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Room-temperature ionic liquids (RTILs) provide an alternative for elimination of solvent emissions to the
atmosphere for many reactions, but the subsequent separation of the products by conventional methods can
be a challenge. However, the use of supercritical carbon dioxide &3@n extractant offers potential for

a novel class of environmentally benign media for chemical reaction and downstream separation. We have
investigated the solvent properties of mixtures of 1-butyl-3-methyl imidazolium hexafluorophosphate ([bmim]-
[PFRg]) and CQ as functions of temperature (350 °C) and CQ pressure (6230 bar). We report the Kamlet

Taft dipolarity/polarizability parameter, volume expansion, and microviscosity. The results are consistent
with a picture of local enhancement of RTIL composition around a chromophore, maintaining solvent strength
even at fairly high loadings of COwhereas the microviscosity in the vicinity of the solute is dramatically
reduced, leading to enhanced mass transport and facilitated separation.

Introduction solubility of ionic liquids in the C@phaset213This auspicious
L ) phase behavior of the RTIL/GQystem offers the opportunity
Room-temperature ionic liquids (RTILs), organic salts com- ¢, incomorating CQ with ionic liquids, as demonstrated in a
posed entirely of cations and anions t_hat remain liquid at or number of application$4-20 First, downstream processing for
gelci\i'gatri%?g ir:eggfr::;lgilbiacl)r:atg?t;rsg?ialg(r:fr%ghZ?rL\i/set?)t?S for product separation and catalyst recovery has become a challenge
aﬁg separatioh éecently, develope{j FéTILs consist of p3}ri- for the rapidly growing area of synthetic chemistry using RTILs.
' Current processes mainly include evaporation and liquid/liquid

dinium or imidazolium cation coupled with an anionic coun- . - . o .
terpart, such as RF, BF,~, N(SO,.CFs),-, etc. Because RTILS extraction, which can e|th_er be d|ff|qu|t, be detrimental to the
nproduct, or have undesirable environmental consequences.

have easily modified structures and properties, they are ofte ) . )
y prop y ScCQ has shown the potential as an effective medium for

called “designer solvents”. Lack of effective vapor pressure is - . . - )
characteristic of RTILSs, which offers opportunities not only for duantitatively extracting a wide variety of organic compounds
from an RTIL phase with no loss of the solvéhtThe

replacement of volatile organic solvents, but also for facilitation "~ e
of certain separation processes, such as distillation. RTILs areSignificance of CQ extraction is highlighted by both the
nonflammable, and most exhibit high thermal stabitit) They environmental advantages of @@nd complete elimination of
typically have an extensive liquid range up to 3UD, which the proplem of cross-contamination encountered in liquid/liquid
allows for substantial convenience in optimization of a multiple- €xtraction.
step process that requires manipulating over a wide temperature Second, biphasic catalysis in RTIL/scglas drawn increas-
range. More significantly, they can function as good solvents ing attentiont>-18.22 |n addition to improved selectivity and
for a wide variety of ionic and organic compounds. guantitative yield, a built-in advantage exists for facile separation
Supercritical carbon dioxide (scGO¢ = 31.1°C, P, = 73.8 and catalyst recovery by utilization of GQOAs interesting as
bar) is an environmentally benign medium that has undergonethe potential applications, the fundamental knowledge of the
the most intensive investigation as an alternative to undesirablesolution structure of RTIL/C@mixtures on a microscopic level
organic solvents in the past two deca#e€0; is a safe and has been the focus of several recent effétfs Kazarian et al.
inexpensive medium, and its physical properties can be continu-studied Lewis acietbase interactions between génd anions
ously adjusted from gaslike to liquidlike by temperature and of RTILs using an ATR-IR technique** Baker and co-workers
pressure. As a consequence of its low viscosity, mass transporkeported experimental results on microscopic solution properties
is greatly enhanced in scGQelative to that in liquids. In such as Py-scale and viscosityln the current work, we
addition, scCQoffers facile solvent removal solely by depres- measured the KamlefTaft 7#* parameter and the extent of
surization. volume expansion for mixtures of 1-butyl-3-methyl imidazolium
Blanchard et al. have reported that several ionic liquids can hexafluorophosphate ([bmim][RfF and CQ as functions of
uptake a considerable amount of £@espite the negligible  temperature and pressure based on the solvatochromic behavior
of the indicatorN,N-dimehthyl-4-nitroaniline. The effects of
* Corresponding author. Tel.: 01-(404) 894-7070. Fax: 01-(404) 894- added CQ on the microviscosity and local dielectric property

90?&%‘3?2} éﬁiﬁiﬁ?é’ﬁ‘?ﬁgé‘?ﬂ“' of [bmim][PFs] were also evaluated using 9-(dicyanovinyl)-
* Specialty Separations 3eme,_ 9 julolidine (DCVJ) as a fluorescence spectroscopic probe.
8 School of Chemistry and Biochemistry. Comparison of our results with a similar investigation by Baker
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et al23 provides insight into solute-specific solvent effects and 1.2
preferential solvation processes.

Experimental Section 1.1 ¢ Water

Materials. The RTIL [bmim][PF] was provided by SA-

CHEM (purity of 97%). To eliminate possible moisture, [bmim]- 1.0

[PFs] was held under vacuum at ambient temperature for

approximately 1 week prior to use. Carbon dioxide was a 0.9

product from Matheson (SFC grade, 99.99% purity). The

solvatochromic indicatoN,N-dimethyl-4-nitroaniline (Aldrich, R

97%) and the fluorescence probe DCVJ (Molecular Probes) were 0.8

used as received. All organic solvents were of the highest purity

available from Sigma-Aldrich and used without further purifica- 0.7

tion.

Apparatus. A stainless steel vessel with three sapphire

windows (6.4-mm-thick) was constructed for UVis and 0.6

fluorescence spectroscopy. The windows were sealed with

Teflon gaskets capable of withstanding pressures exceeding 250 0.5

bar. The path length of the cell is 2.2 cm, and the internal

volume is 9.6 criat room temperature. The temperature control 0 50 100 150 200 250

unit (Omega) for the cell consists of heating cartridges inserted Pcoz (bar)

into the body, a microprocessor thermometer, and a temperatureF_ 5 ) ) ) o

controller. The temperature variation was maintained within /9u'€ 1. Kamlet-Taft = parameter (dipolarity/polarizability) for
. . conventional organic solvents and for [bmim]HPEQO, as a function

+0.1°C of the setpoint. Pressure was monitored by a pressure CO, pressure.

transducer and a pressure readout (Druck) with an uncertainty

of 0.01% in the range of-8207 bar. A Teflon-coated spin bar  mental determination of* is classically based on the solva-
constantly agitated the contents in the cell throughout measureochromism (solvent-induced spectral shift) of seven designated
ments to facilitate equ|l|br|um. The solvatochromic measure- Spectroscopic indicatorS, among which 4_nitr0aniso|em
ments and spectrum processing were performed on a Hewlett-gimethyl-4-nitroaniline are the primary and secondary candi-

Packard 8453 diode array UWis spectrophotometer (1-nm  gates, respectively. The latter, however, was chosen as the single
resolution andt-0.2-nm wavelength accuracy). A Shimadzu RF-  indicator for measuringr* in this work because its solvato-

5301PC spectrofluorophotometer provided all of the fluores- chromic peak is readily distinguishable from the Yuis

cence spectra with=1.5 nm wavelength accuracy. absorbance of [bomim][Rf The solvatochromic absorbance of
Procedure.The dried [omim][Pk] solution with an indicator N, N-dimethyl-4-nitroaniline corresponding to the spectral band
of an appropriate concentration was loaded into the high- at the longest wavelength is attributed to the> z* electronic
pressure vessel and degassed under vacuum at a given tempefransition due to an intramolecular charge transfer fror(GHs),
ature for at least 24 h prior to measurement. The solution visible (electron donor) to N@(electron acceptor) through the aromatic
through the optical windows was the RTIL phase. Initial system. Characteristically, the first excited state exhibits a higher
spectroscopic measurements were conducted in the absence Q%Iarity than the ground state. The dispersive, inductive, and
CO,, and then C@was pressurized into the cell with a syringe  electrostatic interactions between the indicator and a given
pump (ISCO). Phase equilibrium was ensured by observation solvent are therefore considered the primary contributors to the
that the spectrum and pressure no longer changed with timesolvatochromic shift. Cyclohexaner{ = 0.00) and dimethyl
(equilibration took longer to achieve at lower g@ressures).  sylfoxide (DMSO,z* = 1.00) were measured as the reference

CO, was added repeatedly until the highest pressure was reachedolvents for normalization of the* scale. The quantitative
at each temperature. Reproducibility was tested at continuouslycalculation ofz* value is given by

decreasing pressure for the same content by releasinga@®d

conducting spectral measurements when each equilibrium was [v(s) — v(cyclohexane)]
achieved. All the solvatochromic spectra were corrected by * = DMSO) — lon
subtraction of the spectrum of the corresponding pure solvent. [v( ) — v(cyclohexane)]
The initial concentrations oN,N-dimethyl-4-nitroaniline and
DCVJ in [bmim][PFs] without added C@were 2.0x 10-°and
4.5 x 107% mol/L, respectively. The density of pure G@as
calculated by an equation of st&lhe viscosity and dielectric mixtures as a function of CQpressure at 35 and 5. The
constant for conventional liquids were obtained from the DIPPR dipolarity/polarizability of pure [bmim][P at 35°C is Higher
801 Thermophysical Properties Database (2002 Public Release)than that at 56C and agrees with the previously published

temperature dependence ®@f for pure [bmim][PF].2” With
the addition of CQto [bmim][PFg], the z* parameter undergoes

I. Solvatochromic Behavior of N,N-Dimethyl-4-Nitroa- minimal reduction at a constant temperature. For examyle,
niline. Kamlet-Taft Dipolarity/Polarizability Parameters*). changes from 0.95 for neat [bmim][EJRo only 0.94 for the
The n* parameter provides a comprehensive measure of the mixture at 203 bar and 3%C. Similarly, pure [bmim][PE] has
ability of a solvent to stabilize a solute molecule based on the ax* value of 0.92 that changes to 0.90 as the pressure increases
dielectric effect28 It is a quantitative index of solvent dipolarity/  to 230 bar at 50C. In comparison with conventional solvents,
polarizability that also provides insight into the local solvent a* of [bmim][PFg] both with and without CQis slightly lower
environment surrounding an indicator molecule. The experi- than those of water (1.09) and DMSO (1.0), but appreciably

DMSO

A AQQ%@CD oo O
MAsubiiadd 4 A A

Acetonitrile
Acetone O [Bmim][PF¢] (35 °C)
A [Bmim][PFs] (50 °C)

Methanol
eHhanol o Liquids (ambient)

T T T T T

@)

wherev is the frequency (cmt) of the solvatochromic peak
maximum and s refers to the solvent under measurement.
Figure 1 displaysz* parameters for [bmim][P§/CO,

Results and Discussion
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higher than those of acetonitrile (0.75), acetone (0.71), and 15
methanol (0.60§8-31

Blanchard et al. determined a @8€blubility of approximately
80 mol % in dried [bmim][PE] at a pressure of 100 bar and a
temperature of 40C 12 Preferential solvation between the RTIL
and the indicator might be a reasonable interpretation for the
insignificant effect of substantial amounts of €@n the
apparent polarity of [bmim][Pg. The molecular interaction
between the RTIL of strong polarity and the polar solute appears
to be dominant over the weak sol4t€O; interaction, suggest-
ing that the competitive RTI:solute interaction might result
in selective aggregation of [bmim][RFaround the indicator
molecule. The solvent strength is preserved in a wide concentra-
tion range of CQ present because of the [omim][ifenriched @L
microenvironment. In practice, one may expect a limited effect
of CO, on the solubility of organics in RTILs if the polar 1.0 ?
solute-solvent interaction plays a key role in the dissolution
process. On the other hand, Baker and co-workers reported a 0 50 100 150 200 250
decline in the value ofli/lz (another polarity scale) for Pco2 (bar)
fluorescent pyrene (nonpolar) in [bmim][(ECO, as the
pressure of C@increased? The existence of a solute-specific
solvent effect in RTIL/CQ systems could account for the
discrepancy between the two studies.

Volume Expansion of [Bmim][Pf by Added CQ. Solva- H
tochromic spectra can also be used to estimate the extent of
volume expansion of [omim][RffFby added CQbased on two
assumptions about the spectral analysis. The first assumption CN
is that the amount oN,N-dimethyl-4-nitroaniline partitioning
into the CQ fluid phase is negligible. This assumption was CN
justified experimentally, because the absorbance intensities offigure 3. Chemical structure of DCVJ.
the indicator are reproducible in pure ionic liquid before the

35°C
1.4 - pc(COZ) DD a o
v oo &

13 | ® s
a ) T
121 B o. Pc(CO,)

e

Expansion factor (V,,,/V,)

™ T T T T

Figure 2. Expansion factor of [bmim][P4 due to added C@as a
function of CQ pressure.

addition as well as after the release of £&his would not occur X

if the CO, phase stripped the indicator. Second, we assume that v

the extinction coefficient of the solvatochromic peak for the St

indicator remains constant in neat [bmim]gPFRand in the

[bmim][PF¢]/CO, mixtures investigated. k; Kor

The expansion factor in this context is defined as the ratio of
the volume of the mixture\{y,) to that of neat [bmim][P§ (Vo)

at a constant temperature. The expressipfVo = Ao/An can A F

be inferred from the LamberiBeer law, whereA denotes the

intensity of the solvatochromic peak in the corresponding

solution. The expansion factor of the [omim][@fphase as a v v

function of CQ pressure at 35 and 5C is displayed in Figure So —————

2. The extent of volume expansion is greater af@%han 50 Figure 4. Fluorescence emission mechanisi).gdound state; Sfirst

°C at the same pressure. The two arrows in Figure 2 indicate excited state; A, absorbance process; F, fluorescence emission process.
the pressure where the density of the Cfhase becomes

identical to the critical densityo¢ = 10.6 mol/L for pure CQ) 2-fold photophysical phenomena related to solvent effects: a
at the two different temperatures. The expansion factor appearshicroviscosity-dependent fluorescence intensity and a polarity-
to undergo a sharp increase at lower pressures and then to levelependent emission maximuz. 35

off as the density of C@in the vapor phase approaches the Microviscosity. The fluorescence emission mechanism for
critical density. At 35°C, for instance, the volume of [bomim]- ~ DCVJis illustrated in Figure 4. The fluorescence quantum yield
[PFs] can be expanded by adding €@ levels of 33 and 42%  (#1) is expressed as

at 78 and 200 bar, respectively.

Il. Fluorescent Molecular Rotor. The high viscosity of & = Kl (K + Ky (2)
[bmim][PFs] and many other RTILs could be a limitation for
practical applications by potentially hindering mass-transfer- where k; and k,, are the radiative rate and the nonradiative
limited reaction or decreasing separation efficiency. Fortunately, deactivation rate, respectively. The nonradiative deactivation of
CO, acts as an effective diluent to reduce the viscosity and, the singlet excited state can occur rapidly through intramolecular
therefore, promote mass transfer in the viscous RTILs. We torsional relaxation about the doregsicceptor bond. An increase
investigated the influence of GQon the local viscosity of in rigidity and viscosity of the surrounding medium tends to
[bmim][PFg] to better understand the role G@lays in tuning inhibit the internal molecular rotation, and as a consequence,
transport properties of RTILs on the molecular level. The the radiative decay ratéj becomes dominant. The resultant
fluorescence probe DCVJ (see Figure 3) is well-described as afluorescence quantum yield is enhanced in such a highly
solvent-dependent molecular rotor that is characterized by aconstrained microenvironment (i.e., high microviscosity).
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Figure 5. Fluorescence emission spectra of DCVJ in conventional Figure 7. Corrrected fluorescence spectra of DCVJ by volume
liquid solvents at 25C (Cpcvs = 4.5 x 107® mol/L). expansion in [bmim][P§/CO; at different pressures and 36 (Cpcvs
= 4.5 x 107% mol/L).
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Figure 6. Viscosity dependence of fluorescence intensity of DCVJ }DCO2 (bar)

for the liquid solvents in Figure 5. . . . . ) . .
Figure 8. Estimated microviscosity for [omim][RFCO; as a function

of pressure of C@at 35°C.

Fluorescence spectra of DCVJ were measured in a series of
conventional liquids spanning a broad range of viscosity as We applied a linear relationship of In El In » correlated in
references for correlation. All spectra in the liquids taken at 25 Figure 6 and estimated the microviscosity in the immediate
°C are shown in Figure 5 with peaks in the range of 4B00 environment of the probe from the measured fluorescence
nm due to ther — &* charge-transfer transition of DCVJ. We intensities in [bmim][PE/CO.. The results depicted in Figure
assume that negligible heterogeneity on a molecular scale exists3, where the arrow refers to the critical pressug pf CO,,
in these incompressible liquids, so that microviscosity is show that the microviscosity of [bmim][RF is reduced
equivalent to the bulk viscosity. Figure 6 shows an excellent significantly in the presence of GOThere appears to be a
correlation between the relative fluorescence intensity (FI) of maximum reduction when GOn the vapor phase is in the near-
DCVJ and the viscosityy) of these solvents. The fluorescence critical region. The local viscosity decreases from 425 to 65 cP
spectral measurements were conducted for [bmim][RB- in as the pressure increases from 0 to 68 bar at’G5The
the pressure range o205 bar and at 38C. With the addition phenomenon is in agreement with the work of Baker et al., who
of CO,, the concentration of the fluorophore decreases becausereported about a 5-fold reduction in viscosityalthough their
of volume expansion. The fluorescence spectra were correctedestimated viscosity for neat [bmim][BJfs lower than our results
by multiplying the expansion factor under corresponding and other published daté.lt has been recognized, however,
conditions to ensure that all of the intensities were evaluated that small amounts of impurities in an ionic liquid can cause a
for the same concentration of the probe. Figure 7 shows severalvariation in viscosityl® Additionally, the rapid decline in
representative spectra, which reveal that the fluorescencemicroviscosity at lower pressures is followed by a slight increase
intensity decreases remarkably with increasing, @&ssure. as the CQ pressure continues to increase. The profile is
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515 results shown in Figure 10 demonstrate that the local dielectric
constant in the immediate surroundings of the probe is inde-
pendent of the C@ solubility. The dielectric constant is
510 estimated to range between 41 and 44, given experimental
) uncertainty. The general shape of the local dielectric constant
for [obmim][PFs)/CO; estimated from fluorescence spectroscopy
is consistent with the KamlefTaft 7* parameters. Both methods

£ show that the polarity of [omim][P#CO; is slightly weaker

S 500 - than those of water and DMSO, but stronger than those of
< acetone and methanol.

505 -

495 -| Conclusions

We utilized two spectroscopic techniques to explore the
influence of dissolved C&on the microscopic solvent properties
490 - of [bmim][PFg] at different temperatures and pressures. Solva-
tochromism ofN,N-dimethyl-4-nitroaniline was used to measure
485 - the Kamlet-Taft solvent parameter* and the volume expan-

sion of [bmim][PR}/CO, mixtures. We see that the dipolarity/
0 10 20 30 40 50 polarizability of [bmim][PF] undergoes minimal reduction at
€ a constant temperature in the presence of, ©@er a wide
Figure 9. Correlation of fluorescence emission maximum of DCVJ pressure range; the volume expansion of [bmimd[RFO.,
with dielectric constant for the ambient liquid solvents at°#5 however, increases significantly to about the critical density of
CO,. Fluorescence emission spectra of DCVJ probe the micro-
70 viscosity and the local dielectric constant of [omim]fFEO,
around the probe on the basis of the correlation of fluorescence
Water quantities with physical properties for known solvents. The
T=35° polarity in terms of local dielectric constant is independent of
the CQ solubility. The #* parameter and local dielectric
50 constant both indicate that the polarity of [omim]gpwith and
DMSO without CG; is slightly lower than those of DMSO and water,
@° ool o ® o but noticeably higher than those of acetonitrile, acetone, and
methanol. On the other hand, the microviscosity of [omimjJPF
Acetonitrile CO; in the immediate surroundings of DCVJ is reduced by a
Methanol factor of 6.5 as the pressure of added(@reases from 0 to
30 68 bar at 35°C and subsequently undergoes a small increase
up to 203 bar. Possibly, the addition of gears little impact
20 A Acetone on thelchange in the polarity of .[bmim][EiR:Iue toa preferential
solvation effect of the RTIL with a polar solute, yet it results
in a dramatically reduced microviscosity in the vicinity of the
10 : : . : : : : probe molecule. The effect of added €@ the microviscosity
might be significant for promoting mass transport and facilitating
0 50 100 150 200 separation for normally viscous RTILs.
Pco2 (bar)
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