper selectivity, low energetic barrier, etc.). 

10. Design for degradation: at the end of the product's life cycle, it may easily degrade
and not form products that are persistent in the environment. 

11. Real-time analysis for pollution prevention: the proper analytical approach should
be developed to make possible detect deviation in the process before it starts generating 
hazardous substances or byproducts. 

12. Inherently safer chemistry for accident prevention: the choice of chemical
reagents and reaction conditions should minimize risks of possible accidents (explosions, 
fires, etc.). 

Several quantitative parameters and approaches have been developed to evaluate 
and compare different processes and their improvements in scope of compliance with 
the green chemistry principles [22], [23], [24]. The one of the most convenient 
instruments for this is CHEM21 metrics toolkit, which was proposed by James H. Clark 
and co-authors [25]. It has included an evaluation of chemical processes on four levels: 

- zero pass (for reaction screening; parameters: yield, conversion and selectivity,
atom economy, reaction mass efficiency, solvents, heals and safety);
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- first pass (for promising reactions; parameters: mass intensity / process mass
intensity, detailed solvents, catalyst, critical elements, energy work up, heals
and safety, chemicals of concern, availability, applicability);

- second pass (for kilo/pilot plant reactions; parameters: mass intensity / process
mass intensity, catalyst, renewables intensity, reagent preparation, appropriate
safety study, life cycle assessment, costs);

- third pass (detailed energy investigation, recovery/recycling, waste).

For early-stage process optimization (on laboratory scale level) only zero and first pass 
are used [24]. They included evaluation of classical parameters, which are widely used 
for reaction characterization – reaction yield, conversion and selectivity. They could be 
calculated using equations (1) – (3) [24], [25]: 

100
reactant limiting of moles

product of moles
  yield Percentage = (1) 

100
reactant limiting of moles

reactant limiting of mass final
 100 conversion Percentage −= (2) 

100
conversion %

yield %
 y selectivit Percentage = (3) 

In addition to reaction yield, conversion and selectivity for more deep process 
evaluation are used atom economy (AE), reaction mass efficiency (RME) and optimum 
efficiency (OE) parameters (equations (4) – (6); [24], [25]): 

100
reactants ofweight molecular  total

product ofweight molecular 
  AE = (4) 

100
reactants of mass total

product isolated of mass
 RME = (5) 

100
AE

RME
  OE = (6) 

On the first pass the processes are also evaluated using mass intensity (MI; for a single 
step) or process mass intensity (PMI; for an entire process) parameters, which take into 
account all mass-based inputs (solvents, catalysts, reagents, work up etc.) [25]: 

100
product of mass

step processor  process ain  mass total
 intensity  Mass = (7) 

As a very important part of process evaluation on zero and first passes are health and 
safety aspects check [25]. 

The process evaluation using CHEM21 metrics toolkit can provide not only 
quantitative information for comparison, but it also could help to indicate critical aspects 
for future improvement and more detailed evaluation (especially, related to heals and 
safety, availability, applicability, etc.) [25]. 
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1.2 Ionic liquids 

1.2.1 Synthesis of ionic liquids 
One of the first ionic liquids, ethyl ammonium nitrate, was described in 1914 [26]. Since 
then, numerous examples of ionic liquids have been obtained and studied in detail [27], 
[28], [29]. A typical ionic liquid consists of an organic cation and an inorganic or organic 
anion (Figure 1) [26], [27]. A theoretically possible number of cations and anions 
combinations for ILs reach ca. 1018 [30], which significantly higher than number of 
available organic solvents [31]. 

Figure 1. Structure of ionic liquids. 

The following chemical reactions are mainly used for the synthesis of ionic liquids [27], 
[28], [29]: 

1) neutralization of a base with an acid, which leads to formation of the corresponding
salt 

2) alkylation (quaternization)

3) ion exchange

4) chemical transformation of the anion in quaternary salts
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1.2.2 Physicochemical properties and application of ionic liquids 
Ionic liquids are organic salts that melt below a specific temperature, which is usually 
limited to 100°C [27], [28], [29]. In liquid state they are very viscous and colourless 
(or slightly yellowish) [27], [28], [29]. ILs often demonstrate outstanding thermal stability 
(do not shown any degradation products at temperatures below 300 °C) [32], low vapour 
pressure (less than 1 Pa at room temperature) [33] and non-flammability [34]. 

Due to these properties, ILs are often considered as a good alternative to conventional 
organic solvents in various technological processes and devices [35], [36], [37], since their 
use significantly reduces the fire incident risks [35], and the other unique properties open 
new horizons for their industrial and laboratory applications (Figure 2) [[1], [7], [8]. 

Figure 2. Application of ionic liquids. 

For example, a broad variation of ILs heat capacity (from ca. 120 J·mol−1·K−1 to 
ca. 1500 J·mol−1·K−1) can help to design not only the systems for heat storage, but also 
a energy efficient reaction media with low heat capacity for heating processes in chemical 
synthesis [38], [39]. The high ionic conductivity and wide electrochemical potential 
window make possible to use them in batteries, supercapacitors, and other electrical 
devices [2], [3]. ILs are used as special lubricants with electrical conductivity in electric 
engines [40]. 

ILs found an application in analytical chemistry [6]. They are widely used as solvents 
in samples preparation in gas chromatography, capillary electrophoresis, as MALDI-TOF 
matrices, modificators for chromatography columns and components of sensors for 
detection of volatile organic compounds [6], [7], [40]. 

ILs are a new media for chemical synthesis and advanced catalytic transformations 
[29]. They have been used for performance of many standard chemical reactions 
(substitution, elimination, polymerization, etc.) [8], [41], ionic-liquid-supported 
asymmetric organic synthesis [1] and metals catalysis [42], [43]. 

For reactions performance ILs supported standard synthetic techniques (heating, 
stirring, etc.) [26], [27], as well as new synthetic approaches (photochemical reactions 
[44], microwave-assisted synthesis [45], and other [46]). 
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Since first examples of ILs introduction in commercial large-scale industrial processes 
(tetrahydrofuran production by Eastman Chemical Company, 1996 [47], and invention of 
BASILTM process, established by BASF in 2002 [48]), the industrial use of ILs were 
significantly expanded [8], [49]. Now, ILs are successfully used in oil recovery [50], 
lignocellulosic biomass pre-treatment [51], extraction and separation processes [5], 
gases purification and storage [8], [52], polymers recycling [53], etc. [8]. 

The one of the most remarkable achievements of the last years is development of 
ILs-based technology of PET-plastic recycling with possibility to produce “virgin quality” 
products [54]. Taking into account significant amount of not recycled PET wastes [55] 
and a request for such technologies from the leading PET-packaging consumers 
(e.g., the Coca-Cola Company declare in the ‘World Without Waste’ Program, that it will 
use 50% recycled material in packaging by 2030 [56]), the outcome from cooperation of 
these companies could help to improve a situation with plastic pollution. 

1.3 Surfactants, functionalized surfactants and surface-active ionic 
 liquids 

1.3.1 Surfactants: basic concepts and definitions 
Surfactants (surface-active agents) are chemical compounds that decrease the surface 
tension or interfacial tension between two liquids, a liquid and a gas, or a liquid and a 
solid [57], [58]. The molecules of surfactants are amphiphilic and consist of covalently 
connected hydrophobic and hydrophilic parts. Depend on hydrophilic part nature they 
can be classified on cationic, anionic, zwitter-ionic (amphoteric) or non-ionic surfactants 
(Figure 3) [57], [58]. 

Figure 3. Structure and classification of surfactants. 

Surfactants have a tendency to adsorb preferentially on surfaces / interfaces, but after 
reaching specific concentration (critical aggregation concentration, CAC) they also can 
form supramolecular aggregates in solution (micelles, vesicles, etc.; Figure 4) [57], [58]. 
These aggregates are dynamic – surfactant molecules enter and leave them with mean 
exchange time 10–5 to 10–6 s [59]. Formation of aggregates dramatically changes the 
solution properties (surface tension, conductivity, viscosity, etc.) [57], [58] and usually 
performs with decreasing of free Gibbs energy of the system [58], [60], [61]. It means 
that this process is spontaneous, and aggregates formed are thermodynamically stable 
[58], [60]. The driving force of aggregates formation in water is hydrophobic interactions 
[58], [60]. 
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Figure 4. Surfactant aggregates in solution. 

Surfactants and surfactant solutions are widely used in different technological 
processes (oil recovery [62], polymerization [63], chemical synthesis [64], [65]), analytical 
chemistry [66], [67], food industry [68], [69], heals care / pharmacy [70], [71] and 
many other [57]. Due to structural similarity to biological amphiphiles (phospholipids – 
the main component of biological membranes – are, in fact, anionic surfactants [72]), 
they have found an application in design of biomimetic systems [73], composition for 
drugs [70], [71] and genes [74] delivery, creation of enzyme-like esterolytic systems [75], 
etc. Of course, surfactants are also critically important component of every-day use 
household chemicals (e.g., laundry liquids, soaps, etc.) [76]. 

1.3.2 Physico-chemistry of surfactant micellization 
The fundamental theory of such aggregates formation (specially, micelles) are 
well-developed and can adequately describe observed phenomenon and regularities 
[57], [58]. The following energetic parameters are mainly used: Gibbs free energy of 
micellization (ΔG°m), Gibbs free energy of micellization per alkyl tail (ΔG°m,tail), Gibbs 
energy of transfer (ΔG°trans), standard free energy of adsorption (ΔGads) and Gibbs free 
energy of the given air/water interface (ΔG(s)

min) [58], [60], [61]. All these parameters are 
calculated based on analysis of dependencies of surface tension of surfactant solution 
from surfactant concentration. From these dependencies are determined also surface 
tension at CMC (ϒcmc), surface pressure at the CMC (πcmc), value of the maximum surface 
excess (Гmax) and value of the minimum area per molecule (Amin), which are used for 
energetic parameters calculation. 
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The next equations are essential for characterisation of micelles formation [58], [60], 
[61]: 

• the surface pressure at the CMC (πcmc)

πcmc = ϒ0 – ϒcmc , (8) 

where 
ϒ0 – surface tension of the pure water; 
ϒcmc – surface tension at CMC. 

• value of the maximum surface excess (Гmax)

PT
Cd

d

nRT
,

max
log303.2

1








−=

 , 
(9) 

where 
(dϒ / d log C) – surface activity at specified temperature and concentration (C); 

R – universal gas constant (8.314 J∙K-1∙mol-1); 
T – absolute Temperatur (in Kelvin); 
n – constant (pre-factor), which value corresponds to number of species, which are 

forms after molecule dissolution. 

• value of the minimum area per molecule (Amin)

Amin = 1 / (Гmax∙ NA) , (10) 

where 
Гmax – maximum surface excess; 
NA – Avogadro’s number (6.022∙1023 mol-1). 

• Gibbs free energy of micellization (ΔG°m) [general equation for ionic micelles]:

ΔG°m ≈ (1 + β) RT ln CMC, (11) 

where 

R – universal gas constant (8.314 J∙K-1∙mol-1); 
T – absolute temperature (in Kelvin); 
CMC – critical micelle concentration; 
β – constant (pre-factor). 

• Gibbs free energy of micellization per alkyl tail (ΔG°m,tail)

ΔG°m,tail = ΔG°m / Ntail, (12) 

where 
ΔG°m – Gibbs free energy of micellization; 
Ntail – number of alkyl tail (chains) in surfactant. 
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• Gibbs energy of transfer (ΔG°trans)

ΔG°trans = ΔG°m (mixed system) – ΔG°m (standard system) , (13) 

where 
ΔG°m (mixed system) – Gibbs free energy of micellization for mixed system or media; 
ΔG°m (standard system) – Gibbs free energy of micellization for standard system or media. 

• standard free energy of adsorption (ΔG°ads)

ΔG°ads = (ΔG°m – πcmc) / Гmax, (14) 

where 
ΔG°m – Gibbs free energy of micellization; 
πcmc – surface pressure at the CMC; 
Гmax – maximum surface excess. 

• Gibbs free energy of the given air/water interface (ΔG(s)
min)

ΔG(s)
min = Amin ∙ ϒcmc ∙ NA , (15) 

where 
Amin – minimum area per molecule; 
ϒcmc – surface tension at CMC; 
NA – Avogadro’s number (6.022∙1023 mol-1). 

1.3.3 Solubilization phenomenon in surfactant solutions 
Solubilization is increasing of solubility of the low-polar compounds in water in the 
presence of surfactant micelles [57], [77], [78]. Solubilization, as well as micellization, 
is connected with hydrophobic interactions. According to actual theory [57], solubilization 
is the dissolution of organic substances in surfactant micelles. The substance, which 
dissolved in micelles, called a solubilizate or substrate. After solubilization of substrate 
with surfactant micelles thermodynamically stable isotropic solutions are formed. 
The solubilization process is dynamic – the substrate is distributed between the aqueous 
phase and micelles according to corresponding partition coefficient, which depends on 
the nature and hydrophilic-lipophilic balance of both substances – surfactant and 
substrate [57]. 

Typically, the amount of solubilized substance increases proportionally to the 
surfactant concentration in solution in the region of spherical micelles formation and 
additionally increases sharply with the formation of lamellar micelles [57], [78]. 

1.3.4 Surfactant solutions as a reaction media. Micellar catalysis 
In case of use the surfactant solutions as a reaction media the reaction rates could be 
significantly changed due to realization of “micellar catalysis” effects [64], [65], [75], [78], 
[79], [80], [81]. The main mechanisms of this phenomenon connected with changes in 
the local concentrations and reactivity of substrates and reagents when the reaction 
is transferred from the water to surfactant micelles (to micellar pseudophase). 
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Also, significant influence could have changes in the position of protolytic equilibria in 
such systems [75]. 

There are two main approaches which are used for description and evaluation of 
micellar effects: pseudophase partitioning (PPM) [78], [80] and ion-exchange (IEM) [78], 
[81] models. Pseudophase model is applicable for the overwhelming majority of micellar
catalysis cases except of specific situations, when high concentrations of ionic reagents
are used and ion exchange processes in Stern layer become rate-limiting (this situation
is covered by ion-exchange model) [81].

The main postulates of pseudophase model are next [78], [80]: 
1) there are two phases (aqueous phase and micellar pseudophase) in surfactant

solutions above the CMC; 
2) there is an equilibrium in distribution of reagents which stay unchanged (the

equilibrium is not dependent on reactions in the system); 
3) reagents and reaction in the micellar system do not change micelles structure and

CMC. 

Figure 5. General scheme of bimolecular reaction in micellar system. 

The general kinetic scheme of bimolecular reaction in micellar system according to 
pseudophase model is presented on the Figure 5 and can be described with equation 
(16) [78], [80]:
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where 
kobs – observed rate constant; 
kM and kW – rate constants in micellar pseudophase and water, correspondently; 
PR and PS – partition coefficients of the reagent and substrate, correspondently; 
C0

surf – analytical concentration of surfactant; 
CMC – critical micelle concentration; 
VM – partial molar volume of surfactant. 
Taking into account, that CVM<<1 (the part of micellar pseudophase in solution is not 

significant) and PR >>1, PS >>1 (the reagent and substrate effectively bind with micelles), 
equation (16) can be transform to equation (17): 
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(17) 

where 
KR = (PR–1) VM ≈ PR VM – binding constant of reagent with micellar pseudophase; 
KS = (PS–1) VM ≈ PS VM – binding constant of substrate with micellar pseudophase. 
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1.3.5 Surfactants functionalization 
The equation (16) shows that efficiency of reagent and substrate binding with micellar 
pseudophase are critically important to have high reaction rates. This fact gives a 
theoretical background for conception of design of functionalized surfactants: 
introduction of reactive fragment into surfactant molecule structure via covalent bonds 
can help to provide maximal concentration of reactive species in micelles and high 
reaction rates even in cases diluted surfactant solutions [78], [80]. 

In case of surfactant functionalization with group, which is active in studied reactions 
in deprotonated form (e.g., oxime-functionalized surfactants in acyl substrates 
decomposition processes [75]), the observed rate constant can be described with 
equation (18): 
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where 
kobs – observed rate constant; 
k2

M – second order rate constant for substrate decomposition in micelles by surfactant 
functional group; 

kOH
W – second order rate constant for substrate decomposition with OH– ions in water; 

KS = (PS–1) VM ≈ PS VM – binding constant of substrate with micellar pseudophase; 
C0

surf – analytical concentration of surfactant; 
CMC – critical micelle concentration; 
[OH–] – concentration of OH– ions in water; 
VM – partial molar volume of surfactant; 
Ka(app) – apparent acid ionization constant of surfactant functional fragment; 
aH+ – hydrogen ion activity. 

In cases where the substrate effectively binds with surfactant micelles (KS > 1000), 
the contribution of hydrolysis of the substrate in the aqueous phase to the observed 
reaction rate becomes insignificant and the denominator [1 + KS(C0

surf – CMC)] ≈ 
≈ [KS(C0

surf – CMC)], which allows to transform equation (18) to (19): 

 )/V( M

M

2kkobs
 , (19) 

where 
α = Ka(app) / (Ka(app) + aH+) – degree of deprotonation of the functional group. 

Functionalization of surfactant molecules with different reactive fragments (oximate 
[75], hydroxamate [82], amidoximate [83], o-iodosylcarboxylate [84], hydroxyl [85] and 
imidazolyl [85], [86] groups, Figure 6, and other [87]) have broth outstanding results – 
the systems for efficient decomposition of toxic organophosphorous neurotoxins 
(pesticides and chemical warfare agents) were successfully developed [75], [82]. Some 
of these systems (e.g., oximate [75] and hydroxamate [82] functionalized surfactants) 
demonstrate also interesting aggregation properties, which could be used in design of 
pH-sensitive supramolecular aggregates [88], surfactant-polymer composites [89] and 
metallomicelles [90]. 
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Figure 6. Structures of surfactants, functionalized with oximate, hydroxamate, amidoximate, 
o-iodosylcarboxylate, hydroxyl and imidazolyl groups (representative examples).

It should be specially noticed that head group of oximate and hydroxamate 
functionalized surfactants is structurally similar to acetylcholinesterase reactivators, 
which is used in treatment of organophosphate poisoning [91], [92], [93], and analogs of 
these functionalized surfactants with short alkyl chain are of undoubted interest for 
testing as potential reactivators. 

1.3.6 Surface-active ionic liquids 
Surface-active ionic liquids (SAILs) represent a unique class of ionic liquids engineered 
with amphiphilic properties, making them proficient in interfacial interactions. These 
compounds consist of an ionic head and a hydrophobic tail (usually longer than eight 
carbon atoms), allowing them to self-assemble at interfaces, such as liquid-liquid or 
liquid-air interfaces (Figure 7) [94]. This amphiphilic nature endows SAILs with exceptional 
surface activity, and they exhibit surfactant-like behavior while retaining the distinctive 
characteristics of ionic liquids. 

Figure 7. Structural changes in ILs, which lead to the formation of SAILs. 

The dual functionality of these compounds imparts versatility, finding applications in 
various domains, from enhancing solubilization in biphasic systems to stabilizing 
emulsions and facilitating the extraction of target compounds [50], [95]. Additionally, the 
tunable nature of both the ionic head and hydrophobic tail in SAILs offers a platform for 
tailoring their physicochemical properties, thus broadening their utility in areas such as 
from chemical technology [50], [94], [95] to biomedical applications [94], [96], [97]. 

1.4 Evaluation of ionic liquids sustainability 

Despite the promising applications of ionic liquids, they face challenges that prevent their 
smooth integration as environmentally friendly materials – for example, some ionic 
liquids have demonstrated toxicity to aquatic organisms, highlighting the critical need for 
judicious selection of IL structural components [10], [11], [12], [13], [14], [98]. The challenge 
lies in understanding the structure-toxicity relationships within ILs, underscoring the 
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importance of selecting cations and anions that minimize adverse effects [13], [14], [19]. 
This meticulous approach during the design phase ensures that resulting ILs are not only 
effective for intended applications but also environmentally benign [13], [19]. Rigorous 
toxicity assessments and comprehensive studies on IL behavior in different environmental 
compartments are essential to establish safe usage guidelines [19]. Advancements in 
designing inherently safer ILs become paramount for realizing their full potential while 
mitigating adverse effects on aquatic ecosystems and human well-being [14]. 

Moreover, the extended persistence of specific ILs in the environment raises concerns 
about their biodegradability and potential long-term effects on ecosystems [13]. ILs’ 
resistance to degradation can lead to accumulation, posing challenges for environmental 
remediation and sustainability [12], [13]. Understanding the mechanisms governing IL 
fate in different environmental matrices is crucial for assessing overall impact. Studies 
focused on biodegradation pathways and the formation of degradation products are 
imperative to evaluate ecological consequences [15], [19]. Addressing these questions is 
fundamental for developing environmentally responsible ILs, ensuring their use aligns 
with broader sustainability goals without compromising delicate ecosystem balances. 

1.4.1 Toxicity of ionic liquids 
Understanding and comprehensive systematic analysis of the toxicological properties of 
ionic liquids is challenging due to the diversity of biological entities used for toxicity 
screening (from enzymes and mammalian cells to bacteria, microalgae, vertebrates and 
invertebrates) and the significant variability of the ionic liquids structure. It requires a 
careful approach to analysis and synthesis using the concept of structure-activity 
relationships [10], [11], [12], [13], [14], [98], [99]. 

The several IL toxicity mechanisms were identified [10] as follows: 
– interruption of the cell membrane caused by high affinity of amphiphilic ILs to

membrane lipids (typical for the long chains IL’s cations) [100], [101];
– hyperpolarization of the mitochondrial membrane which leads to the production

of reactive oxygen and, finally, to cell apoptosis (mechanism is observed for
imidazolium-based ILs) [102];

– the lipid membrane lysis [103];
– inducting reactive oxygen stress by increasing of MDA and/or H2O2 contents, and

enhanced the activity of catalase[104], [105];
– morphological changes in the cell wall and some organs by damaging numerous

cell structures [106];
– induced genetic toxicity [107];
– formation of micro-structured domain in water solutions and cytoplasm [108].

In these studies, IL structures were subject to systematic changes, including variations 
in cation and anion alkyl chain lengths, cation headgroups, anion types, and substituent 
placement to clarify a role of each component on ILs in toxicity. 

It is especially noteworthy that studies conducted using bacteria have shown a clear 
relationship between the toxicity of ionic liquids and the nature of their cationic part, 
and especially with the length of the alkyl chain of the cations and the nature of the 
positively charged center [10], [11], [12], [109]. Such significant influence of cations can 
be explained by their relatively high lipophilicity and affinity for the phospholipid 
membrane of microorganisms due to electrostatic interactions between the positive 
cationic center and the negatively charged phosphocholine or phosphoserine in the cell 
membrane layer [109]. 
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Although anions with smaller molecular structure and negative charges have lower 
lipophilicity and lower adsorption affinity for membranes, their effect on toxicity, 
although less pronounced than cations, remains noteworthy. Judicious selection of 
anions has proven crucial in reducing overall toxicity [10]. 

The some general structure-toxicity relationships for ionic liquids are presented on 
the Figure 8 [10], [98]. 

Figure 8. Structure-toxicity relationships for ionic liquids. 

1.4.2 Biodegradability of ionic liquids 
Information about ILs biodegradability is one more essential parameter, which should be 
taken into account when ILs sustainability is evaluated. According to OECD 301 Guideline 
[110] achieving a biodegradation level of 60% within 28 days is typically required to
consider chemicals as biodegradable compound. Despite the fact that ionic liquids consist
of two structural elements – cation and anion – when assessing their biodegradation, ionic
liquids are considered as a single molecule. Nevertheless, the structure of both the cation
and the anion can have a significant impact on the result obtained [13].

Influence of cation structure on ILs biodegradability. The structure of the cation is 
undoubtedly one of the key factors influencing the biodegradation of ionic liquids [13], 
[14], [19]. The cation, in turn, consists of a charged center of different nature (ammonium, 
pyridinium, imidazolium, phosphonium, etc.) and substituents at the charged center 
(protons in case of protic ILs or alkyl / aryl in case of aprotic ILs) [26], [27], [28], [29], [30]. 
Examples of IL’s cations and their abbreviations are presented on a Figure 9. 

Figure 9. Examples of ILs’ cations and their abbreviations. 
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The evaluation of ILs biodegradability data for compounds with variety of charged 
center nature does not shown any clear trend (see Table 1): the tendency in series of 
ionic liquids with variety of charged center is not reproducible for similar series, but with 
other anion. This fact indicates complexity and cross-interaction between ILs structural 
components. 

Table 1. Biodegradation results for ionic liquids with different cations and Tf2N–, PF6
–, BF4

– anions [13]. 

Cation (Cat+) 

Anion (X-) 

Tf2N– PF6
– BF4

– 

IL biodegradability, % 

BMIM 90 65 80 

1BuPy 86 80 – 

1Bu3MePy 17 – 35 

1Bu4MePy 30 78 – 

1Bu1MePyrr > 95 – 49 

NBu4 64 – – 

PBu4 – 66 41 

In contrast to the nature of the charged cationic center, the influence of the length of 
alkyl substituent on the biodegradation of ionic liquids is clearer: increasing of the alkyl 
substituent length leads to decreasing of the ILs biodegradation ability (Table 2). This 
trend is observed both – imidazolium and pyridinium – ionic liquids. 

Table 2. Influence of alkyl chain on biodegradation results for imidazolium and pyridinium ionic 
liquids [13]. 

Alkyl chain 
(Alk) 

IL structure 

IL biodegradability, % 

C2H5 53 > 95

C4H9 39 80 

C6H13 37 62 

C8H17 32 – 

C10H21 12 – 

Influence of anion structure on ILs biodegradability. In ILs, the anions could have 
organic or inorganic nature [26], [27], [28], [29]. Organic anions, unlike most inorganic 
ones, can also biodegrade, affecting the observed result (e.g., in case of carbon reach 
biodegradable C8H17OSO3

- anion, their presence in the IL molecule should improve 
observed IL biodegradability [13], [14]). Due to coulombic interaction between cation 
and anion in ILs [26], [27], [28], [29], it is not expected, that nature of anion can have any 
influence on cation biodegradability, nevertheless available biodegradation data [13] 
demonstrate not only influence of anion nature on IL biodegradation (Table 3), but also 
change of this influence depends on cation structure (Table 4). 
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For example, 1-bytyl-3-methylimidazolium bromide is in ca. 2 times more 
biodegradable, than 1-bytyl-3-methylimidazolium chloride (compare corresponding 
values in the Table 3). 

Table 3. Biodegradation results for 1-bytyl-3-methylimidazolium ionic liquids [13]. 

Anion (X-) IL biodegradability, % 

C8H17OSO3
- > 95

Tf2N- 90 

[BF4]- 80 

(CN)2N- 77 

Br- 75 

CH3SO3
- 75 

[PF6]- 65 

CH3COO- 51 

Cl- 39 

CF3SO3
- 34 

CF3COO- 20 

Analysis of biodegradability data for groups of ILs with different anions (Table 4) 
demonstrates absence of common group-to-group regularities: 

for EMIM biodegradability decreases [PF6]- > Tf2N-; 

for BMIM – Tf2N- > [BF4]- > [PF6]-; 

for HxMIM – Tf2N- ≈ [PF6]- > [BF4]-; 

for 1BuPy – Tf2N- ≈ [PF6]-; 

for 1Bu4MePy – [PF6]- > Tf2N-; 

for 1Bu3MePy – [BF4]- > Tf2N-; 

for 1Bu1MePyrr – Tf2N- > [BF4]-. 

Table 4. Biodegradation results for ILs with Tf2N-, [BF4]- and [PF6]- anions [13]. 

Cation 

EMIM BMIM HxMIM 1BuPy 1Bu4MePy 1Bu3MePy 1Bu1MePyrr 

Anion IL biodegradability, % 

Tf2N- 67 90 73 86 30 17 > 95

[BF4]- – 80 40 – – 35 49 

[PF6]- 87 65 70 80 78 – – 

This complex relationship between the structural components of ILs and their 
biodegradability highlights the need to continue to study their properties in detail to 
understand role of all factors in observed phenomenon. 
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1.5 Amino-acid ionic liquids 

1.5.1 Amino acid as sustainable building blocks in design of new chemicals 
Amino acids – fundamental biomolecules and the building blocks of proteins [111] – 
stand as promising and sustainable elements for the design of chemicals, embodying 
unique features that propel them into the forefront of green and sustainable chemistry 
[13], [19], [112], [113]. These offer distinct advantages that make them a compelling 
choice in the creation of environmentally friendly and sustainable chemical compounds 
[13], [19], [114], [115], [116], [117]. 

One of the primary advantages of amino acids lies in their abundance and renewability 
[118]. Derived from natural sources, amino acids are readily available from agricultural 
products or even through biofermentation processes [119], [120]. This contrasts sharply 
with traditional chemical building blocks, many of which are derived from petrochemical 
sources, contributing to environmental degradation and resource depletion [114]. 
The renewable nature of amino acids aligns with the principles of sustainability, offering 
a pathway to reduce the dependence on finite fossil resources [21], [112]. 

Figure 10. Possible ways of amino acid modification. 

The bifunctional structure of amino acids is another key advantage. Combining both 
amine and carboxylic acid groups, amino acids provide a versatile platform for chemical 
design (Figure 10). This dual functionality allows for the facile construction of diverse 
chemical structures [121]. The presence of amino and carboxyl groups enables the 
creation of amino acid-based salts, esters, and amides, and, in combination with 
possibility to modify substituent (R) in some structures, offering a rich diversity in the 
types of sustainable chemicals that can be synthesized (Figure 10). This flexibility in 
chemical design contributes to the adaptability of amino acids in various applications 
[115], [116], [121], [122], [123]. 

Moreover, the potential biocompatibility of amino acids adds another layer of 
appeal to their use in sustainable chemical design [13], [15], [19]. Amino acids are 
intrinsic to biological systems, and their compatibility with living organisms positions 
them as ideal candidates for applications where toxicity and environmental impact 
are critical considerations [115]. This biocompatibility not only enhances the safety 
profile of amino acid-based chemicals, but also opens avenues for applications in fields 
such as pharmaceuticals, cosmetics, and food industries, aligning with the growing 
demand for eco-friendly and health-conscious products [13], [115], [116], [121], [122], 
[123]. 
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1.5.2 Design of amino acid ionic liquids 
Due to attractive properties of amino acid as sustainable building blocks [21], [112], they 
were used in design of sustainable ionic liquids [13], [15], [19], [115], [116], [117]. 

Amino acids were introduced into ionic liquids structure as a counter ion without 
modification (Figure 11) [115], [117] as well as structurally modified fragment (Figure 12) 
[115], [117]. 

Figure 11. Examples of ionic liquids with non-modified amino acids as counter ion. 

Figure 12. Examples of ionic liquids with modified amino acids as counter ion. 

Also, they were introduced into ionic liquids structure as a covalently bonded fragment 
(Figure 13) [124] 

Figure 13. Examples of imidazolium ionic liquids with amino acids in their structure. 
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Analysis of available literature data [13], [14], [15], [16], [17], [18], [19] can help to 
highlight phenylalanine as one of most prospective amino acid for design of low toxic and 
biodegradable ionic liquids. 

1.5.3 Phenylalanine-derived ionic liquids as a prospective molecular platform 
      for future improvement and practical applications 

For phenylalanine-derived ionic liquids a broad variation of positively charged center 
nature was performed (see Figure 14) [16], [17]. 

Figure 14. Variation of the positively charged center structure for phenylalanine-derived ionic liquids. 

Biodegradability data for these compounds (see Table 5; [16]) shows that among 
studied structures a most prospective for future application is phenylalanine-derived 
ionic liquid with pyridinium cation, because it demonstrates 63 % biodegradability and 
according to OECD 301 Guideline [110] can be classified as biodegradable. All other 
cations demonstrate lower biodegradability. It is worth noting that derivatization of 
pyridinium fragment leads to decreasing of biodegradability, but nature of substituent is 
important – carboxylic group in position 3 of pyridinium ring decrease biodegradability 
to 32%, while the methoxy group in the same position reduces biodegradation only to 
52%. The less attractive are cations which alkylammonium charged center – 
biodegradability of these compounds does not exceed 24%. 
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Table 5. Biodegradation results for phenylalanine-derived ionic liquids [16]. 

Positively charged center ( ) structure IL biodegradability 

63 % 

52 % 

32 % 

33 % 

47 % 

40 % 

24 % 

21–24 % 

17 % 

The comprehensive study of the influence of the alkyl chain length on different 
properties (aggregation behavior, bacterial / fungal toxicity, ecotoxicity, biodegradability, 
biotransformation pathways study, etc.) of pyridinium, imidazolium and cholinium 
phenylalanine-derived ionic liquids (Figure 15) was performed in works [17], [18], [19]. 

Figure 15. Alkyl chain length variation for pyridinium, imidazolium and cholinium phenylalanine-
derived ionic liquids. 

The key conclusions of this multiparameter evaluation were: 

• the nature of the cationic head group and the chain length impacted on the
mineralization, biodegradability of the studied ILs [17], [19];

• the toxicity of studied ILs was largely driven by the length of the alkyl chain
(hydrophobicity) and not the type of cationic part of the ILs [17], [18];

• the biodegradability of ILs decreased in the order PyPheCn > ImPheCn >
CholPheCn [19];
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• completely biodegradable ILs were only identified in the PyPheCn series [19];

• the ecotoxicity of the studied ILs was increasing in parallel to their
hydrophobicity up to log Kow = 1 (C8–C10) and then leveling up, being consistent
with the previously obtained analogous data sets (the “cut-off” effect) [18];

• bacterial and fungal toxicities were strictly dependent on the side chain length
and aggregation properties, and changed from low to high for compounds
C2 –C10/C12, then “cut-off” effect also observed [17];

• the phenyl group of the L-phenylalanine moiety essentially contributing to the
self-assembling properties in addition to the lipophilic side chain [17];

• the medium chain length (C6 to C8) pyridinium SAILs have been recommended
as the most prospective green alternatives for conventional cationic surfactants
[19].

Thus, among studied compounds, pyridinium phenylalanine-derived ionic liquids 
(Figure 16) represent a most compelling class of molecules with significant potential for 
future advancements and practical applications. 

Figure 16. Pyridinium phenylalanine-derived ionic liquids – prospective object for future studies and 
improvements. 

Derived from the amino acid phenylalanine, these ionic liquids exhibit unique 
properties that make them versatile candidates for various applications in chemistry and 
materials science. The inherent structural features of phenylalanine contribute to the 
design of tailored ionic liquids, allowing for precise control over their physicochemical 
properties. This tunability is pivotal for creating molecular platforms with desirable 
characteristics, such as solubility [17], biodegradability [17], [19], toxicological [17], [18] 
and aggregation properties [17], making them promise for applications ranging from 
green solvents to advanced materials. 
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1.5.4 The strategy for further study and improvement of the selected 
 sustainable ionic liquids-based molecular platform 

Taking into account discussed features of the structure of selected pyridinium 
phenylalanine-derived ionic liquids, the strategy of their possible practical application 
and further structure improvement could be presented using the scheme below: 

This strategy will define the main aims of the present work. 
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2 Aims of the present work 

The pyridinium phenylalanine-derived ionic liquids represent a group of sustainable 
products, developed in accordance with green chemistry principles. These compounds 
are intriguing not only as materials for direct application, but also as a promising 
molecular platform that can be easily modified and adapted to address a new range of 
problems. 

Therefore, the main aims of the present work are: 

• to determine efficiency of pyridinium phenylalanine-derived ionic liquids in
solubilization of polycyclic aromatic hydrocarbons;

• to develop and propose a concept of sustainable process for polycyclic aromatic
hydrocarbons extraction using pyridinium phenylalanine-derived ionic liquids;

• to evaluate possible ways of structure improvement for pyridinium
phenylalanine-derived ionic liquids;

• to determinate structure-properties relationship for structural fragments of
amino acid derived ionic liquids and create a fragments library for future use in
design of sustainable ionic liquids;

• to design and investigate functionalized surfactants based on pyridinium-derived
ionic liquids with focus on application of these compounds in processes of toxic
organophosphates decompositions and compounds detection;

• to synthesize and study new sustainable acetylcholinesterase reactivators
based on pyridinium-derived ionic liquids.
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3 Results and discussion 

3.1 Design of sustainable SAILs-based systems for solubilization of 
polycyclic aromatic hydrocarbons (Publication IV) 

Polycyclic aromatic hydrocarbons (PAHs) are important industrial products [125] and, 
in the same time, they can be dangerous environmental pollutants [126]. In different 
technological processes for extraction of PAHs are usually used organic solvents [127], 
but this approach cannot be considered as acceptable from green chemistry point of view 
[21], [112], [113] and has serious safety issues (many of organic solvents used are 
volatile, flammable and toxic) [127]. The prospective alternatives for organic solvent in 
such processes are solutions of surfactants (Figure 17), which, from one side, use green 
and safe solvent – water – as a main component of the system [21], [112], [113], and, 
from other side, can effectively dissolve (solubilize) PAHs in surfactant micelles [128]. 

Figure 17. PAHs solubilization in water solutions of surfactants. 

The problems of surfactant systems, which limit their use, connected with difficulties 
of PAHs separation from surfactant micelles [128] and surfactants persistence in the 
environment and/or their toxicity to aquatic organisms [129], [130]. Surface active 
pyridinium phenylalanine-derived ionic liquids (Figure 17; were discussed in the section 
1.5.3), look very attractive for this application due to low toxicity and biodegradability 
[17], [18], [19]. 

3.1.1 Evaluation of pyridinium phenylalanine-derived SAILs efficacy in 
 processes of PAHs solubilization 

Efficacy of pyridinium phenylalanine-derived SAILs (PyPheOCn; structure see on Figure 16) 
in processes of PAHs solubilization was evaluated related to typical polycyclic aromatic 
hydrocarbons – naphthalene, anthracene and pyrene – and compared with efficacy of 
classical cationic surfactant – cetyltrimethylammonium bromide [CTABr] (Figure 18). 
Evaluation of efficacy was performed based on comparison of solubilization capacity of 
studied systems. 

Naphthalene (Nap) Anthracene (Ant) Pyrene (Pyr) CTABr 

Figure 18. Structures of PAHs and cetyltrimethylammonium bromide [CTABr]. 
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Solubilization capacity of the surfactant (S) [57], [131], related to corresponding PAH, 
was determined from dependency of absorbance A of studied solution (surfactant/water 
system saturated with PAH) from surfactant concentration Csurf (Figure 19) using the ratio 

S = β/ε (β – the slope of the linear part of the dependence; ε, M−1⋅cm−1 – molar extinction 
coefficient of PAH on chosen wavelength; the brake-point on a graph corresponds to cmc 
of surfactant). 

Figure 19. Dependency of the absorbance of solution A on the wavelength 336 nm from surfactant 
concentration Csurf for the system PyPheOC8 / pyrene [the figure was taken from Publication IV]. 

Obtained results are summarized on the Figure 20 and in the Table 6. In all studied 
cases solubilization capacity increases with increasing of number of carbon atoms (n) in 
ester side chain of pyridinium phenylalanine-derived SAILs PyPheOCn. This regularity is 
typical for surfactants and connected with increasing of their hydrophobicity [57], [131]. 
The solubilization capacity of conventional cationic surfactant CTABr is comparable to 
solubilization capacity of PyPheOCn with n ≈ 10–12 (for Pyr), n ≈ 10–12 (for Nap) and 
n ≈ 12–14 (for Ant), and follows cmc of these surfactants (Table 6). It demonstrates that 
efficacy of pyridinium phenylalanine-derived SAILs PyPheOCn in processes of PAHs 
solubilization is similar to conventional cationic surfactants, and they could be used as 
an alternative for conventional cationic surfactants. 
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Figure 20. Dependencies of solubilization capacity (S) on alkyl chain length (n) of PyPheOCn SAILs 
towards pyrene (a), naphthalene (b), and anthracene (c) compared to solubilization capacity of 
CTABr [the figure was taken from Publication IV]. 
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Table 6. Physico-chemical parameters for PyPheOCn and CTABr surfactant systems in processes of PAHs solubilization [taken from Publication IV]. 

PyPheOCn 
chain 

length (n) 

cmc, mM 
β Solubilization capacity (S) 

Surface 
tension* 

Conductivity* 
Solubilization 

Nap Ant Pyr Nap Ant Pyr Nap Ant Pyr 

4 57 89 80 90 80 21.4 5.6 90.4 0.067 0.00037 0.0014 

6 11 19.9 25 23 26 32.7 9 251.9 0.102 0.00060 0.0040 

8 2.25 4.9 5.2 3.7 4.9 36.9 11.7 366.6 0.115 0.00077 0.0058 

10 0.65 1.6 1.6 1 1.4 48.1 27.9 503 0.150 0.00185 0.0080 

12 0.19 0.5 0.2 0.1 0.3 67.1 31.3 745.7 0.210 0.00207 0.0119 

14 0.056 0.18 0.1 0.07 0.08 84.9 47.4 905.2 0.265 0.00314 0.0144 

16 0.0125 0.037 0.05 0.04 0.05 100.5 60.3 996 0.314 0.00399 0.0159 

CTABr ** 0.9 1 1 1 0.8 62.5 43.9 573.6 0.195 0.00291 0.0091 

Notes: 
* Values of critical micelle concentration (cmc) for PyPheOCn surfactants, found by means of surface tension and conductivity methods, were taken from [17];
** values of critical micelle concentration (cmc) for CTABr, found by means of surface tension and conductivity methods, were taken from [131]
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3.1.2 Selection of enzymatic systems and reaction condition optimization for 
      pyridinium phenylalanine-derived SAILs decomposition 

Pyridinium phenylalanine-derived SAILs PyPheOCn have in their structure two bonds – 
amide and ester bonds in phenylalanine fragment – which could be cleaved with formation 
of products, suitable for future resynthesis of initial SAIL structure (Figure 21). 

Figure 21. Possible decomposition / resynthesis pathways for PyPheOCn SAILs. 

Decomposition of PyPheOCn component of surfactant-PAH aggregates will be led to 
loss of solution ability to keep PAH dissolved (solubilized), and PAH will precipitate from 
solution (Figure 22). 

Figure 22. Separation of PAHs after PyPheOCn SAILs decomposition. 

Due to the presence of amino acid fragment (phenylalanine) in the structure of 
PyPheOCn SAILs, these compounds could be tested as a substrate for esterase, amidase 
and protease enzymes. 
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Enzymes are unique biological catalysts which combine high selectivity with 
outstanding efficiency in mild reaction conditions [111], [132]. Using enzymatic systems 
for performance of chemical transformations is highly recommended from green 
chemistry perspective, because it helps to decrease energy costs, avoid side reactions 
and toxic waste accumulation, and perform processes fast and selectively [21], [112], 
[113]. 

To proof of the concept of enzymatic systems application for PyPheOCn SAILs 
decomposition 24 different commercially available immobilized enzymes (2 amidases, 2 
esterases and 20 prorteases) from different sources were tested (Table 7). As a substrate, 
represents PyPheOCn SAILs, compound PyPheOC4 with n = 4 was used. 

Table 7. Immobilized enzymes tested in PyPheOCn SAILs decomposition processes. 

Enzyme Source Activity 

A1 Escherichia coli NLT 850 U/g 

A2 Achomobacter NLT 250 U/g 

E1 Pichia sp. NLT 10000 PLU/g 

E2 Pichia sp. NLT 10000 PLU/g 

P1 Bacillus Sp. 400 ELU/g 

P2 Bacillus Sp. 750 ELU/g 

P3 Bacillus Sp. 100 ELU/g 

P4 Bacillus Sp. 275 ELU/g 

P5 Mucor miehei 8 ELU/g 

P6 Bacillus licheniformis 400 ELU/g 

P7 Bacillus amyloliquefaciens 15 ELU/g 

P8 Geobacillus sp. 5 ELU/g 

P9 Trichoderma reesei 5 ELU/g 

P10 Bacillus subtilis 225 ELU/g 

P11 Bacillus subtilis 400 ELU/g 

P12 Aspergillus oryzae var. 5 ELU/g 

P13 Aspergillus oryzae 65 ELU/g 

P14 Bacillus subtilis 150 ELU/g 

P15 Aspergillus niger 5 ELU/g 

P16 Bacillus subtilis 10 ELU/g 

P17 Bacillus subtilis 175 ELU/g 

P18 Carica papaya 5 ELU/g 

P19 Pineapple stem 5 ELU/g 

P20 Fig tree latex 5 ELU/g 

In parallel to immobilized enzymes activities screening, the optimization of the 
reaction conditions (substrate concentration, quantities of enzymes, pH, temperature, 
shaking speed and incubation period) was performed (Table 8). Monitoring of PyPheOC4 
decomposition processes was performed using the 1H NMR technique. Activity of 
enzymes was evaluated on each step of process optimization, but for final step of testing 
only amidases 1 & 2 and proteases P1-P4, P6, P10, P11, P13, P14, P17 were selected as 
most active enzymes (Figure 23). All selected enzymes in the final test demonstrated 
100% ester bond hydrolysis in substrate. Amide bond hydrolysis in any significant 
quantities was observed only in case of P13 enzyme (about 10–20%). 
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Table 8. Optimization of the reaction conditions for PyPheOC4 enzymatic decomposition. 

# 
PyPheOC4 

conc. 
(% w/v) 

pH 
Enzymes 

tested 

Enzyme 
test 

conc. (g) 

Incubating 
temperature 

(0C) 

Shaking 
speed 
(rpm) 

Incubation 
time 

(days) 

1 2 5.5 Amidase 1&2 0.2 40 170 3 

2 1 5.5 
Amidase 1&2 
Esterase 1&2 

0.2 40 170 3 

3 1 5.5 
Amidase 1&2 
Protease 1-20 

0.1 50 100 7 

4 0.5 6.5 

Amidase 1&2 
Protease 

(P1-P4, P6, 
P10, P11, 
P13, P14, 

P17) 

0.1 50 100 7 

Figure 23. 1H NMR spectra of PyPheOC4 solutions after incubations with selected amidase and 
protease enzymes at pH 6.5 (concentration of PyPheOC4 0.5%). Spectrum 1 (bottom) correspond to 
PyPheOC4 after incubation in buffer without enzymes; spectrum 2 recorded for model mixture of 
expected hydrolytic products; spectra 3–12 represent incubation with proteases P1, P2, P3, P4, P6, 
P10, P11, P13, P14, P17; spectra 13 and 14 represent incubation with amidase 1 and amidase 2, 
correspondingly [the figure was taken from Publication IV]. 
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3.1.3 Structure improvement of PyPheOCn SAILs: design of diamide derivatives 
 PyPheNHCn 

The analysis of reaction products in processes of PyPheOCn SAILs enzymatic 
decomposition clearly shows that ester bond hydrolysis is a fast preferable process. 
Further decomposition of Py(+)-CH2-CO-NH-Phe-COOH (see Figure 21) with studied 
enzymes is problematic. Only in case of P13 enzyme, amide bond degradation products 
was observed in relatively big amounts. This fact indicates that esterolysis product is 
problematic substrate for enzymes (most probably due to its poor affinity to active site 
caused by formation of negative charge on carboxylic group in solution [132]). 

The prospective way to improve PyPheOCn SAILs properties is exchange of ester bond 
in their structure on amide bond with formation of diamide derivatives PyPheNHCn 
(see Figure 24). These molecules compared with initial structures will be more resistant 
to chemical non-enzymatic hydrolysis (because the amide bond is less reactive [133]). 
This change can help to additionally expand application possibilities for PyPheNHCn and 
cover alkali solutions as possible media for extraction or reaction processes. Also changes 
in the structure can have an influence on enzymatic degradation and can change 
preferable degradation pathway. 

Figure 24. Structure modification for PyPheOCn SAILs and possible decomposition / resynthesis 
pathways for PyPheNHCn SAILs. 
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3.1.4 Enzymatic systems screening in processes of diamide derivatives 
 PyPheNHCn decomposition 

In the screening of enzymatic systems for diamide derivatives PyPheNHCn 
decomposition the compound PyPheNHC4 with n = 4 was used as their representative 
example. The enzymatic systems selection approach remains the same as in case of 
PyPheOCn SAILs: the initial activities screening and process optimization were performed 
for all amidases 1 & 2 and proteases P1–20 enzymes, but for future conditions 
improvement were selected only most active ones (P1, P2, P3, P4, P6, P10, P11, P13, P14, 
P17 proteases and amidase 1 & 2). It should be noted, that protease P13 (source – 
Aspergillus oryzae; enzyme activity 65 ELU/g) on a step of preliminary optimization have 
already demonstrate 87% amide bond hydrolysis in PyPheNHC4 substrate. The repetition 
of PyPheNHC4 hydrolysis in the optimized conditions (substrate concentration 0.5% w/v; 
50 °C, 100 rpm and 7 days incubation time) with selected enzymes shows, that protease 
P13 gives 100% amide bond hydrolysis (Figure 25). 

Figure 25. 1H NMR spectra of PyPheNHC4 solutions after incubations with selected amidase and 
protease enzymes at pH 6.5 (concentration of PyPheNHC4 0.5%). Spectrum 1 (bottom) corresponds 
to PyPheNHC4 after incubation in buffer without enzymes; spectrum 2 recorded the model mixture 
of expected hydrolytic products; spectra 3–12 represent incubation with proteases P1, P2, P3, P4, 
P6, P10, P11, P13, P14, P17; spectra 13 and 14 represent incubation with amidase 1 and amidase 
2, correspondingly [the figure was taken from Publication IV]. 

Aspergillus oryzae (A. oryzae) is a filamentous micro-fungus that is used for centuries 
in fermentation of different foods in many countries all over the world [134]. 
The prevalence and extensive experience with this enzyme source make P13 protease 
attractive for further use in processes of PyPheNHCn hydrolytic decomposition. 
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3.1.5 Sustainable pyridinium phenylalanine-derived ionic liquids in processes 
      of polycyclic aromatic hydrocarbons extraction: application concept 

The results obtained allow us to propose an application concept of pyridinium 
phenylalanine-derived ionic liquids in processes of polycyclic aromatic hydrocarbons 
extraction (Figure 26): the low toxic biodegradable phenylalanine-derived SAILs will be 
used for preparation of the water solutions for extraction / solubilization of PAHs, which 
is in compliance with green chemistry principles. After PAHs extraction / solubilization 
with water solution of phenylalanine-derived SAILs obtained PAHs/SAILs solution could 
be segregated and treated with immobilized enzymes to decompose SAILs, which will 
lead to precipitation of PAHs. PAHs could be separated from the water solution of SAILs 
decomposition products by filtration. The composition of SAILs hydrolysis product 
mixture can be adjusted depends on SAILs type (PyPheOCn or PyPheNHCn) and enzymatic 
system used. Water solutions of SAILs hydrolysis products could be used for resynthesis 
of initial SAILs structure, and then used in the next cycle of PAHs extraction / 
solubilization. Aqueous solutions of SAILs hydrolysis products could be excluded from the 
process and biodegraded. Thus, proposed process concept follows green chemistry 
principles [21], [112], [113] not only in process design itself, but also covers a problem of 
the fate of reagents after process completion. 

Figure 26. Application concept of pyridinium phenylalanine-derived ionic liquids in processes of 
polycyclic aromatic hydrocarbons extraction. 
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3.2 Ionic liquids structure improvement: dipeptide-based ionic liquids 
 (Publication III) 

Amino acids are prospective sustainable building blocks for designing new materials 
[117], [121], [122], [123]. To bring a new properties and functionality to existing 
molecules designed based on amino acids, the strategy inspired by nature could be used 
– extension of amino acid scaffold in the molecule. Expanding of the pyridinium
phenylalanine-derived ionic liquids application can be performed through introduction
of new amino acid fragments into basic IL structure. These changes should be supported
by understanding of relationship between compound structure and their properties.

To make the design of new amino acid-derived ionic liquids more predictable and to 
collect data about molecular fragments suitable for design of sustainable molecules, the 
several structures were considered for future study and evaluation (Figure 27). 

Figure 27. Amino acid ILs (1, 2) and dipeptide ILs (3–6) with L-phenylalanine and L-alanine moiety 
in structure. 

In current study compound 1 represents pyridinium phenylalanine-derived ionic 
liquids (PyPheOCn with n = 2), compound 2 is alanine analog of compound 1, which can 
help to clarify a role of hydrophobic substituent on toxicological properties and 
biodegradation, dipeptide ILs 3–6 will be used for determination of role of dipeptide 
fragment in IL structure. 

The first step of amino acid derived ILs biodegradation connected with hydrolysis of 
amide and ester bonds in ILs structure [19]. The hydrolysis products can then undergo 
further transformation and, in the case of biodegradable intermediates, give as final 
products CO2, H2O and N2. If persistent products are formed, their further biodegradation 
will stop and they will accumulate in the system [13], [14]. 

To avoid the formation of persistent transformation products the structure of ILs 
should be designed without problematic fragments, which after ILs hydrolysis can give 
these persistent metabolites. For the realization of this strategy the information about 
biodegradability and toxicological properties of different possible transformation products 
is critically important. The creation of such a library is one more task of this work. 



4
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Figure 28. Biodegradation pathway analysis and selection of possible transformation products [the figure was taken from Publication III]. 
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3.2.1 Analysis of ILs biodegradation pathways and selection of possible 
      transformation products and synthesis of target molecules 

The possible biodegradation pathways for ILs 1–6 are presented in Figure 29. Despite the 
variety of possible hydrolysis directions, the careful analysis of all these transformations 
demonstrated significant overlap in expected structure of transformation products (TPs). 
For example, all TPs, expected for ILs 1 and 2, could be observed also in case of 
decomposition of ILs 3–6 (see Figure 28). 

The structure of all possible transformation products for ILs 1–6 are collected in 
Figure 29. 

Figure 29. Structures of possible transformation products in processes of amino acid ILs (1, 2) and 
dipeptide ILs (3–6) biodegradation. 

The synthesis of these TPs for investigation, as well as ILs 1–6, was performed 
according to the scheme, presented on the Figure 30. The TPs 22–25 are commercially 
available and purchased from Fluorochem Ltd. Ethanol (26) was not tested and 
considered as biodegradable and not toxic, because it is normal metabolite of all living 
organisms and in conditions of modified closed bottle test (aerobic biodegradation 
testing according to OECD 301D guidelines [110]) its concentration (< 5 mg L-1) is not 
enough to demonstrate antiseptic properties [135]. 
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Figure 30. Synthesis of ILs 1–6 and their possible transformation products. 

The procedures of compounds 1–21 synthesis was evaluated according to Green 
Chemistry principles using J. Clark’s Green Chemistry metrics toolkit [25] on zero and first 
pass level. The majority of reactions give the yield, conversion, and selectivity above 90% 
(only in one case the yield and selectivity were slightly lower – 87%). Atom economy (AE) 
and reaction mass efficiency (RME) were in range 70–100% and 40–99%, correspondently. 
The optimum efficiency (OE) for most reactions was above 80%. According to classification 
[25], most of obtained values can be rated with green flag, except of several of them 
which can be rated with amber flag. Evaluation of process mass intensity (PMI) 
parameters indicates that further improvement of reactions / processes used should be 
oriented on reducing of the solvents volume in the workup steps. 

For synthesis of compounds 1–21 green (water, ethanol, ethyl acetate, acetone; [25]) 
as well as problematic solvents (e.g. DMF, DCM, diethyl ether and petroleum ether; [25]) 
were used. The usage of problematic solvents is considered as acceptable due to 
possibility of implementation of solvent recovery process with solvent recovery 
yield > 80%. 

In synthesis of target products were used only elements from supply remaining list 
marked with green or amber flags. 

By energy parameters, any from synthesis or workup steps can’t be marked with red 
flag, nevertheless for some of synthesis steps (e.g. synthesis of compounds 7, 8, 14, 15, 
16, 17) further improvements are possible – the process could be realized in flow regime 
using immobilized enzymes, which is preferable form Green Chemistry position. 

Thus, evaluation of the processes for the synthesis of compounds 1–21 using J. Clark’s 
Green Chemistry metrics toolkit [25] allows us to determine those process parameters 
that can be further improved to make the used processes greener. 

More details about application of J. Clark’s Green Chemistry metrics toolkit [25] for 
evaluation of compounds 1–21 synthesis processes are given in Publication III. 
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3.2.2 Microbial toxicity and biodegradation screening of amino acid ILs, 
      dipeptide ILs and their potential transformation products 

Toxicity screening of amino acid ILs 1 & 2, dipeptide ILs 3–6 and their potential 
transformation products 7–25 against Gram-positive and Gram-negative bacteria 
(Staphylococcus aureus spp. aureus (ATCC 29213); Staphylococcus aureus spp. aureus 
(ATCC 43300); Staphylococcus epidermis (clinical isolate); Enterococcus faecalis (ATCC 
29212); Escherichia coli (ATCC 25922); Klebsiella pneumoniae (clinical isolate); Serratia 
marcescens (clinical isolate); Pseudomonas aeruginosa (ATCC 27853)) as well as yeast 
and fungi (Candida albicans (ATCC 24433); Candida albicans (ATCC 90028); Candida 
krusei (ATCC 6258); Candida glabrata (ATCC 90030); Candida parapsilosis (ATCC 22019); 
Candida tropicalis (ATCC 750); Pichia quilliermondii (ATCC 90877); Saccharomyces 
cerevisiae (ATCC 9763); Aspergillus fumigatus (ATCC 204305); Aspergillus flavus 
(CCM 8363); Absidia corymbifera (CCM 8077); Microsporum canis (CCM8353); 
Trichophyton interdigitale (ATCC 9533)) does not indicate any toxic compound 
(with MIC < 10 µM in 24 h). Usually, for tested compounds MIC is > 2000 µM (or more 
than maximal concentration tested) in 24 h and 48 h. Some compounds (dipeptide ILs 
6 and TPs 9, 10 and 18) have demonstrated antimicrobial activity against selected strains 
of microorganisms, but, nevertheless, they can’t be classified as toxic [136], [137], [138]. 
E.g., MIC for dipeptide ILs 6 against Staphylococcus aureus spp.aureus (ATCC 29213)
was 125 / 500 µM (24 h/48 h), against Staphylococcus aureus spp.aureus (ATCC 43300) –
500 / 500 µM (24 h/48 h), against Staphylococcus epidermis (clinical isolate) – 1000 /
2000 µM (24 h/48 h), Enterococcus faecalis (ATCC 29212) – 2000 / > 2000 µM (24 h/48 h),
Escherichia coli (ATCC 25922) – 1000 / 1000 µM (24 h/48 h), Klebsiella pneumoniae
(clinical isolate) – 2000 / 2000 µM (24 h/48 h); for other Gram-positive / Gram-negative
bacteria, and all yeast and fungi tested dipeptide ILs 6 did not show any toxicity effects
at maximal concentration used for testing.

TPs 9, 10 and 18 sometimes demonstrate activity against selected yeast and fungi 
strains (but not against Gram-positive / Gram-negative bacteria) with MIC 1000 – 2000 µM. 

Based on the toxicological data obtained, it is expected that the toxicological 
properties of compounds 1 – 25 will not influence the results of the biodegradability tests 
of these compounds in the Closed bottle test (CBT) performed in compliance with 
recommendations of the OECD 301 D protocol [110]. 

Absence of influence of tested compounds on microorganisms in inoculum, used for 
CBT, was verified and confirmed for each tested compounds within special “toxicity 
series”, which was always carried out in parallel with the main experiment (Figure 31). 

In the current study the standard Closed bottle test (OECD 301 D protocol) was 
extended up to 42 days (instead of standard 28 days) following recommendations from 
[19]. 

Results of biodegradability testing of compounds 1–25 in modified CBT (OECD 301 D 
protocol) are collected in the Table 9. 
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Table 9. Results of biodegradability testing of compounds 1–25 in modified CBT (OECD 301 D 
protocol). 

Comp. 
number 

Conc. in 
CBT, µM 

10-day-window analysis
D% 

14 days 
D% 

28 days 
D% 

42 days 
Start 
day 

Start 
D% 

End 
D% 

ΔD% 

1 7.8 6 11±2 45±4 34 43 ± 6 64 ± 3 66a ± 3 

2 12.0 2 13±1 20±1 7 22 ± 1 25 ± 2 30 ± 1 

3 5.2 5 11±2 55±6 44 52 ± 4 76 ± 1 84 ± 1 

4 6.8 2 16±1 59±14 38 61 ± 14 83 ± 8 91 ± 5 

5 6.8 4 12±4 26±16 14 26 ± 16 52 ± 4 73 ± 4 

6 9.8 13 10±5 36±11 26 13 ± 6 46 ± 7 61 ± 5 

7 9.2 5 31±1 46±2 15 46 ± 2 65 ± 6 66a ± 6 

8 15.6 19 16±7 41±5 25 7 ± 3 40 ± 6 43a ± 4 

9 12.0 2 26±2 48±3 22 51 ± 3 60 ± 5 61 ± 3 

10 26.0 4 42±1 66±1 24 66 ± 1 73 ± 1 74 ± 1 

11 22.3 2 11±1 16`±2 5 17 ± 2 61 ± 16 93 ± 3 

12 15.6 5 50±4 58±1 8 54 ± 1 65 ± 2 74b ± 4 

13 52.1 2 26±9 36±1 10 34 ± 1 48 ± 1 62b ± 3 

14 5.8 4 22±2 34±1 12 34 ± 1 46 ± 2 49 ± 2 

15 7.8 4 20±1 39±11 19 39 ± 11 56 ± 2 62 ± 3 

16 7.8 4 17±10 27±11 10 27 ± 11 41 ± 9 45 ± 10 

17 12.0 6 11±1 19±4 8 18 ± 4 40 ± 1 48 ± 1 

18 6.8 3 11±1 43±1 32 45 ± 1 59 ± 4 60 ± 3 

19 9.8 2 12±4 49±1 37 51 ± 1 66 ± 4 67 ± 7 

20 9.8 4 17±1 53±1 36 53 ± 2 71 ± 2 75 ± 1 

21 17.4 4 16±1 52±1 36 52 ± 1 73 ± 2 80 ± 1 

22 7.8 2 12±1 50±1 38 52 ± 1 68 ± 1 68 ± 1 

23 12.0 4 35±1 62±1 27 62 ± 1 71 ± 1 73 ± 1 

24 12.0 4 35±1 51±2 16 51 ± 2 57 ± 2 59 ± 2 

25 26.0 4 26±1 35±1 9 35 ± 1 57 ± 1 64 ± 1 
a 33 days, b 37 days 

Figure 31. Biodegradation curve for compound 4 (L-Phe-L-Ala IL) with quality control, measured 
and calculated toxicity control curves (representative example; 10-day-window is indicated by two 
vertical dashed lines). 
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IL 1, synthesized based on amino acid L-phenylalanine, demonstrated ca. 2 times 
higher biodegradability compared with L-alanine-based IL 2 (64% vs 25% after 28 days 
incubation time; Table 9) and according to OECD 301 D requirements [110] can be 
considered as biodegradable. Obtained results confirm that presence of hydrophobic 
phenyl fragment makes IL 1 more preferable substrate for biodegradation, than much 
less hydrophobic IL 2. Introduction of second amino acid residue into initial IL structure 
helps significantly improve biodegradability: after 28 days incubation time dipeptide ILs 
3, 4, 5, 6 demonstrate biodegradability 76 %, 83 %, 52 % and 46%, correspondently. 
In extended CBT test (42 days incubation time) all studied dipeptide ILs pass 60% 
threshold for biodegradable compounds, prescribed by OECD 301 D [110]. Important to 
note, that position of L-phenylalanine fragment in dipeptide IL has a big influence on IL’s 
biodegradability. IL 4 (Py+-Phe-Ala IL) with phenylalanine fragment connected to charged 
pyridinium ring compared with its isomer IL 5 (Py+-Ala-Phe IL), which has alanine 
fragment connected to charged pyridinium ring, shows after 28 days on ca. 30 % higher 
biodegradability and pass 60% threshold. Compound 4 according to 10-day-window 
criteria is very close to requirements for readily biodegradable molecules (a molecule 
could be classified as ready biodegradable if it shows at least 60% biodegradability in 
10 day window after reaching of 10 % degradation [19], [110]) while IL 5 is quite far from 
this limit. 

Analysis of Figure 28 is sown that IL 1 could give TPs 7, 9, 11, 12, 26; IL 2 – TPs 8, 10, 
11, 13, 26; IL 3 – TPs 7, 9, 11, 12, 14, 18, 22, 26; IL 4 – TPs 7, 10, 11, 12, 13, 15, 19, 23, 26; 
IL 5 – TPs 8, 9, 11, 12, 13, 16, 20, 24, 26; IL 6 – TPs 8, 10, 11, 13, 17, 21, 25, 26. 

In extended CBT test the overwhelming majority of these TPs demonstrate 
biodegradability more or close to 60 %. Only for selected TPs biodegradability was in 
range 40-60% (Table 9). 

The analysis of biodegradability data for TPs 7–25 confirms, that introduction of L-
alanine fragment can bring more problematic products compared with compounds, 
designed based on L-phenylalanine residues. 

3.3 Functionalization of sustainable SAILs: design and new applications 
(Publication I and Publication II) 

Introduction of new functional groups into the compounds structure is a prospective way 
to bring a new functionality to the molecule. This strategy was widely used last years for 
design of advanced materials [139]. Functionalization of surfactant molecules with 
functional groups, which can participate in protolytic equilibria in solution, helps to 
create pH-responsible supramolecular systems with tunable properties [88], mixed 
polyelectrolyte / surfactant composites [89] and enzyme-like micellar hydrolytic systems 
[75], [88]. In all these cases the surfactant molecules were functionalized with oxime 
moiety, which, from one side, can initiate the changes in aggregates structure due to 
ability to dissociate depends on pH [88], from other side, it can be transformed to very 
reactive nucleophilic species (oximate ions are high reactive α-nucleophiles, which 
demonstrate outstanding reactivity in acyl group transfer processes [75], [88]). 
Combination of these properties makes oxime group very attractive as a candidate for 
introduction to SAILs structure and future testing of obtained functionalized SAILs for 
different applications. 
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3.3.1 Objects selection, structure variation and synthesis of oxime- 
          functionalized SAILs 
The most convenient place for introduction of oxime moiety into L-phenylalanine-derived 
SAILs structure is a pyridinium ring, because corresponding pyridine derivatives 
(pyridinium aldoximes), which is necessary for synthesis of target compounds, are not 
expensive and commercially available products. The variation of oxime group position in 
pyridinium ring can help to evaluate the influence of this factor on the compounds 
properties and functionality. To increase the stability of oxime derivatives in alkali 
solutions it makes sense to substitute the ester bond, presented in initial SAILs structure, 
on amide bond. To evaluate the role of amino acid fragment structure, L-phenylalanine 
residue in the L-phenylalanine-derived functionalized SAILs (4-PyPheC8) was substituted 
on L-alanine fragment (4-PyAlaC8) and compared with compound (4-PyC8), which does 
not contain amino acid fragment in the structure. All target products were synthesized 
with C8H17 alkyl substituent, which based on available literature data [17], [18], [19] could 
be considered as an optimal for such type of surfactants (Figure 32). 

Figure 32. Objects selection and structure variation for oxime-functionalized SAILs. 

The target oxime-functionalized SAILs were synthesized according to common synthetic 
scheme, presented on the Figure 33. 

Figure 33. Synthesis of the target oxime-functionalized SAILs. 
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3.3.2 Protolytic equilibria in solutions of oxime-functionalized SAILs 
Determination of pKa values for oxime-functionalized SAILs in different conditions 
(including presence of different types of co-surfactants) is an important step in rational 
design of supramolecular systems on their basis. 

The protolytic equilibria in solutions of oxime-functionalized SAILs could be described 
with scheme, presented on the Figure 34. Oxime moiety can dissociate in solution and 
transforms to oximate anion, which is α-nucleophile [75], [88]. Also, deprotonation of 
oxime group changes a molecule total charge, which could have an influence on 
aggregates formation in SAILs solution. 

Figure 34. The protolytic equilibria in solutions of oxime-functionalized SAILs. 

In current study pKa values of oxime-functionalized SAILs were determined for 
individual compounds and for their comicelles with cationic gemini surfactants (12-4-12 
and 16-10-16) and anionic surfactant SDS (Figure 35) by spectrophotometric technique 
(Figure 36). 

Figure 35. The structures of surfactants 12-4-12, 16-10-16 and SDS. 

Figure 36. Representative absorption spectra and plots at two selected wavelength for individual 
SAIL 4-PyPheC8 (a) and for system 4-PyPheC8 / 16-10-16 (b) at different pH values; 27 °C. 

The obtained pKa values are collected in the Table 10. For individual oxime-functionalized 
SAILs pKa values increase slightly in the series 4-PyC8 ≈ 4-PyAlaC8 > 4-PyPheC8, which 
could be connected with realization of π-π stacking between phenyl ring in phenylalanine 
and pyridinium core for 4-PyPheC8. Impotent to notice, that studied oxime-
functionalized SAILs in comicelles with cationic surfactants 12-4-12 and 16-10-16 do not 

a b 
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demonstrate difference in pKa values (most probably due to interaction of phenyl ring of 
4-PyPheC8 with positively charged ammonium fragments of co-surfactants used). This
assumption is also confirmed an observation of regularity 4-PyC8 ≈ 4-PyAlaC8 > 4-PyPheC8
in pKa values for comicelles with SDS, which is similar to regularity for individual
oxime-functionalized SAILs. SDS due to negative charge cannot interact with phenyl ring
of 4-PyPheC8. SDS as co-surfactant, in general, makes dissociation of oxime group of
oxime-functionalized SAILs less preferable, which affects on pKa values.

Table 10. pKa values of oxime-functionalized SAILs in the absence and in the presence of 
co-surfactants; 27 °C, [D]0= 10 mM. 

Compound Medium pKa 
pKa,app (in presence of co-surfactants)b 

12-4-12 16-10-16 SDS 

4-PyC8 Water 8.08 8.21 8.22 8.93 

4-PyAlaC8
25% (v/v) 

Ethanol-Water 
8.12 8.27 8.24 8.82 

4-PyPheC8
25% (v/v) 

Ethanol- water 
8.48 8.21 8.25 9.25 

3-PyPheC8
25% (v/v) 

Ethanol- water 
9.00 – 9.21 – 

2-PyPheC8
25% (v/v) 

Ethanol- water 
7.89 8.01 7.98 9.40 

4-PAM
Water (1M 

KCl) 

8.61 ± 
0.04a 

– – – 

3-PAM
Water (1M 

KCl) 

9.51 ± 
0.06a 

– – – 

2-PAM
Water (1M 

KCl) 

8.04 ± 
0.05a 

– – – 

Notes: a – literature data [140], [141]; b – water; CMC of 12-4-12 is 1.17 mM [142], 16-10-16 is 0.051 mM 
[143] and SDS is 8.2 mM [144]. 

The regularities in changes of pKa values for oxime-functionalized SAILs with different 
positions of oxime group in pyridinium ring (2-PyPheC8 > 4-PyPheC8 > 3-PyPheC8) 
remains unchanged both for solutions of individual SAILs and for their co-micelles with 
cationic surfactant 16-10-16. This regularity represents the classical influence of electronic 
effects of substituents on the functional group [133] and follows the trend for 
methylpyridinium aldoximes (2-PAM > 4-PAM > 3-PAM) know from the literature [140], 
[141] (structures of methylpyridinium aldoximes are presented on the Figure 37).

Figure 37. Structure of methylpyridinium aldoximes. 
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3.3.3 Aggregation properties of mixed systems oxime-functionalized 
 SAIL / 16-s-16 surfactants 

For detailed investigation of aggregation properties of mixed systems oxime-functionalized 
SAIL / co-surfactant were selected 4-PyC8 (Figure 32) as representative examples of 
oxime-functionalized SAILs and two cationic gemini surfactants 16-s-16 with s = 10 and 
12 (Figure 38). 

Figure 38. Structure of cationic gemini surfactants 16-s-16. 

The aggregation properties of 4-PyC8 / 16-s-16 systems were characterized using 
standard approaches – tensiometry, conductivity and fluorescence techniques – and 
obtained results are summarized in the Table 11. 

The critical micelle concentration for mixed 4-PyC8 / 16-s-16 systems significantly 
decreases compared with CMC of individual 16-s-16 surfactants. The effect of 4-PyC8 
introduction on CMC values is mostly connected with decreasing of the electrostatic 
repulsion of positively charged head groups of 16-s-16 surfactants due to incorporation 
of 4-PyC8 molecules between 16-s-16 molecules in comicelles. Counter ion dissociation 
(α), surface pressure at CMC (πCMC), surface excess parameters (Γmax), aggregation 
numbers (Nagg) and Stern–Volmer constants (KSV) are decreasing, minimum surface area 
per molecule (Amin) and surface tension at CMC (γCMC) with increasing of contents (wt%) 
of the functionalized IL 4-PyC8 in 4-PyC8 / 16-s-16 comicelles. 

The Gibbs energy parameters (ΔG(s)
min, ΔG°m, ΔG°m,tail, ΔGads, ΔG°trans) indicate, that 

formation of aggregates in solutions for studied systems is energetically favorable process 
and they are thermodynamically stable. 

Investigation of 4-PyC8 / 16-s-16 systems using NMR and IR methods does not indicate 
any specific interaction in comicelles. It means that for these systems the main driving 
force of aggregates formation is non-specific hydrophobic interactions (like in case of 
“classical” micelles [57], [58]).



5
5

 

Table 11. Physico-chemical properties of the systems gemini surfactants 16-s-16 / 4-PyC8 with different contents (wt%) of the functionalized IL 4-PyC8 at 300 K. 

      References: [145], [146], [147]



56 

3.3.4 Biodegradability of oxime-functionalized SAILs 
The biodegradability of oxime-functionalized SAILs was evaluated using Closed bottle 
test (OECD 301 D protocol [17], [110]). Compounds 2-PyPheC8 / 3-PyPheC8 / 4-PyPheC8 
does not demonstrate significant difference in biodegradability depends on position of 
oxime group in pyridinium ring and moderately biodegradable (Table 12). Compared with 
biodegradability of ester non-functionalized compound PyPheOC10, biodegradability of 
oxime-functionalized L-phenylalanine-derived SAILs is lower, but extended CBT 
demonstrated that these compounds could be considered as inherently biodegradable 
amphiphiles. 

Table 12. Results of biodegradability testing of oxime-functionalized SAILs in CBT (OECD 301 D 
protocol). 

Structures 
Standard CBT: 

D% 28 days 
Extended CBT: 

D% 42 days 

4-PyC8 4 11 

4-PyAlaC8 9 19 

2-PyPheC8 24 37 

3-PyPheC8 20 34 

4-PyPheC8 25 39 

PyPheOC10 36 [17] – 

The biodegradability of oxime-functionalized SAILs decreases in direction Phe > Ala > 
> non-amino acid derivative. This tendency is similar to tendency, observed for dipeptide 
ILs (see Chapter 3.2): introduction of amino acid fragments improves biodegradability of 
compounds; introduction of L-phenylalanine fragment is more preferable compared with 
L-alanine fragment, because L-phenylalanine derivatives are more biodegradable.

3.3.5 Application of oxime-functionalized SAILs: organophosphates 
   decomposition 

Oxime-functionalized surfactants demonstrate outstanding efficiency in reactions of 
toxic organophosphates cleavage [75], [88]. Oxime-functionalized SAILs, which have 
similar structure and properties, should also demonstrate high nucleophilic reactivity and 
could be tested in scope of application in organophosphates decomposition processes. 

These tests were performed for representative example of studied SAILs – 4-PyC8 – in 
reaction of 4-nitrophenyl diphenyl phosphate (PNPDPP) nucleophiclic decomposition 
(Figure 39). 

Figure 39. PNPDPP decomposition with nucleophilic reagents. 

The reaction was performed at two different pH – 8.4 and 9.0. Taking into account the 
value of ionization constant for 4-PyC8 (pKa = 8.08), the deprotonation degree of the 
oxime group in these conditions is 0.66 and 0.89, correspondently. The elevated reaction 
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rates with increasing deprotonation degree of the oxime group (Figure 40 and Table 13) 
clearly indicates that reactive species in studied reaction is oximate ion. Important to 
notice that observed rate constant for 4-PyC8 at pH 9.0 (0.0177 s–1) is higher than 
observed rate constants for oxime functionalized surfactants with similar head group 
structure (but with alkyl chain C10–C16) in the same reaction condition (the maximal 
reported value is 0.0162 s-1 [148]). 

Table 13. Decomposition of p-nitrophenyl diphenyl phosphate (PNPDPP) in the presence of  
4-PyC8 ([PNPDPP] = 0.5 mM; 27 °C).

[4-PyC8], mM 
kobs∙103, (s-1) 

pH = 8.4 pH = 9.0 

0 0.76 5.72 

0.5 2.57 9.27 

1.0 5.44 13.30 

3.0 11.10 17.70 

5.0 9.67 15.90 

Figure 40. Dependencies of observed pseudo-first order rate constants (kobs, s-1) from 
[4-PyC8]0 for reaction of PNPDPP decomposition; water, 27   C̊; [PNPDPP] = 0.5 mM [the figure was 
taken from Publication I] 

The second order rate constant k2
m for decomposition of PNPDPP in micellar 

pseudophase with oximate ion can be calculated from kinetic data using equation (19) 
for hydrophobic substrates from Chapter 1.3.5 (binding constant KS of PNPDPP is 
≥ 104 M-1 [148]): 

 )/V()/V( M

M

2M

'

2max, kkkobs

Obtained k2
m values are 6.7 M−1 s−1 for pH 8.4 and 7.9 M−1 s−1 for pH 9.0. 

In optimal concentration condition the half-life times of PNPDPP in presence of 4-PyC8 
are 62 s (pH 8.4) and 40 s (pH 9.0), which corresponds to best examples of such reagents 
known from literature [75], [148]. 
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3.3.6 Application of oxime-functionalized SAILs: interaction of mixed systems 
   4-PyC8 / 16-10-16 with Promethazine 

Oxime-functionalized surfactants can form not only pH-responsive mixed self-assembly 
aggregates with other amphiphilic molecules [75], [88], but also supramolecular 
complexes with polymers [89] and pharmaceuticals [149]. The possibility to interact with 
pharmaceuticals is very important because it could be used for analytical purposes 
(detection / identification of target molecules) [7], [66], [67], [71] or for design of drug 
specific delivery systems [70], [74]. 

In current study we investigate interaction of mixed systems 4-PyC8 / 16-10-16 with 
phenothiazine drug Promethazine (PMZ; Figure 41) using dynamic light scattering and 
zeta potential measurements. 

 

 
 

Figure 41. Structure of phenothiazine drug Promethazine (PMZ). 

 
The gemini surfactant 16-10-16 in solution without additives in concentration 1 mM, 

which is significantly higher than CMC (in ca. 35 times, see Table 11), forms aggregates 
with mean hydrodynamic diameter 124 nm (Table 14). This size based on literature  
date [150] most probably reflected the intermicellar aggregates. Introduction of 
Promethazine in concentration 0.01 mM to studied system increase aggregate size to 
approximately 270 nm. The additives of 4-PyC8 to the system (16-10-16 : PMZ) initiate 
aggregates reorganisation (Table 14; Figure 42): in presence of 0.1 wt% 4-PyC8 two type 
of aggregates (210 nm and 825 nm) formed; the future increasing of 4-PyC8 content to 
0.5 wt% and then to 1.0 wt% gives aggregates with diameter 182 nm and then with  
1.4 nm. All of these dramatic structural changes are accompanied by only relatively small 
changes in zeta potential (Table 14). 

 
Table 14. Aggregate size d (nm) as a size distribution by number and zeta potential in the presence 
of various concentrations of the IL 4-PyC8 in the drug PMZ and the gemini 16-10-16 surfactant 
solution. 

System Composition 
Aggregate Parameters 

d (nm) Zeta Potential, ξ (mV) 

16-10-16 (1 mM) 124 (105–164) 22.6 

16-10-16 + PMZ (0.01 mM) 270 (220–395) 24.8 

16-10-16 + PMZ + 0.1 wt% 4-PyC8 
210 (165-255) 

825 (615–1105) 
24.1 

16-10-16 + PMZ + 0.5 wt% 4-PyC8 182 (142–220) 20.6 

16-10-16 + PMZ + 1.0 wt% 4-PyC8 1.4 (1.1–1.8) 23.7 
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Figure 42. Aggregates size distribution (by numbers) obtained from DLS for various concentrations of 
the IL 4-PyC8 in drug PMZ and gemini surfactant 16-10-16 [the figure was taken from Publication I]: 
(a) 16-10-16 (without additives), (b) 16-10-16:PMZ, (c) 16-10-16:PMZ:0.1 wt% IL 4-PyC8,  
(d) 16-10-16:PMZ:0.1 wt% IL 4-PyC8 [distribution by volume, for information], (e) 16-10-16:PMZ:0.5 
wt% IL 4-PyC8 and (f) 16-10-16:PMZ:1.0 wt% IL 4-PyC8. 

 
A significant diversity in aggregates size depends on 16-10-16 : PMZ : 4-PyC8 system 

composition indicate presence of strong specific interaction between system 
components. Due to absence of specific interaction in system 16-10-16 : 4-PyC8, which 
was confirmed by NMR and IR studies (see Chapter 3.3.3; NMR and IR spectra and their 
detailed discussion are presented in the Publication II), the most probable participants 
of specific interactions are PMZ and 4-PyC8. Also, specific interactions in similar system 
were reported in [149]. 

The structural transitions in 16-10-16 : PMZ : 4-PyC8 system could be used as 
analytical response in design of selective systems for detection of phenothiazine drugs 
(and, potentially, other biologically important molecules) in different objects (final dosage 
forms, biological liquids, pharmaceutical wastes, etc.). 

 

3.4 Design of acetylcholinesterase reactivators based on sustainable 
ionic liquids (Publication V) 

The one of important and widely used group of pesticides is organophosphates 
(parathion, dimethoate, paraoxon, etc.; Figure 43) [151]. Their use in modern agriculture 
helps to protect plants and save significant amounts of harvest [152]. Unfortunately, 
organophosphates usage is always connected with risks of agricultural workers 
poisoning. According to recently published review the number of unintentional pesticide 
poisoning is approximately 740000 cases per year [153]. Also, some most toxic 
organophosphates (sarin, soman, VX, Novichok agents, etc.; Figure 43) are used as 
chemical warfare agents [154], [155] and number of incidents with these compounds 
increases last years [155], [156], [157], [158], [159]. 
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Figure 43. Structure of typical toxic organophosphates. 

The toxic properties of organophosphates connected with their ability to inactivate 
acetylcholinesterase (AChE) – enzyme, which plays a key role in nerve impulse 
transmission [155], [160]. In case of organophosphates poisoning the one of critical task 
in poisoning treatment is to restore acetylcholinesterase activity [155]. It is possible with 
specific antidotes, so-called acetilcholinesterase reactivators [91], [92], [93], [155] 
(Figure 44). These compounds are able to remove organophosphate residue from active 
site of AChE and restore acetylcholinesterase activity (reactivate AChE). 

 
 

 

Figure 44. Structure of typical AChE reactivators, used in clinical practice. 

Pyridinium phenylalanine-derived ionic liquids PyPheOCn were synthesized from 
renewable source (amino acid L-phenylalanine) using green chemistry approach [17]. 
They demonstrate low toxicity against different Gram-positive and Gram-negative 
bacteria, yeast and fungi [17], non-toxic to aquatic organisms [18] and are biodegradable 
[19]. Due to structural similarity to conventional AChE reactivators [91], [92], [93], [155] 
(see Figure 45), these compounds could be used as a molecular platform for design of 
new sustainable antidotes for organophosphates poisoning treatment. 
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Figure 45. Structure comparison of typical AChE reactivators and sustainable pyridinium 
phenylalanine-derived ionic liquids (PyPheOCn). 

3.4.1 Strategy of design, structure variation and synthesis of sustainable AChE 
          reactivators 
The structure comparison of typical AChE reactivators and sustainable pyridinium 
phenylalanine-derived ionic liquids, presented on Figure 45, demonstrates, that the most 
simple way to use the phenylalanine-derived ionic liquid based molecular platform for 
design of new sustainable antidotes is the introduction of oxime group in pyridinium ring 
of PyPheOCn compounds (Figure 46). 

 

 
 

Figure 46. Strategy of design of cholinesterase reactivators using sustainable ionic liquid-based 
molecular platform. 

 

The alternative way of phenylalanine-derived ionic liquid based molecular platform 
modification oriented on increasing of molecular platform stability to hydrolysis 
(Figure 46): amide bond is introduced instead of ester bond between phenylalanine 
residue and alkyl chain, and only after that functionalization of pyridinium ring is 
performed. The further development of this direction of structural modification is 
variation of fragment between alkyl chain and acetylpyridiniym fragment in the molecule 
to clarify the role of this component on compounds properties. 

Following the strategy, presented on the Figure 46, the four types of compounds 
(Figure 47) were selected for synthesis and future investigation. 
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Figure 47. Cholinesterase reactivators based on sustainable ionic liquid molecular platforms: target 
structure for synthesis. 

 
Selected compounds (Figure 47) were synthesized according to general synthetic 

scheme, presented on the Figure 48. 
 

 
 

Figure 48. Synthesis of the target cholinesterase reactivators based on sustainable ionic liquids 
molecular platforms. 

3.4.2 Properties evaluation of new sustainable AChE reactivators in silico 
Before start of experimental studies of new sustainable AChE reactivators, presented on 
the Figure 46, their properties were evaluated in silico to identify possible problematic 
objects on early stage of project realization. 

For all target molecules (Figure 47) pKa values, log Po/w and BBB scope (blood-brain 
barrier permeability parameters) were evaluated for two possible compounds forms 
(cationic [cat] and zwitter-ionic [zw]; see also Figure 34) using on-line predictors 
Molinspiration (www.molinspiration.com), VCCLAB (www.vcclab.org) [161], 
www.cbligand.org and Chemicalize (www.chemicalize.com). 

http://www.molinspiration.com/
http://www.vcclab.org/
http://www.cbligand.org/
http://www.chemicalize.com/
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The best correlation for dependencies “log Po/w – BBB score” were obtained for 
combination of VCCLAB predictor (for log Po/w) with predictor www.cbligand.org / 
fingerprint PubChem (for BBB score) (Figure 49 a) and only these results (Table 15) were 
used for further analysis and evaluation. All other combinations of online predictors and 
/ or fingerprints do not give any satisfactory results (Figure 49 b). 

 

    
 

Figure 49. Dependencies of BBB score values on log Po/w obtained with different on-line predictors 
and fingerprints used: a – predictor www.vcclab.org (for log Po/w) and www.cbligand.org (for BBB 
score; fingerprint PubChem); b – predictor www.molinspiration.com (for log Po/w) and 
www.cbligand.org (for BBB score; fingerprints PubChem & MACCS). 

 
In general, cationic and zwitter ionic forms of the same compound demonstrate 

similar log Po/w (Table 15). Compounds b (2-substetuted derivatives) have highest 
changes in log Po/w compared with non-functionalized analogs (compounds a). The changes 
in hydrophobicity of compounds c & d (3- & 4-substetuted derivatives) compared with 
compounds a are less significant. 

BBB score values (Table 15) do not demonstrate sensitivity to either the introduction 
of the oxime group into the IL structure or its position on the pyridine core. Also, cationic 
and zwitter ionic forms of the same compound have comparable BBB score. 

For all calculated cases BBB score is classified as (BBB+). It means that compounds 
Type 1 – Type 4 in both forms (cationic and zwitter-ionic) expected to cross blood – brain 
barrier, which is very important for compounds therapeutic effects [155]. 
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Table 15. Parameters pKa, log Po/w and BBB scope for ILs Types 1 – Type 4, obtained using 
Chemicalize, VCCLAB and www.cbligand.org (fingerprint PubChem) on-line tools. 

Compound 
pKa 

(Chemicalize) 

log Po/w 
(VCCLAB) 

BBB score 
(www.cbligand.org) 

Cationic form 
Zwitter-ionic 

form 
Cationic form 

Zwitter-ionic 
form 

1a – -1.8 – 0.224 – 
1b 6.72 -1.31 -1.34 0.21 0.22 
1c 7 -1.81 -1.68 0.221 0.23 
1d 7.87 -1.82 -1.79 0.226 0.235 

2a – -1.69 – 0.213 – 
2b 6.69 -0.93 -0.89 0.147 0.158 
2c 6.98 -1.26 -1.33 0.138 0.148 
2d 7.87 -1.46 -1.27 0.143 0.153 

3a – -0.36 – 0.145 – 
3b 6.66 -0.02 0.22 0.092 0.103 
3c 6.98 -0.34 -0.32 0.088 0.1 
3d 7.87 -0.5 -0.47 0.088 0.1 

4a – 0.11 – 0.098 – 
4b 6.61 0.35 0.7 0.046 0.062 
4c 6.98 0.25 0.29 0.04 0.056 
4d 7.87 0.06 0.17 0.04 0.056 
4e 7.87 * -1.09 -0.92 0.03 0.049 

Notes. * Value corresponds to pKa of oxime fragment; calculated pKa of carboxylic group in 4e is 
3.16. 

 

Possibility to be AChE reactivators were accessed for representative examples of 
studied compounds – functionalized ionic liquids 3d, 4d, and their potential 
transformation product 4e – using molecular docking studies. The docking was 
performed inside active site of AChE blocked with different types of organophosphates 
(HssAChE-GB, HssAChE-VX and HssAChE-PON). The model of active site was constructed 
based on corresponding crystallographic data, available in RSCB PDB Protein Data Bank 
(http://www.rcsb.org/pdb/home/home.do) under codes 2Y2V (for HssAChE-GB), 6CQZ 
(for HssAChE-VX) and 5HF9 (for HssAChE-PON). The docking protocol was validated using 
re-docking result obtained for HI-6 inside HssAChE-PON. 

The docking calculations for 3d, 4d, and 4e were performed for all species, which could 
be present at physiological pH. The conclusion about possibility of corresponding species 
formation was done based on corresponding pKa values, calculated with Chemicalize 
(https://chemicalize.com/; see Table 15). 

The docking results for each compound (3d, 4d, and 4e) inside HssAChE-GB,  
HssAChE-VX and HssAChE-PON are presented in the Table 16 and Figure 50. Obtained 
data confirm that compounds 3d, 4d, and 4e are effectively interact [162], [163] with 
HssAChE-GB, HssAChE-VX and HssAChE-PON active sites and potentially can be AChE 
reactivators. 

Performed in silico studies do not indicate any potential problems and allows to 
precede further steps of new sustainable oxime-functionalized ionic liquids testing as 
AChE reactivators.

http://www.cbligand.org/
http://www.cbligand.org/
http://www.rcsb.org/pdb/home/home.do
https://chemicalize.com/
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Table 16. Best docking results for compounds 3d, 4 d and 3e on HssAChE-GB, HssAChE-VX and HssAChE-PON. 
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Figure 50. Best docking poses of the compounds 3d, 4 d and 3e on HssAChE-GB, HssAChE-VX and 
HssAChE-PON [the figure was taken from Publication V]. 

3.4.3 Toxicological properties of new sustainable AChE reactivators 
In vitro toxicity screening for all studied compounds was performed using several 
different organisms / cell lines: 

- Gram-positive bacteria (Staphylococcus aureus subsp. Aureus [ATCC 29213]; 
Staphylococcus aureus subsp. aureus methicillin resistant [ATCC 43300]; Staphylococcus 
epidermidis [HK6966, 112-2016, dialysis tube, University Hospital Hradec Králové, 
Institute of Clinical Microbiology]; Enterococcus faecalis [ATCC 29212]); 
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- Gram-negative bacteria (Escherichia coli [ATCC 25922]; Klebsiella pneumoniae [HK 
11750, 64-2016, urine catheter tube, University Hospital Hradec Králové, Institute of 
Clinical Microbiology]; Serratia marcescens [clinical isolate, 163-2016, University Hospital 
Hradec Králové, Institute of Clinical Microbiology], Pseudomonas aeruginosa [ATCC 
27853]); 

- fungi (Candida albicans [ATCC 24433]; Candida albicans [ATCC 90028]; Candida 
krusei [ATCC 6258]; Candida glabrata [ATCC 90030]; Candida parapsilosis [ATCC 22019]; 
Candida tropicalis [ATCC 750]; Pichia quilliermondii [ATCC 90877]; Saccharomyces 
cerevisiae [ATCC 9763]; Aspergillus fumigatus [ATCC 204305]; Aspergillus flavus [CCM 
8363]; Absidia corymbifera [CCM 8077]; Microsporum canis [CCM 8353]; Trichophyton 
interdigitale [ATCC 9533]); 

- mammalian cells (Chinese hamster ovary cell line CHO-K1). 
 

Among all tested compounds only certain examples demonstrate moderate toxicity 
against bacteria and fungi, but the main part of them do not show any toxicity effects up 
to 2 mM (maximal concentration of tested compounds, used in the study). 

Influence of compounds Type 1 – Type 4 on the mammalian cells viability was 
evaluated using CHO-K1 cell line. The toxicity effects were observed only for 
concentrations more than 3 mM (Table 17), which is significantly higher, then expected 
concentration of these compounds in blood in case of treatment [164]. 

 
Table 17. The effect of compounds Type 1 – Type 4 on the mammalian cell viability (CHO-K1 cell line). 

Compound IC50 
a (mM ± SEM) Compound IC50 

a (mM ± SEM) 

1a 19.2 ± 0.4 b 3a 4.9 ± 0.9 b 

1b 10.8 ± 0.3 b 3b >10 c 

1c 7.1 ± 0.7 b 3c 7.5 ± 0.7 c 

1d 9.9 ± 0.5 c 3d 3.2 ± 0.6 c 

2a 63.9 ± 12.3 b 4a 4.0 ± 0.2 b 

2b 5.9 ± 1.3 b 4b 3.8 ± 0.2 c 

2c 24.7 ± 7.8 b 4c 3.7 ± 0.6 c 

2d >10 c 4d 6.2 ± 0.7 c 

– – 4e >10 c 

Notes. a Mean ± SEM (mM); b n=2; c n=3. 

 

3.4.4 Biodegradability studies of new sustainable AChE reactivators 
In Closed bottle test (OECD 301 D protocol [110]) after 28 days among all ILs tested only 
non-functionalized compound 4a demonstrate significant biodegradability (Table 18). 
Exchange of ester bond in 4a on amide fragment (compound 3a) as well as introduction 
of oxime group in any position of pyridinium ring (compounds 4b, 4c, 4d) dramatically 
decreases biodegradability. 
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Table 18. Biodegradability of compounds Type 1 – Type 4 and their potential transformation products 
in Closed bottle test (OECD 301 D protocol). 

Compound 
Biodegradabilty (D%), 

28 days 
Compound 

Biodegradabilty (D%), 
28 days 

1a 4 4a 49* 

1b 4 4b 11 

1c 0 4c 13 

1d 0 4d 18 

2a 3 4e 13 

2b 9 BuNH2∙HCl 66 

2c 7 Butylamide of 
L-Ala∙HCl 

20 
2d 0 

3a 0 Butylamide of 
L-Phe∙HCl 

62 
3b 8 

3c 8 Butyl ester of 
L-Phe∙HCl 

99 
3d 9 

Notes. * Literature data [17]; biodegradability reaches 72 % after extension of CBT to 42 days 
[19]. 

 

Despite low biodegradation values compounds Type 1 – Type 4 could be effectively 
biodegraded if a combination of approaches is applied: according to results, presented 
in Chapter 3.1, ionic liquid PyPheNHC4 (which is compound 3a) could be completely 
hydrolyzed using commercially available immobilized enzyme P13 with formation of 
pyridinium acetic acid, L-phenylalanine and butylamine (see Figure 24 from Chapter 3.1). 
Pyridinium acetic acid (corresponds to TP # 11 from the Chapter 3.2, Figure 29),  
L-phenylalanine (corresponds to TP # 12 from the Chapter 3.2, Figure 29) and possible 
hydrolysis semi-products (corresponds to TPs # 7 from the Chapter 3.2, Figure 29 and 
butylamide of L-phenylalanine hydrochloride from the Table 18) are biodegradable 
(biodegradability after 28 days is 61 %, 65 %, 65% and 62%, correspondently; see Table 9 
in Chapter 3.2.2 and Table 18). Butylamine is also biodegradable (66% after 28 days; see 
Table 18). It means that after enzymatic pre-treatment of 3a solutions obtained 
hydrolysis mixture contains only products, which could be completely biodegraded 
(Figure 51). This approach combination could be also extended on other studied ILs. 

 

 
 

Figure 51. Combination of enzymatic pre-treatment with further hydrolysis products biodegradation. 
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3.4.5 Reactivation efficacy of oxime-functionalized ILs towards AChE inhibited  
          by sarin, VX and paraoxon 
Reactivation capacity of studied oxime-functionalized ILs was evaluated in vitro towards 
human recombinant AChE inhibited by sarin (GB), VX and paraoxon (PON). As reference 
compounds two conventional antidotes (2-PAM and obidoxime) were used. Obtained 
results are summarized in the Table 19. Compounds, functionalized with oxime group in 
position 4 of pyridinium ring, in most cases demonstrate higher reactivation capacity 
compared with 2 and 3-substituted derivatives. Introduction of L-alanine residue 
(compounds Type 2) does not bring any significant advantages compared with 
compounds Type 1 (which do not contain an amino acid residue in the structure), 
however introduction of L-phenylalanine fragment (ILs Type 3 and Type 4) helps to 
significantly improve reactivation capacity, especially for sarin- and VX-inhibited AChE. 

 

Table 19. Reactivation capacity of oxime-functionalized ILs and conventional antidotes towards  
OP-inhibited AChE. 

# 
Sarin (10 µM) VX (10 µM) Paraoxon (10 µM) 

Compound 
(100 µM) 

Compound 
(10 µM) 

Compound 
(100 µM) 

Compound 
(10 µM) 

Compound 
(100 µM) 

Compound 
(10 µM) 

1b 0.22 0.23 1.09 2.26 1.8 1.1 

1c 0.94 0.25 0.62 0.22 1.54 1.46 

1d 2.99 0 7.58 2.12 4.15 2.02 

2b 1.61 1.27 0.33 0.17 0.21 0.48 

2c 3.15 0 2.32 1.65 1.63 1.28 

2d 2.11 0 5.26 1.52 2.65 0 

3b 0 0 1.16 0 0 0 

3c 0 0 0 0 0 0 

3d 8.66 0 18.5 3.17 2.91 0 

4b n.d. n.d. n.d. n.d. n.d. n.d. 

4c n.d. n.d. n.d. n.d. n.d. n.d. 

4d 9.91 1.32 10.9 0 1.48 0 

4e 1.22 1.02 1.45 0 0 0 
2-PAM 32.9 10.0 11.4 2.81 19.3 2.53 

Obidoxime 33.73 11.57 17.05 5.54 70.26 34.66 

Notes. n.d. – reactivation cannot be measured due to full inhibition of the enzyme by given 
compound. 

 
Among tested compounds oxime-functionalized ionic liquids 3d and 4d demonstrate 

activity in reaction with sarin- and VX-inhibited AChE, which is comparable to activity of 
conventional antidotes 2-PAM and obidoxime (in case of VX-inhibited AChE compound 
3d gives even the best result). It allows you to select 3d and 4d, and their potential 
transformation product 4e, for further, more detailed studies and confirms that 
sustainable ionic liquids-based molecular platform could be successfully used for design 
of new acetylcholinesterase reactivators. 
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3.4.6 Stability of selected oxime-functionalized ILs in human blood plasma 
Investigation of compounds stability in human blood plasma is an important step in their 
assessment as potential pharmaceuticals. This property is directly connected with 
lifetime of molecules in blood and possible duration of therapeutic effects [165]. 

In human blood plasma compounds 3d and 4d could be decomposed (hydrolyzed) 
with formation of products, presented on the Figure 52. 

 
 

 
Figure 52. Hydrolysis of compounds 3d and 4d. 

 
Important to notice that activity in processes of OP-inhibited AChE reactivation for 

hydrolysis product 4e, which can form from 3d and 4d, is much lower than activity of 
non-hydrolysed molecules (see Table 19). It indicates that 3d and 4d decomposition in 
human blood plasma could affect the observed effects. 

The stability of 3d and 4d in human blood plasma was evaluated within 2 h incubation 
time with control by LCMS. Compound 3d does not show significant degradation, 
whereas compound 4d demonstrated low plasma stability and was almost fully 
decomposed within 60 min (Figure 53). This property of 4d is in contrast to compound 
3d and can be explained by the presence of an ester bond in the molecule 3d (which is 
much more reactive [133]). 
 
 

 
 

Figure 53. Stability study in human blood plasma for compounds 3d and 4d. 
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4 Conclusions 

Based on pyridinium phenylalanine-derived ionic liquids were developed sustainable 
systems for different practical applications. Initial structures were successfully modified 
and adopted for solving different specific practical tasks. 

 
The main results of the present work are: 

• efficiency of pyridinium phenylalanine-derived ionic liquids in solubilization of 
polycyclic aromatic hydrocarbons was demonstrated; 

• concept of sustainable process for polycyclic aromatic hydrocarbons extraction 
using pyridinium phenylalanine-derived ionic liquids was proposed; 

• possible ways of structure improvement for pyridinium phenylalanine-derived 
ionic liquids were evaluated and justified; 

• structure-properties relationship for structural fragments of amino acid derived 
ionic liquids was determined and the fragments library for future use in design 
of sustainable ionic liquids was created; 

• functionalized surfactants based on pyridinium-derived ionic liquids were 
designed and investigated with focus on application of these compounds in 
processes of toxic organophosphates decompositions and compounds detection; 

• new sustainable acetylcholinesterase reactivators based on pyridinium-derived 
ionic liquids were designed, synthesized and studied. 

 
The high flexibility and big potential for further improvement of used ionic liquid-based 

molecular platforms are demonstrated. 
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5 Experimental 

Reagents and materials. The commercially available chemicals were purchased from 
Merck, Sigma Aldrich, Alfa Aesar, or TCI Europe and used without further purification. 
The synthesis of other required chemicals were performed using standard synthetic 
approaches. The structures of synthesized compounds were characterize using different 
NMR techniques (1H, 13C, 1H-1H, 1H-13C and other), mass-spectroscopy, IR and elemental 
analysis. Results of compounds characterisation are presented in corresponding 
publications. Reagents and materials (e.g., 16-s-16 gemini surfactants, 
organophosphorous compounds, microorganisms strains, cell lines, etc.), provided / 
used by partner’s laboratories, were properly identified and characterized. 

 

NMR spectroscopy. For NMR studies Bruker Avance III 400 MHz spectrometer 
operating at 400 MHz for 1H NMR and 101 MHz for 13C NMR was used. The tested 
samples were prepared in deuterated water (D2O), chloroform (CDCl3), methanol 

(CD3OD) or dimethyl sulfoxide (DMSO‑d6). The deuterated solvents were purchased 

from Deutero GmbH (Germany). In publications the chemical shifts δ were reported in 
ppm (parts per million), coupling constants (J) were measured in Hertz (Hz). As an internal 
standard TMS or residual signal of solvents were used. For NMR studies of enzymatic 
hydrolysis products water suppression method was applied. 

 

Mass spectroscopy. The identification of compounds with HRMS method was 
performed using Agilent 6540 UHD Accurate-Mass Q-TOF LC/MS G6540A Mass 
Spectrometer. 

 

Melting points determination. For melting points determitation, the Stuart SMP40 
apparatus was used. The melting point analysis performed with 2 °C per minute ramp, 
results reported in °C. 

 

Conductivity. Conductivity measurements were performed with Systronics (Type 304) 
digital conductivity meter. Used conductivity cell had the cell constant 1.01 cm−1.  
For calibration of conductivity cell standard solutions of potassium chloride (KCl) across 
a 0.01 M to 0.1 M concentration range was used. 

 

Surface Tension Measurements. Determination of surface tension was performed by 
Du Noüy ring detachment method using a KYOWA automatic surface tensiometer  

(DY-300). For tensiometer calibration Millipore water (72 mN‧m−1 at 300 K) was used. 

The platinum ring was decontaminated with flame after each measurement. 
 

Fluorescence Measurements. The fluorescence spectra were recorded using 
spectrophotometer Cary Eclipse Fluorescence (Agilent Technology). 

 

FTIR Spectroscopy. The FTIR spectra were measured on a Bruker-ECO-ATR Model-i55 
FTIR Spectrophotometer in the spectral range of 4000–400 cm−1 at 298 K. 

 

Dynamic Light Scattering. Dynamic Light Scattering studies were used to get 
information about the hydrodynamic diameter, size distribution and zeta potential of the 
aggregates in solutions. All measurements were performed using Zetasizer Nano 
instrument (Malvern) with a He-Ne laser (633 nm, 10 mW; θ = 173°). For data acquisition 
and processing Malvern DTS Software ver. 7.11 was used. 
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Antibacterial and antifungal activity screening. The antibacterial and antifungal 
activity were performed according to EUCAST (The European Committee on 
Antimicrobial Susceptibility Testing) recommendations [136], [137], [138]. 

 

Inoculum for aerobic biodegradation testing. The inoculum for aerobic biodegradation 
testing was taken from Paljassaare municipal wastewater treatment plant (Tallinn, 
Estonia; 59°27'55.5"N 24°42'08.8"E). Before using in aerobic biodegradation tests 
inoculum was filtered through a cellulose filter (Grade 1, pore size 11 μm). 

 

Aerobic biodegradation testing. Aerobic biodegradation testing was performed 
according to OECD 301D guidelines using modified closed bottle test (CBT) [110]. 
Biological oxygen consumption was controlled by optode oxygen sensor system with 
PTFE-lined PSt3 oxygen sensor spots (Fibox 3 PreSens, Regensburg, Germany). 

 

UV–Visible spectroscopy. UV-Vis spectroscopy was used for studies of solubilization 
capacity, determination of acid dissociation constant (pKa) and reaction kinetics 
monitoring. The measurements were carried out on Cary 60 UV–Vis (Agilent 
Technologies) and JASCO V-730 spectrophotometers. Methodology of solubilization 
capacity determination is described in [131]. Determination of acid dissociation 
constants (pKa) performed using spectrophotometric method described by Albert and 
Sergeant [166]. Kinetic studies methodology is described in [75], [83], [88]. 

 

pH measurements. The pH values were controlled using pH meter Eutech pH 700 with 
Inlab@ Expert Pro glass electrode (accuracy of ± 0.01 units). Calibration of pH meter was 
performed by two-point calibration method with standard buffer solutions. 

 

Compounds hydrophobicity and BBB penetration ability calculartions.  
The hydrophobicity (log Po/w) of studied compounds was calculated using on-line 
cheminformatics tools: Molinspiration Cheminformatics free web services, Slovensky 
Grob, Slovakia (www. molinspiration.com), and VCCLAB (www.vcclab.org; [161]).  
Blood-Brain Barrier Predictor (www.cbligand.org; version 0.9) was used for BBB score 
calculations. 

 

Molecular docking studies. Information about the spatial structure of AChE and AChE-
inhibitor complexes, required for docking studies, was taken from RSCB PDB Protein Data 
Bank (http://www.rcsb.org/pdb/home/home.do) and UniProt Data Bank 
(https://www.uniprot.org/). The model validation of was performed using the server 
PDBSum (www.ebi.ac.uk/pdbsum/). The three-dimensional structures of studied oxime 
were built with PC Spartan Pro® software [167]. Protonation equilibria for studied 
molecules at physiologic pH (7.4) were accessed using Chemicalize 
(https://chemicalize.com/) software. Docking energies were calculated using the 
Molegro Virtual Docker (MVD)® software [168]. 

 

In vitro cell viability assessment. In vitro cell viability assessment was performed in 
ECACC recommended conditions. Procedure is described in detailes in [169]. As a model 
mammalian cells the CHO-K1 cell line (Chinese hamster ovary, ECACC, Salisbury, UK) was 
used. 

 

In vitro stability testing in human blood plasma. The stability testing protocol is 
described in [170]. For in vitro tests human plasma Human Pooled Plasma (Batch S00G71, 
Biowest, France) was used. The monitoring of tested compods stability was performed 

http://www.rcsb.org/pdb/home/home.do
https://www.uniprot.org/
http://www.ebi.ac.uk/pdbsum/
https://chemicalize.com/
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using LC-MS system consisting of UHLPC Dionex Ultimate 3000 RS coupled with a Q 
Exactive Plus orbitrap mass spectrometer (Thermo Fisher Scientific, Bremen, Germany). 

 

AChE reactivation assay. In all tests human recombinant AChE was used. Evaluation of 
AChE reactivation assay was performed according to protocol from [171], [172]. 
 

Additional experimental details are provided in Publications I–V. 
 

Compounds numbers in the PhD Thesis correspond to compounds numbers in 
Publications I–V. 
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Abstract 

Structure Modification and Applications of Sustainable Ionic 
Liquids-Based Molecular Platforms 

The development of sustainable chemicals is crucial for mitigating environmental impact 
while meeting industrial and societal needs. In this context, amino acids have emerged 
as prospective building blocks for designing sustainable chemicals due to their inherent 
biocompatibility and versatility. Pyridinium phenylalanine-derived ionic liquids (ILs) 
exemplify a group of sustainable products developed in accordance with green chemistry 
principles. These ILs serve as promising molecular platforms that can be modified to 
address various practical challenges. 

The present work focuses on the development and adaptation of sustainable ionic 
liquids-based molecular platforms for diverse practical applications. 

Performed studies confirm efficiency of tested pyridinium phenylalanine-derived ILs 
in polycyclic aromatic hydrocarbons (PAHs) solubilisation processes and make possible 
to propose a concept of a sustainable process for PAH extraction using these ILs. 
Additionally, potential ways for structure improving were evaluated. 

A series of dipeptide ILs with L-phenylalanine and L-alanine fragments were 
synthesized and analyzed for their biodegradability, providing insights into the design of 
sustainable chemicals using amino acid moieties as a next step of ionic liquids-based 
molecular platforms improvement. The library of structural fragments for future design 
of sustainable chemicals was established. 

Furthermore, oxime-functionalized surface active ILs were designed and investigated 
for applications in processes of toxic organophosphates decomposition and 
pharmaceuticals detection. 

Sustainable acetylcholinesterase reactivators based on ionic liquids-based molecular 
platforms were designed, synthesized, and studied. The one of obtained compounds – 
(S)-1-(2-((1-(butylamino)-1-oxo-3-phenylpropan-2-yl)amino)-2-oxoethyl)-4-((hydroxy-
imino)methyl) pyridin-1-ium bromide – was shown to reveal remarkable activity against 
the AChE inhibited by VX, exceeding conventional reactivators 2-PAM and obidoxime. 

Overall, this research demonstrates the grate potential of amino acid-derived ILs as 
sustainable molecular platform for designing environmentally friendly chemicals, with 
applications ranging from pollutant remediation to pharmaceuticals. The findings 
contribute to the growing body of knowledge on green chemistry approaches and offer 
insights into the development of sustainable solutions for various industrial and 
environmental challenges. 
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Lühikokkuvõte 

Jätkusuutlike ioonvedelikepõhiste molekulaarsete 
platvormide struktuuri muutmine ja rakendused 

Jätkusuutlike keemiliste ainete arendamine on kriitilise tähtsusega keskkonnamõjude 
leevendamiseks ning tööstuse ja ühiskonna vajaduste rahuldamiseks. Sellest 
vaatenurgast on aminohapped osutunud paljutõotavateks ehitusplokkideks 
jätkusuutlike kemikaalide kavandamisel nende loomuliku bioühilduvuse ja 
mitmekülgsuse tõttu. Püridiiniumfenüülalaniinist saadud ioonvedelikud (IL-id) on näide 
jätkusuutlikest toodetest, mis on välja töötatud rohelise keemia põhimõtete kohaselt. 
Need IL-id toimivad paindliku molekulaarse platvormina, mida saab kohandada erinevate 
praktiliste probleemide lahendamiseks. 

Käesolev töö keskendub jätkusuutlike ioonvedelikpõhiste molekulaarsete 
platvormide arendamisele ja kohandamisele mitmesuguste praktiliste rakenduste jaoks. 
Teostatud uuringud kinnitavad püridiiniumfenüülalaniinist saadud IL-ide efektiivsust 
polütsükliliste aromaatsete süsivesinike (PAH-ide) lahustumisprotsessides ja võimaldavad 
pakkuda lähenemist jätkusuutlikuks PAH-ide ekstraktsiooniks nende IL-ide abil. Lisaks 
hinnati potentsiaalseid viise struktuuri parandamiseks. 

Sünteesiti ja analüüsiti L-fenüülalaniini ja L-alaniini fragmentidega dipeptiidi IL-e 
nende biolagundatavuse hindamiseks, andes ülevaate jätkusuutlike kemikaalide 
kavandamisest aminohappemoodulite abil, mis on järgmine samm ioonvedelikpõhiste 
molekulaarsete platvormide täiustamisel. Koostati struktuurifragmentide raamatukogu 
tulevaste jätkusuutlike kemikaalide disainiks. 

Lisaks kavandati ja uuriti oksiim-funktsionaliseeritud pindaktiivseid IL-e, et rakendada 
neid toksiliste organofosfaatide lagundamise ja ravimite tuvastamise protsessides. 

Töö käigus kavandati, sünteesiti ja uuriti jätkusuutlikke atsetüülkoliinesteraasi 
reaktivaatoreid, mis põhinevad ioonvedelikpõhistel molekulaarsetel platvormidel. Üks 
saadud ühenditest – (S)-1-(2-((1-(butüülamino)-1-okso-3-fenüülpropaan-2-üül)amino)-2- 
oksoetüül)-4-((hüdroksü-imino) ) metüül)püridiin-1-ium bromiid – näitas märkimisväärset 
aktiivsust VX-ga inhibeeritud AChE suhtes, ületades tavalisi reaktivaatoreid 2-PAM ja 
obidoksiim. 

Kokkuvõtteks demonstreerib see teadustöö aminohappest saadud IL-ide suurt 
potentsiaali jätkusuutlike molekulaarsete platvormidena keskkonnasõbralike kemikaalide 
kavandamisel, mille rakendused ulatuvad reostuse likvideerimisest ravimiteni. Leiud 
aitavad kaasa rohelise keemia lähenemisviiside laiemale arengule ja pakuvad ülevaadet 
jätkusuutlike lahenduste arendamisest erinevates tööstuslikes ja keskkonnaprobleemides. 
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Appendix 2 

Publication II 

Pandya, S.J.; Kapitanov, I.V.; Banjare, M.K.; Behera, K.; Borovkov, V.; Ghosh, K.K.; 
Karpichev, Y. Mixed oxime-functionalized IL/16-s-16 Gemini surfactants system: 
physicochemical study and structural transitions in the presence of promethazine as a 
potential chiral pollutant. Chemosensors 2022, 10, 46 
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Appendix 3 

Publication III 

Kapitanov, I.V.; Raba, G.; Špulák, M.; Vilu, R.; Karpichev, Y.; Gathergood, N. Design of 
sustainable ionic liquids based on L-phenylalanine and L-alanine dipeptides: Synthesis, 
toxicity and biodegradation studies. J. Mol. Liq. 2023, 374, 121285 
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È�
:N�<=>?A�ZGà8c
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*0$*$871(+1&*9$?6&)*9$8799@1*+1,$36('70(+07)0$MF$E�F��G$�C,$61180JKKL7&"7)=K$MF"BBHFK?6('70(+07)0MFF�FF�C"$��H Z"a"$#*+j*)(,$a"$#(6()*,$["a"$#*+j*)(,$A"$-*+L(5,$a"a"$O6706,$V"$a*)8&?6(S,$Z79(?@9*)$&+1()*?1&7+0$\(1U((+$+7S(9$05+16(0&_(L$\&7L(=)*L*\9($&7+&?$9&]@&L0$U&16$*+1&L(8)(00*+1$L)@=,$36('"$.6()'7L5+"$.6()'*9$/+*95"$BI�$E�F�MG,$MFFFM�,$61180JKKL7&"7)=KMF"MFMCKj"?11*"�F�M"MFFFM�"$�NF V"$a*)8&?6(S,$b"̀"$a*8&1*+7S,$T"$O*16()=77L,$P"$A7@W@8,$̀"$2(8+*)7S*,$<"$!@+,$a"$a@?*,$/?(159?679&+(01()*0($)(*?1&S*17)0$\*0(L$7+$7Q&'(̂>@+?1&7+*9&_(L$\&7L(=)*L*\9($&7+&?$9&]@&L0,$Z&9$Z(L$[(0$XD$EXXG$E�FMXG$XD,$0@88"$M G"$�NM Z"."$O*)?&*,$b"$[&\70*,$;"$-()(_,$/"$Z*+)(0*,$Y"$37'(99(0,$A(9>̂*00('\95$*+L$*+1&'&?)7\&*9$*?1&S&15$7>$97+=̂?6*&+$*'&L(̂>@+?1&7+*9&_(L$&7+&?$9&]@&L0$&+$*]@(7@0$079@1&7+,$37997&L0$A@)>"$#$#&7&+1()>*?(0$M�B$E�FM�G$BMXIB�N,$61180JKKL7&"7)=K$MF"MFMCKj"?790@)>\"�FM�"FH"FBB"$�N� b"̀"$.(1W7,$!"$O*01(&=(),$["$.7L(0?6&+&,$/"$Z*@)&,$<"$;&S&+=017+(,$-"$4)19,$̀"$/"$-*95@9&+,$4"̀"$[*L?6(+W7,$T"A"$%(i)7S,$/"A"$Z*W*)(+W7,$̀"V@$.*+?6@W,$̀"$"̀$-)7W78(+W7,$̀&)1@*9$?7'8@1*1&7+*9$?6('&01)5$9*\7)*17)5$I$L(0&=+$*+L$L(0?)&81&7+,$!"$37'8@1"$/&L(L$Z79"$<(0"$MH$E�FFNG$�NBI�CB,$61180JKKL7&"7)=K$MF"MFFDK0MFX��̂FFN̂XCH�̂5"$�NB -3$A-/[./T$-)7$Z79(?@9*)$Z7L(9&+=$>7)$16($<(0W178,$36('&?*9$e$4+=&+(()&+=$T(U0$/)?6&S("$S79"$DD$EMHHHG$�"$61180JKKL7&"7)=KMF"MF�MK?(+̂SFDD+FMD"8FF�"$�N� O"#"$[7?6*,$["P"$Y)(&)(,$/"Z"$A&'*0,$!"!"-"$A1(U*)1,$[ZMJ$*$)(8*)*'(1()&_*1&7+$7>$/ZM$>7)$2,$3,$T,$P,$-,$A,$Y,$39,$#),$*+L$b,$!"$37'8@1"$36('"$�D$E�FFCG$MMFMIMMMM,$61180JKKL7&"7)=KMF"MFF�Kj??"�F��N"$�NN 3"$;&+L=)(+,$T"$Y7)0=)(+,$T"$2701(),$3"$/W>@),$4"$/)1@)007+,$;"$4LS&+007+,$["$AS(+007+,$Y"$:7)(W,$Y"$4W01)q7',$/"$;&+@007+,$#)7*L̂08(?1)@'$*+1&L71($<&0?7S()5$\5$@+1*+=9&+=$16($)(*?1&S*1&7+$'(?6*+&0'$7>$+()S(̂*=(+1̂&+6&\&1(L$*?(159?679&+(01()*0(,$36('"$4@)$!"$�X$E�F��G,$61180JKKL7&"7)=KMF"MFF�K$?6('"�F��FFCDX"$�NC 2"Z"$;((,$["$/+L)50,$!"$!7+?_5W,$a"$a&',$/"O"$̀&06*W*+1(=7UL*,$<"$Z*9&+*W,$/"$AW*)W*,$Z"$A?6'&L1,$Z"$̀*0W7S*,$a"$;*1W*,$Z"$#*jL*,$V"̂A"$!@+=,$#"$Z*9*U0W*,$a"$Z@0&9(W,$-5)&L&+&@'�̂̂?*)\*9L7Q&'(0$U&16$]@&+79&+&@'$?*)\7Q*'&L($'7&(15$*)($0&'@91*+(7@0$)(*?1&S*17)0$7>$*?(159?679&+(01()*0($*+L$\@15)59?679&+(01()*0($&+6&\&1(L$\5$+()S($*=(+1$0@))7=*1(0,$!"$4+_5'"$b+6&\"$Z(L"$36('"$BC$E�F�MG$�BDI��H,$61180JKKL7&"7)=KMF"MFXFKM�DNCBCC"�F�F"MXCHHN�"$�ND a"$̀*+7''(09*(=6(,$4"$2*1?6(),$3"$/?6*)5*,$A"$a@+L@,$A"$%67+=,$!"$A6&',$4"$<*)&*+,$P"$O@S(+?6,$-"$;78(0,$b"$̀7)7\57S,$/"<"$Z*?W()(99,$32/[ZZ$=(+()*9$>7)?($i(9LJ$*$>7)?($i(9L$>7)$L)@=̂9&W($'79(?@9(0$?7'8*1&\9($U&16$16($32/[ZZ$*99̂$*17'$*LL&1&S($\&797=&?*9$>7)?($i(9L0,$!"$37'8@1"$36('"$E�FFHG,$61180JKKL7&"7)=K$MF"MFF�Kj??"�MBCD"$T/̂T/"$�NX ["$.67'0(+,$Z"2"$36)&01(+0(+,$Z79<7?W,$/$+(U$1(?6+&]@($>7)$6&=6̂*??@)*?5$'79(?@9*)$L7?W&+=,$!"$Z(L"$36('"$�H$E�FFCG$BBMNIBB�M,$61180JKKL7&"7)=K$MF"MF�MKj'FNMMHD("$�NH <(1()'&+*1&7+$7>$'&+&'@'$&+6&\&17)5$?7+?(+1)*1&7+0$EZb30G$7>$*+1&\*?1()&*9$*=(+10$\5$\)716$L&9@1&7+,$39&+"$Z&?)7\&79"$b+>(?1&7+$H$E�FFBG,$61180JKKL7&"7)=K$MF"MF�CKj"M�CĤFCHM"�FFB"FFDHF"Q$&QIQS"$�CF 4R3/A.$<4YbTb.b̀4$<P3RZ4T.$4<4Y$D"B"M,$Z(167L$>7)$16($<(1()'&+*1&7+$7>$#)716$<&9@1&7+$Z&+&'@'$b+6&\&17)5$37+?(+1)*1&7+0$7>$/+1&>@+=*9$/=(+10$>7)$V(*010,$�MFD""$�CM 4R3/A.$<4YbTb.b̀4$<P3RZ4T.$4<4Y$H"B"M,$Z(167L$>7)$16($<(1()'&+*1&7+$7>$#)716$<&9@1&7+$Z&+&'@'$b+6&\&17)5$37+?(+1)*1&7+0$7>$/+1&>@+=*9$/=(+10$>7)$37+&L&*$Y7)'&+=$Z7@9L0,$�FMD""$�C� <"$Z*9&+*W,$["$<79(_*9,$!"$Z*)(W,$A"$A*9*jW7S*,$P"$A7@W@8,$Z"$̀(j07S*,$!"$a7)*\(?+5,$!"$27+(=),$Z"$-(+6*W(),$a"$Z@0&9(W,$a"$a@?*,$Ĉ25L)7Q5]@&+79&+&@'$0*910$L&>>()&+=$&+$16($9(+=16$7>$*9W59$0&L(̂?6*&+J$05+16(0&0$*+L$*+1&'&?)7\&*9$*?1&S&15,$#&77)="$Z(L"$36('"$;(11$��$E�FM�G$N�BXIN��M,$61180JKKL7&"7)=KMF"MFMCKj"$\'?9"�FM�"FH"FCF"$�CB O"$a*)*\*+7S&?6,$!"$[76,$P"$A7@W@8,$b"$-f*SW7Sf*,$Z"$-*0L&7)7Sf*,$̀"$.*'\7),$!"$A179*m)sW7Sf*,$Z"$̀(j07Sf*,$a"$̀f*S)7Sf*,$̀"$a9&'(m07Sf*,$/"$2)*\f*9(W,$.(1)*_79($)(=&7&07'()0$&+$16($L(S(978'(+1$7>$+&1)7$=)7@8̂?7+1*&+&+=$*+1&1@\()?@9*)$*=(+10,$Z(L36('37''$C$E�FMNG$MD�IMXM,$61180JKKL7&"7)=KMF"MFBHK3�Z<FFBFM#"$�C� P"$A7@W@8,$!"$a7)*\(?+5,$<"$Z*9&+*W,$4"$T(87S&'7S*,$T";"$-6*',$a"$Z@0&9(W,$Z"$2)*\&+7S*,$̀"$2(8+*)7S*,$["$<79(_*9,$-"$-*S(W,$-"$!701,$."$a7\)97S*,$!"$!*+W7?W7S*,$;"$O7)(?W&,$Z"$-071W*,$."<"$T=@5(+,$a"$#7Q,$#"$P@16U*&1(,$Z"$3(?W7S*,$/"$A7)>,$<"$!@+,$a"$a@?*,$b+$S&1)7$*+L$&+$0&9&?7$(S*9@*1&7+$7>$+7+̂$]@*1()+*)5$)(*?1&S*17)0$7>$/364$*0$*+1&L71(0$7>$7)=*+78670867)@0$87&07+&+=$̂$*$+(U$678($7)$*$\9&+L$*99(5p$Z(L"$36('"$M�$E�FMXG$�XMI�H�,$61180JKKL7&"7)=K$MF"�MD�KMNDB�FC�M�CCCMXFMM�MFNCND"$�CN "̀$Y&+=(),$."$a@?()*,$["$a*>W7S*,$;"$Z@?W7S*,$["$<79(_*9,$!"$a@\(0,$Z"$T7S*W,$;"$-)?6*9,$;"$;*W*170,$Z"$/+L)0,$Z"$25'8*+7S*,$!"$Z*)(W,$Z"$a@>*,$̀"$A8&U7W,$P"$A7@W@8,$4"$Z(_(&7S*,$!"$!*+7@0(W,$;"$T(S70*L7S*,$Z"$#(+W7S*,$["["/"$a&107+,$Z"$a)*1W5,$A"$#t70_(,$a"$Z&W@07S*,$["$2*)1W77)+,$!"$[76,$!"$a7)*\(?+5,$�,Ĉ$<&0@\01&1@1(L$D̂E+*8616*9(+̂�̂59'(1659ĜD2̂8@)&+(0$*0$*$+(U$?9*00$7>$871(+1$*+1&1@\()?@9*)$*=(+10$&+6&\&1&+=$<8)4M,$4@)"$!"$Z(L"$36('"$�NX$E�F�BG,$MMNCMM,$61180JKKL7&"7)=KMF"MFMCKj"(j'(?6"�F�B"MMNCMM"$�CC !"$Y)&(L)&?6,$/"$;q*+=&+,$a"$an''()(),$37'8*)&07+$7>$*+$(9(?1)7?6('&?*9$*+L$9@'&+(0?(+?(̂\*0(L$7Q5=(+$'(*0@)&+=$0501('$>7)$@0($&+$16($\&7L(=)*L*\&9&15$1(01&+=$*??7)L&+=$17$?970(L$\7119($1(01$EP43<$BFM<G,$39(*+$�M$E�FMBG$�NMI�ND,$61180JKKL7&"7)=KMF"MFF�K?9(+"�FMMFFNNX"$�CD P43<,$P43<$.(01$O@&L(9&+(0$>7)$36('&?*90,$MHH�"$�CX O";"$499'*+,$a"<"$37@)1+(5,$̀"$/+L)(0,$["Z"$Y(*16()017+(,$/$+(U$*+L$)*8&L$?797)&'(1)&?$L(1()'&+*1&7+$7>$*?(159?679&+(01()*0($*?1&S&15,$#&7?6('"$-6*)'*?79"$D$EMHCMG$XXIHN,$61180JKKL7&"7)=KMF"MFMCKFFFĈ�HN�ECMGHFM�N̂H"$�CH <"$!@+,$;"$Z@0&97S*,$a"$Z@0&9(W,$a"$a@?*,$uv$wxyz{$*\&9&15$7>$?@))(+195$*S*&9*\9($7Q&'(0$17$)(*?1&S*1($7)=*+7867086*1($8(01&?&L(̂&+6&\&1(L$6@'*+$*?(159?679&+(01()*0($*+L$\@15)59?679&+(01()*0(,$b+1"$!"$Z79"$A?&"$M�$E�FMMG$�FDDI�FXD,$61180JKKL7&"7)=KMF"BBHFK&j'0M�FB�FDD"$
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