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ABSTRACT: A new class of low bacterial and algal toxicity
imidazolium and pyridinium halide ionic liquids (ILs), produced by a
short synthesis from substituted mandelic acid derivatives is disclosed.
Melting points for most of the ILs were above or close to 100 °C;
however, one imidazolium example has a glass transition temperature
below room temperature (RT; −3.3 °C). The series of 8 ILs enables an
investigation of toxicity on modifying the heterocycle, aromatic ring
substitution, ester group, and proximity of cation to aromatic ring
present within mandelic acid constituent. Two pyridinium salts, methyl
2-(3,4-methylenedioxyphenyl)-2-pyridinium acetate, bromide salt and
methyl 2-(3,4-methylenedioxyphenyl)-2-(2-pyridiniumacetoxy)acetate,
bromide salt have low toxicity to all bacteria strains (including Vibrio
fischeri), and freshwater green algae (C. Vulgaris and P. subcapitata)
screened. All eight pyridinium and imidazolium ILs have low toxicity to Gram-positive (B. subtilis) and Gram-negative (E. coli, P.
fluorescens, P. putida (CP1), and P. putgida (KT 2440)) bacteria strains, although a significant range in IC50 values was obtained.
Mandelate derived ILs have EC50 (C. Vulgaris and P. subcapitata) values 103−107 higher (less toxic) than other C14−C18 ionic
liquids previously reported.
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■ INTRODUCTION

Ionic liquids (ILs) are solvents consisting solely of ions, with a
generally restricted definition to salts melting below 100 °C.1

These low-melting salts are often described as “designer
solvents” because ionic liquid (IL) scaffolds can be tailored to
exhibit diverse physical and chemical properties. ILs may either
be inert, acting only as solvents, or can be designed to actively
participate in chemical reactions. These ionic compounds have
enjoyed a period of categorization as “green solvents”,2 because
of their very low vapor pressure and in many cases, lower
flammability, compared with common nonchlorinated solvents.
However, as ILs have evolved, it has become clear that old
generalizations about their “greenness”, namely very low vapor
pressure3 and nonflammability,4 must be discarded and as a
result, the IL properties should be assessed on a case-by-case
basis. The same principle holds true for IL toxicity and
biodegradability properties, and while the generalization has
been made that more lipophilic ILs (which disrupt cell
membranes) tend to have a higher toxicity toward a range of
diverse organisms (bacteria, algae, cladocerans, fish, among

others), the toxicity of each new IL must be individually tested
to comply with REACH (Registration, Evaluation, Author-
ization and Restriction of CHemical substances). Even if an IL
can be established to have low toxicity in testing5 at a variety of
levels of biological organization,6 another important factor to be
considered is the ease with which the IL can biodegrade to
harmless byproducts if an accidental release into the environ-
ment were to occur.7

Since its infancy 10 years ago,8 the field of biodegradable ILs
has now progressed to a point where several examples have
been reported7 that can be classified as readily biodegradable
(at least 60% of the substance is biodegraded within 28 days).9

While the properties of ILs must be assessed on a case-by-case
basis, improved biodegradability can be designed into ILs by
including an anion which is expected to be biodegradable, such
as octylsulfate10,11 or dioctylsodium sulfosuccinate “docu-
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sate”.12 Early examples from Gathergood and Scammells13

using ester-modified 3-methylimidazolium cations were shown
to have biodegradability results higher than 67%, which were
provided by the presence of the octylsulfate as the anion.
However, more recent biodegradation studies have avoided the
use of the 3-methylimidazolium cation, which has the
disadvantage of breaking down to 1-methylimidazole, a
fragment that requires more than 28 days to biodegrade in
the presence of an activated sludge.14 Alternatively, biodegrad-
able cations can be used as a replacement for the common
imidazolium, such as the ammonium or pyridinium cores. Even
if an IL is proven to biodegrade readily within 28 days, its
toxicity must still be taken into account because of the tendency
for lipophilic ILs to disrupt cell membranes.15 While a low
toxicity (i.e., low antibacterial, antifungal, and antialgal activity)
does not ensure a compound will biodegrade; a compound
which is a potent biocide is a far more challenging chemical
entity to pass a biodegradation test. Thus, toxicity data is an
important factor in determining which ILs to prepare and
submit for further biodegradation analysis.
The biological effects of ILs have been examined at different

trophic levels,16−18 ranging from simple organisms named
decomposers,19−23 to more complex biological systems such as
the primary producers (algae and plants),24−27 primary
consumers (invertebrates),16,28−30 and secondary consumers
(fish).29,31,32 The IL toxicity has been found to vary widely
between organisms, species, and trophic levels.17,33 Such tests
have provided an important assessment of the toxicity of ILs
required by REACH registrationalthough this varies depend-
ing on the quantity (tonnage) of ILwhich has been
mandatory in Europe since 2007.
The short generation times of bacteria make them an ideal

starting point for IL toxicity estimations and structure activity
relationship investigations. Numerous toxicological studies
across a range of different bacteria have proven that IL toxicity
is raised when the lipophilicity of the IL is increased.34−43

Hence, toxicity toward bacteria is frequently encountered when
the alkyl chain attached to ILs exceeds a length of four carbon
atoms. Moreover, while it has been proven that both the
cation23,44−47 and anion34 play an important role in toxicity
toward bacteria, the effect of the cation is generally more
significant.
Among the inhibition assays used to assess the environ-

mental risk of a compound in aquatic media, the bio-
luminescence assay using the Gram-negative bacterium, Vibrio
fischeri is the most popular, due to its rapid, cost-effective, and
sensitive response.48 In this microscale bioassay, the EC50 of a
chemical compound is accurately measured by the determi-
nation of the concentration of a compound at which 50%
inhibition of light emission from a specific strain of the
bacterium occurs. Several studies into the toxicity of ILs toward
Vibrio fischeri5,18,22,23,27,33,49−53 have been presented, where the
effect of the anion,20,22,27 cation,19 alkyl chain length,20,23,27,50

and alkyl chain type50,54 were the most assessed IL features.
Despite early assertions that the anion would not have a
significant effect on the toxicity of this marine bacterium,22 a
recent comparison between the toxicity of the anions
hexafluorophosphate [PF6]

− and bis(trifluoromethylsulfonyl)-
imide [NTf2]

− clearly demonstrated that the latter exhibits
higher effects in the toxicity parameter and that this condition is
independent of the cation.52 In terms of the alkyl chain length,
it is a generally agreed upon concordance5,18 that, when
increasing the number of carbons in the substituent chains of

an IL, an increase in toxicity is originated.20,22,23,55,56 However,
studies concerning the effect of different cation cores on aquatic
toxicity have been less extensive than for the anion. These
aquatic experiments have concentrated on the popular
imidazolium and pyridinium17,19,23,52 cations to the detriment
of other cations encountered ILs, including pyrrolidinium,
piperidinium, ammonium, phosphonium, and guanidinium
ions, which remain to be thoroughly investigated.17,19,46,56−58

Recent studies with morpholinium59,60 and DABCO60 ILs were
reported.
In the context of the ecotoxicological risk assessment of ILs

to aquatic environments, algae represent another large and
diverse group of eukaryotic organisms. As algae are primary
producers of organic matter required by animals in freshwater
food chains, their ecology is crucial in providing the energy for
sustaining other higher trophic levels. The ubiquity of algae
makes these organisms ideal for toxicological studies, and in
common with bacteria, they have a short life cycle given a quick
response to environmental changes.61,62 Studies about the acute
effects of different ILs27,29−31,63−67 have been described, being
mainly concentrated on green algae species, namely Oocystis
submarina,68 Pseudokirchneriella subcapitata,29−31,33,52,63,64,66

Chlorella vulgaris,25,33 Scenedesmus vacuolatus,67 Scenedesmus
quadricauda, and Chlamydomonas reinhardtii.65 Toxicity data for
the different algae exhibit considerable heterogeneity,5,18,53

which usually stems from the use of dissimilar methods. For
example, the use of different techniques for the measurement of
cell density, e.g., electrical conductance, fluorometry, or optical
density, may give rise to heterogeneous results. Another factor
which may lead to heterogeneous results is the exposure time,
which has a marked effect on the dose response behavior of
Pseudokirchneriella subcapitata (P. subcapitata), especially in the
case of marginally lipophilic ILs (for example the 1-butyl-3-
methylimidazolium bromide [C4mim]Br), for which toxicity
only emerges over time. As with bacteria, the trend of
increasing toxicity with increasing alkyl chain length was
observed for algae,63,66 and it was concluded that the increasing
alkyl chain length may lead to interaction with and disruption
of biological membranes.67 Additionally, Cho and co-workers66

used P. subcapitata to study the effect of different IL head
groups and anions on growth rate and photosynthetic activity.
The results revealed that the toxic effects of ILs on algal growth
were more significant than on photosynthesis. In terms of the
effect of the IL anion, the growth of freshwater algae was
impacted to varying extents by the different anions, with higher
toxicity recorded for lipophilic fluorinated anions, such as
[PF6]

− and [NTf2]
−.52 Finally, despite the reduced number of

studies using the cationic IL core with IL feature investigated,
the results identify the pyridinium ion as one of the most toxic
cations, while the pyrrolidinium ion is among the most benign
ionic structures toward the algae species29,31 In the search for
biodegradable and nontoxic ILs, some different structures were
developed, such as the oxygenated ILs.69 These are a promising
class of alternative biodegradable solvents with the potential to
act as task-specific ionic liquids (TSILs)70 by metal co-
ordination. The main objective of the present study is to
investigate the toxicity of diverse oxygen-functionalized
aromatic ILs (belonging to the pyridinium and imidazolium
families), toward different freshwater algae species and bacteria.

■ RESULTS AND DISCUSSION
Synthesis of the ILs. A new class of 1-methylimidazolium

and pyridinium ILs derivatives of 3,4-methylenedioxy- and 3,4-
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dimethoxy-mandelic acid were synthesized to serve as “green
solvents”2,5,7,12,71 and “green” catalysts72 (Figure 1). Following
Boethling’s “Rules of Thumb”,73 those ILs were designed to be
nontoxic, biodegradable, and applicable in catalytic reactions
with high selectivities and good catalyst recycling. Consid-
eration of the 12 Principles of Green Chemistry74 meant that
short, efficient, and high atom economy75 synthetic routes were
a priority.
Two different groups of ILs were prepared, both with halide

counteranions. The first consists of ionic compounds where a
nitrogen atom of a heterocyclic moiety (methylimidazolium or
pyridinium) is directly linked to a benzylic carbon 1−5 (Figure
1), and the second group is composed of compounds with an
acetoxy spacer between benzylic carbon and the nitrogen of
pyridinium or methylimidazolium ring 6−8 (Figure 1).
Excluding the IL 5, all the remaining ILs (1−4, 6−8) were
prepared in four distinct steps, where chromatographic
purification was carried out in the second last step and, except
for diethyl ether washes, no additional purification was
required.
ILs 1−5 were prepared by the same synthetic strategy:

esterification of mandelic acid derivative, halogenation, then
substitution. Scheme 1 illustrates this approach for IL 1.

3,4-Methylenedioxy-76−78 and 3,4-dimethoxy-mandelic79 acid
were prepared according to experimental procedures, starting
from the disubstituted benzene and glyoxylic acid. Subse-
quently, methyl esters 1080 and 1581 and the butyl ester 12
were prepared via Fisher esterification with thionyl chloride and
methanol (Scheme 1) or butanol (see the Supporting
Information (SI)) as solvents. Excellent yields of 93% and
95% were obtained for methyl 10 and butyl 3,4-methylenediox-

ymandelate 12, respectively, and 69% yield for the methyl 3,4-
dimethoxymandelate 15 (Table 1).
For ILs 1−5, the next step performed was the chlorination or

bromination of the respective esters 10, 12, and 15 at the
benzylic position which is described in Scheme 1 for 10. The
reaction was carried out in dichloromethane with triethylamine
and thionyl chloride (1482 and 16) or thionyl bromide (1180

and 17) and the halogenated intermediates were obtained in
good yields 63−76% (Table 1). The alkyl halide structures 11,
14, 16, and 17 were then used to N-alkylate pyridine or 1-
methylimidazole to form ILs 1−5. (Table 2. Reaction
conditions for the preparation of 1 are given in Scheme 1.
For the experimental procedure for 1−5, see the SI).
Preparation of ILs 3 and 4 derived from butyl-3,4-

methylenedioxymandelate 17 was carried out at room temper-
ature in diethyl ether. Pyridinium salt 3 was recovered as a
white precipitate (90% yield), whereas the 1-methylimidazo-
lium salt 4 formed a separate viscous phase under the same
reaction conditions (58% yield). Preparation of ILs 1 and 2
derived from the precursors 11 and 14, respectively, required
reflux (36 °C) to ensure completion of the N-alkylation step. A
white precipitate formed in both cases: 1-methylimidazolium IL
2 was isolated with 97% yield, the pyridinium IL 1 isolated with
a lower yield of 79%.
Completion of the reaction to form IL 5 proved to be

difficult, even in refluxing diethyl ether; therefore, it was
prepared in neat conditions at 55 °C. IL 5 was further purified
by washing with hot acetone and isolated as a white powder in
61% yield.
Overall yields for ILs 1−5 starting from 3,4-methylenedioxy-

mandelic acid or 3,4-dimethoxymandelic acid are 1 50%, 2 59%,
3 65%, 4 42%, and 5 27%.
For ILs with an acetoxy linker 6−8, the next step after

preparation of methyl ester 10 and butyl ester 12 was the
acetylation of the hydroxyl group in the benzylic position
(Scheme 2, 13).
This was carried out with bromoacetyl bromide as the

acylating agent and triethylamine or potassium carbonate as the
base, yielding intermediates 13 (Scheme 2) and 18 (see the SI)
in 80% and 69%, respectively. In both cases, a purification step
using column chromatography was necessary. When triethyl-
amine is used, an α-bromoester byproduct was formed and,
when potassium carbonate was applied, unreacted starting
material remained. The last step of the synthesis involves the N-
alkylation of pyridine or 1-methylimidazole with the
halogenated intermediates 13 (Scheme 2) and 18 (see the
SI). The reaction was carried out at room temperature, and ILs

Figure 1. Structures of the ILs synthesized.

Scheme 1. Synthesis of IL 1
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7 and 8 precipitated from the diethyl ether solution as white
solids, with yields of 50% and 60%, respectively. In the case of
IL 6, heating to reflux of the reaction mixture was required to
ensure full conversion, with the final product 6 obtained as a
white solid in 90% yield (Table 2). Overall yields for ILs 6−8
starting from 3,4-methylenedioxymandelic acid or 3,4-dime-
thoxymandelic acid are 6 58%, 7 38%, and 8 46%.

Melting points or glass transition temperatures were
recorded for the ILs. Due to the interplay of possible bonding
interations in ILs 1−8 (VdW, ionic, H-bond acceptor, H-bond
donor, π−π stacking), we were interested to determine if a
mandelate example which is a liquid at room temperature (RT)
could be prepared. IL 4 with a Tg of (−3.3 °C) was identified.
While IL 8 has a melting point just below 100 °C, (94−96 °C).
The remaining ILs 1−3, 5−7 have melting points in the range
118−152 °C, and this would restrict their application as a
solvent.

Toxicity Tests. The intention of this study is to provide
further information about the toxicological impact of the
synthesized ILs on two groups of microorganisms. The first are
industrial organisms, five bacteria being investigated, and the
second is constituted by organisms found in the environment, a
marine luminescent bacterium and two freshwater green algae
species. (for the experimental method, see the SI). Besides the
industrial and environmental issues, this work intends to
evaluate the toxic effect of diverse structural variations in ILs
(considering the positively charged head groups, the sub-
stitution with one or more different side chains, and the
corresponding anionic species) using relatively simple, quick,
and inexpensive bioassays.
This information may be particularly useful in the design of

ILs, considering that it is a goal of many researchers to tune the
physicochemical properties of the ILs via the choice of the
adequate anionic and cationic components.

Microtox Assays. The present study shows low or
moderate negative effects of all the ILs synthesized toward
the luminescent marine bacteria Vibrio fischeri. The results
obtained are described by the EC50 toxicological parameters

Table 1. Structures and Yield of the Intermediates Formed in the Production of ILs

Table 2. Yield for N-Alkylation Step of ILs and Mp or Tg

IL yield (%) Mp (°C) IL yield (%) Mp (°C)

1 79 146−147 5 61 118−119
2 97 124−125 6 90 148−149
3 90 123−125 7 50 150−152
4 58 −3.3a 8 60 94−96

aGlass transition temperature (Tg).

Scheme 2. Synthesis of IL 8 with Acetoxy Linker
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(mg·L−1 and μM), which describe the IL concentration
necessary to inhibit the luminescence of the bacterium by
50%. Those results were determined for two different exposure
times, namely 5 and 15 min as reported in Table 3. To discuss

the toxicity of these compounds, it is necessary to highlight
their complexity, since they present large, bulky, and highly
oxygenated structures. All these conditions may promote
individual toxic effects, and their conjugated action may have
synergetic effects that can be rather complex.
The results presented in Table 3 and Figure 1 show that 1, 4,

and 6 are in agreement with previous studies56 where the
toxicity increases with the exposure time. The toxicity values
indicate that these compounds can be divided in two groups,
according to the Passino classification83 based on the EC50
values for 15 min: the “practically harmless” (low toxicity to
MicroTox assay), constituted by ILs 1 and 6, and the
moderately toxic, composed of the remaining ILs.

The ILs presented in this study diverge in several structural
characteristics, such as the cation core, anion, and the size of
the cation alkyl side chain. The effect of the elongation of the
alkyl chain is here tested on the IL pairs 1/3 and 6/7 (methyl/
butyl), and the results clearly suggest that, as observed for
common ILs,17,20,23,56 the increase in the cation alkyl side chain
enhances the toxicity toward the luminescent bacterium.
Analyzing the effect of the cation core based on the IL pairs
7/8 and 3/4 indicates that pyridinium has higher toxic effects
when compared with imidazolium. The pair 5/1 shows the
effect of the cyclic oxygenated structures suggesting that these
structures may somewhat enhance the toxicity. However, the
influence of the anions (5/1; chloride/bromide) on the toxicity
may also be a contributing factor.
One of the major concerns in the toxicity studies is to

provide “benign” IL structures, meaning hydrophobic ILs with
lower toxicity. The more hydrophilic ILs are, normally,
compounds with lower ability to interact or penetrate into
the microorganisms membrane.39−43,84 For all the ILs
synthesized in this study, the parameter solubility in water
(Table 4) was measured. The solubility of ILs in water gives us

an indication of the hydrophobicity of the ILs. In fact, when the
simpler IL [C10mim]Cl was compared with some of the
oxygenated-ILs here tested, in terms of toxicity and solubility in
water, it is concluded that, our ILs are, in some cases,
represented by lower toxicities and similar or, even, higher
hydrophobicity. For example, IL 2 has a higher hydrophobicity
(0.310 g·mL−1 solubility in water) and lower toxicity (EC50 =
71 mg·L−1) when compared with the simpler [C10mim]Cl
(EC50 = 0.152 mg·L−1 85 and solubility86 in water = 0.429
g·mL−1).
However, no clear trends linking structural features of ILs 1−

8, solubility of IL in water, and toxicity to Microtox assay were
found.

Table 3. Microtox EC50 Results (mg·L−1 and μM) for All the
ILs Synthesized after 5 and 15 min of Exposure to the
Luminescent Marine Bacteria Vibrio fischeri, with Respective
95% Confidence Limits (in Brackets)

EC50 (mg·L
−1)

(lower limit; upper limit)
EC50 (μM)

(lower limit; upper limit)

ionic liquid 5 min 15 min 5 min 15 min

1 438 248 1240 705
(15; 937) (117; 511) (41; 2660) (332; 1450)

2 66 71 211 227
(2.5; 1730) (8.0; 622) (8; 5500) (26; 2000)

3 85 85 217 217
(20; 372) (13; 556) (50; 943) (33; 1410)

4 151 87 380 218
(136; 166) (59; 128) (341; 418) (148; 321)

5 78 84 240 259
(10; 600) (60; 92) (31; 1850) (185; 284)

6 962 900 2350 2200
(239; 3870) (37; 2170) (583; 9440) (91; 5290)

7 21 22 46 48
(10; 46) (9.5; 53) (23; 103) (21; 118)

8 23 26 51 56
(13; 43) (18; 37) (29; 94) (39; 81)

Figure 2. Microtox EC50 results (μM) for ILs 1−8 after 5 and 15 min of exposure to the luminescent marine bacteria Vibrio fischeri.

Table 4. Water Solubility of the ILs 1−8

IL Mw

solubility of IL in
water (g·mL−1) IL Mw

solubility of IL in
water (g·mL−1)

1 352.2 1.30 5 323.8 1.41
2 310.7 0.310 6 410.2 0.410
3 394.3 0.155 7 452.3 0.013
4 397.3 0.070 8 455.3 0.229
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Bacteria Toxicity Tests. Additional antibacterial screening
was performed on one Gram-positive bacterium strain (Bacillus
subtilis (B. subtilis; DSMZ 10) and four Gram-negative bacteria
(E. coli (DSMZ 498), P. fluoroscens (DSMZ 50090), P. putida
(CP1), and P. putida (KT 2440) (Table 5)). ILs 1−6 were
soluble in the Milton media at 0.2 M concentrations, while the
least hydrophilic IL 7 has a solubility limit of 6.25 mM and IL 8
has a solubility limit of 150 mM. IL 5 exhibited the lowest
toxicity to all five bacteria strains, with an IC50 value greater
than the solubility limit of 0.2 M for B. subtilis, E. coli, P.
fluoroscens, and P. putida (CP1) and a 0.1−0.2 M solubility limit
for P. putida (KT 2440). This methyl ester IL is the only
example screened with the dimethoxy substituted aromatic ring
compared to the O−CH2−O containing ILs 1−4, 6−8. IL 7
was the most toxic example screened with IC50 values of 3.13−
6.25 mM for E. coli, P. putida (CP1), and P. putida (KT 2440),
which is in close agreement with the results found for this IL
against the luminescent bacterium Vibrio fischeri. When
screened against B. subtilis and P. fluoroscens, no antibacterial
activity was observed for IL 7, at the maximum solubility limit
of 6.25 mM. Of note, changing the pyridinium ring (IL 7) with
the imidazolium group (IL 8) greatly decreases the antibacterial
toxicity (c.f. IC50, P. putida (CP1) 3.13−6.25 mM (IL 7) vs
75−150 mM (IL 8)) ILs 1−4, 6, and 8 have the same IC50
values across the three Gram-negative bacteria strains P.
fluoroscens, P. putida (CP1), and P. putida (KT 2440). The
increase in ester alkyl group from methyl (IL 1) to butyl (IL 3)
leads to an increase in toxicity (c.f. IC50, P. putida (CP1) 100−
200 mM (IL 1) vs 25−50 mM (IL 3)), while changing from
pyridinium (IL 3) to imidazolium (IL 4) did not lead to a
significant rise in toxicity. The increase in the alkyl chain was
also in close agreement with the literature.5,17,18,38−43 In fact,
this behavior is general and practically independent of the
microorganisms used and the cations and anions tested.17

While 1, 3, 4, and 6 have the same IC50 value for the other
Gram-negative strain E. coli, IL 2 and IL 8 were more toxic to
this strain compared to the other Gram-negative strains in this
study. Comparing the IC50 values for the ILs 1−4, 6, and 8 for
the Gram-positive strain (B. subtilis) against Gram-negative P.
fluoroscens, P. putida (CP1), and P. putida (KT 2440), IL 1, IL
2, and IL 8 are more active while ILs 3, 4, and IL 6 have the
same activity. The increase in ester alkyl group from methyl (IL
1) to butyl (IL 3), also leads to an increase in toxicity to (c.f.
IC50 for B. subtilis 50−100 mM (IL 1) vs 25−50 mM (IL 3)),
however the replacement of pyridinium (IL 3) by an
imidazolium (IL 4), does not lead to significant rise in toxicity,
which is consistent with the trend observed for all bacteria in
Table 5.

Finally, when the IC50 where analyzed according to the
different bacteria morphologies, surprisingly, it is concluded
that the different morphologies of Gram-positive and Gram-
negative bacteria are not relevant in the IC50 results explanation
(Table 5). In this context, and analyzing the IC50 for the ILs 1−
6 and 8, it is observed that the toxic response of the Gram-
negative bacterium E. coli and the Gram-positive bacterium B.
subtilis is equal, which is different from previously reported
results for common ionic liquids.87

Comparing IC50 data in (Table 5) with water solubility
(Table 4), the effect of the alkyl ester substitutent and N-
heterocycle are significant. First, the four butyl ester ILs (3, 4,
7, and 8) are more toxic and with lower water solubility than
the four methyl ester ILs (1, 2, 5, and 6). Second, the solubility
of the more toxic pyridinium butyl ester ILs 3 and 7 is lower
than their less toxic imidazolium analogues (8 and 4,
respectively). This effect is not so distinguishable with the
methyl esters due to the low toxicity of 1, 2, 5, and 6.

Freshwater Green Algae Tests. Aiming to explore in
more detail the effects of these oxygenated ILs, their effects
toward two freshwater green algae, namely P. subcapitata and
Chlorella vulgaris (C. vulgaris), were investigated and the
toxicity results presented in Table 6.

Table 5. IC50 Results for All the ILs Synthesized and Five Different Bacteria Strains

IC50 (mM)

ionic liquid E. coli B. subtilis P. fluorescens P. putida (CP1) P. putida (KT 2440)

1 100−200 50−100 100−200 100−200 100−200
2 50−100 50−100 100−200 100−200 100−200
3 25−50 25−50 25−50 25−50 25−50
4 25−50 25−50 25−50 25−50 25−50
5 >200a >200a >200a >200a 100−200
6 50−100 50−100 50−100 50−100 100−200
7 3.13−6.25 >6.25a >6.25a 3.13−6.25 3.13−6.25
8 37.5−75 37.5−75 75−150 75−150 75−150

aSolubility limit. IL IC50 value greater than solubility in media.

Table 6. EC50 Values (mg·L−1 and μM) of All the ILs Tested
Towards Two Freshwater Microalgae (P. subcapitata and C.
vulgaris)

EC50 (mg·L−1)
(lower limit; upper limit)

EC50 (μM)
(lower limit; upper limit)

ionic
liquid P. subcapitata C. vulgaris P. subcapitata C. vulgaris

1 587 441 1670 1250
(485; 710) (373; 520) (1370; 2000) (1060; 1480)

2 125 232 385 746
(110; 139) (206; 258) (353; 449) (663; 830)

3 196 344 497 873
(155; 237) (266; 422) (393; 601) (675; 1070)

4 24.1 251 61 632
(17.5; 30.7) (225; 277) (44; 77) (566; 698)

5 13.2 260 41 803
(8.6; 17.8) (218; 301) (27; 55) (672; 931)

6 281 294 685 717
(261; 300) (224; 364) (637; 733) (547; 887)

7 16.6 109 37 241
(14.1; 19.7) (85; 140) (31; 44) (188; 310)

8 7.1 19.9 16 44
(6.0; 8.1) (16.2; 23.6) (13; 18) (36; 52)
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These two distinct species were used to determine (i) the
effect of the ILs here synthesized on a more complex trophic
level and (ii) the effect of these ionic structures with respect to
different species of the same trophic level. The results reported
in Table 6 and Figure 3 show the ILs toxicity for P. subcapitata
and C. Vulgaris.
According to Passino’s classification,83 these ILs are included

in different categories, dependent on the algae species
investigated. Thus, for the P. subcapitata, IL 8 can be classified
as slightly toxic (1−10 mg·L−1), a moderately toxic label can be
attributed to the ILs 4, 5, and 7 (10−100 mg·L−1), and the
remaining IL structures may be considered as low toxicity
(100−1000 mg·L−1). The C. vulgaris is less sensitive to these
ionic liquids with the IL 8 categorized as moderately toxic, and
the remaining structures exhibit low toxicity. These ILs appear
to have an impact on algae different from the ordinary ionic
liquids previously described in the literature33 that we propose
is related to the high complexity (c.f. [C4mim]Br) of their
chemical structures. However, no clear trends linking structural
features of the ILs 1−8, solubility of IL in water, and toxicity to
algal assay were found.
Toxicity data18,85,88 for some simpler common ILs

conjugated with the halides Br and Cl, for the algae P.
subcapitata and Scenedesmus vacuolatus, are reported in Table 7
to allow a comparison with the toxicities of the ILs prepared on
this work. They show that common ILs, namely [C4mim]Br
and [C4mim]Cl (P. subcapitata 24 h of exposition time) and
[C4mpip]Br, [C4pyr]Cl, and [C4mpyrr]Cl (Scenedesmus
vacuolatus, 24 h) present slightly higher toxicities than the
compounds here studied while some of the ILs reported in
literature have significantly higher toxicities, namely N,N-

dimethyl-N-octadecyl-1-octadecanaminium chloride [N11,18,18]
Cl against P. subcapitata (72 h of exposition time) and
[C6mim]Cl, [C8mim]Cl, [C10mim]Cl, and [C14mim]Cl toward
Scenedesmus vacuolatus (24 h of exposition time). Moreover,
and as explained before, one of the main goals in the toxicity
research is to find ILs with lower hydrophobicity and toxicity.
Comparing the EC50 results of [C10mim]Cl (solubility in water
= 0.429 g·mL−1) and the IL 6 (solubility in water 0.410
g·mL−1), it is clear that, despite their similar hydrophobicity,
the toxicity of our IL 6 is significantly lower for both the algae
species (EC50 = 281 mg·L−1 for P. subcapitata and EC50 = 294
mg·L−1 for C. vulgaris), when compared with the toxicity of the
simpler imidazolium IL (EC50 = 7.05 × 10−5 mg·L−1 for
Scenedesmus vacuolatus), which means that it is possible to
synthesize hydrophobic ILs with considerable lower toxicities,
independently of the microorganisms.
A general trend is that IL 1 and 6 have low toxicity to all

bacteria strains and freshwater green algae in screen. All ILs
have low toxicity to Gram-positive (B. subtilis) and Gram-
negative (E. coli, P. fluoroscens, P. putida (CP1), and P. putida
(KT 2440)) bacteria strains, although a significant range in IC50
values was obtained. However, both ILs 5 and 7 are moderately
toxic to Vibrio fischeri and P. subcapitata, with low toxicity to C.
vulgaris. IL 8 was the only compound moderately toxic to C.
vulgaris, with the others exhibiting low toxicity to this algae. A
similar trend was observed for P. subcapitata, being IL 8
considered the most toxic albeit slight toxicity, the ILs 4, 5, and
7 are noted as moderately toxic, and the ILs 1, 2, 3, and 6 have
low toxicity to P. subcapitata. On comparison with the lower
Mw butyl substituted ionic liquids analogous activities of
moderately toxic to low toxicity are found. If one compares

Figure 3. EC50 values (μM) of ILs 1−8 tested toward two freshwater microalgae (P. subcapitata and C. vulgaris).

Table 7. Toxicity of Several IL Halide Salts Towards Freshwater Green Algae

name of IL IL Mw algae EC50 (mg·L−1) EC50 (mM) ref

N,N-dimethyl-N-octadecyl-1-octadecanaminium chloride [N11,18,18]Cl 586.502 P. subcapitata 0.46 7.84 × 10−4 88
1-butyl-1-methylpyrrolidinium chloride [C4mpyrr]Cl 177.715 S. vacuolatus 431 2.43 85
3-decyl-1-methyl-1H-imidazolium chloride [C10mim]Cl 258.831 S. vacuolatus 7.05 × 10−5 2.72 × 10−7 85
1-methyl-3-tetradecyl-1H-imidazolium chloride [C14mim]Cl 314.937 S. vacuolatus 9.25 × 10−4 2.94 × 10−6 85
3-hexyl-1-methyl-1H-imidazolium chloride [C6mim]Cl 202.724 S. vacuolatus 0.242 1.2 × 10−3 85
1-butylpyridinium chloride [C4pyr]Cl 171.667 S. vacuolatus 67.2 0.392 85
1-methyl-3-octyl-1H-imidazolium chloride [C8mim]Cl 230.777 S. vacuolatus 4.03 × 10−4 1.75 × 10−6 85
3-butyl-1-methyl-1H-imidazolium chloride [C4mim]Cl 174.671 P. subcapitata 504 2.88 18
3-butyl-1-methyl-1H-imidazolium bromide [C4mim]Br 219.122 P. subcapitata 468 2.14 18
1-butyl-1-methylpiperidinium bromide [C4mpip]Br 236.192 S. vacuolatus 450 1.90 85
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ionic liquids of similar Mw, due to the high oxygen content of
ILs 1−8, the toxicity data would be biased toward our novel
ILs. A better guide is to count the carbon content, for 1−8, the
range is C14−C20, (P. subcapitata, EC50 values from 16 to
1670 μM) c.f. C14−C18 (S. vacuolatus EC50 2.72 × 10−4 to
1.75 × 10−3 μM). While this is a “back of the envelope”
calculation and compares two different algae strains, ILs 1−8
EC50 values are 103−107 higher (less toxic).

■ CONCLUSIONS

A new class of low bacterial and algae toxicity imidazolium and
pyridinium halide ionic liquids, produced by a short synthesis
from substituted mandelic acid derivatives was here disclosed.
The series of ionic liquids prepared enabled an investigation of
modifying the heterocycle, aromatic ring substitution, ester
group, and proximity of cation to aromatic ring from mandelate
starting material and their impact on the compounds toxicity.
IL 4 with a Tg of (−3.3 °C) was identified, while the remaining
ILs 1−3, 5−8 have melting points in the range 94−152 °C. A
general trend is that IL 1 and 6 have low toxicity to all bacteria
strains and freshwater green algae in screen. All ILs have low
toxicity to Gram-positive (B. subtilis) and Gram-negative (E.
coli, P. fluoroscens, P. putida (CP1), and P. putida (KT 2440))
bacteria strains, although a significant range in IC50 values was
obtained.
Comparing this IC50 data in with water solubility, the effect

of the alkyl ester substitutent and N-heterocycle are significant.
First, the four butyl ester ILs (3, 4, 7, and 8) are more toxic and
with lower water solubility than the four methyl ester ILs (1, 2,
5, and 6). Second, the solubility of the more toxic pyridinium
butyl ester ILs 3 and 7 is lower than their less toxic imidazolium
analogues (8 and 4, respectively). This effect is not so
distinguishable with the methyl esters due to the low toxicity of
1, 2, 5, and 6. However, no clear trends linking structural
features of the ILs 1−8, solubility of IL in water, and toxicity to
either MicroTox or algal assay were found.
Roles of ILs are wide ranging, from solvent to a tailored

additive or catalyst2,5,7,12,53,71 They have found applications in
areas including organic, physical, and analytical chemistry,
biology, and biomass processing.53 The search for low toxicity
examples will lead to a wider choice of “safer” ionic liquids
which can be selected for study in the above applications.
Specific applications of ILs 1−8 including biomass dissolution
studies and electrolytes for dye sensitized solar cells will be
published in due course. Overall yields for ILs, starting from
3,4-methylenedioxy- or 3,4-dimethoxy-mandelic acid, were
between 27 and 65%. In addition while high atom economy
reactions were used where possible, factors including the use of
toxic solvents and reagents, solvent use in workup, and waste
treatment are issues for many chemists. The challenge to
reduce our impact on the environment is always present.
As the design of task specific ionic liquids continues to grow

as a research area, the underlying concern is as one modifies the
structure of the cation, whether imidazolium, pyridinium, or
others, the Mw increases, the carbon scaffold is extended, and
the toxicity changes. Conventional wisdom dictates that we
must avoid long linear alkyl chains (≥C8), and we propose here
instead the use of mandelic acid esters as starting materials. A
comparison of the toxicity to algae data of ILs 1−8 to other
C14−C18 ionic liquids, EC50 values 10

3−107 higher (less toxic)
were found for these mandelate derived ILs 1−8.

■ ASSOCIATED CONTENT

*S Supporting Information
Experimental procedures for the synthesis of ILs and their
intermediates and characterization data (NMR, IR, mp, Tg) as
well as toxicity and ecotoxicity screening methods. This
material is available free of charge via the Internet at http://
pubs.acs.org.

■ AUTHOR INFORMATION

Corresponding Author
*Fax: +353 1 700 5503. Tel.: +353 1 700 7860. E-mail address:
nick.gathergood@dcu.ie.

Author Contributions
∥S.P.M.V., Mo.G., and Mu.G. all contributed equally to this
work.

Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS

N.G. is thankful for the support of Enterprise Ireland TD-2007-
0328 for funding the work of I.B., Mo.G., and Mu.G. This
material is also based upon works (N.G. and Mu.G.) supported
by Science Foundation Ireland as part of the Solar Energy
Conversion Strategic Research Cluster, Grant No. [07/SRC/
B1160] which the authors acknowledge. This work was partly
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