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1. Introduction

In recent years Green Chemistry has become a obseaea of great
interest. Modern lifestyle requires directly or imttly many chemical
substances, such as petrochemicals, polymers, pbauticals,
agrochemicals, detergents, cleaning and persomalpraducts, paints and
coatings, inorganic chemicals, and, more and maegenily, innovative
materials; a large part of those consumer produasring the
manufacturing, the use and the waste disposalpeifiotentially released in
the environment, implicating an inevitable (ecajiological hazard for
mankind and the environment. The increasing neeédace pollution and
its effects, and the consequent risk for the hunm@alth and the
environment, has brought towards a new and saferoaph to chemical
processes and compounds, described in the “Twelveiples” of Green
Chemistry.

Green Chemistry is defined as “the design, manufacand application of
chemical products and processes to reduce or minglie the use and
generation of hazardous substancest. means that Green Chemistry
principles should be applied to all the aspectthefproduct life cycle, from
its invention to the disposal, including the enmimeental fate after the use,
because there is a direct link between the beginoira chemical life cycle
(synthesis) and the environmental problems dutsteelease after the use.
The risk related to a process is a crucial factdgreen Chemistry, being an
indicator of the potential harm which can be dogeHe process itself. The
risk associated with a toxic chemical is a functadrhazard and exposure,

according to the general equation:
Risk = Hazard X Exposure

Therefore, there are two ways to reduce the rjskmiting the exposure or
i) limiting the hazard.

The first one, currently followed by legislatiorgals with the prevention of
the exposure to toxic hazardous chemicals (dowastrapproach) after

! Anastas, P., Warner, J., 1998. Green Chemistrgoiyhand Practice, Oxford University
Press: New York.



their spreading out. The laws, such as the “CleanA&t” (1970) or the
“Pollution Prevention Act” (1990) in USA, are inmgral focused on the
treatment or removal of pollution and have becomewn as “command
and control” laws.

In many cases these laws fix limits to pollutiorthwiittle concern to the
technological issues useful to reach these goatk, @ften, they do not take
into account unlucky rare events, such as an attidea plant, which can
result in a significant increase of exposure. Megegdhe “end of the pipe”
strategies, such as scrubbers on smokestacks #agticaconverters on
vehicles, are highly costly.

From these considerations it is clear that enviremia issues and pollution
prevention have to be faced above all through ¢oversd strategy indicated
above, by limiting the hazard.

The term “hazard” includes not only physical hagasdch as explosiveness,
flammability, volatility, but also acute and chroroxicity, carcinogenicity,
ecological toxicity and biodegradability.

In the last years the hazard linked to chemicalpmmds and processes has
become a more and more important social and pallits8sue, requiring a
comprehensive regulation. To improve the protectblmuman health and
the environment from the risks that can be posecchmmicals, and to
strengthen the former legislative framework on cicaie of the European
Union, on ' June 2007 the regulation REACH (Registration, Eabn,
Authorisation and Restriction of Chemicals) hasrbeg@proved by the
European Parliament. REACH focuses greater respidityson industries to
asses the risks that chemicals may pose to théhhaad the environment:
all manufacturers and importers of chemicals mdsntify and manage
risks linked to manufacturing and marketing, subingt a registration
dossier to the European Chemical Agency (ECHA)stdystances produced
or imported in quantities of 1 tonne or more pearyger company. In this
way REACH regulation requires that substances of tigh concern (new
and existing) are ruled out or adequately contdollgrogressively
substituted by safer substances or technologiesnlgrused where there is
an overall benefit for the society. REACH statesodahat manufacturers and

importers must provide appropriate safety inforaratbout the risk to their



downstream users, for example through labellingesysand Safety Data
Sheets (SDS).

The REACH regulation and the “Twelve Principles” @feen Chemistry
can be seen as new important alternative toolthibassessment of hazards
of substances and they can act as a guidelinelponfiaimising the hazard
of a process, as well as increasing its overatbsuebility.

The twelve principles are:

1. Prevention. It is better to prevent waste than to treat @ancl up
waste after it has been created.

2. Atom Economy. Synthetic methods should be designed to maximize
the incorporation of all materials used in the psxcinto the final
product.

3. Less hazardous chemical synthesesWherever practicable,
synthetic methods should be designed to use aret@ensubstances
that possess little or no toxicity to human healihd the
environment.

4. Designing safer chemicalsChemical products should be designed
to effect their desired function while minimizinkggir toxicity.

5. Safer solvents and auxiliaries The use of auxiliary substances
(e.g., solvents, separation agents, etc.) shoulchdde unnecessary
wherever possible and innocuous when used.

6. Design for energy efficiency Energy requirements of chemical
processes should be recognized for their enviroteheand
economic impacts and should be minimized. If pdssibynthetic
methods should be conducted at ambient temperatgr@ressure.

7. Use of renewable feedstockA raw material or feedstock should be
renewable rather than depleting whenever techgicadnd
economically practicable.

8. Reduce derivatives Unnecessary derivatisation (use of blocking
groups, protection/ deprotection, temporary modtfan of
physical/chemical processes) should be minimizedavavided if
possible, because such steps require additiongienés and can

generate waste.



9. Catalysis Catalytic reagents (as selective as possiblesaperior
to stoichiometric reagents.

10.Design for degradation Chemical products should be designed so
that at the end of their function they break dowtoiinnocuous
degradation products and do not persist in therenment.

11.Real-time analysis for pollution prevention Analytical
methodologies need to be further developed to aftmwreal-time,
in-process monitoring and control prior to the fatian of
hazardous substances.

12.Inherently safer chemistry for accident prevention Substances
and the form of a substance used in a chemicalepsoshould be
chosen to minimize the potential for chemical aenid, including

releases, explosions, and fires.

This Thesisfocuses mainly on the recommendation of principlenber 5,

considered from the point of view of the use ofesafolvents, with a
widening also on principles™47" and 4.

In a typical chemical process, solvents are useéensiely for dissolving

reactants, affecting chemical reactivity, extragtand washing products,
separating mixtures, cleaning reaction apparatosveiier the major part of
the organic solvents currently in the industryspite of a large number of
self-evident advantages, are characterised by aestangerous effects for
the human health and the environment, which atheatbase of the need
underlined by the % principle of Green Chemistry to replace these ey

with safer alternatives.

Many organic solvents are volatile organic compaufdOCs), and it

means that their high volatility, very useful fandustrial applications,
contributes both to increase the risks of fire argdlosion, and to facilitate
the release in the atmosphere in which these dmlvean act as air
pollutants causing ozone deplection, photochemsalog and global

warming.

Moreover, many conventional solvents are highlyidder human beings,
animals and plants, and often their chronic toxigaal properties are

completely unknown. For example, benzene was widshployed as a



solvent, a hand-cleaner and even as an aftersltavdetades before its
carcinogenicity became appreciafed.

Precautions to minimise the effects of these sa$vby improved recycling
have limited success and can not avoid some laageshe environment.
Moreover, the risk connected to potential accidentill present. For these
reasons the replacement of these hazardous comgpowitid innocuous
substitutes, as thé"rinciple of Green Chemistry requires, seems tthbe
only valid alternative for a sustainable use o¥/sots.

Two main routes towards green solvents have beemla®ed: i) the
substitution of petro-chemically fabricated sohgenwith “bio-solvents”
from renewable resources, angl the substitution of hazardous solvents
with ones that show better EHS (Environmental, tteand Safety)
properties.

The first strategy relies on solvents produced frgggetable biomass such
as ethanol by fermentation of sugar-containing $esthrchy feed materials
or lignocellulosic raw materials, leading to theuetion of fossil fuel CQ
emissions to the atmosphere.

The second strategy is based both on the use ®fasaf innocuous organic
solvents, as acetone and alcohols, and on new aj@resolvents, as ionic
liquids and supercritical fluids.

The choice of the proper alternative should be $edwn®

« Workers safety, including carcinogenicity, mutagégi
reproduction hazards, skin and respiration absmmfgensitisation,
and toxicity.

* Process safety, including flammability, explosivesnepotential for
emissions through high vapour pressure, staticgehgyotential for
peroxide formation and odour issues.

 Environmental safety and safety for population,ludsg eco-
toxicity, persistence, ground water contaminatiomone depletion

potential, photo-reactive potential, global warmpugential.

2 Harremoe's, P., 2002. The Precautionary Prindiptee 20th Century: late lessons from
early warnings, James & James/Earthscan, Londeal&5

% Alfonsi, K., Colberg, J., Dunn, P., Fevig, T., demws, S., Johnson, T., Kleine, P., Knight,
C., Nagy, M., Perry, D., Stefaniak, M., 2008. Gregmemistry tools to influence a
medicinal chemistry and research chemistry basganisationGreen Chem., 10, 31-36.
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In 2008, Pfitzer's scientists elaborated a listwhich the solvents are
classified according to their compliance to theatety principles Table

1.1). The major part of the undesirable solvents hag®od alternative in
the group of the “green” solvents; for example thobmethane (which is
yet a recommended alternative to other chlorinasetlents) can be
replaced by ethyl acetate tibutyl methyl ether (MTBE). The dipolar
aprotic solvents group (dimethylformamidé;methylpyrrolidinone) is the
only group of unwanted solvents which has not sfs&tory alternative of

replacement, because of their unique solvatinggrtms.

Table 1.1Pfizer solvent selection guide for medicinal chemis

Preferred Usable Undesirable
Cyclohexane
Methylcyclohexane
Heptane
Isooctane
t-butyl methyl ether
Acetonitrile
2-methyl tetrahydrofura
Tetrahydrofuran
Dimethylsulfoxide
Acetic acid
Ethylene glycol
Xilene(s)
Toluene

The five main solvent systems which are currentiysidered as “green”
are:i) solventless systems) water,iii) ionic liquids,iv) fluorous solvents
andv) supercritical fluids. Even though the last coupielecades has seen a
large development of all of these systems as “Cledternatives for
synthesis and catalysis, it is also becoming irginggy clear that no single
system will, in its own right, ever be able to w@® completely all
conventional reagents and solvents as a truly enwientally friendly
alternative. It means that an ideal and univerggeén” solvent for all
situations does not exist because there are dr&wlzamsociated with all of
these systems, both from the point of views of igppility and

sustainability.



2. Aim of the Thesis

The main objective of the presenhesisis the study of three alternative
solvent groups as sustainable replacement of comorganic solvents (%
principle of Green Chemistry). Some aspectsoafc liquids, fluorinated
solvents and supercritical fluids have been analysed with a critical
approach and their effective “greenness” has bealuated from the points
of view of the synthesis, the properties and thgliegtions. In particular,
the attention has been put on the environmentalhamdan health issues,
evaluating the eco-toxicity, the toxicity and thergistence, to underline that

applicability and sustainability are subjects watfual importance.

lonic liquids, especially imidazolium salts, haveeh proposed some years
ago as “fully green” alternative solvents; howetres epithet does not take
into account several “brown” aspects such as thgnthesis from petro-
chemical starting materials, their considerable-tegaity, toxicity and
resistance to biodegradation, and the difficulty oflearly outline
applications in which ionic liquids are really moeslvantageous than
traditional solvents. For all of these reasondhia Thesisa critical analysis
of ionic liquids has been focused on:

* Alternative synthesis by) introducing structural moieties which
could reduce the toxicity of the most known ligsaits (4 principle
of Green Chemistry), and by) using starting materials from
renewable resources"{principle of Green Chemistry); this second
issue should also lead towards more biodegradattistances (10
principle of Green Chemistry).

e Evaluation of their environmental impact through eco-
toxicological tests Maphnia magnaand Vibrio fischeri acute
toxicity tests, and algal growth inhibitioni) toxicity tests (MTT
test, AChE inhibition and LDH release tests) @ndfate and rate of
aerobic biodegradation in soil and water.

» Demonstration of their effectiveness as reactiordienén organo-
catalysis (9 principle of Green Chemistry) and as extractive
solvents in the recovery of vegetable oil fromestrial and aquatic

biomass (7 principle of Green Chemistry).
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Fluorous solvents and supercritical fluids are lekbated alternative
solvents than ionic liquids, being their “green’afigres almost well-
established; in particular supercritical carbonxaie (scCQ) is probably
the “greenest” solvent among the alternative sdlegstems developed in
the last years, enabling to combine numerous adgast both from the
point of view of industrial/technological applicatis and eco-compatibility.
Thus in theThesisthe analysis of these two classes of alternaibheeats
has been mainly focused on their applicabilityheatthan the evaluation of
their environmental impact, as done for ionic lagii

Specifically the aim has been the evaluation obribws solvents and
supercritical CQ as alternative media for non-aqueous biocatalysisthis
purpose, the hydrophobic ion pairing (HIP), whiclows solubilising
enzymes in non conventional apolar solvents asrdlu® solvents and
supercritical C@ has been investigated as effective enzymatic
derivatisation technique to improve the catalytictivaty under

homogeneous conditions in hon conventional media.

10



3. lonic liquids

lonic liquids (ILs) are the most explored sourceatiernative solvents, as
confirmed by the incredible amount of works in tiberature regarding this
topic (Figure 3.1). The great interest for such compounds relietherfact
that they posses several attractive properties sschegligible vapour
pressure, chemical and thermal stability, non-flaiity, high ionic
conductivity, wide electrochemical potential wind@amd ability to act as
catalysts. The consequent attention is clearlytdube exploitation of these
materials, formerly used for specialised electroaical applications, as
solvents for reactions and material processingexsaction media or as
working fluids in mechanical applications.

Figure 3.1 Publications on ionic liquids: 1998-20009.
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In contrast to conventional solvents that are dtutstl of molecules, ionic
liquids consist of ions and are liquid at room temgpure (RTILS) or have a
low melting point (generally below 100°C). A hugmaunt of different
ionic liquids can be envisioned by the simple cambon of different
anions and cations; by changing the anion specid¢iseocation entity (e.g.
varying alkyl chain or the core), it is possible ¢hange the physical
properties as hydrophobicity, viscosity, densitgd asolubility behaviour,
and to influence the biological features. For #bdity to tune the properties

11



as function of the chemical structure, ILs can befingéd “designer

solvents™

In the light of their recent widespread commereaigilability, the synthesis
of ionic liquids has been object of further develgmts. If in the past years
the synthesis of ILs was focused on obtaining umighemico-physical
properties (I ILs generation), such as the absence of volatditg the
thermal stability, or a specific targeted behavi(2if ILs generation), now
one of the main goal is the achieving of specifiesithble biological
features (3 ILs generation§. Simultaneously the number of studies about
the toxicity, biodegradability and environmentalefaof ILs has increased,
even if this kind of investigation still represemsminimum part of all the

literature Figure 3.2).

Figure 3.2 Publications on ionic liquids biological propertié998-20009.
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As indicated byFigure 3.2. in spite of the scientific community is now
focusing on ILs sustainability and effective “graess”, this topics still
remains something rather unexplored. The use ofrenewable resources
as starting materials, the economic/environmentalpaict and the

cumulative energy demand (which includes the supphaw materials, the

“ Earle, M.J., Seddon, K.R., 2000. lonic liquidse@& solvents for the future. Pure Appl.
Chem., 72, 1391-1398.

® Hough W.L., Smiglak M., Rodri"guez H., SwatloskPR Spear S.K., Daly D.T., Pernak
J., Grisel J.E., Carliss R.D., Soutullo M.D., Davi$i., Rogers R.D., 2007. The third
evolution of ionic liquids: active pharmaceuticagiedients. New J. Chem., 31, 1429-
1436.

12



recycling and disposal of chemicals, the energuireq for heating, stirring
and cooling), the (eco)-toxicological behaviour @ahd environmental fate
are extremely important parameters to take intcowaet for a complete
analysis of ILs sustainability, above all in orderimprove the chances of
large-scale applicatiorfs.

Two attempts have been done in thisesisto address these issu@sthe
synthesis of imidazolium and pyridinium-based sddearing functional
groups which could reduce their biological activi;md increase their
biodegradability Chapter 3.1.); ii) the use of bio-renewable feedstock for
the synthesis of new ammonium salthépter 3.1.5. Moreover, the efforts
to reduce the environmental impact of ILs preparatihave been
accompanied by investigations of their eco-toxi¢@apter 3.1.3, toxicity
at cellular and sub-cellular levelCliapter 3.1.3. and biodegradability
(Chapter 3.1.4.

3.1. Synthesis and properties

The chemical structure of the commonly used cafi@eng. imidazolium,
pyridinium, pyrrolidinium, ammonium and phosphoniugalts, in the
synthesis of ionic liquids is representedFigure 3.1.1.In particular 1-
alkyl-3-methylimidazolium cations have been the tmosed and deeply
investigated cation species over the last 20 years.

Figure 3.1.1Examples of cations commonly used for the synthafsisnic

liquids.
€] o R o
X X o R/ X
RO AN\ z &N
N, N |
~__1 _
imidazolium pyridinium  pyrrolidinium
08 o®
X NRy X PRy
ammonium phosphonium

® a) Kralisch, D., Stark, A., Ko'rsten, S., Kreis€l,, Ondruschka, B., 2005. Energetic,
environmental and economic balances: Spice up yamic liquid research efficiency.

Green Chem., 7, 301-309. b) Zhang, Y., Bakshi, BBemessie, A, 2008. Life Cycle

Assessment of an lonic Liquid versus Molecular 8otg and Their Applications. Environ.
Sci. Technol., 42, 1724-1730.
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So far ILs synthesis has been generally based lofladbn reactions of
amines, phosphines or sulphides by using alkyblealor dialkyl sulfates. In
principle this reaction is very simple, as indichia Figure 3.1.2for the

synthesis of imidazolium salts: 1-methylimidazaestirred with the alkyl

halide under nitrogen (to maintain the reactiontom free of moisture), at
a certain temperature and for a specific time atiogrto the reactivity of
the alkyl halide. The halide salt, in general inecibte with the starting
materials and with many organic solvents (e.g. hexand ethyl acetate),
can be easily separated and purified, and substyguamon-exchanged
with other kinds of anions to afford the suitablenic liquid (e.g.

tetrafluoroborate, hexafluorophosphate, dicyanajnitieis process has two
main advantages) a wide range of available cheap alkyl halides &nd
high yields of anion-exchange reactions. On thetraoy the intrinsic

toxicity for human health and for the environmetnmany alkyl halides
(e.g. methyl iodide) represents a disadvantage ftapoint of view of the

sustainability.

Figure 3.1.2.Quaternarization reaction and anion-exchange ab#se of

the synthesis of common and commercial imidazoiiomic liquids.

o o
X Y
NN R RO AN MY RO I
N — N7 +‘,N = N7 +\’N
\—/ \s2o/ M: Na, Li \oof

Y: BF4, NTf,, N(CN),

The final quality of an ionic liquid is a crucialowsideration for its
application. For example the transparency in the\UJS spectral region is
a very important parameter for some spectroscomipliGations, but
irrelevant when the ionic liquid has to be usedsab/ent in catalytic
reactions, being the coloured impurities usuallgspent only in traces.

In principle the impurities can be summarised wefmain categories)
organic compoundsj) water, iii) halide salts,jv) inorganic salts and)

coloured impuritie<.

"a) Scammel, P, Scott, J., Singer, R., 2005. Itgigds: the neglected issue. Aust J Chem,
58, 155-158. b) Wagner, M., Hilgers, C., 2008. Quaspects and other questions related
to commercial ionic liquids. In “lonic liquids inysthesis, second edition”, Wiley-VCH
Verlags GmbH & Co. KGaA, Weinheim.
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Organic impurities can derived from an incomplet&ylation of the
substrate; in general the alkyl halide used as eoptliles in
quaternarization reactions, is easily removableeunvicuum, whereas the
other non-volatile organic impurity can be elime@by solvent extraction.
On the contrary, residual water is quite diffictit remove, above all
because without a specific drying procedure itnsoat impossible to obtain
waterless ionic liquids, since their high hygroscopehaviour. The main
strategy to remove water relies in drying the ioldgid for some days
under vacuum at 60-70°C, and then to keep it unidiergen.

Halides salts are often detected in the final petdas indication of an
incomplete anion metathesis, and they can seriaf#gt the usefulness of
the material as solvent for chemical reaction. sl of impurity can be
removed with various strategies, e.g. by titratmth AgNO;s, through ion
exchange chromatography or by washing the ionugidigvith water. The
presence of residual inorganic salt in the iongquilil is often difficult to
remove, above all if the ionic liquid is hydrophiland can not be washed
with water.

Finally it is very difficult to remove coloured impties because they are
often present in very low trace amounts. The gjsate obtain colourless
ionic liquids is based on the use of very puretistgrmaterials and mild
reaction conditions in their synthesis, followed Ipyrification with
activated carbon or filtration through silica/alumaicolumn. Unfortunately,
the additional cost of these procedures sometimegepts a large scale
application of ionic liquids.

In comparison with the solvents commonly in usajddiquids have several
attractive chemico-physical properties which arfiatilt to obtain with
molecular solvents and, above all, which can beeduby changing the
chemical structure of the ions: wide liquid rangesy melting points, low
viscosity, high solubility for many solutes, gasutxlity, offer opportunities
for controlling the reactivity of chemical react®as well for obtaining new
materials exploitable in many fields.

One of the most interesting properties of ILs isithability to solubilise
both metal salts and organic compounds; in padictihey are able to

dissolve biological macromolecules that are linkédgether by

15



intermolecular hydrogen bonds such as carbohydtatediulose? wool
keratin!® silk fibroin,** chitin and chitosar? offering new possibility of
exploitation of this kind of renewable bio-matesial The industrial
exploitation of cellulose for example is charaded by very harsh
extraction and derivatisation conditions, basicalgause there is a limited
number of solvents able to dissolve the fibres.difi@nal cellulose
dissolution processes, including the cuprammoniuach Xanthate ones, are
often cumbersome or expensive and require the fusarsh conditions and
of solvents with high ionic strength which can mathbe recycled. In this
contest, some ionic liquids represent a very gogdeeén” alternative
because they are able to dissolve cellulose andttiner bio-polymers in
high amount (10% w/w) under mild conditions (roc@mperature or gently
heating), theyallow an easy functionalisation of the material dhey are
simply recoverable by precipitation with water oganic solvents.

3.1.1. Oxygenated ionic liquids

In this Thesisthe evaluation of the environmental impact of Ilastbeen

performed by comparing traditional alkyl-substititecations with

oxygenated (or polyethoxylated) ones. The choice fofusing on

oxygenated ionic liquids derives both from thenganumber of applicable

chemico-physical properties, but above all from wiking to reduce the

8 Liu, Q., Janssen, M.H.A., van Rantwijk, F., Sheldg.A., 2005. Room-temperature ionic
liquids that dissolve carbohydrates in high conaitins. Green Chem., 7, 39—42.

o a) Swatloski, R.P., Spear, S.K., Holbrey, J.D., RogBt®., 2002. Dissolution of Cellose
with lonic Liquids. JACS, 124, 4974-4975. b) Kos&, Michels, C., Meiste, F., 2008.
Dissolution and forming of cellulose with ionic ligls. Cellulose, 15, 59-66. c) Zhu, S.,
Wu, Y., Chen, Q., Yu, Z.,, Wang, C., Jin, S., Dinya, Wu, G., 2006. Dissolution of
cellulose with ionic liquids and its applicationmani-review. Green Chem., 8, 325-327. d)
Mikkola, J., Kirilin, A., Tuuf, J., Pranovich, AHolmbom, B., Kustov, L., Yu, D., Salmi,
T. 2007. Ultrasound enhancement of cellulose pingsn ionic liquids: from dissolution
towards functionalization. Green Chem., 9, 12297123 Fukaya, Y., Hayashi, K., Wada,
M., Ohno, H., 2008. Cellulose dissolution with goienic liquids under mild conditions:
required factors for anions. Green Chem., 10, 44-46

% Xje, H., Li, S., Zhang, S., 2005. lonic liquids msvel solvents for the dissolution and
blending of wool keratin fibres. Green Chem., 76-GD8.

1 phillips, D., Drummy, L., Conrady, D., Fox, D.aN, R., Stone, M., Trulove, P., De
Long, H., Mantz, R., 2004. Dissolution and Regetienaof Bombyx moriSilk Fibroin
Using lonic Liquids JACS 126, 44, 14350-14351.

12 3) Xie, H., Zhang, S., Li, S., 2006. Chitin andtesan dissolved in ionic liquids as
reversible sorbents of CO2. Green Chem., 8, 630-468%Vu, Y., Sasaki, T., Sakurai, K.,
2008. A novel biomass-ionic liquid platform for thilization of native chitin. Polymer,
49, 2321-2327. c) Mine, S., Izawa, H., Kaneko,Radokawa, J., 2009. Acetylation of a-
chitin in ionic liquids. Carbohydrate Research, 32263-2265
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hazard and to find a correlation between the chalnsicucture of the cation
and its toxic profile.

Imidazolium-based ILs bearing ether functionalitiesthe lateral chain
(Figure 3.1.1.), firstly synthesised in 1996 by GratZel for
photoelectrochemical applications, have very irstitng applicative
properties, such as high solubility for polar susts (e.g. carbohydrates
and cellulosef** suitable features as reaction media for biocdtalyt
processes and for catalytic asymmetric reactibhhigh CQ solubility
useful for gas separation procesSegood electrochemical behaviour suited
to dye-sensitized photoelectrochemical solar ¢élland nanoparticles
stabilizing properties? Moreover some preliminary (eco)-toxicological
data, as it will be described @hapters 3.1.2and3.1.3, indicate that the
introduction of one ethoxy moiety in the lateralach of imidazolium

cations can deeply reduce their intrinsic toxicity.

Figure 3.1.1.1.General structure obxygenated imidazolium-based ionic

liquids bearing ethoxy moieties.

'3 Bonho'te, P., Dias, A., Papageorgiou, N., Kalyandaram, K., Gratzel, M., 1996.
Hydrophobic, Highly Conductive Ambient-Temperativolten Salts. Inorg. Chem., 35,
1168-1178.

% pinkert, A., Marsh, K.N., Pang, S., Staiger, MZ®09. lonic liquids and their interaction
with cellulose. Chem. Rev., 109, 6712-6728.

> Galletti, P., Moretti, F., Samori, C., TagliavirE., 2007. Enzymatic acylation of
levoglucosan in acetonitrile and ionic liquids. &meChem., 9, 987-991.

16 Branco, L., Afonso, C.A.M., 2004. lonic liquids asconvenient new medium for the
catalytic asymmetric dihydroxylation of olefins mgi a recoverable and reusable
Osmium/ligand. JOC, 69, 13, 4381- 4389.

" Bara, J.E., Gabriel, C.J., Lessmann, S., CarliEl&,, Finotello, A., Gin, D.L., Noble,
R.D., 2007. Enhanced GQeparation selectivity in oligo (ethylene glychinctionalized
room-temperature ionic liquids. Ind. Eng. Chem..R46, 16,5380-5386.

8 Stathatos E., Lianos P., Jovanovski V., Orel B.Q0® Dye-sensitized
photoelectrochemical solar cells based on nanocsitgporganic—inorganic materials. J.
Photoch. Photobio. A., 169, 1, 57-61.

19 Schrekker H.S., Gelesky M.A., Stracke M.P., SckeelC.M.L., Machado G., Teixeira
S.R., Rubim J.C., Jairton Dupont J., 2007. Disdlesof the imidazolium cation
coordination and stabilization mode in ionic liquidabilized gold(0) nanoparticles. J.
Colloid Interf. Sci., 316, 1, 189-195.
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The synthesis of ether-functionalised imidazoliuomic liquids has been
previously described in det&fl:in this Thesisthe procedure reported in the
literature has been used to enlarge the class yjemated imidazolium
salts, including ionic liquids with three and foethoxy units in the lateral
chain, and to synthesise a class of pyridinium @nas (to the best of our
knowledge never synthesised before), with one amdethoxy units Table
3.1.1.1).

Table 3.1.1.1lonic liquids synthesised in thighesis

CH;O(CH,), 3-methylpyridinium MOEMPy Cl - -
CH3(O(CHy,),)- 3-methylpyridinium M(OE§MPy  ClI - -

R Cation type Acronym Anion

a b c
1 CH3(CHy)3 1-methylimidazolium BMIM Cl BE N(CN),
2 CH3;0(CHy)2 1-methylimidazolium MOEMIM Cl  BF N(CN),
3 CH3(O(CHp)z), 1-methylimidazolium M(OBEMIM ClI BF,; N(CN),
4  CH(O(CHy)z)s  1-methylimidazolium  M(OEMIM  CI BF;  N(CN),
5 CH3(O(CH,)z)s  1-methylimidazolium  M(OEMIM  ClI - N(CN),
6 CHs(CH,)s3 3-methylpyridinium BMPy Cl - -
7
8

#1-Butyl-3-methylimidazolium tetrafluoroborate BMIBIF, was purchased from Merck

According to the procedure reported in the litematihe synthesis of ionic
liquids was performed in two stepy: a quaternarization reaction to get
imidazolium and pyridinium chloride4¢a-8a, followed by ii) an anion
exchange with NaBR2b-4b) or NaN(CN} (1c¢-5¢) (Figure 3.1.1.9.

2 a) Park, S.; Kazlauskas, R.J., 2001. Improvedgegjpn and use of room-temperature
ionic liquids in lipase-catalyzed enantio- and osgiective acylations. JOC, 66, 8395-
8401. b) Branco, L.C.; Rosa, J.N.; Ramos, J.J.Nongo, C.A.M., 2002. Preparation and
characterization of new room temperature ioniciigu Chem. Eur. J., 8, 3671-3677. C)
Fei, Z., Ang, W.H., Zhao, D., Scopelliti, R., Ze®n, E., Katsyuba, S., Dyson, P.J., 2007.
Revisiting Ether-Derivatized Imidazolium-Based loriiquids J. Phys. Chem. B., 111,
10095-10108
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Figure 3.1.1.2Synthetic pathway for the synthesis of alkyl anggenated

imidazolium or pyridinium ionic liquids.

2N\, RCI

N N 5
\—/
la
2a

©
R C NaBF, or NaN(CN),
SN N acetone

Wt >
. R:(CH2)3CH3
: R=(CH,),0OCH3

x O

R A
)

2b-4b: X=BFy;
1c-5c: X=N(CN),

3a: R:(CH2)20)2CH3
4a: R:(CH2)20)3CH3
5a: R:(CH2)20)4CH3

6a: R:(CH2)3CH3
7a: R:(CHz)zoCHg
8a: R:(CH2)20)2CH3
9a: R:(CH2)20)3CH3

As mentioned above, the purity and the decoloudasabf the ILs are

extremely important when biological systems and cspscopic
measurements are involved, as in the case of gsepiThesis To obtain
colourless ILs suitable for the envisagement oficmogical properties, a
further purification procedure was done, by usingivated charcoal

according to the literature.

Experimental section

All reagents used were purchased from Aldrich; Yhylenidazolium, 3-
methyl pyridine, 1-chlorobutane and 2-chloroethyéthyl ether were re-
distilled before use to limit the formation of cated impurities.

BMIM BF, 1b (purity 98%) was purchased from Merck (Darmstadt,

Germany), and used without any other purification.

1 3) Gordon, C.M., McLean, A.J., Muldoon, M.J., DimK.R., 2003. Diffusion-controlled
reactions in room temperature ionic liquids. Inges R.D. and Seddon K.R., (Eds.). lonic
liquids as green solvents, progress and prospes@S Symposium Series 856,
Washington, DC, 357-369. b) Nockemann, P., BinneanaA., Driesen, K., 2005.
Purification of imidazolium ionic liquids for speoscopic applications. Chem. Phys. Lett.,
415, 131-136. c¢) Earle, M.J., Gordon, C.M., Plesfakd\.V., Seddon, K.R., Welton T.,
2007. Decolourization of ionic liquids for specttopy. Anal. Chem., 79, 11, 758-764.
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The purities of all the ionic liquids were estabbd to be>98% through
proton and carbon nuclear magnetic resonant¢NMR and**C NMR)
spectra by integration of proton signals with resge an internal standard.
All spectra were recorded using a 5-mm probe onaviamova 300 and
Varian Inova 400 spectrometers (Varian, Palo Atd, USA) at 300 or 400
MHz. All spectral data were acquired in acetaeb,O or (DCl; with a
known amount of tetrakis(trimethylsilyl)silane as iaternal standard and a
delay time between successive scans of 20 s toremsumplete proton

relaxation and, therefore, quantitative integration

2-(2-Methoxy-ethoxy)-ethyl chloride (GHDCH,),).Cl), 2-(2-(2-methoxy-
ethoxy)-ethoxy)-ethyl chloride (GOCH,),)sCl), and 2-(2-(2-(2-methoxy-
ethoxy)-ethoxy)-ethoxy)-ethyl chloride (GHEDCH,)2)4Cl) were synthesised
from the corresponding ethylene glycol monomethlgeg according to the
procedure reported in the literatufe.

A solution of thionyl chloride (92 mmol) in CHE(15 mL) was added
slowly with a dropping funnel to a stirred solutiah diethylene glycol
monomethyl ether, triethylene glycol monomethylegtlor tetraethylene
glycol monomethyl ether (72 mmol), and pyridine (vghol) in CHC} (60
mL) under N. The reaction mixture was stirred for 3 h at nefand then
washed with 300 mL of water, dried with £, and concentrated under
reduced pressure. The crude yellowish product v&esl without further

purification.

CH3(OCH,),):Cl, yield >99%.'"H NMR (400 MHz; Cls): 3=3.32 (s, 3H,

CH30), 3.48-3.50 (m, 2H, CH#DCH,CH,O(CH,).Cl), 3.56-3.61 (m, 4H,

CH30CH,CH;0OCH,CHCI) and 3.67-3.70 ppm (m, 2H,
CH3O(CH,),0CH,CH,CI). ¥*C NMR (100 MHz; ®Cls): 8c=42.17, 58.58,

70.10, 70.92, 71.43

CH3(OCH»)2)sCl (>99%). 'H NMR (400 MHz; MCls): 3=3.38 (s, 3H,
CH30), 3.54-3.56 (m, 2H, C¥DCH,CH,(O(CH,),).Cl), 3.63-3.68 (m, 8H,

2 Gudipati, V., Curran, D., Wilcox, C., 2002. SotutiPhase Parallel Synthesis with
Oligoethylene Glycol Sorting Tags. Preparation off &our Stereoisomers of the
Hydroxybutenolide Fragment of Murisolin and Relagezktogenins. JOC, 71, 9, 3599
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CH30OCH,CH,0O(CH,),OCH,CH,CIl) and 3.74-3.77 ppm (m, 2H,
CHs(O(CH,)2).OCH,CH.CI). *C NMR (100 MHz; ®Cls): 5:=42.66,
59.01, 70.57, 70.60, 70.64, 71.34, 71.92.

CH3(OCH2)2)4Cl (90%). 'H NMR (400 MHz; MCls): 8=3.25 (s, 3H,

CH30), 3.50-3.52 (M, 2H, CH#DCH,CHy(O(CH)2)sCl), 3.57-3.66 (m, 12H,
CHsO(CH2):0(CHy)Cl)  and  3.83-3.86 ppm  (m,  2H,
CHa(O(CHp)2)20CH,CH.Cl). *C NMR (100 MHz; ®Cls): 8c=43.02,

58.82, 69.84, 70.42 (x3), 70.62, 71.30, 71.69.

All the chloridesla-8a were prepared by adding the corresponding alkyl
chloride (72 mmol) to a stirred solution of 1-mditmydazolium or 3-
methyl pyridine (1.1 eq, 65.4 mmol); the reactioixtore was stirred for 20

h at 90°C (50°C for BMIM ClLa and BMPy Cl6a), and then washed with
ethyl acetate and diethyl ether. The solid (oridguchloride was dried

under vacuum at 70°C over night.

BMIM Cl 1a, yield 98. *H NMR (400 MHz; D,0): 5=0.94-0.97 (m, 3H,
CH3(CH,)sN), 1.31-1.40 (m, 2H, CH#CH(CH,),N), 1.85-1.93 (m, 2H,
CH3CH,CH,CH,N), 3.94 (s, 3H, N@E3), 4.23-426 (m, 2H,
CH3(CH,).CHN), 7.49 (s, 1H, NCH=8N), 7.54 (s, 1H, NE=CHN), and
8.78 ppm (s, 1H, N=BN).

MOEMIM Cl 2a(92%)."H NMR (400 MHz;D,0): 8=3.42 (s, 3H, E30),
3.87-3.90 (m, 2H, CEOCH,CH:N), 3.95 (s, 3H, NE3), 4.43-4.46 (m, 2H,
CH3;OCH,CH2N), 7.50 (d, 1H, J=2 Hz, NCH=#4N), 7.56 (d, 1H, J=2 Hz,
NCH=CHN), and 8.80 ppm (s, 1H, N#{).

M(OE),MIM CI 3a (90%).'H NMR (400 MHz; D,O): 3=3.37 (s, 3H,
CH30), 3.61-3.63 (m, 2H, CIDCH,CH,O(CHy):N), 3.70-3.72 (m, 2H,
CH3OCH,CH,O(CHy):N), 3.92-3.94 (m, 2H, CHD(CH,);0CH,CH,N),

3.93 (s, 3H, NEl3), 4.41-4.43 (m, 2H, CHD(CH,),OCH,CH,N), 7.48 (d,
1H, J=2 Hz, NCH=EIN), and 7.54 ppm (d, 1H, J=2 Hz, NCHH®).
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M(OE)sMIM Cl 4a (90%). *H NMR (400 MHz; D-O): 8=3.37 (s, 3H,
OCH3), 3.51-3.64 (m, 8H, C#O(CH,),).OCH,CH:N), 3.82 (t, 2H, J=4.8
Hz, CH;(O(CH,)2).OCH,CH;N), 3.98 (s, 3H, NE3), 4.48 (t, 2H, J=4.8 Hz,
CH3(O(CH,)2).OCH,CH2N), 7.25-7.26 (m, 1H, NB=CHN), and 7.59-7.61
ppm (m, 1H, NCH=EIN).

M(OE)4MIM Cl 5a (66%). '"H NMR (400 MHz; D,O): 3=3.34 (s, 3H,
OCHs3), 3.50-3.65 (M, 12H, CHO(CH-),)sOCH.CH,N), 3.81 (t, 2H, J=4.8
Hz, CHy(OCH,CH,)sOCH,CH;N), 3.96 (s, 3H, NE3), 4.47 (t, 2H, J=4.8
Hz, CHyOCH,CH,);O0CH,CH,N), 7.31-7.33 (m, 1H, NB=CHN), and
7.61-7.62 ppm (m, 1H, NCH=N).

BMPy Cl 6a (97%). '"H NMR (400 MHz; D,O): 3=0.94-0.98 (m, 3H,
CH3(CH,)sN), 1.35-1.39 (m, 2H, CHCH2(CH,):N), 2.00-2.04 (m, 2H,
CHsCH,CH.CH;N), 258 (s, 3H, @), 4.59-462 (m, 2H,
CH3(CHy)2CH,N), 7.95-7.99 (m, 1HH meta), 8.39 (d, 1H, J=8 HHl, para),
8.70 (d, 1H, J=6 HZH orto), and 8.76 ppm (s, 11 orto). **C NMR (100
MHz; D-O): 8c=12.95, 17.92, 18.94, 32.78, 61.67, 127.62, 140186,51,
143.91, 146.12.

MOEMPy CI 7a (98%).'H NMR (400 MHz:D,0): 3=2.57 (s, 3H, ),
3.38 (s, 3H, ©;0), 3.96-3.99 (m, 2H, CH¥DCH,CH,N), 4.75-4.79 (m, 2H,
CHsOCH,CH,N), 7.97 (dd, 1H, J=6 and 8 Hil meta), 8.42 (d, 1H, J=8
Hz, H para), 8.66 (d, 1H, J=6] orto), and 8.71 ppm (s, 1H orto). **C
NMR (100 MHz; D;O): 6c=17.80, 58.56, 60.84, 70.38, 127.50, 140.04,
141.91, 144.21, 146.62.

M(OE),MPy Cl 8a(95%).'H NMR (400 MHz;D,0): 3=2.58 (s, 3H, El3),
3.32 (s, 3H, ©30), 3.55-3.57 (M, 2H, C#DCH,CH,O(CH,)2N), 3.67-3.69
(m, 2H, CHOCH,CH,O(CH,):N), 4.05 (t, 2H, J=5.2 Hz,
CH30(CHy)2,0CH,CHoN), 4.76-4.79 (m, 2H, CD(CH,),OCH,CH:N),
7.97 (dd, 1H, J=6 and 8 HH, meta), 8.43 (d, 1H, J=8 HH, para), 8.69 (d,
1H, J=6 Hz,H orto), and 8.73 ppm (s, 1# orto). *C NMR (100 MHz;
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D,0): 6c=17.82, 58.20, 60.99, 68.93, 69.78, 71.01, 127185,94, 141.99,
144.36, 146.62.

Compound<2b-4b were prepared through an anion exchawgh NaBF..
Chloride Qa-4a, 30 mmol) was added to a suspension of NaBR eq., 36
mmol) in acetone (75 mL). The mixture was stirred 2 days at room
temperature; the sodium halide precipitate was veahdy filtration and the
filtrate concentrated to an oil by rotary evapamatiThe oil was diluted with
CH.CI; (100 mL) and filtered through silica gel. The dmn was washed
twice with a small amount of saturated sodium casb® aqueous solution
(CH.Cl;: NaHCQ; ag, 10:1) and dried over anhydrous,81&;,. The solvent
was removed by rotary evaporation, giving a yeltol

MOEMIM BF 4 2b (74%).*H NMR (300 MHz; acetone): 5=3.36 (s, 3H,
OCHg), 3.74 (t, 2H, J=4.5 Hz, G€&:CH;N), 3.96 (s, 3H, E3N), 4.38 (t,
2H, J=4.5 Hz, OCBCH,N), 7.27 (m, 1H, NE&=CHN), 7.40 (m, 1H,
NCH=CHN), and 8.81 ppm (s, 1H, N+{N).

M(OE),MIM BF 4 3b (61%) NMR (200 MHz; MCls): 5=3.38 (s, 3H,
OCHj3), 3.52-3.57 (m, 2H, CHOCH,CH,O), 3.64-3.68 (m, 2H,
CH3;OCH,CH0), 3.87 (t, 2H, J=4.6 Hz, QGCH:N), 3.97 (s, 3H, NE5),
4.40 (t, 2H, J=4.6 Hz, OCIEH,N), 7.28-7.29 (m, 1H, NB=CHN), 7.48-
7.50 (m, 1H, NCH=EIN), and 8.87 ppm (s, 1H, N#{N).

M(OE) sMIM BF 4 4b (89%).'H NMR (300 MHz; MCls): =3.37 (s, 3H,
OCHs), 3.56-3.57 (m, 2H, CH#DCH,CH,), 3.62-3.67 (m, 6H,
CH3;OCH,CH,OCH,CH,), 3.85 (t, 2H, J=3.8 Hz, GGCH,N), 3.95 (s, 3H,
NCHz), 4.38 (t, 2H, J=3.8 Hz, OGBH.N), 7.32 (d, 1H, J=1.4 Hz,
NCH=CHN), 7.55 (d, 1H, J=1.4 Hz, NCH#@), and 8.83 ppm (s, 1H,
N=CHN).

Compounds 1¢5¢c were prepared through an anion exchangih
NaN(CN). Chloride (a5a 30 mmol) was added to a suspension of
NaN(CN) (1.2 eq., 36 mmol) in acetone (75 mL). The mixtwaes stirred
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for 2 days at room temperature; the sodium hali@eipitate was removed
by filtration and the filtrate concentrated to ahby rotary evaporation. The
oil was diluted with acetone and filtered througfca gel. The solvent was

removed by rotary evaporation, giving a light yelloil.

BMIM N(CN) > 1c (97%) *H NMR (200 MHz; @Cly): 3=0.98 (t, 3H,
J=7.4 Hz, G1sCH,CH,CH,N), 1.30-1.49 (m, 2H, C¥CH,CH,CH,N), 1.82-
1.97 (m, 2H, CHCH,CH,CH,N), 4.01 (s, 3H, EisN), 4.23 (t, 2H, J=7.4 Hz,
CHa(CH,)2,CH;N), 7.28-7.45 (m, 2H, NB=CHN), and 9.12 ppm (s, 1H,
N=CHN).

MOEMIM N(CN) » 2¢ (93%).*H NMR (400 MHz; acetonels): 3=3.35 (s,
3H, OCH3), 3.81 (t, 2H, J=5.2 Hz, Q4;CH,N), 4.07 (s, 3H, EsN), 4.53
(t, 2H, J=5.2 Hz, OCKCH;N), 7.71 (m, 1H, NEI=CHN), 7.75 (m, 1H,
NCH=CHN), and 9.08 ppm (s, 1H, N+{N).

M(OE),MIM N(CN) » 3c (65%).'H NMR (400 MHz; M@Cly): 5=3.35 (s,
3H, OCH3), 3.51-3.53 (m, 2H, CHDCH,CH,0), 3.63-3.65 (m, 2H,
CH3OCH,CH,0), 3.85 (t, 2H, J=4.6 Hz, GGCH,N), 3.98 (s, 3H, NEl),
4.41 (t, 2H, J=4.6 Hz, OGIEH,N), 7.37 (d, 1H, J=3.4 Hz, N€=CHN),
7.53 (d, 1H, J=3.4 Hz, NCH=4N), and 9.06 ppm (s, 1H, N+Q\).

M(OE)sMIM N(CN) » 4c (96%).'H NMR (300 MHz; MCls): 8=3.39 (s,
3H, OMHj), 3.56-3.60 (m, 2H, CHDCH,CH,), 3.63-3.73 (m, 6H,
CH3;OCH,CH,0OCH,CH,0), 3.87-3.91 (m, 2H, O&,CH,N), 4.03 (s, 3H,
NCH3), 4.43-4.47 (m, 2H, OCHH,N), 7.38-7.40 (m, 1H, NB=CHN),
7.62-7.64 (m, 1H, NCH=BN), and 9.14 ppm (s, 1H, N+N).

M(OE) sMIM N(CN) » 5¢ (69%). *H NMR (300 MHz; @Cls): 5=3.34 (s,

3H, OCH;), 3.54-3.56 (m, 2H, CHDCH,), 3.62-3.70 (m, 10H,
CH3OCH,CH,(OCH,CH,);0), 3.91 (t, 2H, J=4.6 Hz, QGCH,N), 4.02 (s,

3H, NCH3), 4.45 (t, 2H, J=4.6 Hz, OGBH,N), 7.40 (d, 1H, J=3.2 Hz,
NCH=CHN), 7.64 (d, 1H, J=3.2 Hz, N&CHN), and 9.15 ppm (s, 1H,
N=CHN).
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3.1.2. Eco-toxicological properties

The environmental impact of ILs and their effectigeeenness” have been
analyzed in a series of interdisciplinary fundaraéstudie$® which have
underlined the importance of a preventive evaluaiio the ILs design,
because of the influence of different structurespertinent technological,
toxicological and eco-toxicological properties. Iparticular the risk
associated to ionic liquids should be analyzedayngy into account several
factors, from the release to the biodegradabilityn the biological activity
to the uncertainty of action respect to traditiosalvents. Moreover the
need of a full comprehension of the biological efifeat different biological
organization levels has a fundamental importance] such knowledge
should play a role as a key factor in the modutatiod selection of ionic

liquid features.

In view of the growing industrial interest towaidsic liquids as alternative
solvents, a relevant number of risk scenariosuthiolg those in which they
could be present in industrial effluents and th#ach aquatic ecosystems,
has to be taken into account. For this reason.esmaw, the biological

activity of ionic liquids has been intensely invgated: bioassays using

23b,25

fish?* plants? algae, soil invertebraté8, animals’?’ mussel$®

2 a) Jastorff, B., Stormann, R., Ranke, J., Moltér, Stock, F.F., Oberheitmann, B.,
Hoffmann, W., Nuchter, M., Ondruschka, B., Filsér]., 2003. How hazardous are ionic
liquids? Structure-activity relationships and bgital testing as important elements for
sustainability evaluation. Green Chem., 5, 136-1)2Matzke, M., Stolte, S., Thiele, K.,
Juffernholz, T., Arning, J., Ranke, J., Welz-BiermaU., Jastorff, B., 2007. The influence
of anion species on the toxicity of 1-alkyl-3-mdtmidazolium ionic liquids observed in
an (eco)toxicological test battery, Green Chem.1298-1207. c) Ranke, J., Stolte, S.,
Sto'rmann, R., Arning, J., Jastorff, B., 2007. Qasdf sustainable chemical products - the
example of ionic liquids. Chem. Rev., 107, 2183&24) Stolte, S., Matzke, M., Arning,
J., Bdschen, A., Pitner, W.R., Welz-Biermann, lastdrff, B., Ranke, J., 2007. Effects of
different head groups and functionalised side chaimthe aquatic toxicity of ionic liquids.
Green Chem., 9, 1170-1179.

24 a) Pretti, C., Chiappe, C., Pieraccini, D., Grégdr, Abramo, F., Monni, G., Intorre, L.,
2006. Acute toxicity of ionic liquids to the zebisdf (Danio rerio). Green Chem., 8, 238—
240. b) Pretti, C., Chiappe, C., Baldetti, I., BninS., Monni G., 2009. Acute toxicity of
ionic liquids for three freshwater organisni®seudokirchneriella subcapitatdaphnia
magnaandDanio rerio. Ecotoxicol. Environ. Safety, 72, 4, 1170-1176.

% a) Larson, J.H., Frost, P.C., Lamberti, G.A., 200@riable toxicity of ionic liquid-
forming chemicals teemnia minorand the influence of dissolved organic matter.igmv
Toxicol. Chem., 27, 3, 676—681. b) Matzke, M., &085., Arning, J., Ueberll., Filser J.,
2008. Imidazolium based ionic liquids in soils:exffs of the side chain length on wheat
(Triticum aestivurpand cresslLepidium sativumas affected by different clays and organic
matter. Green Chem., 10, 584-591.
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crustaceans and bacteria for detecting the toXecesf in terrestrial and
aquatic ecosystems, and toxicity studies at cellatad sub-cellular level
have been put forward. The latter ones regard ffexte of ILs on cell

viability using human and animal cell lifésand on enzymatic activity
(acetylcholinesteras®®*® AMP deaminas€ and antioxidant defence
enzyme&'®*3 and will be described in detail Bhapter 3.1.3

% a) Luo, Y.R., Wang, S.H., Yun, M.X., Li, X.Y., Waa, J.J., Sun, Z.J., 2009. The toxic
effects of ionic liquids on the activities of adetyolinesterase and cellulase in earthworms.
Chemosphere, 77 313-318. b) Swatloski, RHlbrey, J.D.,Memon, S.B.,Caldwell,
G.A., Caldwell, K.A., Rogers, R.D., 2004. UsiGgenorhabditis elegan® probe toxicity
of 1-alkyl-3-methylimidazolium chloride based iodiguids. Chem. Commun668-669. c)
Bernot, R.J, Kennedy, E.E., Lamberti, G.A., 2008eéis of ionic liquids on the survival,
movement, and feeding behaviour of the freshwatail, 2hysa acutaEnviron. Toxicol.
Chem., 24, 7, 1759-1765.

2a) Li, X.Y., Zhou, J., Yu, M., Wang, J.J., PeiCY, 2009. Toxic effects of 1-methyl-3-
octylimidazolium bromide on the early embryonic depment of the frogRana
nigromaculata Ecotox. Environ. Safety, 72, 2. 552-556. b)Yu, M, S., Li, X., Zhang, B.,
Wang, J., 2008. Acute effects of 1-octyl-3-methytlazolium bromide ionic liquid on the
antioxidant enzyme system of mouse liver. Ecotdxi€aviron. Safety, 71, 903— 908.

8 Costello, D.M., Brown, L.M., Lamberti, G.A., 2008cute toxic effects of ionic liquid
on zebra musseDfeissena polymorphasurvival and feeding. Green Chenill, 4, 548-
553.

9 a) Stepnowski, P., Skladanowski, A.C., Ludwiczak,Laczyn ska, E., 2004. Evaluating
the cytotoxicity of ionic liquids using human céhe HelLa. Hum. Exp. Toxicol., 23, 11,
513-517. b) Ranke, J., Molter, K., Stock, F., BeitVeber, U., Poczobutt, J., Hoffmann, J.,
Ondruschka, B., Filser, J., Jastorff, B., 2004 |&iaal effects of imidazolium ionic liquids
with varying chain lengths in acutdibrio fischeri and WST-1 cell viability assays.
Ecotoxicol. Environ. Safety, 58, 396-404. c¢) Ranke, Mu’ller, A., Bottin-Weber, U.,
Stock, F., Stolte, S., Arning, J., Sto'rmann, Rstdrff, B., 2007. Lipophilicity parameters
for ionic liquid cations and their correlation ta vitro cytotoxicity. Ecotox. Environ.
Safety, 67, 430—438. d) Stolte, S., Arning, J.,tBétVeber, B., Matzke, M., Stock, F.,
Thiele, K., Uerdingen, M., Welz-Biermann, U., JaftdB., Ranke, J., 2006. Anion effects
on the cytotoxicity of ionic liquids. Green Che, ,621-629. e) Frade, R.F.M., Matias, A.,
Branco, L.C., Afonso, C.A.M., Duarte, C.M.M., 200Fffect of ionic liquids on human
colon carcinoma HT-29 and CaCo-2 cell lines. Gr€aem., 9, 8, 873-877. f) Wang, X.,
Ohlin, C.A., Lu, Q., Fei, Z., Hub, J., Dyson, P2007. Cytotoxicity of ionic liquids and
precursor compounds towards human cell line HeleeeG Chem., 9, 1191-1197. @)
Kumar, A., Papal’conomou, N., Lee, J., SalminerClark, D., Prausnitz, J2008. In Vitro
Cytotoxicities of lonic Liquids: Effect of Cationiiys, Functional Groups, and Anions.
Environ. Toxicol., 388-395. h) Salminen, J., Papaamou, N., Kumar, A., Lee, J., Kerr,
J., Newman, J., Prausnitz, J., 2007. Physicochéncaperties and toxicities of
hydrophobic piperidinium and pyrrolidinium ionicgliids. Fluid Phase Equilibria, 261,
421-426. i) Garc’la-Lorenzo, ATojo, E.,Tojo, J.,Teijeira, M., Rodr’iguez-Berrocal, F.,
P’erez Gonz'aleM., Mart'inez-Zorzano, V., 2008. Cytotoxicity oflseted imidazolium-
derived ionic liquids in the human Caco-2 cell lin8ub-structural toxicological
interpretation through a QSAR studyGreen Chem., 10, 508-516. I) Frade, R., Rosatella,
A., Marques, C., Branco, L., Kulkarni, P., Mateus, Mfpnso, C., Duarte, C., 2009.
Toxicological evaluation on human colon carcinongdl tine (CaCo-2) of ionic liquids
based on imidazolium, guanidinium, ammonium, phogpm, pyridinium and
pyrrolidinium cations. Green Chem., 11, 1160-1165.

%a) Stock, F., Hoffmann, J., Ranke, J., StérmannCRdruschkaB., JastorffB., 2004.
Effects of ionic liquids on the acetylcholinesteras a structure—activity relationship
consideration. Green Chem., 6, 286-290. b) ArningStolte, S., Bo'schen, A., Stock, F.,
Pitner, W.R., Welz-Biermann, U., Jastorff, B., Ran&., 2008. Qualitative and quantitative
structure activity relationships for the inhibitorgffects of cationic head groups,
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All the eco-toxicity studies reported in the litenee demonstrate that many
ILs can deeply affect aquatic and terrestrial oigras and their toxic effect
increase by increasing the alkyl chain length @& dation; for the most
common classes of ILs, the major contribution te tbxicity is basically
due to the cation moiety, even if also the aniomtoution could be
significant towards some test species. Analogotisty cellular and sub-
cellular tests indicate the same trend of increpsoxicity by increasing

lipophilicity.

The original contribution of thisThesis about ILs biological activity
investigation regards how the oxygen atoms numbeértlae chain length in
the cation moiety of a specific class of ionic ldgi can influence the
toxicity, and if these parameters have the sanexeét different biological
organization levels. To this purpose several oxgtgh imidazolium ILs,
with a number of oxygen atoms in the lateral cludithe cation from 1 to 4,
were synthesisedChapter 3.1.).and tested in eco-toxicity assays, here
described, and toxicity tests, describedCihapter 3.1.3.comparing their
effect with that of alkyl imidazolium ionic liquidgFigure 3.1.2.0. The
toxicity of alkyl-substituted ionic liquids has beealready deeply
investigated and for this reason there is a radaplenty of data in the
literature; on the other hand, the information akbe biological profile of
oxygenated imidazolium salts is still preliminafijhus the aim of this work
is to verify if the change in the chemical struetunf the cation by
introducing ethoxy units can affect in same wayhbibie biological activity

and the chemico-physical properties of the iorgailis.

functionalised side chains and anions of ILs ortydcieolinesterase. Green Chem., 10, 47-
58.

31 Sktadanowski, A.C., Stepnowski, P., Kleszishi, K., Dmochowska, B., 2005. AMP
deaminase in vitro inhibition by xenobiotics: A potial molecular method for risk
assessment of synthetic nitro- and polycyclic muskgdazolium ionic liquids and N-
glucopyranosyl ammonium salts. Environ. ToxicolaPh19, 2, 291-296.

%2a) Yu, M., Wang, S.H., Luo, Y.R., Han, Y.W., Li,X, Zhang, B.J., Wang, J.J., 2009.
Effects of the 1-alkyl-3-methylimidazolium bromidienic liquids on the antioxidant
defense system dbaphnia magnaEcotoxicol. Environ. Safety, 72, 1798-1804. bnlLa
Tee, K., Roccatano, D., Stolte, S., Arning, J.tal#fs J., Schwaneberg, U., 2008. lonic
liquid effects on the activity of monooxygenase @8M-3. Green Chem., 10, 117-123.

27



Figure 3.1.2.1Chemical structure of the tested imidazolium salts

1-butyl-3-methylimidazolium 1-methoxyethyl-3-methylimidazolium
BMIM MOEMIM
/\/\N'/_;\‘\N/@ O~ N'/_;\‘\N/e
Yo/ X% YWo/ox
la: X=Cl
1b: X = BF, 2b: X = BF,
1c: X = N(CN), 2c: X = N(CN),
1-(2-(2-methoxy-ethoxy)-ethyl)-3-methylimidazolium 1-(2-(2-(2-methoxy-ethoxy)-ethoxy)-ethyl)-3-methylimidazolium
M(OE),MIM M(OE)3MIM
O 8 O. O. >
SN \/\N{//}N/e N W N \/\N(/\_QN/@
~__ X S X
3b: X = BF, 4b: X =BF,
3c: X = N(CN), 4c: X = N(CN),

1-(2-(2-(2-(2-methoxy-ethoxy)-ethoxy)-ethoxy)-ethyl)- 3-methylimidazolium
M(OE);MIM

\O/\/O\/\ o/\/o\/\N(/;\\,N/e
Lo/ X

5c: X = N(CN),

The eco-toxicological properties of the ILs weraleated by acute toxicity
tests with the crustaceddaphnia magnalimmobilization), the bacterium
Vibrio fischeri(inhibition of bioluminescence) and the diato8ieletonema

marinoi andPhaeodactylum tricornuturfgrowth inhibition).

Toxicity towards Daphnia magna

Daphniamagnais an indicator species, particularly useful td tee effects
of toxins on aquatic ecosystems because of itst dliespan and high
reproductive capabilities. The studies reportedh@ literature about the
biological activity of ILs towardsD. magnaregard their acuteT@ble
3.1.2.1) and chronic toxicit§?*3% and their effects on the antioxidant

response systefi?

% a) Wells, A.S., Coombe, V.T., 2006. On the Freskewaicotoxicity and Biodegradation
Properties of Some Common lonic Liquids. Org Pres,RLO, 794. b) Couling, D., Bernot,
R., Docherty, K., Dixon, J., Maginn, E., 2006. Assieag the factors responsible for ionic
liquid toxicity to aquatic organisms via quantitai structure—property relationship
modeling. Green Chem., 8, 82-90. c) Bernot, R.dueBeke, M.A., Evans-White, M.A.,
Lamberti, G., 2005. Acute and chronic toxicity ofilazolium-based ionic liquids towards
Daphnia magnaEnviron Tox Chem., 24, 87-92. d) Luo, Y., Li, XChen, X., Zhang, B.,
Sun, Z., Wang, J., 2008. The Developmental Toxictyl-Methyl-3-Octylimidazolium
Bromide onDaphnia magnaEnviron Toxicol., 23, 6, 736-744.
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Table 3.1.2.1Acute toxicity of ILs towardsDaphnia magnain a 48 h
immobilization test (literature daté&}> 3% %

Entry lonic liquid EC50uM  Entry lonic liquid EC50 uM
1 BMIM Cl 19-85 18 BPy NTS 4

2 BMIM Br 37-50 19 BMPy Br 57
3 BMIM BF, 48 20 HPy Br 12
4 BMIM PRy 71-95 21 HMPy Br

5 BMIM NTf, 45 22 OMPy Br

6 CI(CH,),MIM ClI >552 23 TBP

7 CI(CH,),MIM NTf, >233 24 CY169 29
8 OH(CH,),MIM NTf, >245 25 CY101 0

9 OH(CH,);MIM ClI 340 26 TBA 29
10 HMIM Br 6-11 27 ECOENG500 1
11 OMIM Br 0.05-3 28 AMMOENG130 0,9
12 DMIM Br 0.5 29 BMPyr NTS 88
13 C12MIM Br 0.2 30 EMMor Br >476
14 C12MIM CI 0.01 31 EBMor Br >397
15 C16MIM CI 0.01 32 ETHT Br >507
16 C18MIM CI 0.005 33 B6 Br >502
17 BPy CI 116

The results reported imable 3.1.2.1indicate that ionic liquids toxicity
towardsD. magnafollows the general trend found in each toxicitygaco-
toxicity assay: the more lipophilic is a cation ahd higher is its biological
activity. For example, an increase of 8 (Entriesab® 14) and 14 carbon
units (Entry 16) in the lateral chain of imidazetiusalts, contributes to
increase the toxicity respectively of 3 and 4 osdafr magnitude respect to
1-butyl-3-methylimidazolium salts (Entries 1 and 2)

All the methylimidazolium cations with short alkghain (Entries 6-8) show
very low toxicity levels, in spite of different kinof final substituents on the
lateral chain (e.g. chloride or hydroxyl group)ifgetheir EC50 higher than
100 mg/L, considered to be the limit between pcaty harmless and
moderately toxic compound$.

The general structure of the cation plays a clelr hetero-aromatic cyclic
cations as imidazolium and pyridinium, are moreidothan cyclic and

acyclic aliphatic cations as morpholinium (Entrig8-31) and sulfonium

% passino, D.R.M., Smith, S.B., 1987. Acute bioassayd hazard evaluation of
representative contaminants detected in Great LiidesEnviron. Toxicol. Chem., 6, 901—
907.
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salts (Entries 32-33), practically harmless. Pydinlum salts ion paired
with NTf, (Entry 29) are similar to imidazolium analoguestfly 5) and
less toxic than pyridinium ones (Entry 18).

Long-chain quaternary phosphonium and ammoniums,saitructurally
similar to surfactants, have a similar highly tokiehaviour (Entries 24-25
and 27-28); on the contrary short chain ammoniults $&ntry 26) are less
toxic than phosphonium analogues (Entry 23). Amadimg imidazolium
salts, the anion species does not seem to infludgrectoxicity, as indicated
by similar EC50 values of 1-butyl-3-methylimidazoth ILs differently ion-
paired (Entries 1-5); also the anion MTknown to be highly toxic for
several species, does not influence the toxicioydver the anion RHs
slightly less toxic than the other ones. On thetr@wy, among pyridinium
salts the anion species contributes to the toxiaity stronger way than in
the case of imidazolium salts, being the N3&lt (Entry 18) two orders of

magnitude more toxic than chloride salt (Entry 17).

The investigation of the chronic toxicity of ionitiquids through
multigenerational studies reveals that these snbstaare able to exert a
toxic effect on the development of both individaalimals and population,
and in particular the number of first brood, theda size and the total
number of offspring significantly decline at higlencentrations of ionic
liquids33“? Also the antioxidant response B magnais related to high
exposure concentrations and above all to the leoigthe alkyl chain in the
cation, demonstrating that oxidative stresses ptaymportant role in ionic
liquids induced toxicity.

In spite of acute and chronic results, the acti@tmanism of ILs towards
Daphnia magnais still unknown; some hypothesis, including eneym
inhibition, disruption of membrane permeability arsructural DNA

damage, have been formulated, but they still nedsktconfirmed
In this Thesis the acute biological effects of alkyl and oxygewudat

imidazolium-based ILs toward3aphnia magnawere checked in two sets

of experiments. The chemical structures of theetkesonic liquids, ion
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paired with tetrafluoroborate and dicyanamide asiare shown ifrigure
3.1.2.1.

In a first preliminary experiment, the acute toticiof 1-butyl-3-
methylimidazolium tetrafluoroborate (BMIM BF1b) was compared to that
of 1-methoxyethyl-3-methylimidazolium tetrafluoralate (MOEMIM BFE,
2b) and 1-methoxyethyl-3-methylimidazolium dicyanamidMOEMIM
N(CN),, 20), to investigate how the introduction of one oxyge the lateral
chain of imidazolium cations could affect the taic

Subsequently, a further experiment was done to etedpe effect of
increasing the chain length and the oxygen unitghén cation, through a
comparison between BMIM salts and oxygenated inaliamn ionic liquids
bearing a number of oxygen atoms in the lateralinciom 1 to 4
(MOEMIM BF,4 2b and N(CN) 2c, M(OE)LMIM BF4 3b and N(CN}) 3c,
M(OE)MIM BF 4 4b and N(CN) 4c, and M(OE)MIM N(CN), 50).

The toxicity to D. magna was assessed using a 48 h static acute
immobilization test according to the proceduresaldghed by the
Organization for Economic Co-operation and DeveleptGuideline 203°
The 50% effect concentrations (EC50) were calcdlabgy fitting the
experimental concentration—response curves to igtiognodel using the

nonlinear regression procedures implemented insBtat software.

In the first experiment the toxicity was assessetivo trials, one in which
BMIM BF, and MOEMIM BF, were comparatively tested, and one in
which the two MOEMIMs salts were compared; in bdtte trials a
reference toxicant ()Cr,O;) was checked along. Three replicates for each
treatment concentrations were done.

Also in the second experiment the toxicity was sssé in two trials. In the
first trial, BMIM BF, and N(CN) were tested together with MOEMIMs,
M(OE),MIMs and M(OE}MIMs, while in the second trial, the N(CN)
series was compared (oxygen atoms in the lateehdhom 0 to 4). Two
replicates for each treatment concentrations wereedin this experiment
the differences in the EC50 values were tested RP¥A. An orthogonal

two-factor design (the cation and the anion weeettto factors) was used

% Organization for Economic Cooperation and Develepm 2004.Daphnia sp. Acute
Immobilization Test. OECD Guideline 202. Paris, @
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for the first trial, instead a one-factor designswesed in the second trial,
since only one anion was testd@ost-hocpair wise comparisons were
performed by Student-Newman-Keuls (SNK) test.

The results of the experiments are shownTable 3.1.2.2.and Table
3.1.2.3.

Table 3.1.2.2First experiment: the 50% effect concentrations J&GEM)
of different ionic liquids toDaphnia magnan a 48 h immobilization test

(values in parentheses are the 95% confidence ai&rv

EC50 48 huM
1% trial 2" trial
23
BMIM BF, (22-24) )
917 974
MOEMIM BF4 (807-1026) (855-1088)
1008
MOEMIM N(CN). - (980-1042)

Table 3.1.2.3Second experiment: the 50% effect concentratiorG5(E
uM) of different ionic liquids toDaphnia magnan a 48 h immobilization

test(values in parentheses are the 95% confidence ai&rv

EC50 48 huM
1% trial 2" trial
54
BMIM BF4 (28-107) o
72 87
BMIM N(CN) (29-179) (49-155)
774
MOEMIM BF4 (589-1018) B
862 1010
MOEMIM N(CN), (687-1083)  (816-1250)
930
M(OEXMIM BF4 (669-1291) B
1140 1137
MOERMIMNCN)2 910 1428)  (923-1402)
650
M(OE)3M|M BF4 (440—960) T
808 1185
MOEEMIMNCN)2 413 1583)  (869-1616)
926
M(OE)MIM N(CN) — (784-1095)
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Published EC50 value of BMIM BRTable 3.1.2.1.Entry 3)is in the same
range of the values found in both the experimesmtgen if the slight
differences could be explained by test water guadihd experimental
procedures.

The most important point which emerges from bothdékperiments witlD.
magna is that the introduction of one oxygen in the Hatechain of
imidazolium cations reduces the toxicity of oneeasrdf magnitude, both
with tetrafluoroborate and dicyanamide anions.

These results are confirmed by the ANOVA analysid #nepost-hocSNK
test of the second experiment: the cation resumlgssignificant contribute to
the toxicity (P < 0.001) and the differences amatigthe oxygenated
cations and BMIMs are statistically significantdicating the alkyl cation as
more toxic.

Analyzing the EC50 values of all the oxygenated gounds, it is clear that
the major contribution to the toxicity reductiongsven by the introduction
of the first oxygen in the lateral chain of theigat a further increasing of
the oxygen atoms number does not further reducetdkieity, as it is
indicated by similar EC50 values of all the oxygedallLs, and in fact the
statistical analysis can not define clear-cut gsoaimong them.

The crustacean seems being also sensitive to ibe,amhich results in a
significant contribute to the toxicity by ANOVA alyais (P = 0.032), being
the BFR salts slightly, but consistently, more toxic tithe N(CN) salts; we
can exclude that this effect can be due to the &ion of hydrofluoric acid
as a consequence of the hydrolysis ofs Birion because all the stock
solutions were prepared within 24 hours beforelteginning of the tests.
The anion dicyanamide confirms to be one of the lesic anion forD.
magna in the same range of hexafluorophosphate sakblé 3.1.2.1.
Entry 4).

Toxicity towards Vibrio fischeri

The Vibrio fischeri acute bioluminescence inhibition assay is a stahda
eco-toxicological bioassay, widely used in envir@mtal toxicity studies to
screen aquatic ecosystems and to investigate tkie toehaviour of

chemical compounds. Several different luminescenhbiition tests ofV.
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fischerihave been developed so far, most of them are rdifpr analysis
of aqueous samples, such as Micr8towhich can be used into a wide
range of applications, as the analysis of indusef#iuent and discharges,
waters, soils and sediments, and new products.

The database about the acute effect of chemicapoands toward¥ibrio
fischeri is very wide, and also the biological activity ks towards this

species Table 3.1.2.9.is well documented in the literat 2342933036

Table 3.1.2.4 Acute toxicity of ILs towardsVibrio fischeriin a 15 min

inhibition of bioluminescence test (literature Jat& 2329033036

Entry lonic liquid EC50 uM Entry lonic liquid EC50 uM
1 EMIM X 21380 27 OMIM X 10

2 OH-EMIM X 7762 28 NMIM BR 5

3 OH-PMIM X >19953 29 DMIM BE 1

4 PMIM BF, 8710 30 DMIM CI 3

5 BMIM OTs 3311 31 DMIM X 1

6 BMIM BF, 3500 32 C14MIM X 1

7 BMIM OctSG; 70 33 C16MIM X 2

8 BMIM (CF3),N 3000 34 C18MIM X 28

9 BMIM N(CN), 966-4677 35 BPy X 1514

10 BMIM CI 897-5129 36 BPy N(CN)  410-2042
11 BMIM Br 1175-10232 37 BPy CI 440

12 BMIM NTf, 300-2454 38 BPy Br 538-2512
13 BMIM X 2951 39 BMPy N(CN) 98-457
14 BEIM BF, 631 40 BMPy Br 130-562
15 EOMMIM X 10233 41 HMPy Br 30-115
16 MOEMIM X 15136 42 OMPy Br 2-6

17 EOEMIM X 19055 43 TMA Br >100000
18 MOPMIM X >10000 44 TEA Br >100000
19 PentMIM B 1380 45 TBA Br 1862

20 HMIM BF, 1514 46 TBP Br 513

21 HMIM X 813 47 CY169 1175

22 HEIM BF, 141 48 CYyi01 2570

23 HeptMIM BF, 275 49 BMPyr X >19953
24 HMIM Br 6-26 50 BMMor X 18621
25 OMIM Br 1-4

26 OMIM BF, 25

% Docherty, K., Kulpa, C., 2005. Toxicity and antamabial activity of imidazolium and
pyridinium ionic liquids. Green Chem., 7, 185-189.
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The results reported imable 3.1.2.4indicatethat also forVibrio fischeri
ILs toxicity increases by increasing the lipophtiiaof the cation, according
to a baseline toxicity which causes a non-spedifisturbance of the
structure functioning of biological membranes, lydine longer alkyl chains
able to be incorporated into the polar headgroupth® phospholipidic
bilayer of the membranes, causing narcotic effects.

Specifically in the case df. fischerj by increasing of two carbon units the
lateral chain of 1-ethyl-3-methylimidazolium catigBntry 1), the toxicity
increases of two orders of magnitude (Entries 113,27), with a further
constant increase of one order of magnitude up tdecyl-3-
methylimidazolium cation (Entry 31), 10000 timesmmooxic than 1-ethyl-
3-methylimidazolium salts. However there is alsoeaidence of a cut-off
for very lipophilic compounds with long alkyl sidghains (> Gg) which
causes a divergence from the correlation toxicggghilicity, probably due
to an insufficient water solubility of these catsofiEntries 32, 33 and 34).
Interestingly, the introduction of one oxygen atamthe lateral chain of
imidazolium-based cation, contributes to reduce tthacity of the ionic
liquids of one order of magnitude (Entries 15-18).

Pyridinium salts are more toxic than the imidazolianalogues (Entries 35-
38); moreover the introduction of a methyl on thegrenhances the
biological effects (Entries 39-40). The non-aromadlis, as short chain
guaternary ammonium salts (Entries 43-44) and nomplm cations
(Entries 49-50), are among the least toxic compsu@@mparing the EC50
values of tetrabutyl ammonium salts (Entry 45) witte phosphonium
analogues (Entry 46), it is clear that phosphoniugnare more toxic, even
if by increasing the chains length (Entries 47 48} the toxicity decreases.
The anion species seems to contribute to the tgxicispite of the large
disagreement among the literature data; tetrafhmmate seems to be the
least toxic species (Entry 6, 20 and 26), followeyg chloride and
dicyanamide (Entries 9 and 10), by bromide, tosylatand
bis(trifluoromethyl)imide  (Entries 24, 26, 5 and ,6) by
bis(trifluoromethylsulfonyl)imide (Entry 12), andyoctylsulfate (Entry 7)
which is the most toxic among the anion probablgdose of its high

lipophilicity.
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In this Thesisthe biological effects of alkyl and oxygenated dazolium-
based ILs toward¥ibrio fischer{ were checked in two sets of experiments,
and arranged analogously to the experimentsfaphnia magna The
chemical structures of the tested ionic liquids,n igaired with
tetrafluoroborate and dicyanamide anions, are showigure 3.1.2.1.

In the first preliminary experiment, the acute tityi of BMIM BF,4, 1b,
was compared to that of MOEMIM BREb and N(CN}) 2c.

In the second experiment BMIM BFLb and N(CN) 1c were analysed
together with MOEMIM B 2b and N(CN) 2¢, M(OELMIM BF,4 3b and
N(CN), 3¢, M(OE):MIM BF,4 4b and N(CN) 4c, and M(OE)MIM N(CN);

SC.

The toxicity toV. fischeriwas measured as inhibition of bioluminescence
after 15 min using Microtox® equipment and consul@abThe assay was
carried out in accordance with the 90% basic testpure compounds
protocol as described in the Microtox user's mailalhe 50% effect
concentrations (EC50) were calculated by fittinge tlexperimental
concentration—response curves to a logistic mod#hgu the nonlinear

regression procedures implemented in Statistica.

In the first experiment the toxicity was assessethree trials, in each one
using three vials of Microtdk“reagent” (lyophilizedV. fischer) from the
same lot. In each test, a reference toxicant (ZnB8®0), BMIM BF,,
MOEMIM BF4, and MOEMIM N(CN} were tested simultaneously.

As for Daphnia magnahe second experiment was divided in two sets: in
the first the toxicity of BMIM Bz and N(CN) were tested together with
MOEMIMs, M(OERLMIMs and M(OE}MIMs, while in the second, the
N(CN), series was compared (oxygen atoms in the latb@hdrom O to
4). The experiment was performed in three trialbictv were carried out
using three vials of Microtdk“reagent”. Due to constraints imposed by the
protocol, it was not possible to test the substamst@ultaneously or to test
all the substances using a single vial of bacteflia. approximate
simultaneous testing, substances were tested acgdada rotation scheme:

the first trials for all the substances were cdrioeit sequentially; when all

37 Azur Environmental. 1998. 90% Basic Test for POeenpoundsCarlsbad, CA, USA.
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the substances were tested once, the secondvieatscarried out and then
the third.

In the second experiment the differences in the@®E&Bues were tested by
ANOVA. An orthogonal two-factor design (the catiand the anion were
the two factors) was used for the first part of éxperiment, in which alkyl
and oxygenated (from 1 to 3 oxygen units) ILs wieted, instead a one-
factor design was used in the second part, singetio@ anion dicyanamide
was testedPost-hocpair wise comparisons were performed by Student-
Newman-Keuls (SNK) test.

The results of the experiments are shownTable 3.1.2.5.and Table
3.1.2.6.

Table 3.1.2.5First experiment: the 50% effect concentrationSH&s,uM)
of different ionic liquids tdvibrio fischeriin a 15 min Microtox® inhibition
of bioluminescence test (values in parenthesestr@e95% confidence
intervals. The confidence interval of the meanhef three trials is computed
asX *t(2, 0.975¥3).

EC50 15 minuM

1trial 2% trial Ftrial Mean
BMIM BE 1115 1743 1128 1327
4 (602-1624) (739-2748) (889-1363) (438-2221)
14645 15864 11548 14018
MOEMIMBFa  7167-22123)(4868-26904) (7377-15719) (8491-19548)
9105 11571 14157 11610

MOEMIMN(CN)2 51 97_13014)(9376-13767) (5665-22650) (5337-17887)
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Table 3.1.2.6.Second experiment: the 50% effect concentrati@G50s
pUM) of different ionic liquids toVibrio fischeriin a 15 min Microtox®
inhibition of bioluminescence test (values in péheses are the 95%
confidence intervals. The confidence interval & thean of the three trials
is computed aX * t(2, 0.975¥/3).

EC50 15 minuM

1% set 2% set
BMIM BF,4 1635 —
(1442-1854)
BMIM N(CN), 1353 _
(723-2530)
MOEMIM BF,4 8093 —
(904-72493)
MOEMIM N(CN), 12078 8431
(5660-25770) (6160—11540)
M(OE),MIM BF, 6151 —
(549-68959)
M(OE),MIM N(CN) 8253 7011
(3266-20856) (4726—10400)
M(OE);MIM BF, 2823 —
(284-28046)
M(OE);MIM N(CN)5 5311 4588
(1229-22964) (2918-7215)
M(OE),MIM N(CN), — 448
(319-631)

Published EC50 values of BMIM N(CNand MOEMIM cation Table
3.1.2.4, Entries 9 and 16&re in the same range of the values found in both
the experiments. However the EC50 for BMIM Bféund here is about
three times lower than the literature valdalfle 3.1.2.4. Entry 6); the
differences could be explained by different testtewaquality and
experimental procedures.

A previous work by Stolte et 41 has already demonstrated a reduction in
the toxic effect of ILs toward¥ibrio fischeriby increasing the polarity of
the cation. The difference between the EC50 valde 1éoutyl-3-
methylimidazolium cationTable 3.1.2.4.Entry 13) and 1-methoxyethyl-3-
methylimidazolium cationTable 3.1.2.4.Entry 16) found by Stolte et al.,
corresponds to the difference of one order of ntagei found in this work
between BMIM BR and MOEMIM BF, and between BMIM N(CN)and
MOEMIM N(CN),. The values reported in thihesisare lower than those
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reported in the literature with the same cationg-paired with halides,
probably because of a presuming toxic effect of &kd N(CN) anions.

As found forDaphnia magnaalso forVibrio fischerithe major contribute
to reduce the toxicity is given by the introductioh one oxygen in the
lateral chain of imidazolium cation. However theuigc toxic effect of
oxygenated ILs by increasing the length of the sildain is different from
what observed witDaphnia magnathe further addition of ethoxy moieties
causes an increase in the toxicapd MOEMIM N(CN), is the most toxic
IL among the oxygenated ones, even showing a |&@50 value than the
alkyl BMIM N(CN).. It emerges that the bacterium is more sensitvant
elongation of the length chain than the crustaceasgpite of the increasing
number of oxygen units which should increase therall polarity of the
cation.

The statistical analysis indicates that in the Bet of the second experiment
the cation ighe only significant factor (P < 0.001), thus inigt possible to
detect any anion effect. Again thpost-hocSNK test detects significant
differences between BMIM and all the oxygenatediocat but no
significant differences among the latter ones, pitesthey clearly show a
trend of increasing toxicity with increasing thadgh of the oxygenated side
chain. However this trend is confirmed by the statal analysis of the
second set of the experiment in which the EC5@rbfices among cations
are highly significant (P < 0.001). The toxicityeally increases with the
length of the oxygenated side chain and all théetifices are significant,
according to the SNK test, with the exception offedence between
M(OE),MIMs and MOEMIMs.

Toxicity towards algae

Algal dose-response bioassays have become widetlyassbiological tools
in environmental impact studies to predict the @feof chemical
compounds in aquatic environments. Growth inhihitiests with freshwater
algaeand seawater algase included in the set of eco-toxicological tests
recommended by the European Committee for Starmioin (CEN), the
International Organization for Standardization (JS@nd the Organization

for Economic Cooperation and Development (OECD)rédeer they were
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demanded by EU regulations (Dir. 67/548, 88/379d ai%/769; Reg.
793/93), and they are required by the new EU reégulaframework
REACH.

So far, the toxicity of ILs towards algae has origen tested to a
preliminary extent in few studies. The major pdrtieem used green algae
species, such aelenastrum capricornutyn$cenedesmus vacuolatasd
quadricauda, Chlorella vulgaris, Chlamydomonas heirdtii and Oocystis
submarina(Table3.1.2.7.)74>38

Table 3.1.2.7.Toxicity of ionic liquids towards green algae dhature

data)?*"*8

S. capricornutum

EC50 uM 48h EC50 uM 72h EC50 uM 96h
PMIM Br 2884 BMIM NTf, 63 PMIM Br 1380
BMIM Br 2884 CIC2MIM Cl 421 BMIM Br 1047
BMIM PFe 158 CIC2MIM NTf, 167 BMIM Br 2138
BMIM ClI 220 C20HMIM NTf, 139 BMIM BF, 3467
HMIM Br 371 HOC3MIM Cl 169 BMIM BF,OLD 148
OMIM Br 45 HMIM Cl 693 BMIM SbFs 135
C12MIMCl  0.004 BPy NT#, 17 BMIM PFs 1318
C16MIM Cl 0.01 BMPyr NT, >237 BMIM BF4 2512
C18MIM Cl 0.03 AMMOENG130 1.4 BMIM OTf 2188
BPy Cl 367 Chol PR 152 BMIM OctSOs 2239
BPy Br 2884 EMMor Br >476 BMIM Br 2137
BPyr Br 4677 EBMor Br >397 BMIM Cl 2884
TBA Br 933 HMIM Br 288
ECOENG500  0.07 OMIM Br 38
TBP Br 79 BPy Br 4898
CY169 16 BPyr Br 12303
CY101 0.08 TBA Br 2239

%.3a) Cho, C., Pham, T., Jeon, Y., Vijayaraghavan(oe, W., Yun, Y., 2007. Toxicity of
imidazolium salt with anion bromide to a phytopleok Selenastrum capricornutum: Effect
of alkyl-chain length.Chemosphere, 69, 1003-1007. b) Pham, T., Cho, @, 34, Yun,
Y., 2008. Alkyl-Chain Length Effects of Imidazoliumnd Pyridinium lonic Liquids on
Photosynthetic Response of Pseudokirchneriellaapitata. J Biosci and Bioeng., 105,
425-428. c) Pham, T., Cho, C., Jeon, Y., Vijayasagim, Min, J., K., Yun, Y., 2008. Effect
of imidazolium based ionic liquids on the photo$tic activity and growth rate of
Selenastrum capricornutum. Environ Tox Chem., 27,583-1589. d) Cho, C., Pham, T.,
Jeon, Y., Yun, Y., 2008. Influence of anions on thegic effects of ionic liquids to a
phytoplankton Selenastrum capricornutum. Green Ch&f 67-72. e) Cho, C., Jeon, Y.,
Pham, T., Vijayaraghavan, K., Yun, Y., 2008. Theotegicity of ionic liquids and
traditional organic solvents on microalga Selenastrcapricornutum. Ecotox Environ
Safety, 71, 1, 166-171. f) Latata, A., StepnowBkj,N, edzi, M., Mrozik, W., 2005. Marine
toxicity assessment of imidazolium ionic liquidscute effects on the Baltic alg&mocystis
submarinaand Cyclotella meneghinianaquatic toxicology, 73, 91-98. g) Kulacki, K.,
Lamberti, G., 2008. Toxicity of imidazolium ionidqlids to freshwater algae. Green
Chem., 10, 104.
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Scenedesmus vacuolatsdquadricauda

EC50 uM 24h EC50 uM 96h
EMIM X 603 C18MIM X >0.01 BMIM Br 22
BMIM BF 4 130 Ci8MIM BF, 0.005 HMIM Br 0.3
BMIM CI 140 C20HMIM X >1000 OMIM Br 0.02
BMIM OctSGO; 60 CCNMIM X >1000 BMIM Br®* 60
BMIM NTf, 50 C30OHMIM X >1000 HMIM Br*® 0.02
BMIM (CF3)N 840 EOMMIM X 891 OMIM Br® 0.02
BMIM X 178 MOEMIM X 1820
HMIM X 1 EOEMIM X 1778
OMIM X 0.002 BPy X 389
DMIM X 0.0003 BMPyr X 2344

Cl14MIM X 0.003 MBMor X >1000
C16MIM X >0.01

C. reinhardtii C. vulgaris O. submarina
EC50 uM 96h EC50uM 72h EC50uM 72h
BMIM Br 4883 EMIMCI 6331 EMIM ClI 13573
HMIM Br 1052 BMIM ClI 1026 BMIM ClI 2224

OMIM Br 145 HMIM CI 64 HMIM CI 753
BMIM Br® 9766 OMIM CI 15 OMIM CI 79
HMIM Br? 3443 DMIM CI 4 DMIM CI 8

OMIM Br? 184 BMPy CI 2110 BMPy CI 1924
2enriched medium

Recently Stepnowski et &l.studied also the biological effects of ionic
liquids towards seawater diatomSyclotella meneghinianaSkeletonema
marinoi and Bacillaria paxillifer, and towards the cyanobacterium
Geitlerinema amphibiuriTable3.1.2.8).

%9 a) Latata, A.N, edzi, M., Stepnowski, P., 2009. Toxicity of imidazolium angtiginium
based ionic liquids towards algdehlorella vulgaris Oocystis submaringreen algae) and
Cyclotella meneghinianaskeletonema marinddiatoms). Green Chem., 11, 580-588. b)
Latata, A.,N,edzi, M., Stepnowski, P., 2009. Toxicity of imidazolium angridinium
based ionic liquids towards alga@acillaria paxillifer (a microphytobenthic diatom) and
Geitlerinemaamphibium(a microphytobenthic blue green alga). Green Ché.,1371-
1376. c¢) Latata, AN, edzi, M.,Stepnowski, P., 2010. Toxicity of imidazolium ioniguids
towards algae. Influence of salinity Variationse&n Chem., 12, 60-64.

41



Table 3.1.2.8Toxicity of imidazolium-based ionic liquids towadliatoms
and cyanobacteria (literature data) in a 72 h gnanhibition test®

EC50 uM 72h
Skeletonema Cyclotella Bacillaria Geilerinema
marinoi meneghiniana  paxillifer amphibium

EMIM ClI 112 59 34 31
BMIM ClI 3 7 6 4
HMIM CI 1 2 2 0.9
OMIM CI 0.4 0.7 1 0.1
DMIM CI 0.08 0.3 0.9 0.02

All of these studies reached very interesting tssuhdicating a specific
mechanism of toxic activity complexly correlatedtiwiseveral aspects,
including the ionic liquid structure, the physiojogf the algal species and

the environmental conditions.

Influence of the ionic liquids structure

The ILs toxicity increases by increasing the lipitiplty of the cation,
according to a baseline toxicity described abg¥&***®¥however, as for
Vibrio fischeri there is also an evidence of a cut-off for vapophilic
compounds with long alkyl side chains (xgCwhich causes a divergence
from the correlation toxicity-lipophilicity.

The effect of different cation species on the tiyifollows a clear trend:
the long chain quaternary ammonium (AMMOENG) andgghonium salts
are the most toxic compounds, instead pyrrolidinamd morpholinium ILs
are the least oné&° Imidazolium and pyridinium-based ionic liquids,tivi
various substituents on the lateral chain, are mabely toxic, and their
effect increases by increasing the incubation tioe the contrary for
ammonium and phosphonium salts the toxicity dee®&y increasing the
exposure time$***The introduction of one oxygen in the lateral chaf
imidazolium salts can reduce the toxicity of théaa®*

For many species (e.@cenedesmus vacuolatusoth the cation and the
anion  affect the toxicity. The most toxic anion s

bis(trifluoromethylsulfonyl)imide (NT4), as confirmed by other bioassays,
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for example with terrestrial organisifis, followed by tetrafluoroborate
(BF) which can generate fluoride upon hydroly8fs and

trifluoromethanesulfonate (OTf) which is a verydpghilic anion strongly
associated with the cation, enhancing the cell \weletration ability of

ILs.3%

Physioloqgy of the algal species

lonic liquids exhibit adsorption behaviour not orttyrough hydrophobic
interactions but also through ionic interactionamely they have a great
ability to accumulate at the interface between latgis and water, causing
a disruption of the integral membranes. Moreover ¢bll wall of algae is
known to play a critical role in the transport oaterials, including toxins,
in and out of the cell, and the availability withine membrane structure
depends on membranes surface chemistry. Stepnetwski® and Kulacki
and Lambert®® demonstrated that the sensitivity of differentaglglepends
on different cell walls: diatoms, with silanol furenal groups in the cell
wall, are very good biosorbents for charged chelsi¢ag. heavy metals
and ionic liquids), corresponding to a larger s@ngy than green algae;
among green algae, those with a cellulose-made (gail. Scenedesmus
quadricauda are less resistant than those with a glycoprateihwall (e.g.
Chlamydomonas reinhard}ii StepnowsK® suggested also that a further
explanation for the higher sensitivity of diatongdies in the presence of
many proteins (frustulins, silaffins and pleurajinen the cell surface,
enriched in acidic amino-acids residues which camease the ion-pairing
with ionic liquids, causing a stronger interactimmd a consequent stronger
effect.

The chemical composition of the cell wall is noe tbnly one parameter
which influences the toxic process; another impurfzhysiological feature
is the size of the algal cell, because smallerscedlve an overall larger
external surface area, which correspond to a mtireieat transport of
toxins into the cell. For example a 10-fold diffiece in the size should

produce a 100-fold difference in sensitivity.
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Being more resistant, some planktonic green algaeiss (e.gOoocystis
submarind appear to acclimatise to low concentrations odristthain
imidazolium-based ILs, indicated by a restoringhe growth ability after
few days of expositioff’ On the contrary, for benthic organisms (e.g.
Bacillaria paxillifer and Geitlerinema amphibiuimimidazolium salts with
short lateral chain, as propyl or butyl, are moeenfiful than long chain
ILs,**® which undergo a rapid and very strong adsorptmrsedimentary

matter before becoming bio-available for benthiecéps.

Environmental conditions

The physico-chemical features of the environmenttbt influence the
toxicity. For example, it has been observed thahareasing in the salinity
of the algal water medium, causes a decreasingedrbiological effect of
ILs, probably due to a high chloride ions concardrawhich can reduce the
interaction with algal cell wall by a stronger ipa#ing with ILs
cations®®"*% Moreover high concentrations of inorganic catiocan
compete with ILs cations for the anionic sites kde on the algal
surfaces. Both these effects can contribute togmethe uptake of toxicant

from the medium by the tested algal cells.

In this Thesisa preliminary experiment has been done to invatighe
biological effects of 1-butyl-3-methylimidazoliumhioride BMIM CI 1a,
towards the diatomSkeletonema marin@nd Phaeodactylum tricornutum
(Figure 3.1.2.2.

Figure 3.1.2.2Skeletonema marindleft) andPhaeodactylum tricornutum
(right) from Adriatic Sea.
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Phaeodactylum tricornutursan be considered an “atypical” diat8Mits
cells are of two characteristic types, oval andfdus, the first possesses
one onlysilica valve on each cell (the remainder of thd eall being
unsilicified), typical of a pennate diatom typegetbhecond devoid of any
organized siliceous structurepval and fusiform cells both contain
approximately the same amount of silica (0.4-0d5%oweight).

For this peculiar conformation and because it lre®nbeen used before in

toxicity assays with ionic liquidhaeodactylum tricornuturwas chosen

for the comparison with a “typical’diatorBkeletonema marinoi

There is only one work in the literature ab8keletonema marinaieported

by Stepnowski et & It describes the effect of the alkyl chain elomyat

on the growth inhibition, indicating that by incsgeg the lateral chain of
imidazolium-based cation from 2 carbon units (lyk8t
methylimidazolium) to 10 carbon units (1-decyl-3thdinidazolium), the
growth inhibition increases of 4 order of magnitude

The two aims at the basis of the present study are:

1) checking the hypothesis of toxic action propose&tgpnowski who
suggests the interaction of the ILs with the pregeon the cell
surface and with the silanol groups of the frustr; the basis of
what previously exposed, it is expected tiéhaeodactylum
tricornutum an “atypical” diatom, will be less sensitive than
Skeletonemanarinoito ILs;

i) verifying the effect of the salinity on the growihhibition of
Skeletonema marinoi

About the second point Stepnowski has already tegdhat by increasing

the salinity of the water from 8 psu to 32 psu, éffect of ILs on the growth

inhibition of green algaeQocystis submarinand Chlorella vulgarig and
diatoms Cyclotella meneghinianas reduced by 7 timeS® The strains of

Skeletonema marinaised by StepnowsKP comes from the Baltic Sea and

is adapted to a salinity of 8 psu; on the contrérg, strain ofSkeletonema

marinoi used in thisThesiscomes from Adriatic Sea, which has a typical

salinity value of 35 psu.

% Lewin, J., Lewin, R., Philpott, D., 1958. Obseiwas onPhaeodactylum tricornuturd.
gen.Microbiol., 18, 418-426.
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The toxicity towards algae was assessed usinghagf@wth inhibition test,
according to the procedures established by the idrgon for Economic
Co-operation and Development Guideline 2b1The 50% effect
concentrations (EC50) were calculated by fittinge tlexperimental
concentration—response curves to a logistic mod#hgu the nonlinear
regression procedures implemented in Statisticawaod (Statsoft, Tulsa,
OK, USA).

The acute toxicity of 1-butyl-3-methylimidazoliurhloride (BMIM CI) was

investigated towards both the species. In eachrempet two replicates for
each treatment concentrations were done.

The results of the experiments are showmable 3.1.2.9.

Table 3.1.2.9.Influence of ionic liquids on the growth @&keletonema
marinoi andPhaeodactylum tricornuturm a 72 h growth inhibition test.
EC50 = SE (uM)
Skeletonema marinoiPhaeodactylum tricornutum
BMIM CI 161.7 +13.2 2875+9.7

As shown inTable 3.1.2.9.the EC50 values for the two diatoms are largely

different. Skeletonema marinois more sensitive tharPhaeodactylum

tricornutum being the EC50 of the first diatom (16®1) lower of one

order of magnitude than the EC50 of the other @8&3uM).

The EC50 value here obtained with BMIM CI f8r marinoiadapted to a

salinity of 35 psu (162u1M), is higher of two order of magnitude than the

EC50 reported in the literature with the same dmtalapted to a salinity of

8 psu (3uM, Table 3.1.3.9,***and it is easy to ascribe this large difference

to the different salinity conditions.

In spite of the preliminary character of this studyvo important

considerations can be done:

) the salinity exerts a significant influence on mhquid toxicity. The
results of this work indicate that at higher sajirmlgal growth is

inhibited with a significantly lesser extent, speeailly almost 50

! Organization for Economic Cooperation and Develepm2006. Freshwater Alga and
Cyanobacteria, Growth Inhibition Test OECD Guidel201. Paris, France.
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times respect to low salinity. The salinity effemt ionic liquids

toxicity towards diatoms and green algae reponteitie literature by
StepnowsKi™ is less intense than what observed in this stbeing

the growth inhibition reduced by just eight—tendsnHowever this
difference can be correlated to a higher sengttigft Skeletonema
marinoi than other kind of tested diatoms with bigger sétes, as
Cyclotella meneghinian?

i) the difference of one order of magnitude in the E@&alues ofS.
marinoi and P. tricornutum probably indicates a mechanism of
action which involves the silica cell wall or theofeins which
synthesise the frustul. In fact the diatoRh {ricornutun) with less
proteins/silica content is less sensitive to BMIM & about 20

times.

Further experiments are in progress to deepen amderstand the
mechanism at the base of the difference in seitgittf S. marinoiandP.
tricornutum and to extend the investigation also towards ergded ionic
liquids to compare the results with what obtained D. magnaand V.

fischeri

A final comparison among the results obtained enttiree eco-toxicological
assays has been also done, by evaluating the hamdddg of the different
cations according to Pretti et?8.and Passino et & (Table 3.1.2.10.

The cations are classified as harmless (0, EC5008 Ing/L), practically
harmless (+, EC50 100-1000 mg/L), moderately tgxie, EC50 10-100
mg/L), slightly toxic (+++, EC50 1-10 mg/L) and hlg toxic (++++, EC50
0.1-1 mg/L).
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Table 3.1.2.10Hazard ranking for the imidazolium cations testedthe

eco-toxicity assays.

Daphnia Vibrio SkeletonemaPhaeodactylum

magna fischeri marinoi tricornutum
BMIMs ++ + ++ +
MOEMIMs + 0 nt nt’
M(OE),MIMs + 0 nt’ nt’
M(OE)sMIMs + oy+° nt® nt
M(OE);MIMs + + nt® nt’

aN(CN), anion;” BF, anion;®nt: not tested

As indicated byTable 3.1.2.10.for Daphnia magnaand Skeletonema
marinoi the alkyl cation BMIM results moderately toxic inmedently by
the anion (BE, N(CN), and CI), whereas forVibrio fischeri and
Phaeodactylum tricornutunt is pratically harmless.

All the oxygenated cations are pratically harmléss Daphnia magna
without any difference among them related to theran

On the contrary foWibrio fischerijust the cations with 1 or 2 ethoxy units
in the lateral chain are harmless, being their EGigber than 1500 mg/L;
M(OE)sMIM is ranked in the category of pratically harnrdesompounds,
being its EC50 (152 mg/L) in the range 100-1000lvghereas the cation
M(OE);MIM is in the category of harmless compound whenpaired with
N(CN), anion, but classificable as pratically harmlessiitpaired with Bl
(even if its EC50 is definitely higher than that M{OE),MIM, being 890
mg/L).

Conclusions

The results here presented about tests B#phnia magnaVibrio fischeri

and algae clearly indicate that the differenceoxidity between alkyl and

oxygenated cations relies in differences of pojaatcording to the general

trend of decreasing toxicity by decreasing thegiubcity.

Daphnia magna shows the higher sensitivity to ILs, followed by

Skeletonema marinoiand by Vibrio fischeri and Phaeodactylum

tricornutum The EC50 values for the crustacean are in theomiclar

range (50-8@M) for BMIM cation and in the low millimolar rang@®.8-1.2
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mM) for compounds with a prolonged oxygenated Htehain. ForV.
Fisheri and Phaodactylum tricornutunthe values definitely move to the
millimolar range.

A special remark should be done for the diat®keletonema marinothe
data indicate a significant influence of salinitgriations on algal toxicity,
decreasing the EC50 by almost 50 times by incrgasia salinity from 8
psu to 35 psu; thus the results show that the teitért of ILs on algae can
be moderated by environmental conditions such ksitgaThis is a clear
indication that the composition of the abiotic eowiment has to be taken
into account when the toxicity of ILs in variousolugical test systems is
analysed.

It is worth to stress that both the patent of Yfulireen” than the epithet of
“terrible toxicant” attributed to ionic liquids bine scientific community is
unjustified. Indeed, ionic liquids generally areefud substances, whose
(eco)-toxicological features are to be assessezham individual case and
for each possible application; here it has beemnvehthat harmless variants
of the more commonly used ionic liquids, such alyg@oqgenated methyl
imidazolium ones, are very attractive. In any caseaic liquid solvents still
maintain a large potential for helping to improveen chemistry.

Finally it is important to underline that a so lardifference in EC50 values
found with different organisms probably suggestfedkince mechanism of
action species-dependent; the understanding oé tihetsiled mechanisms is
still unknown and represents one of the main godheé evaluation of ionic
liquids environmental impact and “greenness”. Pbbpanly by combining
enzymatic and cellulain vivo tests with eco-toxicity assays involving
several target organisms it will be possible t@ldise the biological activity
and identify ILs mode of action.

Experimental section

lonic liquids

1-Butyl-3-methylimidazolium tetrafluoroborate (BMIRF,) was purchased
from Merck (Darmstadt, Germany); the other iongulds were synthesised
according the experimental procedures describéidei@hapter 3.1.10f the

Thesis
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Daphnia magnacute toxicity assay

Daphnia magnawas cultured at CIRSA, Interdepartmental Centre of
Research for the Environmental Science, UnivemsitBologna, (Ravenna,
Italy), and maintained at 20 £ 1 °C under a 16gh{tdark) photoperiod.

The toxicity of ILs toD. magnawas assessed using a 48-h static acute
immobilization test according to the proceduresagtin the Organization
for Economic Co-operation and Development Guidelfi2 (OECD, 2004).
Five neonates (age, <24 h; born from parthenodeniales) were placed in
each 100-mL beaker. Two replicate beakers for esHchight treatment
concentrations (control plus seven toxicant corme#ions) were prepared
and maintained at 20 + 1 °C under a 16:8 (lighkdphotoperiod. Each test
vessel was checked for immobilized individuals ataghd 48 h after the
beginning of the test. Animals not able to swimhiit15 s after gentle
agitation of the test vessel were considered torimeobilized, even though
they could still move their antennae.

In the first set of experiments, two trials werendocted. In the first trial,
BMIM BF, and MOEMIM BF, were tested, while in the second trial, the
two MOEMIMs salts were compared; in both the testeference toxicant
(KoCr,O7) was checked. Test concentrations, identified upho a
preliminary range-finding test, were arranged igeametric series ranging
from 3 to 30 mg/L for BMIM B and from 100 to 400 mg/L for MOEMIM
BF; and MOEMIM N(CN}).

In the second set of experiments, two experimeatsh one including three
independent trials, were conducted. In the firgieghnent, ILs BMIM BR
and N(CN), MOEMIM BF; and N(CN), M(OERMIM BF, and N(CN}
and M(OE3MIM BF, and N(CN) were tested; in the second one, the
N(CN), series (BMIM, MOEMIM, M(OE}MIM, M(OE)sMIM and
M(OE);MIM). Within each trial, all the substances werestesl
simultaneously. Test concentrations of each iojgid, identified through

a preliminary range-finding test, were arrangeganmetric series.

Vibrio fischeriacute toxicity test
The freeze-dried luminescent bactefébrio fischeri (NRRL B-11177),

and the reconstitution solution were supplied byurAZnvironmental
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(Carlsbad, CA, USA). The reagent was stored af€@nd rehydrated prior
to testing. Toxicity to V. fischeri was measured as inhibition of
bioluminescence using Microtox® (Strategic Diagmusst Newark, DE,
USA) equipment and consumables. The assay wagdamit in accordance
with the 90% basic test for pure compounds prot@soldescribed in the
Microtox® user’s manual.

In the first set of experiments three trials weaeried out using three vials
of Microtox reagent from the same lot. In each,testeference toxicant
(ZnSQy- 7H:0), BMIM BF4;, MOEMIM BF, and MOEMIM N(CN)» were
tested. Nine concentrations of each substance t@sted in a 1:2 dilution
series including a control. The highest concerdrativas 3600 mg/L for
BMIM BF 4 and 72000 mg/L for MOEMIM BfFand MOEMIM N(CN}.

Also in the second set of experiments with all tlkggenated ionic liquids

three trials were carried out for each substandegushree vials of

Microtox~ “reagent” (lyophilizedV. fischer) from the same lot. Nine
concentrations of each substance in a 1:2 dilgemes and a control were
tested. Due to constraints imposed by the protdicelas not possible to test
the substances simultaneously or to test all thetance using a single vial
of bacteria. To approximate simultaneous testimdpstances were tested
according to a rotation scheme: the first trials & the substances were
carried out sequentially; when all the substancesewtested once, the

second trials were carried out and then the third.

The endpoint used to establish the concentratispemrse relationship
was the bioluminescence of the bacteria, measuredch concentration
as the ratio between the light emission after 16 ofiexposure and the
emission at time 0, expressed as a percentageeo$dme ratio in the

control:

100!25/To
I 15/ I 0

Where:lq: light emission at time Q;zs: emission after 15 mirl$: emission

of the control treatment. Light emission of the teaa was measured using
a MicrotoxX® Model 500 Toxicity Analizer.
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Skeletonema maring@indPhaeodactylum tricornutumrowth inhibition test

The diatomsSkeletonema marincand Phaeodactylum tricornutumvere
isolated from coastal waters of the Adriatic Sea.

The test algae were batch-cultured in f/2 medprepared in distilled water.
The culture salinity of 35 PSU was similar to tivathe Adriatic Sea, the
original environment of the test organisms.

The stock cultures of test organisms were acclsedtifor 10 days at 20°C
and illuminated with 25 mmol photonss® from daylight type fluorescent
lamps (photoperiod 16 : 8).

The acute toxicity tests of ILs towards algae weseried out using
modified versions of the methods recommended irEtm®pean Committee
for Standardization’s guideliné$.The main modifications were the use of
f/2medium, the photoperiod and the choice of tises&ains.

The final batch cultures used in the experimentewebtained by mixing a
known amount of cells in the log growth phase vatarile medium. The
initial cell number was constant and was measusedpgical density (OD)
at two wavelengths (665 and 750 nm). The opticakdies ofS. marinoiat
665 nm and 750 nm were 0.022 and 0.020 respectithedyoptical densities
of P. tricornutumat 665 nm and 750 nm were 0.043 and 0.040 respéctiv
Algal suspension aliquots of 5 mL were transfert@djlass conical flasks
(75 mL), and to each of these, different volumesaofaqueous IL stock
solution were added. The final concentrations of IBMCI experiments
ranged from 23JuM to 350uM for in S. marinoj and from 404uM to 6197
UM for Phaeodactylum tricornutunll experiments were run in duplicate.
After 72 h incubation the number of cells in thétutes was determined by
OD measurement. The variability of the results nlid exceed 5% on the
inhibition scale. The ILs were tested on a widegemf concentrations,

which enabled the EC50 values to be calculated.

Data analysis
The 50% effect concentration (EC50) of each sulegtdarD. magnaV.

fischeri and algae was estimated by fitting the experimenta

concentration-response curves to a logistic model:
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a

VARV
| gcso
EC50

Where:y = endpoint valuex = substance concentratioa;= expected

y:

endpoint value in absence of toxic effett;= slope parameter. The
parameters of the equation, including the EC50 evestimated using the
non-linear regression procedures implemented intisitza (Statsoft,

Tulsa, OK, USA). The statistical significance oktHdifferences among
EC50s was tested by one-way analysis of variancdQ¥A). Once

ANOVA resulted significant, thepost-hoc Student-Newman-Keuls
(SNK) test was carried out to identify which subst@s were
significantly different from each other. The stttial tests were

performed on log transformed data to achieve homeigg of variances.
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3.1.3. Toxicological properties

In the latest years the toxic effect of ionic lidsiiat cellular and sub-cellular
levels have been deeply explored, by investigatimg effects on cell
viability and on enzymatic activity. The main resulhich emerges from
this kind of studies is the confirmation of thentleincreasing lipophilicity
-increasing toxicity”, related to the incorporatioh long alkyl chains into
the polar headgroups of the phospholipidic memlz &iayer.

In this Thesisa combined toxicological study was performed thiotige
application of different testing protocols to alkynd oxygenated
imidazolium ILs Eigure 3.1.3.), previously tested in the eco-toxicity
assays toward®aphnia magnaVibrio fischeriand algaeGhapter 3.1.3.

A set of tests was performed by using rat pheocboytoma (PC12) cell
lines: the spectrophotometric MTT-test was employedevaluate cell
viability; the acetylcholinesterase (AChE) inhibiti was measured since
neurotoxicity has been indicated as a possibleetitionic liquids, being
the enzyme AChE a possible target of these commuiheé leakage of
lactate dehydrogenase (LDH), frequently used as ead-point for
cytotoxicity studies, was assessed as an end-pbmembrane integrity.

Figure 3.1.3.1. Imidazolium-based ionic liquids, ion paired with

tetrafluoroborate and dicyanamide anions, testexlailar and sub-cellular

levels.
1-butyl-3-methylimidazolium 1-methoxyethyl-3-methylimidazolium
BMIM MOEMIM
PZEN 0 AN
/\/\N( +)N/e e \/\N{ +)N °
N X \n - - X
1b: X =BF,4 2b: X = BF4
1c: X = N(CN), 2¢: X = N(CN),
1-(2-(2-methoxy-ethoxy)-ethyl)-3-methylimidazolium 1-(2-(2-(2-methoxy-ethoxy)-ethoxy)-ethyl)-3-methylimidazolium
M(OE),MIM M(OE)sMIM
\O/\/O\/\NAN/ /O\/\O/\/O\/\NAN/
A L+ o
N X N X
3b: X =BFy 4b: X = BF4
3c: X = N(CN), 4c: X = N(CN),
Cell viability

The use of mammalian cells cultures (human and @pifor a screening of
the hazard assessment of chemical compounds ianamvdtive and very

important approach in environmental sciences. Galiyercell cultures
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provide a quick and convenient mean to gather médion about biological
activities of chemical substances, avoidingvivo testing and the ethical

and practical associated problems.

The effects of several ILs on cell viability haveen previously investigated
in different human and animal cell lines, includsmme cells which derive
from tissues that undergo the first contact betwberorganism and a toxin,
such as human breast cancer cells (MCP¥), prototypical human
epithelial cells (HeLa, HT-29 and Cacd®?)*""'and promyelotic rat cells
(the leukemia cells IPC-81 and the glioma cells .€8J These studies
reveal that both the cation and anion species iboér to the reduction of
cell viability, and once again, a correlation betwebiological effect,
inducing the cell death, and lipophilicity of the is found, allowing to
presume a mechanism of action that involves theraction of long alkyl
chain with plasmatic membrane.

Specifically, the lipophilicity of the cation doeasot play a significant
inhibition growth factor up to six carbon units the lateral chain, but a
further increase of the length restores the lippty-toxicity linear
correlation.

In general cations with short chain alkyl groupséha critical concentration
window over which they “jump” from nearly non toxio highly toxic,
instead cations with long alkyl chains show a geddhcrease in the toxicity
when increasing the concentrations.

Interestingly the presence of ethoxy units, ah@dation 1-(2-(2-methoxy-
ethoxy)-ethyl)-3-methylimidazolium M(OEYIM, does not affect the cell
viability, confirming the results obtained with theco-toxicity assays
reported in th&€€hapter 3.1.20f theThesisand in the literature.

As reported also foDaphnia magnalLs with aromatic cyclic cations as
imidazolium and pyridinium, are more toxic than ghocontaining cyclic
and acyclic cations like short chain ammonium ahdsphonium; however
long chain ammonium salts, as Aliquat, are the mogic compounds,
inducing high toxicity and killing most of the cekéven at low doses.
Regarding the anion, the lipophilicity and/or thénerability to hydrolytic
cleavage seem to be the key features leading tm aryitotoxicity: highly
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fluorinated anions as SBFNTf,, N(CR), or (GFs)sPFRs, are very toxic,
whereas halides are the least toxic ones. For egamp
bis(trifluoromethylsulfonyl)imide (NT4) ion paired with short chain cation
is one order of magnitude more toxic than bromlulg, by increasing the
chain length in the cation, the anion effect diggrp and the predominant
factor which leads the toxic action is just theppilicity. Tetrafluoroborate

and dicyanamide anions show a three times higliectahan halides.

In this Thesisthe cellular responses of the pheocromocytomaethtline

PC12 exposed to ionic liquids were investigated ough the
spectrophotometric MTT-test, a sensitive and qtetnte colorimetric
assay that measures cell viability based on thétyalmf mitochondrial

succinyl dehydrogenase in living cells to convdre tyellow substrate
(MTT) into a dark blue formazan produéigure3.1.3.2.

Figure 3.1.3.2MTT reduction to formazan in living cells.
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MTT Formazan
3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide 1,3,5-Triphenyltetrazolium
(yellow) (purple)

1-Butyl-3-methylimidazolium tetrafluoroborate, BMIBF,;, was tested as
prototypical ionic liquid; its EC50 value was cdltied from seven
independent experiments run in quadruplicate, aochpared with the
literature valuesTable 3.1.3.].

Then the cytotoxic effects related to the elongatd the lateral chain and
the increasing of the oxygen atoms number wereuated in a second set
of experiments where cells were exposed to therdtlse represented in
Figure 3.1.3.1The screening was performed comparing the effidcad the
ionic liquids used at 1 mM concentration, chosenttanbasis of the EC50
values obtained for BMIM BHFigure 3.1.3.3.
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Table 3.1.3.1.EC50 valuegmM) of BMIM BF, and the standard error
associated, SE (n=7, number of independent expetandetermined using
the MTT test, and comparison with the literatureadaith other cell lines.

Cell line EC50 £ SE (mM)
pheocromocytoma rat cell PC12.06 + 0.07 (present work)
rat leukemia cells IPC-81 1.85.1.70%

rat glioma cells C6 >1.G6

human epithelial cells Caco-2 >3%2

human epithelial cells HeLa 4555.30°%
human epithelial cells HT-29 >6.43

The EC50 value for BMIM BF here obtained by the MTT test using
pheocromocytoma rat cell line PC12 is in agreemettit that obtained with
the other rat cell lines tested in the literatUR(O-81 and C6). As indicated
by the EC50 values reported Table 3.1.3.1.human cell lines seem to be
slightly less sensitive than animal ones.

It is interesting to note that Ranke et®lfound a correlation between the
cytotoxic effect of short alkyl chain ILs towardsliclines and acute eco-
toxicity effect towards the bacteriuxfibrio fischeri(in spite of the different
incubation time of the two tests, e.g. 48480 min), explainable by the fact
that both the cell viability and the inhibition bioluminescence indicate the
metabolic state of the cells. This correlation degsoalso in favour of the
hypothesis that ILs interact with a very basic pblggical mechanism,
common to both prokaryotic and eukaryotic cells.

The data presented in thiShapterand in Chapter 3.1.2.confirm the
proposed correlation, ranging the EC50 value of B\VBF, for Vibrio
fischerifrom 1.32 mM to 1.63 mM.
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Figure 3.1.3.3Effects of different ILs on cell viability assessen a rat

PC12 cell line. Data are expressed as the mean af SEven independent

experiments, each run in quadruplica®e, = P<O0u@@4us unexposed cells
(control).
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The results presented Figure 3.1.3.3indicate the higher cytotoxicity of
the BMIM cation, paired with both BFLb or N(CN), 1c anion, respect to
the oxygenated cations, independently by the amiod the number of
ethoxy units in the lateral chain. This trend isagreement with the data
reported by Frade et &° who stated that the presence of a polar group in
the lateral chain of imidazolium cations enhanbescell viability, being for
example M(OE§MIM BF, and M(OE)MIM PFg practically harmless if
compared with the alkyl analogues.

BMIM cations result to be the only ILs which cawssignificant effect on

cell viability respect to the control.

Acetylcholinesterase (AChE) inhibition assay

The influence of ionic liquids on the activity ofhe enzyme
acetylcholinesterase has been widely studied isetlhesst years by the group
of Prof. Bernard Jastorff, University of Bremen (@any)>** They were
the first to suggest this enzyme as a target ferbiblogical activity, mainly
through a structure-activity analysis. Imidazoliand pyridinium ILs for
example, have the core structure of the cationadbterised by quaternary

nitrogen atoms combined with certain lipophilicityhich seem to be key
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factors in the drug design of new pharmaceuticagslifor the treatment of
diseases of the nervous systénThe cationic head groups of ILs can be
bounded through the positively charged aromatie dor the negatively
charged residues at the entrance of acetylchodireest active site, and the
lipophilic side chains can enforce this interactlmna strong affinity with
the narrow gorge at the entrance of the active sde in lipophilic aromatic
amino residues.

Interestingly Arning et al® found that polar functionalised side chains
(ether or hydroxyl) exhibit a lower inhibitory paotial than their lipophilic
alkyl analogues.

In this Thesisthe sub-cellular responses of the pheocromocyt@haell
line PC12 exposed to ionic liquids were investidataough the inhibition
of the intracellular AChE, using a colorimetric agdased on the reduction
of the dye 5,5-dithio-bis-(2-nitrobenzoic acid) TNB) to the yellow
coloured 5-thio-2-nitrobenzoic acid by the thioghelmoiety obtained after
AChE hydrolysis of the substrate acetylthiocholimgide Figure3.1.3.4).

Figure 3.1.3.4DTNB reduction to 5-thio-2-nitrobenzoic acid imihg cells.
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1-Butyl-3-methylimidazolium tetrafluoroborate, BMIBF,, was tested as
prototypical ionic liquid; its EC50 value was cdltied from four
independent experiments run in quadruplicate, aochpared with the
literature valueTable 3.1.3.3.

Then the inhibitory effects related to the elongatof the lateral chain and
the increasing of the oxygen atoms number wereuated in a second set

of experiments where cells were exposed to therdttse represented in

“2Kaur, J., Zhang, M., Curr. 2000. Med. Chem., B-204.
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Figure 3.1.3.1 All substances were used at the concentratiod ofiM,
chosen considering the EC50 values obtained for BMBF, (Figure
3.1.3.5).

Table 3.1.3.2EC50 valuegmM) of BMIM BF, and the standard error
associated SE (n=4, number of independent expetaneatetermined using

AChE inhibition assay, and comparison with theréitare data.

AChE EC50 + SE (mM)
AChE from 0.54 + 0.13 (present work)
pheocromocytoma rat cell PC12

AChE from 0.15%

electric eel Electrophorus electricys

AChE from 0.08%(*)

electric eel Electrophorus electricys
(*) BMIM halide

Figure 3.1.3.5Effects of different ILs on AChE inhibition assedson a rat
PC12 cell line. Data are expressed as the mean af 3&ur independent
experiments, each run in quadruplica®e, = P<Ou@@4us unexposed cells

(control value = 6.20 + 0.58 nmol mitmg protein™).
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The EC50 value of BMIM BE is in the same range of the values reported in
the literature, obtained with AChE from electricl eElectrophorus
electricug.

From Figure 3.1.3.5.it emerges that, as for the cell viability asstyg
oxygenated cation salts do not inhibit the actiatyAChE, independently
by the anion and the number of ethoxy units in keral chain, the
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measured activity of AChE being very similar tottled the control test.
These result are in line with the data of Arningaket”® who have reported
an increase of one and two orders of magnitudedareiC50 value of BMIM
halide (0.082 mM) when one oxygen is introducedhe alkyl chain as
ether (MOEMIM, EC50 = 0.38 mM) or as hydroxyl gro(4fO(CH,)sMIM,
EC50 = 1 mM) respectively.

Lactate dehydrogenase (LDH) release

The present work represents the first study comagrtine evaluation of the
lactate dehydrogenase (LDH) release after expasdfocell culture to ILs,
even if this assay is a frequently used test fdr wability, being the
leakage of lactate dehydrogenase a clear end-pbméembrane integrity.

In this Thesisthe cellular responses of the pheocromocytomaethtline
PC12 exposed to ionic liquids were investigatedugh the LDH release, a
spectrophotometric assay used as an end-point yimtoxicity studies,
based on the measurement of LDH released from ytesa of damaged
cells into the culture medium. An increase in timoant of membrane-
damaged cells results in the increase of LDH enzgotwity in the culture
medium, spectroscopically measured through thectemuof pyruvate by
the enzyme with NADH.

1-Butyl-3-methylimidazolium tetrafluoroborate, BMIBF,;, was tested as
prototypical ionic liquid; its EC50 value was cdlied from three
independent experiments run in triplicate, and worted with the literature
value of cationic surfactantsTgble 3.1.3.3. In the literature the LDH
release associated with the exposition to surféstdias been already
measure® using cultured human cells (keratinocytes andofhasts);
among all the surfactants, cetyl trimethylammonioramide (CTAB) and
benzetonium chloridare the ones with the major structural similarities
ILs, both of them bearing a cationic head groughvidinger alkyl chains
(Figure3.1.3.6).

3 a) Van Ruissen F., Le M., Carroll J.M., van derdkVR.G.M., Schalkwijk J., 1998.
Differential effects of detergents on keratinocgéme expression. J. Invest. Dermatol., 110,
358-363b) Arechabala, B., Coiffard, C., Rivalland, P., fiaoid, L., de Roeck-Holtzhauer,
Y., 1999. Comparison of Cytotoxicity of Various Surfactantssted on Normal Human
Fibroblast Cultures using the Neutral Red Test, MASSay and LDH Release. J. Appl.
Toxicol., 19, 163-165.
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Then the inhibitory effects related to the elongatof the lateral chain and
the increasing of the oxygen atoms number wereuated in a second set
of experiments where cells were exposed to therdttse represented in
Figure 3.1.3.1 All substances were used at the concentratiod aiM,
chosen considering the EC50 values obtained for BMBF, (Figure
3.1.3.7).

Figure3.1.3.6 Chemical structure of theationic surfactants investigated in

the literature for the LDH release.
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Table 3.1.3.3.EC50 valuegmM) of BMIM BF, and the standard error
associated SE (n=3, number of independent expetinatetermined using

LDH release assay, and comparison with the litegatlata on ammonium

salts.
Compound EC50 £ SE (mM)
BMIM BF 4 1.66 + 0.22 (present work)
Cetyl trimethylammonium bromide 0.058
Benzetonium chloride 0.6%¥

As shown inTable 3.1.3.3both the EC50 values reported for long chain
ammonium salts are two orders of magnitude lowan tthe EC50 value
found in the present study for BMIM BFthese data support the typical
trend at the base of the biological effects of Hral cationic surfactants,
confirming again that an increasing in the lengtlalkyl chains in cationic
head group determines a higher toxicity.

The EC50 value for BMIM BFin lactate dehydrogenase release test, end-

point for cytotoxic effects, is well in agreemenittwthe other value
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obtained in thisThesisas measure of cell viability, the MTT teStable
3.1.3.1), being the EC50 1.66 mM and 1.06 mM respectively.

Figure 3.1.3.7 Effects of different ILs on LDH release assessadaorat

PC12 cell line. Data are expressed as the mean af $itfee independent
experiments, each run in triplicat®, = P<0.001susrunexposed cells

(control value = 2.60 + 0.31%6
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From Figure 3.1.3.7it emerges that, as for the cell viability ass@ljIM
BF, and BMIM N(CN) are the only two ILs whiclgive a toxic effect
significantly different from the control. MOEMIM NIN), and
M(OE)X,MIM N(CN), are the least toxic substances, but a no defirgal t
can be related to the elongation of the chainencition.

Conclusions

The effects of oxygenated imidazolium-based ILseh&een assessed at
cellular and sub-cellular levels, by MTT test, AChthibition assay and
LDH release assay using cultured cell lines. Inddpatly by the biological
approach, all results are in agreement, showingoveer toxicity for
compounds with oxygenated lateral chains than fasé having purely
alkyl lateral chains (BMIMSs). As for eco-toxicitests, these results indicate
that an appropriate choice of cation and anioncgiras is important not
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only to design the IL with improved and suitableewtico-physical
properties but also to obtain safer and eco-frighd.

The EC50 values for BMIM BF here used as prototypical ionic liquid, are
very similar in both the cell viability tests (MTand LDH leakage).
Comparing the cellular responses with the eco-ttyxidata reported in
Chapter 3.1.2.it emerges that either in bacteridlilfrio fischer) or in
mammalian cell cultures, the sensitivity to the Ilss lower than in
crustacean or diatoms, being the EC50 values of\BRF, in the range of
millimolar for the cellular responses and for tteeterium, and in the range
of micromolar for the toxicity toward®aphnia magnaand Skeletonema
marinoi.

Therefore, invivo and invitro experiments are in progress to deepen the
physiological responses affected by different Ihsl 0 study the alteration
of the biological membranes physical propertiesssgaly related to ILs

mechanisms of action.

Experimental section

lonic liquids

1-Butyl-3-methylimidazolium tetrafluoroborate (BMIKF,) was purchased
from Merck (Darmstadt, Germany); the other iongulds were synthesised
according the experimental procedures describddei@hapter 3.1.10f the

Thesis

Cell culture

Rat pheochromocytoma PC12 cells were cultured enltiberdepartmental
Centre of Research for the Environmental SciendBR%$3), University of
Bologna, (Ravenna, Italy). Cells were grown in higlucose D-MEM
(Dulbecco's Modified Eagle Medium), supplementecthwil0% heat-
inactivated horse serum, 5% heat-inactivated foetalf serum, 1%
penicillin-streptomycin. The cells were cultured3t °C in an incubator
with humidified air and 5% C© Approximately 2.5 x 10cells were plated
2-3 days before each experiment into 6-well celtuca plates for AChE
assay, and 1.25 x i@ells into 12-well cell culture plates for MTT and

LDH determinations. Cell exposures to ILs were glsvperformed for 16h
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at 37 °C in 5% C@ The experiments were organized in two sets. firsh
set (concentrations ranging from 0.5 to 25 mM) B@50 value for BMIM
BF, was calculated; in a second set cells were expdsed single
concentration of different ILs. EC50 corresponds th@ concentration

causing the 50% of the maximal effect.

MTT assay
The MTT assay is a sensitive and quantitative ooletric assay that

measures cell viability based on the ability of auoftondrial succinyl
dehydrogenase in living cells to convert the yellewbstrate (MTT) into a
dark blue formazan product. The assay was perforasediescribed by
Mosmann et al., 1983. After cell exposure to ILe tulture medium was
replaced with 1 mL of MTT solution in DMEM and ingated at 37 °C in
5% CQ for 1.5 h. Then the medium was carefully removed Bormazan
crystals were dissolved in 1 mL of isopropanol aedtrifugated for 2 min
at 15,000 xg. The absorbance was measured using a Multi SaDip&900

Beckman spectrophotometer at a wavelength of 57(test) and 650 nm
(background) respectively. Results are given asemage of the control

absorbance.

AChE inhibition
The inhibition of the intracellular AChE was measdiusing a colorimetric

assay based on the reduction of the dye 5,5 -dbige2-nitrobenzoic acid)
(DTNB) by the thiocholine moiety obtained after AEhaction on the
substrate acetylthiocholine iodide. After the expental treatments, cells
were washed with ice-cold phosphate-buffered sakodution (PBS),
detached by scraping and centrifuged for 10 miB8Gftx g at 4 °C. The
pellet was resuspended in ice-cold 100 mM Na-phatgpbuffer, pH 7.4,
containing 1% Nonidet-P40. After 1 h on ice, homuge was centrifuged
at 3000x g at 4 °C for 10 min and the resulting supernateas used for the
intracellular enzyme determination. The assay wadopmed using the

Ellman proceduf® with acetylthiocholine iodide as substrate, anchsa

“ Ellman G.L., Courtney K.D., Andres V., FeatherstoR.M., 1961. A new and rapid
colorimetric determination of acetylcholinesterassivity. Biochem. Pharmacol., 7, 88 —
95.
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protein concentration was estimated according teriet al*using bovine
serum albumin as standard. In a typical assay, t@6of protein was
incubated at 30 °C in a final volume of 1.2 mL @ning: 100 mM
phosphate buffer, pH 7.4 and 0.3 mM DTNB. The erayenactivity was
guantified spectrophotometrically at 412 nm, mamg the incubation at 1
min intervals for 5 min. The AChE activity was egpsed as nmol-mihmg
of protein™. In each experiment a blank without substrate measured to
evaluate the reaction of thiols with DTNB. Treatrmernth BW284c51, a
selective inhibitor of AChE, indicated that at e&6% of the enzymatic
activity we observed was due to specific AChE.

L