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Abstract

Ionic liquids (ILs) are considered to be an excellent substituent of organic solvents,
commonly used nowadays. However, introducing new classes of compounds always attends
with possibility of environmental threat and health issues they may induce.

This work was aimed at examining, which structural features of ILs are responsible for
their toxicity. There are examples of structure-activity relationship models for ILs in the
literature. However, in our approach, we have analysed this issue globally, for a wide range of
ionic liquids and their toxicity measured by multiple toxicological tests (multiple endpoints).

We have collected the experimentally measured available literature data on toxicity of
ILs for various organisms. Then, by employing Principle Component Analysis (PCA), we
examined structural similarity of 375 different ionic liquids having six different types cations
(namely: imidazolium, ammonium, phosphinium, pirydinium, pyrolidinium and sulfonium).
For expressing the structural features of studied ILs we used Weighted Holistic Invariant
Molecular (WHIM) descriptors, calculated for cations and anions separately. Geometry of
each structure was optimized at the level of semi-empirical PM7 method. Toxicological
response was thereafter analyzed in the space of the first and second principle components.

We pointed out that for most of the tested cases, there is a strong relationship between
the variance in observed toxicity and the cations’ descriptors. We also proved the anions’
influence on ILs toxicity to be less meaningful. After repeating PCA using only the cations’
descriptors we proved that the toxicity of ILs against selected targets, depends mostly on the
size and branching of the cation. On this basis, we have proposed a Toxicity Ranking Index
based on structural similarity of Cations (TRIC) for initial toxicity screening studies of ILs. It
should be mentioned however, that the use of TRIC is limited to the prediction of toxicity
endpoints used to its development. The use of TRIC as a preliminary toxicity indicator would

provide a general view on ILs’ toxicological potential and its predictions may provide
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26  valuable conclusions, which, taken under consideration, may help to simplify the procedure of
27  designing new greener and safer ionic liquids in future.
28

29  Keywords: toxicity, ionic liquids, Principle Component Analysis, TRIC



30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

Green Chemistry

1. Introduction

Ionic liquids (ILs) form an exciting group of chemical substances that have a great
potential to improve the development of organic chemistry and chemical technology." * These
compounds may be applied as solvents in various chemical processes including synthesis',
catalysis’ and biocatalysis®, separation techniques, etc.” Moreover, they can be used as
electrolytes in many products of novel technology.® Currently used ionic liquids are usually
composed of large and asymmetrical cations and smaller inorganic or organic anions. ILs
have a unique array of physiochemical properties that make them suitable in numerous
applications in which conventional organic solvents are not sufficiently effective or not

applicable.

Ionic liquids are often referred to be “green solvents”, but the opinion has been
nowadays questioned. According to the current studies, ionic liquids exhibit toxicity to
bacteria,” green algae,8 mammalian cells,’” duckweed'® and freshwater crustacean (Daphnia
magna).11 Moreover, ILs were considered as environmentally friendly because of their
negligible vapor pressure. Although they cannot be spread in the air, many of them offer some
level of water solubility, even in case of hydrophobic compounds.'* * Therefore, ILs can be
transported in the environment through water and soil. They may enter the aquatic
environment by accidental spills or effluents. Physiochemical properties that make ILs of
great industrial interest (i.e. thermal stability, high chemical persistence), may be also
responsible for potential problems with degradation and/or persistence in environment.'
Thus, it becomes necessary to examine the potential negative impact of ILs on human and
other organisms health and the possibility of transport of these compounds in the
environment, their interaction with the components of soils and sediments and their stability

or susceptibility to degradation processes.

The unlimited possibility of modifying the structure of cation and anion of a given
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ionic liquid delivers a countless number of potential derivatives having different toxicological
activities and physicochemical properties. Experimental studies for such a large set of
chemicals are very time-consuming and expensive, thus it is impossible to conduct a
comprehensive evaluation of risk for those chemicals. In this case, computational methods
such as multivariate explorative chemometric techniques could be used, as an alternative to
expensive experiments. The methods may be employed to perform chemical screening and
obtain a ranking, according to the studied phys/chem properties, reactivity, and/or activity.
There are already many contributions describing the relationship between the structure
of ionic liquids and its toxicity using QSAR (Quantitative Structure-Activity Relationship)
approach.'** Each of them brings an evaluated tool for predicting ILs toxicity against one,
specific target, by estimating the concentration of IL (so-called endpoint), that causes specific
response of tested target (e.g., concentration of ILs causing death of 50% of tested bacteria E.
coli). This proves that the ILs toxic potential depends strongly on its structure. Based on this,
we decided to perform more extensive analysis, aimed at examining, whether the structure of
ionic liquids determines their toxic behaviour globally and, if positive, which particular
structural features are responsible for IL’s toxicity in general, for all the studied endpoints.
Such conclusions would be particularly useful for designing new, greener and safer ILs.
Powered by the obtained results, we have proposed a simple Toxicity Ranking Index based on

structural similarity of Cations (TRIC) to be used for further toxicity screening studies of ILs.

2. Methodology

2.1. Ionic liquids
This study was performed based on a set of 375 ionic liquids. The selection was based
on availability of experimental data, obtained from a single experiment, or few measurements

conducted under the same conditions (preferably, by the same experimentalists). Particular
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ionic liquids differed by both cation and anion (Figure 1). The studied ILs had six different
types cations (namely: imidazolium, ammonium, phosphinium, pirydinium, pyrolidinium and
sulfonium), and 64 different anions. All studied 375 liquids are listed in Supplementary

Material.

[Insert Figure 1 about here]

2.2 Experimental data

Toxicity data for ILs, experimentally measured for nine different endpoints (Table 1),
were collected from the available sources (databases and publications). We ensured that all
results within series of given ILs’ toxic concentrations have been obtained with use of the
same protocol, with the same experiment condition. This was important, because of the need
of eliminating unnecessary additional variance in the dataset. Detailed data collected for ionic
liquids used in this project are available in Supplementary Material. It’s worth noting that the

experimental data have not been available for about 79% of the studied ILs.

Table 1. Toxicological tests investigated in this study along with the endpoints and numbers
of ionic liquids, for which data were collected

Toxicological test Endpoint ~ Number of  References
ILs
Acetylcholinesterase inhibition test EC50A 236 19,2426
Vibrio fischeri illumination inhibition test ECs" 57 2629
Escherichia coli growth inhibition test Mmic? 89 0
Pseudokirchneriella subcapitata growth inhibition test ECs," 10 *
Scenedesmus vacuolatus reproduction inhibition test ECso" 38 20,2829
Rat cell line IPC-81viability test ECso" 242 19,24:27,35.36
Human cell line HeLa viability test ECso" 21 ¥
Human cell line MCF?7 viability test IC50C 13 38
Daphnia Magna immobilization test ECs" 15 3439

A — concentration of a chemical inducing a specified response to 50% of the tested population, after a specified exposure duration, ® —
minimal concentration inhibiting the growth of a tested micro-organism population, after a specified exposure duration, © — concentration of
a chemical causing an inhibition of a specified process in 50% of the tested population, after a specified exposure duration
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2.3 Molecular descriptors

Towards the needs of further analysis, we had to translate the information on the
structure of chemicals into numerical variables we could operate on. The most common
approach to achieve that goal is to calculate a set of mathematical indices, called molecular
descriptors, which express particular structural features. In order to describe molecular
structure of the studied ILs in the numeric manner, we applied the Weighted Holistic
Invariant Molecular (WHIM) descriptors.*® They are designed to express the information
about three-dimensional features of molecules, namely: molecular shape, size, symmetry and
atom distribution within a molecule, with respect to invariant reference frames.

WHIM descriptors are calculated from a matrix of scores, that is created by
performing Principal Component Analysis, PCA*' (for general information on PCA please
also refer to section 2.4) on the centered molecular coordinates. The covariance matrix used in
PCA is weighted according to one of six different weighting schemes *°, following the

equation (1):

S = izt Wi(qijn— 4;) @ik~ dx) )

i=1Wi

where: s is the value of covariance between coordinates j and £, n is the number of atoms, w;
is the chosen weight, qj; is the j-th coordinate of i-th atom, qyj is the k-th coordinate of i-th
atom, g; is the average of j-th coordinates and gy is the average of k-th coordinates. The six
weighting schemes used in WHIM approach include weighting by (i) molecular mass, (ii) van
der Waals volume, (iii) Mulliken electronegativity, (iv) polarizability, (v) electrotopological
indices by Kier and Hall and (v) the use of unweighted values (w; = 1).

WHIM descriptors are consisted of two types of indices: (a) directional — calculated

from the scores of each individual principle component, (b) and non-directional — derived
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straight from the directional group, related to a holistic view of the molecule. There are 66
directional and 33 non-directional WHIM descriptors in total. For more details on WHIM
calculation procedure one can refer to Gramatica.*" **

In our work, molecular structures of ILs were built in MOLDEN® software. The
structure of cation and anion was built and then optimized separately for each IL. Structure
optimization (according to the minimal energy gradient) was performed in MOPAC*
software at the level of semi-empirical PM7 method®. It has been already proved that semi-
empirical calculations at the level of PM6 method are sufficient for similar types of studies.*®
PM?7 leads for even more correct results, since it has been parameterized for a larger array of
chemical species.*® * The optimized molecular structures were thereafter imported to
DRAGON software*’ for calculating WHIM descriptors. After excluding descriptors having
constant and near-to-constant values (17 excluded descriptors in total), we received a matrix,

where each of 375 ionic liquids is described by 164 WHIM descriptors (82 descriptors

specific for cation, and 82 for anion).

2.4 Principle Component Analysis (PCA)

Principal Component Analysis (PCA) is a statistical tool, commonly used for reducing
data complexity (data compression), creating new set of uncorrelated vectors from original
data set, and analyzing similarities between the studied objects.* In this method, new
variables, called principle components (PCs), are developed as linear combinations of the
original ones. *'**** The first PC explains the largest possible amount of the variance in the
original data matrix, the second PC explains the largest possible variance unexplained by the
first PC and so on. In effect, every object from the original matrix is described by a set of
principal components instead of the original variables. The percentage of the total variance

explained by PCs is decreasing with the increasing number of PC. Thus, the number of PCs is
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usually much lower than the number of the original variables, since the total variance in the
data is “compressed” in few first principal components. Moreover, all PCs are orthogonal
(uncorrelated each other) by definition, which is very useful whenever possible similarities
between the objects are of interest.”

In this work, PCA approach was adopted in order to group the studied ionic liquids
based on their structural similarity and then to search for suggestions on possible relationships
between ionic liquids structure and their toxicological response. We have presented the
structures of ILs in the space of first and second principle components (score plot), in
accordance with the demonstrative criterion.”’ We assumed that the objects (ionic liquids)
located closely each other on the plot were structurally similar. The physical interpretation
was assign to each PC based on the Malinowski's rule (only the contributions of descriptors
having the normalized loadings higher than 0.7 were significant).”!

In the next step, we transferred the collected toxicity data into a range scale, in which
the ranges correspond to the standardized values of the endpoint (Figure 2). Finally, we
assigned colors to the ranges and then colored markers representing particular ILs on the
score plots derived from PCA. Structurally driven grouping of ILs having the same range of

toxicity (the same color markers) would prove the dependence between structure and toxicity.

[Insert Figure 2 about here]

3. Results and discussion

3.1. Similarity analysis of ionic liquids based on anion and cation WHIM descriptors
In the first step, we explored the distribution of the selected 375 ionic liquids in the
space of their structural descriptors (164 WHIM descriptors) with PCA. First two principal

components (PC1 and PC2) explained together 50% (33% + 17%) of the total variance in the
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data. As mentioned (in section 2.4), physical interpretation of a given PC can be assigned

based on the contributions of the original descriptors to that PC (loadings values).

[Insert Figure 3 about here]

Along with the loading values (data presented in Supplementary Material 1) we
concluded that PC1 represents the size, shape, accessibility and symmetry of the anion.
Interestingly, one can recognize seven major groups of ionic liquids along PC1 (Figure 3A).
Group A contains ILs with small halogen anions (CI", Br, I'); group B consists on ILs with
hexafluorophophate (PF¢") and tetrafluoroborate (BF4) anions; group C — ILs with acetate
and 2-hydroxypropanoate anions; group D — sulfate ionic liquids; group E — contains ILs with
bis(trifluoromethylosulfonyl)imide; group F — phosphate ionic liquids; and group G — ILs
with bis[1,2-benzenediolato(2-)]borate anion. When looking at those groups, one can
conclude that the size, shape and accessibility of the anion increases with the increasing
values of PC1. For instance (see arrow I), in case of IL having the same cation, the size, shape
and accessibility of the anion increases starting from a small halogen (262:
trihexyltetradecylphosphonium chloride), through larger imide (252:
trihexyltetradecylphosphonium bis(trifluoromethylsulfonyl)imide), up to the highly branched
phosphinate anion (257: trihexyltetradecylphosphanium bis(2,4,4-
trimethylpentyl)phosphinate).

On the contrary, PC2 is related to the size of the cation in the ionic liquid. For
example, the arrows II and III describe the increase in size and linearity of cations, when
anions are the same or very similar. In the first case (arrow II), there is a series of the
ammonium ILs with halogens anions (187: tetracthylammonium bromide; 194:

benzyldecyldimethylammonium  chloride;  220:  benzylhexadecyldimethylammonium

10
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chloride). In the second case (arrow III), there are imidazolium ILs with 2-
hydroxypropanoate anion (122: 1-methylimidazolium 2-hydroxypropanoate; 148: 1-
(pentoxymethyl)imidazolium 2-hydroxypropanoate; and 145: 1-
(dodecyloxymethyl)imidazolium 2-hydroxypropanoate).

In summary, in effect of performing PCA, we have extracted two principal
components (PC1 and PC2) that described the most significant part of structural variance in
the studied group of ILs. PC1 was related to the selected features of anions, whereas PC2 — of

cations.

3.2. Toxicity of ionic liquids: cation or anion effect?

The next step of our research was to verify, whether the structural similarity
determines the similarity in toxicity of investigated ILs. For this purpose, we colored data
points from Figure 3A, for which the experimental data had been available, with using the
color scheme that represents the standardized toxicity (see Figure 2). This was performed for
each of the studied endpoint (see Table 1) separately. In this way, we tried identifying
systematic patterns in the data that might suggest, which structural features are mainly
responsible for the observed toxicity.

For example, in case of inhibition growth of bacteria Eschericha coli (Figure 3B) the
lowest values of toxicity (lowest inhibition) are is observed for the low PC2 scores values
(dark blue and blue circles). With the increasing score values of PC2 (size of the cation) one
can observe the increase of toxicity (the color of markers is changing up to yellow, orange
and red). Additionally, there are no significant trends along with the PC1 axis. Remembering
that PC1 represents the size, shape, accessibility and symmetry of anions, whereas the PC2 is

related to the size of cations, one can conclude that the structure of cation is the factor that

11
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mainly determines the toxicity of studied ILs to E. coli. Interestingly, similar results have
been obtained from analysis of the remaining endpoints (see Supplementary Materials).

We have compared our observations with other studies presented in the literature.
There are some interesting contributions available that are focused on the effect of the alkyl
side chain length in cations (e.g. methylimidazolium, pyridinium etc.) on toxicity of ILs to

various biological systems. The side-chain effect has been noticed in studies of enzyme

24, 52, 53 7, 27, 30, 54

(acetylcholinesterase) inhibition, antibacterial activity, toxicity to algae,”

12%3%3% and to human cell line HeLa,56 as well as

cytotoxicity to leukemia rat cell line IPC-8
in a study of ILs toxicity to invertebrates® . All these contributions conclude that the increase
of alkyl side chain length in a cation results in the increase in toxicity.

There are also a number of works describing the anion contribution into ILs’ toxic
behavior.?” ** *° For example, Stolte et al.*® tested toxicity of a series of ILs containing the
same cation and various anions on leukemia rat cell line IPC-81. They concluded that, among
27 different anions, there were some anions that did not affect the toxicity, whereas some of
them noticeably influenced the toxicity. Moreover, there are first, successful attempts to
indicate anions’ influence on the toxicity, using QSAR approach.'"* ** To determine whether
the influence of the cation or the anion is more important in the context of designing new,
greener and safer ILs we conducted the series of the following analysis and comparisons.

First, we choose four different endpoints, for which experimentally measured toxicity
data were available for sufficiently large groups of ILs with different combinations of cations
and anions. These were: (A) ECsy for rat leukemia cell line viability, (B) ECsy for
acetylcholinesterase inhibition, (C) ECsy for bacteria Vibrio fischeri illumination inhibition,
and (D) MIC for bacteria Escherichia coli growth inhibition. Then, in case of each endpoint,

we analyzed a series of observations for (i) ILs containing the same anion and different

cations, and (ii) ILs containing the same cation and different anions.

12
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[Insert Figure 4 about here]

ILs containing the same anion but different cations are covering wider range of
toxicity variability in case of each endpoint (Figure 4). This suggests that the structure of
cation always significantly alters the toxicity of ILs. We also observed that toxicity of ILs
containing the same cation and different anions does not vary as much as in the previous case.
It is best noticeable for ECsy for Escherichia coli growth inhibition (Figure 4B), ECs, for
acetylcholinesterase inhibition (Figure 4C) and ECs for Vibrio fischeri illumination inhibition
(Figure 4D). Only in case of toxicity against rat cell line (ECs, for viability) (Figure 4A) one
can observe a significant influence of the anion. However, it never exceeds the influence of
cation.

Summarizing, the influence of anion on toxicity of ILs is not always negligible, but
usually smaller (or even much smaller) than the influence of cation. This observation is useful
from the practical viewpoint, for designing new, greener and safer ILs. Thus, our further
systematic chemometrical analysis, presented in this work, was conducted in the light of these

conclusions.

3.3. Analysis of the influence of the cation’s structure on toxicity of ILs

Similarly to the investigation presented in Section 3.1, we performed PCA analysis of
375 ILs within the space defined by WHIM descriptors. But, this time, only a set of 82 cation
descriptors was taken into account. The first two principal components explain together
58.2% (35.2% + 23.0%) of the total variance in the structural descriptors of the cation. PC1

represents molecular size of the cation, whereas PC2 — molecular shape of the cation (for the

13
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values of loadings that have original WHIM descriptors to each of the PCs, please refer to
Supplementary Material 1).

When analyzing a score plot (Figure 5A), one can notice the existence of a simple
relationship between the score values of PCs and the structure of ILs. Size of the cation
increases with increasing values of PC1. For instance, arrow A represents the increase in size
of selected ammonium ILs, namely: 211 (2-hydroxyethylammonium formate) < 194
(benzyldecyldimethylammonium chloride) < 220 (benzylhexadodecyldimethyloammonium
chloride). Similarly, arrow B highlights the large change in the size of imidazolium ILs: 026
(1-methylimidazolium chloride) < 022 (1-decyl-3-methylimidazolium chloride) < 080 (3-
methyl-1-octadecylimidazolium chloride), whereas arrow C highlights the large change in the
size of the phosphonium ILs: 266 (buthyltrihexylphosphonium bromide) < 273

(trihexyloctylphosphonium chloride) < 270 (hexadecyltrihexylphosphonium chloride).

[Insert Figure 5 about here]

PC2 expresses molecular shape of the cation. With the increasing values of PC2 the
increase of linearity of the cation is observed. For example, along with arrow I (Figure 5A),
the shape of cations is changing from 201 (tetrabutyloammonium bromide) that has a spheric
shape of the cation, though 222 (2-hydroxyethylodimethylammonium acetate) to 209 (bis(2-
methoxyethyl)ammonium sulfamate) that has a cation with nearly linear shape.

Also in this exercise, we colored data points, for which the experimental data had been
available, with using the color scheme that represents the standardized toxicity (Figure 2). It
should be noted that the first principal component tends to discriminate the toxicity of ionic
liquids. ILs with higher (positive) score values of PC1 (see Figure 5B) have higher toxicity to

Escherichia coli (yellow and orange markers), while the compounds with lower (negative)

14
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PC1 scores are characterized by lower toxic activity (green and dark blue circles). Taking
these results into account, we can define that the toxicity of ILs is determined mainly by the
molecular size of the cation from which the liquid is composed. The influence of shape
(linearity) of the cation is minor.

We have observed the same trends for almost all of the studied endpoints (ECsy for
Vibrio fischeri illumination inhibition, ECsy for Pseudokirchneriella subcapitata growth
inhibition, ECs, for Scenedesmus vacuolatus reproduction inhibition, ECsy for human cell line
HeLa viability, ICsy for human cell line MCF7 viability and ECsy for Daphnia magna
immobilization). The only exceptions were ECsg for acetylcholinesterase inhibition and ECsg
for rat cell line IPC-81 viability. In the first case, no trends in toxicity within the space of
cation descriptors have been observed. We believe, that the main reason of the observed lack
of the relationship between the cation’s structure and activity might be a different mode of
action. Enzyme inhibition is based on a chemical’s interaction with the enzyme’s active
center, whereas, in the other examined cases, the toxic responses were strongly dependent on
the cellular uptake.®® In the second test (toxicity to rat cell line IPC-81), the trend was mostly
the same, but with few exemptions (ionic liquids having very small values of PC2). The
exceptions observed in this test might be particular-case specific. This, however, should be

confirmed by performing additional experiments.

3.4. Analysis of the influence of the anion’s structure on toxicity of ILs

As noticed before, in some cases, the structure of anion may also have an important
influence on toxicity of ILs. Thus, we conducted similar series of analysis, but restricted to
anion’s descriptors only. The analysis was performed to determine, whether there is a

noticeable, more general trend in toxicity, related to specific structural features of ILs.

15



319

320

321

322

323

324

325

326

327

328

329

330

331

332

333

334

335

336

337

338

339

340

341

342

Green Chemistry

Our strategy was similar to the one we used for cations analysis. In the first step, we
performed principle component analysis for all 375 ILs using 82 WHIM descriptors of anions
structure. Coloring data points, for which the experimental data had been available, with using
the color scheme that represents the standardized toxicity, indicated intensity of the
toxicological response. This time, first two principle components explained 76.2% (64.1% +
12.7%) of the total variance.

However, after performing PCA and analyzing results for each of the nine endpoints,
we did not recognize any pattern that might suggest the existence of a systematic relationship
between the anion’s structure and toxicity of ILs (data presented in Supplementary Material
1). This additionally proves that the structural features of cation in fact, mainly drive the
toxicity of ILs. Thus, the application of anion descriptors only to analyze relationships
between the structure and toxicity might be insufficient to observe any general trends.

Because of that, in the next step, we performed a series of analysis using only ILs
consisting of the same cation, but differing by anions. Due to substantial lack of the available
data in the literature, the analysis could be performed on the four following endpoints: (A)
ECs for rat leukemia cell line viability, (B) ECs for acetylcholinesterase inhibition, (C) ECs
for bacteria Vibrio fischeri illumination inhibition, and (D) MIC for bacteria Escherichia coli
growth inhibition (for detailed results please refer to Supplementary Material 1).

We discovered very clear relationship between structural features and ECsy to rat
leukemia cell line viability in a group of ILs consisting of 1-hexyl-3-methylimidazolium
cation and different anions (Figure 6). The toxicity is increasing with the increasing score
values of the first principal component (PC1). Since PC1 represents such descriptors as size,
shape, accessibility and symmetry of the anion (for the values of descriptors loadings to PC1

please refer to Supplementary Material 1), larger anions, having more symmetrical, better-

16
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developed structure are responsible for the increase of the toxicity of studied ionic liquids.

This observations are in good accordance with Stolte at al.*’

[Insert Figure 6 about here]

Similar trends might be observed in two other cases: (i) in a group of ILs with 1-butyl-3-
methylimidazolium and 1-ethyl-3-methylimidazolium cation and different anions (the same
endpoint: ECsg for rat leukemia cell line viability) and (ii) in a group of ILs with 1-butyl-3-
methylimidazolium cation and different anions (different endpoint: ECsy for bacteria Vibrio
fischeri illumination inhibition). Interestingly, the analysis performed on a group of ILs with
trihexyltetradecylphosphinium cation, exhibited the opposite trend in case of MIC for
Escherichia coli growth inhibition: this time the presence of smaller anions with simpler
structure (i.e., Cl" and BF4") increased the toxicity of the studied ILs.

Analyses performed on other groups of ILs in combination with other endpoints (e.g.,
acetylcholinesterase inhibition of ILs containing 1-ethyl-3-methylimidazolium cation and
different anions) show no influence of the anion’s structure on the studied toxicity. This leads
to the conclusion that the influence of anion’s structure on toxicity of ILs is both group-
specific and/or endpoint-specific. It stands in the good accordance with the experimental

results obtained for ILs so far. For instance, Kumar et al.*®

indicated, that influence of the
anions is less significant with increasing alkyl chain length in the cation, and also noticed, that
fluoride containing anions alters the ILs’ toxicity less when combined with pirydinium cation
than with pyrolidinium or piperidinium. Therefore, whether one intends to design a new

greener and safer ionic liquid, one should consider the structure of cation first. Then, the

designer should carefully study the influence of the anion’s structure on the toxicity with use
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of several diversified endpoints to finally select the best candidate to be synthesized. To this

final verification, one may also use existing QSAR models, based on anions descriptors.

3.5 Toxicity Ranking Index based on structural similarity of Cations (TRIC)

Since the structure of cation more significantly affects the toxicity of ILs, we have
developed a novel measure for ranking ILs according to their expected toxicity. The new
measure (TRIC - Toxicity Ranking Index of Cations) is based on the score values of PC1
resulted from principal component analysis (PCA) performed on the pool of cation’s WHIM
descriptors. TRIC is determined mainly by the molecular size of the cation. The TRIC metric
could be used as a preliminary, fast method for screening ILs and ranking them according to
their toxicity. There are two important advantages of possible using TRIC. First, it starts only
from the molecular structure of the ILs cation (any experiments are not required). Second,
toxicity of new ionic liquids (if only they are similar to the studied data set) can be initially
estimated based on the TRIC value. The use of TRIC as a preliminary toxicity indicator
would greatly simplify the procedure of designing safe ionic liquids and would allow
avoiding time-consuming process of extensive experimental research (potentially toxic ILs
could be eliminated at the stage of in silico design, even before the synthesis). However, we
expect its best performance for ionic liquids, having the structure of cation similar to those
cations analyzed in this study. The applicability of TRIC for estimating toxicity of less
common ILs, with unusual cations (e.g., magnetic anions: [FeCly], [GdCls], [CoCls] or
[MnCl,])®', might be less reliable.

It should be mentioned that PCA has been already successfully used for screening and
ranking of other chemicals, in the context of risk assessment. 040366 p thig study we have

demonstrated also the usefulness of PCA for developing toxicity ranking of ionic liquids.
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4. Conclusions

Although the toxicity mechanism is a very complicated and individual matter in case
of every organism/cell, we came out with some general observations related to toxicity of
ionic liquids. We confirmed that the toxicity of ionic liquids is, in most cases, strongly
depends on the structure of its cation. Moreover, the size of the cation in the ionic liquid
structure is much more important that its shape (linearity).

The influence of anion’s structure on toxicity of ILs is both group-specific and
endpoint-specific. This means that the use of simpler and smaller structure of the anion may
result in either increasing or decreasing toxicity of IL, dependently on particular endpoint, or
even might not have any influence on that.

The conclusions presented above have a very practical meaning for designing new,
greener and safer ionic liquids. The designers should select the least toxic cation first, and
then they should consider the influence of the anion’s structure on the toxicity in the group
based on the selected (the same) cation. The final choice should be based on the results of
several diversified toxicity tests performed on the family of ILs based on the selected cation,
or, whenever possible, on the predictions obtained from appropriate QSAR models, developed
for the group of ILs based on the same cation, but differing by the anion.

We propose Toxicity Ranking Index of Cations (TRIC) — a simple metric of cation-
related toxicity of ILs. The use of TRIC provides a time-saving and convenient way of
performing the first step (cation selection) in synthesis of ILs that are safe-by-design, without
necessity of conducting expensive experiments. However, one should be aware, that our
results are based on a restricted group of tested targets and predictions obtained by using
TRIC have mostly informative, overall character. Trends we captured throughout our

analysis, are valuable as general marks, for recognizing probably least toxic ILs, but for the
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full assessment of ILs’ toxicity, additional, more complex toxicological tests would be
needed.

We believe that our results and the proposed screening method with use of TRIC
would contribute to future, accurate quantitative prediction of ILs’ toxicity, and therefore

designing and/or selecting ionic liquids that are safe for human and the environment.
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Figure captions

Figure 1. Schematic representation of cations’ structures. A — imidazolium, B — ammonium,
C — phosphinium, D — pirydinium, E — pyrolidinium and F — sulfonium. R1-4 — substituents
of different types.

Figure 2. Color scale used for representing the standardized toxicity of ionic liquids.

Figure 3. Score plots from the two principal component analysis performed for 375 ionic
liquids. Panel A: Structural similarities of ILs in the space of cation and anion WHIM
descriptors. Panel B: Similarity analysis in relation to the toxicity to Escherichia coli. Color
codes as in Figure 2: Red circles correspond to the highest values of the toxicity, the dark blue
circles represent ionic liquids with the lowest toxicity. Green and yellow circles represent
moderate toxicity.

Figure 4. Toxicity ranges of ionic liquids families based on the same anions and the same
cations. Panel A: toxicity to rat leukemia cell line. Panel B: acetylcholinesterase inhibition.
Panel C: toxicity to bacteria Vibrio fischeri. Panel D: toxicity to bacteria Escherichia coli.

Figure 5. Score plots from the two principal component analysis performed for 375 ionic
liquids. Panel A: Structural similarities of ILs in the space of cation WHIM descriptors. Panel
B: Similarity analysis in relation to the toxicity to Escherichia coli. Color codes as in Figure
2: Red circles correspond to the highest values of the toxicity, the dark blue circles represent
ionic liquids with the lowest toxicity. Green and yellow circles represent moderate toxicity.

Figure 6. Score plots from the two principal component analysis performed for 375 ionic
liquids. Panel A: Structural similarities of ILs in the space of anion WHIM descriptors for the
family of ILs based on 1-hexyl-3-methylimidazolium cation. Panel B: Similarity analysis in
relation to toxicity to rat leukemia cell line. Color codes as in Figure 2: Red circles
correspond to the highest values of the toxicity, the dark blue circles represent ionic liquids
with the lowest toxicity. Green and yellow circles represent moderate toxicity.
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Novelty:

Toxicity Ranking Index for ionic liquids based on structural similarity of Cations
(TRIC), based on data from different toxicological tests.
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