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Polarity study of some 1-alkyl-3-methylimidazolium
ambient-temperature ionic liquids with the solvatochromic
dye, Nile Red
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ABSTRACT: The polarity of ambient-temperature ionic liquids based on the 1-alkyl-3-methylimidazolium cation
was probed using the solvatochromic dye Nile Red. The polarity of these liquids was shown to be comparable to that
of the lower alcohols. The effects on polarity with changing anion and 1-alkyl group are reported. Copy?g00
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INTRODUCTION different anions have appeared in the literaflirtéThese
solvents, which have been the subject of a number
Solvent polarity has a powerful influence on the outcome of reviews>2° have also received much popular
of chemical reactions and on the features observed withattention?~2” To give a sense of the scope for these
spectroscopic techniques. As a result, the choice ofsolvents, it is worth mentioning that recent studies have
solvent for a particular application must be made with shown that ambient-temperature ionic liquids can be used
great care and thought. To aid such decisions, a numberms media for a wide range of chemical reactions,
of parameters are available for guidance, e.g. dielectricincluding  hydrodimerizatio® hydrogenatiorf>—3
constant, refractive index and dipole moment. However, dimerization®> polymerization®® alkylation?” Friedel—
solvent polarity cannot simply be defined using these Crafts reaction§®** Heck coupling’®** the Diels—
terms, since specific solvent-solute interactions are notAlder reactiof**®and enzymatic catalysis of biotrans-
taken into account. This has led to the development of formations?’
empirical scales of solvent polarity. A common approach  As part of a programme aimed at understanding more
to the development of such scales has been to useabout the nature of these ambient-temperature ionic
solvatochromic dyes, that is, compounds for which the liquids, and how they compare with conventional
absorption or emission band maxima shift according to solvents, we have undertaken a study of their polarity
the polarity of the medium in which they are dissolVel.  using the solvatochromic dye Nile Red (Fig. 2). Nile Red
Ambient-temperature ionic liquids based up the 1- is positively solvatochromic; thus, when dissolved in
alkyl-3-methylimidazolium cation (Fig. 1) were first increasingly polar media, the wavelength of its visible
reported in 1982 by Wilkest al.” These systems were absorption maximum X,a,) moves to longer wave-
based on the tetrachloroaluminate(lll) anion but, lengths (lower energies). In fact, amongst positively
although they possess many useful properties (e.g. widesolvatochromic dyes, Nile Red displays one of the largest
liquidus, thermal stability and large electrochemical
window), they are also reactive towards many materials
and are very sensitive to moisture. In 1992, an air- and

water-stable system was developed by Wilkes and F
Zaworotko, based on the tetrafluoroborate arfi@ince 1 NT jm
that report, a wide range of ionic liquids containing Me— -2 T CrHan
L
*Correspondence toK. R. Seddon, QUILL Centre, The Queen’s n=4,6,8 10
University of Belfast, Stranmillis Road, Belfast BT9 5AG, UK. X = [NO:}, [NOs], [BFa], [PF], [(CF580,)2N]
E-mail: k.seddon@qub.ac.uk . o
Contract/grant sponsofERDF Technology Development Fund. Figure 1. Molecular structure of 1-alkyl-3-methylimidazo-
Contract/grant sponsorQUESTOR Centre. lium salts, [C,,-mim]X

Copyright0 2000 John Wiley & Sons, Ltd. J. Phys. Org. Chen2000;13: 591-595



592 A. J. CARMICHAEL AND K. R. SEDDON

Figure 2. Molecular structure of the positively solvato-
chromic dye Nile Red

bathochromicshifts known. On changing the solvent
from waterto pentanea changein Ayax of 110nm is
observed?®

Nile Red hasbeenusedto determinethe polarity of
conventionalsolventsand binary mixture$®->! and of
supercriticafluids*®*?andusedto probethe microenvir-
onmentof polymers?® xerogels>® liquid crystals* and
zeolites> It hasalso beenincorporatedas the sensing
elementjn fibre-opticdevicescapableof identifying and

quantifyinga rangeof organicvapours:®->’

EXPERIMENTAL

Nile Red was purchasedirom ICN Biochemicalsand
usedasreceivedThe1-alkyl-3-methylimidazoliurionic
liquids were preparedusing establishediteratureproce-
duresanddriedin vacuoimmediatelyprior to use®12-8

Absorptionspectrawere recordedon a Perkin-Elmer
Lambda 9 electronic absorption spectrophotometer.
Solutions were examinedusing stopperedquartz cells
of 1 mm pathlength.Absorptionspectraof Nile Redin
severakonventionakolventswvereobtainedandfoundto
be in good agreementvith publisheddata®® The ionic
liquids examinedhaveno absorptiorbandsin theregion
of interest.

To investigatewhetheraggregatiorof Nile Redin the
ionic liquid would be a potential problem, several
solutions were made up over an absorptionrange of
0.2-3.0. No changein Amax Or spectral shape was
observedover this range.For polarity measurements
Nile Redconcentrationwaschosersuchthatabsorbances
would fall in the range0.5-1.0.This was achievedby
preparing a stock solution of Nile Red in methanol
(spectroscopigrade),of which 0.5cm?® wastransferred
to avial; themethanolWwasremovedby heatingin vacua
lonic liquid (2cm®) was transferredinto the vial by
syringeandstirredunderanatmospheref dry dinitrogen
until completedissolutionof the dye wasachieved.

RESULTS AND DISCUSSION

A wide rangeof saltsbasedon the dialkylimidazolium
cation have beenprepared;we estimatethat there are
potentially 10*8 ionic liquid systems?® The alkyl groups
in the 1- and 3- positionson the ring can be varied or

Copyright0 2000JohnWiley & Sons,Ltd.

Table 1. Wavelengths of maximum absorption (Anay) and
molar transition energies (Eng) for Nile Red dissolved in [C -
mim]X ionic liquids

lonic liquid Amax (M) Eng (kKImol™)?
[Ca-mim]F[NO,]~ 556.0 215.1(1)
[C4-mim]*[NOg]~ 555.7 215.3(1)
Ca-mim]*[BF4] 550.8 217.2(1)
C,-mim]*[PFe] 547.5 218.5(1)
[Comim] [(CEsSO),N]~  548.7 218.0(1)
Camim] [BF4] 550.8 217.2(1)
Co-mim]*[BF4]~ 551.9 216.8(1)
[Cg-mim]*[BF4]~ 549.5 217.7(1)
[C1o-mim]” [BF4]~ 545.7 219.2(1)
Co-mim] " [PFe] - 547.5 218.5(1)
Ce-mim][PFa] 551.7 216.8(1)
Co-mim]*[PFe] 549.8 217.6(1)
C4-mim]*[NO3]~ 555.7 215.3(1)
[Ce-mim]*[NO3]~ 552.9 216.3(1)
[Co-mim]*[NO3]~ 550.1 217.4(1)

2 Enr = (NENa/Amay) X 10°, whereh is Planck’sconstant is thespeed
of light, N is Avogadro’s numberand Anax IS the wavelengthof
maximumabsorption(nm).

alteredto containdifferent functional groups,the 2-, 4-
and 5- ring positionscan be substitutedand for eachof
thesecombinationsthe anion can be changed Many of
thesealterationshavethe effect of raising the melting-
point of thesesalts, but often by only a small amount
aboveambienttemperature.

This studyis concernedwith 1,3-dialkylimidazolium
saltsthat areliquid at room temperatureSeveralof the
salts basedon the 1-alkyl-3-methylimdazolium cation
(henceforth shortenedto [C,-mim]*, where n is the
numberof carbonatomsin the 1-alkyl chain;seeFig. 1)
meetthis requirementand form the basisof this study.
Theeffectsonthe polarity of thesdliquids by varyingthe
anionandby varying the 1-alkyl chainarereported,and
the resultsarecomparedwith known polarity scales.

The wavelengthsof maximumabsorption(Ana) and
the molar transition energies (Eyg) for Nile Red
dissolvedin the ionic liquids are summarizedn Table
1. All absorptiorspectraakenin theionic liquids gavea
single maximum in the visible region, the norm for
medium-to-higtpolarity solventsin contrastsolventsof
low polarity (e.g. cyclohexane)causesplitting of the
main absorptiorband,giving doublemaxima®®

Forthe[C,-mim]™ ionic liquids, the polarity decreases
throughthe anionseriesof nitrite, nitrate, tetrafluorobo-
rate and hexafluorophosphaté&his decreasen polarity
correlatesith increasinganionsize,henceareductionin
the effective anion charge density, i.e. the negative
charge becomesmore spread out and there is less
availablefor interactionswith solutes,in this caseNile
Red. There is no obvious correlation with, say,
miscibility with water,but thatis perhapsot surprising.

The [C4-mim][(CF3SO,),N] ionic liquid containsan
anionlargerthanthe casegustmentionedHowever it is
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Figure 3. Ey values for [C,-mim]X ionic liquids and common conventional solvents

more polar than its hexafluorophosphatanalogue.A

crystallographic study of an analogousimidazolium
bis[(trifluoromethylsulfonyl]imide salt revealsthat the
negativechargeis only partially delocalizedwithin the
anion®! This study showsthat the negativechargeis

spreadacrosshe S—N—Smoiety, which is largerthan
the tetrafluoroborateanion but smaller than the hexa-
fluorophosphatanion. This correlateswith the observed
polarity of the [Cs-mim][(CFsSOy),N] ionic liquid,

fitting it to the serieson the basisof its effective anion
charge.

A similar trendin the polarity of both the tetrafluor-
oborate and hexafluorophodpate ionic liquids was
observeddue to variation of the I-alkyl chain. In both
cases,the polarity rises upon changingfrom n=4 to
n=6, and after this point polarity falls with further
increasesn the length of the alkyl chain. The observed
polarity maximumat n=6 correlateswith the melting-
pointsfor thesdiquids. Forthetwo seriesof ionic liquids
(n=2-18) the melting-points reach a minimum at

Copyright0 2000JohnWiley & Sons,Ltd.

n=6>% (M. J.TorresandK. R. Seddon,Unpublished
work, 1998—-99) As mentionedhbove thepolarity for the
[C4-mim]™ ionic liquids varieswith the anion.However,
for the[Ce-mim]™ and[Cg-mim]* ionic liquids, thereare
no differencesin polarity, within experimentalerror,
betweenthe tetrafluoroborateand hexafluorophosphate
series.

Therefore, for 1-alkyl-3-methylimdazolium ionic
liquids, the polarity is apparently determinedby the
anionfor thosecontainingshortl-alkyl groupsandby the
cation for those containing long 1-alkyl groups. The
nitrate series,in contrast,do not follow the sametrend.
Hencetheseconclusionsmust be consideredtentative,
pendinga more extendedstudy.

CONCLUSIONS

Theresultsfrom this studydo notgive acompleteanswer
regardingthe polarity of the 1-alkyl-3-methylimidazo-
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lium ionic liquids, but they do give information about
their relative polarity and trendswithin the series.The
valuesof Eyr observedfor the 1-alkyl-3-methyimida-
zoliumionic liquids positionthemin the middleto upper
half of the polarity table generatedby Deye et al.*®
Accordingto this scale theionic liquids arein the same
polarity region as 2-aminoethano(214.8kJmol™%) and
the lower alcohols, methanol(217.7kJmol %), ethanol
(218.2kIJmol™1) andbutan-1-0k218.5kJmol™Y). Figure
3 displaysthesedata,along with the valuesfor several
widely usedsolventsfor comparisorf? Bonhte et al.
probedthe polarity of [Co-mim][(CFsS0,),N] usingthe
fluorescentompoundpyrene’? Our resultson arangeof
ionic liquids arein goodagreementvith their measure-
ment, which showedthat [Co-mim][(CFsSG,),N] hada
polarity similar to thatof ethanol.We arealsoawareof a
relatedindependenstudy (C. M. Gordon,University of
Strathclyde,unpublishedwork) using Reichardt’'sdye,
and theseresults are very similar to ours. Given the
complexity of the extendedthree-dimensionalliquid
structureof ionic liquids (currently underactive inves-
tigationin our laboratoriesysingcomputationalneutron
and x-ray techniques)with a supramoleculastructure
influencedby hydrogerbondsit is notsurprisingthatthis
studydoesnotyield definitive answersn the questionof
polarity. Indeed, this study raises many interesting
guestiondor the future, not leastof which is therole of
the hydrophobic cationic hydrocarbonchain, and the
validity of usinga dye moleculewhich may disruptthe
very environmentwhich it is attemptingto probe.

As thesematerialsincreasingly becomealternatives
for conventionalsolvents,datasuchasthese which are
taken for granted for most systems, will become
importantto the syntheticchemist.Thereis a paucity of
goodreproduciblephysicaldataon thesesystemsanda
strongimpetusto createareliabledatabasef ionic liquid
properties.
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