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Biphasic mixtures of ionic liquids with supercralcCO, can be an ideal combination to carry
out integrated reaction + separation processeseRuilibrium, and in particular partition of
reagents, products and catalysts between the tvesegh plays a crucial role in these
processes. The possibility of tuning the solvempprties to the problem to be addressed,
which is typical of supercritical solvents, candyghanced in those mixtures by the multiple
available choices of cations and anions that mawn fthe ionic liquid. Examples of the
importance of phase equilibrium are given:

(1) The formation of new ionic liquid + G@nixtures by gas-induced melting point lowering
of ionic solids.

(2) Reaction-separation in biocatalytic resolutddr@nantiomers.

Introduction

lonic liquids are salts with low melting pointspse to room temperature. They are formed
solely of ions. The cation is organic, and usuatintains groups that provide delocalization
of the positive charge. Anions are either orgamimorganic, and in some cases they may be
as simple as chloride. Although the existence o type of liquids was known for a long
time, interest on studying them started only whieaenaically resistant ones, especially to air
and water, were discovered in 1992 [1]. The lastytears witnessed a very substantial and
sustained focus of attention on ionic liquids, whtcanslated into an enormous increase of
scientific papers published on the subject. A semg#arch on ISI web of Science with the
words (ionic liquid OR ionic liquids) yielded thréienes more papers in 2009 than in 2003, as
shown in Figure 1 (the numbers are slightly infliatdue to a few papers where ionic and
liquid appear as separate key words). During theesageriod, the number of papers published
annually corresponding to the search word “suptcat? increased by one third. Figure 1
plots the results of these searches, where thertotmabers of papers are represented on the
left side axis. It can be seen that in 2003 thepéscritical” papers clearly exceeded the
number of “ionic liquid” ones, in 2005 numbers were a par, and in 2009 papers on ionic
liquids were almost double those on supercritical.

This extraordinary increase is, at least in pamg tb the perception that ionic liquids are
“green” solvents due to their very low volatilityhn fact, although Rebelo and colleagues [2]
have recently shown that ionic liquids are suffithg volatile to be distilled, their vapour
pressures are indeed negligible for practical psepon most applications. The almost endless
possibilities of combining different cations andans to tailor the properties of ionic liquids
has also contributed to multiply new studies, andliversify the fields of potential new
applications.
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Figure 1. Annual number of scientific publications listegt the I1SI web of Science,
corresponding to searches using the words (ioigieid OR ionic liquids) ¢ — IL,
(supercritical) m— sc, both to be read in the scale on the left aidg, and [(ionic liquid OR
ionic liquids) AND supercriticalla — IL+sc, to be read on the right side scale.

Brennecke and collaborators [3] were the first toppse, in 1999, high-pressure carbon
dioxide + ionic liquids as an interesting combioatiof solvents to carry out chemical
processes. They used the ionic liquid 1-butyl-3hylenidazolium hexafluorophosphate,
[Csmim][PF], and they reported that mixtures of supercriti€D, with [bmim][PK]
remained biphasic up to high pressures, and alag thhile carbon dioxide dissolved
significantly into the liquid phase, no ionic ligudissolved in the gas phase.

The potentially enormous variety of ionic liquidsile to the vast number of cations and
anions that may be combined, makes it likely thieknt kinds of phase equilibrium with
carbon dioxide be possible. For instance, hightsbly in CO, of some phosphonium-based
ionic liquids has been reported [4]. On the othemd) in multi-component mixtures, Buxing
Han and collaborators [5] have called attentioth® increase in solubility that results from
the presence in the ionic liquid of polar molecwdabstances, like alcohols, that may act as
cosolvents. However, in the vast majority of casésdied so far, the main features
discovered by Brennecke et al. are maintained, étbe solubilities of carbon dioxide in the
liquids differ markedly.

Solubility of gases, carbon dioxide in particuliarjonic liquids is a matter that has deserved
much attention. Weingartner has addressed thigsuinj his review of the properties of ionic
liquids from a molecular perspective [6]. The sdityocurves of carbon dioxide measured by
Peters, Kikic et al. [7] resemble an adsorptiotheom, as if carbon dioxide molecules were
stuck at “some kind of inner surface of the iomjiid”, as stated by Weingartner. This means
the amount of carbon dioxide in the liquid phasgeases very rapidly with pressure, until it
attains a “saturation” limit, at high mole fractiaf CO,. These high amounts may lead, as
suggested by Blanchartlal.[ 3, 8], to use supercritical GQo extract dissolved compounds
from the liquid. For the majority of ionic liquidkat remain insoluble in carbon dioxide, like
the imidazolium-based ones initially studied, thisocess can be carried out with no
contamination of the extract by the ionic liquidvemt. This is an interesting application,
coupling benign solvents for sustainable technalame of the main focus of attention in
Green Chemistry.



This type of application has been extended to #®gth of continuous reaction-separation
processes, where carbon dioxide carries the rdadtaio an ionic liquid containing an ionic
catalyst, and takes the products out of the reactiedium. The work of Cole-Hamilton and
collaborators [9] is a good example.

Supercritical carbon dioxide can additionally beupht of as a property-modifier. For
instance, ionic liquids are highly viscous - thevést viscosity observed to date is more than
twenty times the viscosity of water [10]. The laagaounts of carbon dioxide that accumulate
in the liquid phase lower the viscosity in much d@mne way as for polymers. This may
extend the applicability of ionic liquids or fatdie existing applications. Another important
property that may be improved is the melting patself, which in some cases may be
dramatically lowered, as explained below.

Francis [11] discovered long ago that £€an induce liquid-liquid phase separation in
mixtures of otherwise miscible liquids. When comggc with dense carbon dioxide,
multicomponent liquid mixtures containing ionic uigs may show that sort of phase
behaviour. Scurto et al. [12,13], Najdanovic-Vislal. [14] and Zhang et al. [15] reported
on the formation of three phase liquid-liquid-vapoequilibrium when carbon dioxide
pressure was increased over homogeneous mixturésnizf and molecular liquids. The
separation of liquid phases can lead to the extracitf target substances from the ionic liquid
into the liquid CQ-rich phase.

Phase equilibrium measurement and correlationréieat to design processes based on ionic
liquid + carbon dioxide. A recent review by Rotl6]1lists the main achievements obtained.
In all cases studied until recently, when an idijaid and dense carbon dioxide meet, there
is the formation of at least two phases. Howel{eoon et al. [17] have recently discovered
that one single liquid phase can be obtained insystem 1-hexyl-3-methylimidazolium
tetrafluoroborate — carbon dioxide — propanol, ame conditions of pressure, temperature
and composition. This discovery further extendspbssibilities of utilization of ionic liquids

+ carbon dioxide solvents.

These possibilities have been explored by the sdpieal fluid community. In Figure 1, the
line IL+sc shows the number of papers listed tlwatesponded simultaneously to the search
words ionic liquid and supercritical ( the scaleli® read is on the right-hand side axis,
expanded ten times in relation to the scale ofdtmer two lines). Papers containing both
references have increased twofold in the periooh fB®03 to 2009, evolving from 3 to 4.4 %
of the total of “supercritical” papers. Their numbeéid not manage, however, to keep up with
the fast expansion of “ionic liquid” papers.

Many exciting lines of research remain to be expbbin this field. The majority of the recent
papers focus either on phase equilibrium relatedetwtants and products of reactions in
biphasic ionic liquid + carbon dioxide or on thelgs of the reactions themselves. This is an
area that will certainly continue to expand. Howevee role of carbon dioxide as a property
modifier will probably get an increased attentidiscosity and melting point lowering are
the most likely candidates.

In this communication, three examples will be pn¢ésd. The first will deal with carbon
dioxide as a melting point depression inducer,véhg the use of ionic liquids at lower
temperatures. The other two will address the séparaf reaction products from ionic liquid
phases by carbon dioxide, using different strategfgphase separation.

CO, asa property modifier: Melting points of ionic liquid-like salts under carbon
dioxide pressure



High pressure gases are known to lower the meftoigt of many organic substances, at least
up to a certain pressure. In most of the reportesks the effects are relatively low, with
melting depressions usually not exceeding 30 KnEs® these effects are the basis of some
interesting processes, like the well-known PGSSti(fkes from Gas Saturated Solutions)
[18].

In the case of ionic liquid-like salts, the meltipgint is an essential property, and the ability
to make it decrease by applying pressure with carhoxide may provide an important tool
to broaden the list of substances that may be deresil ionic liquids.

Scurto and Leitner [19, 20] reported surprisinglyge melting point depressions for a few
ionic-liquid like salts, in one case reaching 120 $erbanovic at al. [21] have recently
extended the available results. Overall, meltinghpdepressions for close to 60 ionic salts
have been measured. They were made of a variegniohs and of cations of different
families (quaternary ammonium, phosphonium, imadiam, guanidinium, pyridinium and
sulfonium). Most measurements yielded the “norm20’ to 30 K decreases in freezing
temperatures, but the values were higher than #f Kine ammonium and two phosphonium
salts, with one exceptional value of 120 K, as no@eid above, but also three at around 80 K,
two close to 70 K and two about 60 K. Very subiléedences in structure of one of the ions
led to remarkable changes in temperatures. Thiarieanade it very hard to interpret the data
so far obtained.

Kazarian et al. [22] used in-situ ATR-IR spectrgsgdo study of the influence of high
pressure carbon dioxide on the melting temperaitif€,6mim][PFs], which is reduced by 25
K at 7 MPa. An important conclusion of their wonlas that carbon dioxide is already
present in the crystal lattice when the salt i istithe solid state. This study also provided
evidence for a weak Lewis acid- base interactiadween CQ and the [PE] anion.

Solubility of carbon dioxide in the lattice struotuof the solid, inducing disruption of the
crystal structure, is therefore the most likelytéacdetermining the size of the melting
decrease for each ionic salt. Explanations for ldrge differences observed for salts
composed of very similar ions might be encountenedifferent packings in the solid phase,
which in definite cases may facilitate gf{attice interactions. However, the currently
available database of crystal structures of ioajigidl-like salts is not broad enough to allow a
detailed insight on how this mechanism might prdcee

In the case of the solubility of carbon dioxideionic liquids, the nature of the anion and its
interaction with the carbon dioxide molecule hagradominant influence. However, the
results obtained on the melting behaviour deterchihat abnormally high values were only
obtained when the cations were either quaternamp@mum or phosphonium. It might be
assumed that in the case of the other familieslt$,sthere is a more efficient cation packing
in the solid, which limits C@solubility, and decreases the melting point depoeseffect.

The largest effects were observed when short atkglins quaternary ammonium cations
combined with fluorine-containing anions. On thentcary, for non-fluorinated anions,
melting point depressions increased with the sizeealkyl chains. It may be speculated that
these cations either hinder or allow the aniorrb@a dioxide interaction in the solid.

More studies are however needed to allow a bedtsttification of the main parameters that
determine this unprecedented effect of high pressarbon dioxide on melting.

CO, as a separ ation agent
1. Enantioselective enzymatic resolution of racemic mixtures in ionic liquids and
product separation with supercritical carbon dioxide



Enzymatic catalysis in non-aqueous solvents has eaently extended to ionic liquid media,
as ionic liquids behave similarly to organic soligeim contact with enzymes and may replace
them in many enzymatic processes [23].

One of the most interesting enzymatic processes dha be carried out in ionic liquid
solvents is the resolution of optically active dots through selective acylation of one of the
enantiomers. The separation of reaction produas fthe ionic liquid solvent can, in
favourable cases, be achieved by supercriticalotadoxide. In fact, continuous processes of
this type have been proposed by Lozano et al.[2d ]y Leitner and collaborators [25].
Bogel-tukasik et al. [26] studied the resolutioh 23octanol enantiomers via lipase-
catalyzed reactions using eleven different ionguids as solvents. The resolution was
performed via acylation of R;S)-2-octanol with succinic anhydride, catalyzed by
immobilized CAL B. The reaction scheme is showrrigure 2.
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Figure 2: Enantioselective acylation of a racemic 2-octanith succinic anhydride. The
major products are an acidic (R)-half ester, whely @ane alcohol molecule reacts, and a
(R,R) - diester, resulting from the reaction of taleohol molecules with one anhydride
molecule.

Nine 1-alkyl-3-methylimidazolium, and two quatemaammonium ionic liquids were
used. Additionally to the ionic liquid solvents,etlieaction was also carried out in four
organic solvents with varying polarity. The yield$ reaction varied wildly with the
nature of the ionic liquids used. The highest yseldth high enantiomeric excesses were
obtained for reactions performed in 1-methyl-3-¢iatydazolium hexafluorophosphate,
[omim][PFe], and 1-methyl-3-octylimidazolium dicyanamide [anj[N(CN);].

These ionic liquids were chosen by Bogel-Lukasikakt[27] to measure vapour-liquid
equilibrium (VLE) data for systems containing ormic liquid, carbon dioxide and the
main products of the enzymatic reaction, including unreacted alcohol enantiomer. The
data were used to calculate the partition coeffitseof reaction products between the
ionic liquid-rich phase and CQich phase. Separation factors were then obtaaisectios

of partition coefficients. The main results arewhan Figure 3.

As the two ionic liquids share the same cation, diféerences in the results must be
attributed to the influence of the anions. Separafactors octanol/diester are distinctly
larger for the [PE]-based ionic liquid, but virtually indistinguishigb for octanol/
hemiester. In the first case, separation factoli®diothe same trend as the solubility of
carbon dioxide in the liquid, which is higher foFfthan for dicyanamide-based ionic



liquids. In the second case, the acidity of thd-bater molecule presumably increases its
interaction with the dicyanamide anion, pushing sleparation factors up to the level of
those for the other ionic liquid.
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Figure 3. Separation factors for 2-octanol / diester (sgagprand 2-octanol/ hemiester
(triangles), between the GOphase and the ionic liquid-rich one: open symbols,
[omim][PFg]; closed symbols, [omim][N(CN).

Based on these results, a study of the feasilitgxtract unconverted)-2-octanol from
the post-reaction mixture with supercritical carbaioxide was carried out. At 11 MPa
and 35°C, the unreacted enantiomer was recovergd9sil % mol purity.

CO, as a separation agent
2. CO,-induced phase switches for integrated reaction-separation

In 2005, Jessop et al.[29] proposed a switchableest which can become an ionic
liguid (an alkylcarbonate) under a low pressureQ®, and revert to a mixture of
molecular liquids when carbon dioxide is removedabgtream of nitrogen or argon. In
this proposal the switch is a reversible reactioat toccurs at atmospheric pressure. This
represents an extension to chemical reaction afreept that had often been explored in
supercritical carbon dioxide systems, where pressuay induce phase changes that
facilitate separations.

A good example involving an ionic liquid is the wkoof Najdanovic-Visak et al. [14]. It
followed in the wake of the discovery that althoudhbutyl-3-methylimidazolium
hexafluorophosphate is (partially) immiscible watiher water or ethanol, the addition of
water (or ethanol) to mixtures of j@im][PFg]+ethanol (or water) increased mutual
solubility, until a single phase was formed [30-3lh] fact, this is a surprisingly large co-
solvent effect, which extends over a wide rangeofperatures and compositions.

When this single phase ternary mixture is submitiegressure of C§€ a third phase
starts to form between the liquid and gas phasdse Value of this pressure is



composition-dependent, and at 40 °C varied betveeBrMPa and 10 MPa. As pressure
continued to increase, this middle phase increasguificantly in volume. Finally, the
two upper phases merged into a single phase.

In this process, large amounts of water and ethar@drawn out of the ionic liquid phase
by carbon dioxide and into the G@ch liquid.. Indeed, the bottom phase shrinksatume,
and a distinct transformation of the curvaturehaf meniscus close to the stainless steel walls
of the view-cell could be observed, indicating &mast pure ionic liquid.

This succession of phase changes may be usedanaowaeparation cycles, producing, as
desired, situations of total miscibility, partialisuibility, or almost complete phase
separation. Reactions carried out in these mediabeaefit from monophasic conditions,
for increased rates, without losing the advantagésbiphasic systems for catalyst
recycling and product separation.

As proof of principle of this concept, a case stwhs performed, based on the work of
Bortolini al.[32], who carried out the epoxidatioof several electrophilic alkenes
dissolved in [bmim][PE by aqueous solutions of hydrogen peroxide. Thessctions
were carried out in biphasic conditions, due todbheve-mentioned immiscibility of water
and the ionic liquid. Ethyl acetate was used torawttthe products from the reaction
mixture.

Najdanovic-Visak et al. performed the epoxidatioh isophorone (3,3,5-trimethyl-2-
cyclohexen-1-one) at 313.1 K, either in the comaisi used by Bortolini et al. or by using
a solution of hydrogen peroxide in 0.5 ethanol 5 water (mass fraction), which yielded
a monophasic reaction mixture. After 3 hours, cardmxide at 313,1 K and 10 MPa was
passed through the reaction mixture. When thetimacas carried out in biphasic
conditions, no products were detectable after 158, and the yield was 27 % after 3
hours. In contrast, the reaction in single phasedimns, with the addition of ethanol,
produced yields of 38 % after 15 min and 74 % aftee hour. The phase separation later
induced by carbon dioxide, as described above,walb complete separation of the
reaction products from the ionic liquid.
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