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Abstract: In this paper, we present spectroscopic evidence for the formation of water in supercritical carbon dioxide
(scCQ) microemulsions stabilized by an ammonium carboxylate perfluoro polyether (PFPE) surfactant. FTIR
spectroscopy has been employed to determine the existence of “bulk” (hydrogen-bonded) w@tan@O) at

the core of the microemulsions, and to distinguish between this and the presence of “free” (monomeric) water dissolved
in the scCQ and builds on preliminary results described elsewhere (Johnston, K. P.; Harrison, K. L.; Clarke, M. J.;
Howdle, S. M.; Heitz, M. P.; Bright, F. V.; Carlier, C.; Randolph, T. \Bciencel996 271, 624). Cloud point
studies confirm that optically transparent and thermodynamically stable microemulsion solutions are formed. We
have investigated the utility of these microemulsions as novel environments for reaction chemistry. In particular,
we have shown that, using the PFPE surfactant, an aqueous solution of potassium permanganajg rfidylii®
dispersed in scCfleading to a purple-colored solution with concentration on the orderofl®* M, as detected

by UV—vis absorption spectroscopy. Moreover, aqueous sodium nitroprussigé&€i@N)}(NO)]) and potassium
dichromate (KCr,O;) are also shown to be soluble in the water/PFPE/so@iOroemulsions and to undergo simple
aqueous inorganic reactions with gaseous reactants sucibaaid SQ. Methyl orange has been used to investigate

the presence of a carbonic acid microenvironment in the water/PFPE/sole@emulsions.

Introduction ionic species. Recent wotlk’ has shown that chelating ligands
may be employed to extract toxic heavy metal species and to
solubilize them in scC® These chelating ligands act in much
the same way as the crown ethers and cryptands that have been
used for many years to dissolve metal ions in conventional
organic medi&. The chelating ligands for scGQ@re fluorinated,
because the weak intermolecular van der Waals’ forces between
the fluorinated molecules are similar to those found in,€O

thus leading to high solubility in scGO

An alternative methodology is the use of surfactants to
stabilize microemulsions of water, so called water-in-oil (w/0)
microemulsions. These surfactants are amphiphilic molecules,
which contain a hydrophilic head group and a hydrophobic tail,

Supercritical carbon dioxide (scGOshows promise as an
environmentally acceptable solvent for a wide range of chemical,
analytical, and materials processes including extraction and
materials processingsupercritical fluid chromatograpHypo-
lymerization® catalytic reactiond, and synthesis of novel
organometallic8. Each of these applications has drawn upon
the unique combination of properties found in supercritical
fluids, namely low viscosity, high diffusivity, rapid product
recovery, and complete miscibility of added reactant ga8es.

One major limitation to the broader use of scCi9 its
inability to dissolve a wide range of hydrophiles, in particular
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where the molecular size and shape of the head and tail are
designed to favor aggregation. When such molecules aggregate
in oil solution, a reverse micelle is formed, with the hydrophilic
head groups forming a core and the hydrophobic tails interacting
with the oil phase (Figure 1). When water is added, it partitions
into the hydrophilic core, forming microscopic water pools
which swell the reverse micelles, leading to w/o microemulsions.
Such systems are characterized by the ratio of water-to-surfactant
molecules in the solutionXj). In general, systems with/, <

15 are referred to as reverse micelles, whevéas 15 indicates
larger water droplets and are labeled as microemulsfons.

Over the past decade, there has been intense research into
the development of such surfactants for supercritical fluid
applications. Elegant studies by several gréi38 have shown
that surfactants such as bis(2-ethylhexyl) sodium sulfosuccinate

(7) Wai, C. M.Anal. Chem1995 67, 919. Lagalante, A. F.; Hansen, B.
N.; Bruno, T. J.; Sievers, R. BEnorg. Chem.1996 35, 3076.

(8) Sam, D. J.; Simmons, H. B. Am. Chem. S0d.972 94, 4024.

(9) Harrison, K.; Goveas, J.; Johnston, K. P.; O'Rear, E. AL dihgmuir
1994 10, 3536.

(10) Pileni, M. P.J. Phys. Chem1993 97, 6961.

© 1997 American Chemical Society



6400 J. Am. Chem. Soc., Vol. 119, No. 27, 1997

Type 1
Type 2

Figure 1. Schematic representation of the water environments in

reverse micelles or microemulsions showing the possible environments

in which water may be foun#t. Bound or interfacial water (type 1) is

Clarke et al.

solutions including scC® (small angle neutron scattering
(SANS)11i12b.19 gmall angle X-ray scattering (SAX$),and
dynamic light scatteringe1h1¥, However, these techniques
alone cannot demonstrate the formation of bulk water environ-
ments at the micelle core. Extensive phase behavior and cloud
point measurements of scg&blutions have shown conclusively
that water is solubilized by various surfactant and cosurfactant
materials, to significantly greater concentrations than that
observed in the absence of surfactant. Again however, these
methods are unable to show conclusively the presence of bulk
water. Moreover, there is the added complication that a
significant quantity of free (monomeric) water is soluble in dense
COZ_ZO

Thus, the key problem is to identify the presence of bulk
hydrogen-bonded water in the ammonium carboxylate perfluoro
polyether (PFPE) microemulsions and to distinguish this from
free monomeric water dissolved in the continuous sgl@ase.
The focus of this paper is to demonstrate that FTIR spectroscopy
can provide a direct insight into the formation of water-
containing reverse micelles and microemulsions in seCO

Although the intense infrared absorptions of L@self
actually mask a significant portion of the mid-infrared spectral

closely associated with the ionic head groups (represented by the whiteregion, we show that spectroscopic measurements of stretching

circles) of the PFPE surfactant molecules. Bulk water (type 2) is located
at the core, forming a water pool or droplet. (A third environment is
that of free water which is dissolved in the “oil” or scgphase and

is not associated with the microemulsion environment.)

(AOT) can form thermodynamically stable microemulsions of
water in supercritical alkanes and in supercritical xenon.
However, dispersion of water in scG@as proved to be elusive,
despite attempts with more than 150 surfactants during the las
decadé?® Block copolymer systems in scG@ave also been
investigated,” and show formation of very large micelles, with

a hydrated poly(ethylene oxide) core. Recently, preliminary
results of four different spectroscopic studies (FTIR, U5,

and bending modes of both,& and DO microemulsions allow
this difficulty to be overcome. Moreover, the spectroscopic data
provide evidence for the presence of a further water environ-
ment, at the interface of surfactant and seCi@ accordance
with the model proposed by Zingili(Figure 1). We show that
ionic complexes can be solubilized by water-in-s¢Gficro-
emulsions. These species are totally insoluble in pure scCO

tbut will dissolve when both PFPE and added water are present,

and our observations confirm that water pools with the properties
of bulk water do exist in the microemulsions.

The local environment within a microemulsion droplet can
be characterized with UVvis solvatochromic probes. Methyl

fluorescence, and EPR) provided the first conclusive evidence 0ange, [(CH)2NCeHsN=NCsH,SO;Na], has been used to

for formation of water in carbon dioxide microemulsidfs.
Scattering techniques provide the most definitive proof of

investigate the microenvironment in non ionic Triton-X100
reverse micelles in cyclohexahgpentaethylene glycai-octyl

the formation of micellar aggregates and have been applied€ther reverse micelles in G and large (25 nm) poly-
successfully by a number of groups to various high-pressure (fluoroacrylate)g-poly(ethylene oxide) reverse micelles in

(11) (a) Gale, R. W.; Fulton, K. L.; Smith, R. \nal. Chem1987, 59,
1977. (b) Gale, R. W.; Fulton, J. L.; Smith, R. D.Am. Chem. S0d987,
109, 920. (c) Fulton, J. L.; Smith, R. OJ. Phys. Cheml988 92, 2903. (d)
Blitz, J. P.; Fulton, J. L.; Smith, R. DAppl. Spectroscl989 43, 812. (e)
Fulton, J. L.; Blitz, J. P.; Tingey, J. M.; Smith, R. D. Phys. Cheml989
93, 4198. (f) Smith, R. D.; Fulton, J. L.; Jones, H. Bep. Sci. Technol.
1988 23, 2015. (g) Tingey, J. M.; Fulton, J. L.; Smith, R. D.Phys. Chem.
199Q 94, 1987. (h) Smith, R. D.; Fulton, J. L.; Blitz, J. P.; Tingey, J. M.
J. Phys. Cheml199Q 94, 781. (i) Kaler, E. W.; Billman, J. F.; Fulton, J.
L.; Smith, R. D.J. Phys. Chem1991, 95, 458.

(12) (a) Eastoe, J.; Robinson, B. R.; Visser, A. J. W. G.; Steytler, D. C.
J. Chem. Soc., Faraday Trank991, 87, 1899. (b) Eastoe, J.; Robinson, B.
R.; Steytler, D. C.; Heenan, R. K. Chem. Soc., Faraday Trank994 90,
3121.

(13) (a) Yadzi, P.; McFann, G. J.; Fox, M. A.; Johnston, KJPPhys.
Chem.199Q 94, 7224. (b) McFann, G. J.; Johnston, K.P.Phys. Chem.
1991 95, 4889. (c) McFann, G. J.; Johnston, K. P.; Howdle, SAWChE
J. 1994 40, 543.

(14) Zhang, J.; Bright, F. VJ. Phys. Cheml1991, 95, 7900. Zhang, J.;
Bright, F. V. J. Phys. Chem1992 96, 5633. Zhang, J.; Bright, F. \d.
Phys. Chem1992 96, 9068.

(15) Bartscherer, K. A.; Minier, M.; Renon, luid Phase Equilib1995
107, 93. Steytler, D. CCurrent Opin. Colloid Sci1996 1, 236.

(16) Consani, K. A.; Smith, R. Dl. Supercrit. Fluids199Q 3, 51. lezzi,
A.; Enick, R.; Brady, JSupercritical Fluid Science and Technolo@gyCS
Symposium Series 406. American Chemical Society: Washington DC, 1989.

(17) Fulton, J. L.; Pfund, D. M.; McClain, J. B.; Romack, T. J.; Maury,
E. E.; Combes, J. R.; Samulski, E. T.; DeSimone, J. M.; Capeladgmuir
1995 11, 4241.

(18) Johnston, K. P.; Harrison, K. L.; Clarke, M. J.; Howdle, S. M.;
Heitz, M. P.; Bright, F. V.; Carlier, C.; Randolph, T. V&ciencel996
271, 624-626.

C0,.2* The ethylene oxide core of the poly(fluoroacrylatg)-
poly(ethylene oxide) micelles was hydrated with approximately
two water molecules per ethylene oxide group, and the absorp-
tion maximum gmax = 418 nm) of the methyl orange probe
was identical to that of water-free reverse micelles containing
ethoxylated head groups, thus indicating that no bulk water was
present. Recently, our experiments with methyl orange indicate
that the polarity in PFPE water-in-G@icroemulsions begins

to approach that of pure watek, (= 460 nm)!8 In this paper,

we show that methyl orange can be used to probe the acidity
of these PFPE microemulsion water droplets and to investigate
the possibility of the presence of carbonic acid.

Finally, using a combination of FTIR and UWis measure-
ments, we test the nature of the aqueous environment by
demonstrating that common ionic species undergo simple
inorganic chemical reactions that are well-known in conventional
aqueous solution.
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Experimental Section 4 0 (a)
Infrared and UV —Vis Studies. The internal volume of the 34
Nottingham high-pressure spectroscopic®ellas of the order of 0.5 . (ii)
mL with a spectroscopic path length of 2.8 mm, unless otherwise stated.
The surfactant, ammonium carboxylate perfluoropolyether (PFPE), a
waxy material at room temperature, has the general formyG F
[(OCF.CF(CR))n(OCR)mOCRCOO NH," {n ~ 3, m~ 2} and an
average molecular weigiitof 740. The surfactant was stored in a 34
dry, air-tight environment, but FTIR spectroscopy indicates the sur- (i) (b)
factant has a low but non-zero concentration of associated water which
is very difficult to remove, a characteristic similar to other well-known 14
surfactants.
The mass of C@used in these experiments was calculated to be 3600 3200 2800
0.46 g (150 bar and 32C, p = 0.92 g cm®), PFPE (1.4 wt % with 4
respect to C@) was placed in the high-pressure cell, and the required ~ Wavenumber / cm
quantity of water (deionized 4@ or 99.9 aton % D DO (Aldrich)) Figure 2. FTIR spectra in the’(O—H) region of water. Traces are
was added via syringe. The cell was then sealed, angvZ® added marked as follows: (a) (i) pure scGQat 152 bar and 32C) shows
from a high-pressure pump (NWA PM101). The contents of the cell only the strong overtone/combination band of &@ntered at ca. 3600
were stirred for a minimumfa2 h using a miniature magnetic flea, €M% (if) a thin film of liquid water comprising the broad(O—H)
ensuring that no water droplets or film appeared on the cell windows; band showing multiple hydrogen-bonding environments. (b) (i) optically
a single-phase, optically transparent solution was observed to form. In clear microemulsions of ¥0/PFPE (uncorrected, = 32) in scCQ
our experiments, water saturated solutions of se@@re formed in (152 bar and 32C) (a strong absorption centered at ca. 3420°cm
the absence of PFPE surfactant by addition of excess water to create dndicates the presence of bulk water); (i) PFPE surfactant (1.4 wt %)
two phase system. Great care was taken to ensure that the excess watéf SCCQ (152 bar and 32C) in the absence of added,®l. The
phase remains below the line of sight of the FTIR beam. A series of Vibrational features observed in the region of 273800 cn* may
experiments showed that the concentration of water detected in thebe assigned to the ammonium #rand to residual “bound” water
scCQ in these two-phase systems was found to be independent of theassociated with the surfactant head groups. Comparison with the infrared
amount of excess water added to the vessel, under the same condition§pectrum of the commercially available nonionic precursor (carboxylic
of temperature and pressure. Experiments in which excess water wasacid end group) confirms the presence of the ammonium ion.
deliberately deposited on the spectroscopic windows, by inverting or
shaking the cell, confirmed that the presence of droplets/films of water at the maximum, peak width at half peak height, and percent Lorentzian
was immediately detectable in the FTIR spectrum. For the studies of character. The correlation coefficients were always greater than 0.99,
inorganic reactants, a measured volume of an aqueous solution of theand the average percent deviation between the measured absorbance
inorganic species and solid PFPE were added directly to the cell. and the fitted value was-6% or <0.03 absorbance units. In these
Carbon dioxide (32C/164 bar) was added, and the mixture was stirred €xperiments, the value o, (corrected) is quoted, that is, the value
to ensure formation of a homogeneous, optically clear solution. obtained after correction for the presence of free water dissolved in
The solution temperature was measuiregitu (RS K-Type probe, scCQ.
diameter= 1.6 mm) and was controlled from ambient temperature . .
through to a maximum of ca. 100C (+£0.5 °C) by means of a Results and Discussion
thermostatically controlled aluminium heating block encasing the cell. Several features of FTIR spectroscopy make it a particularly
FTIR spectra were obtained at a nominal resolution of 2°c(@6K  syjtable technique for the study of microemulsions; it is
data points, 32K transform points) on a Nicolet 730 spectrometer with ,5ninvasive and is sensitive to the environment of the species

liquid nitrogen cooled MCT detector and 680D data station. W&\, qer study, particularly for the detection and characterization
measurements were performed in the same spectroscopic cell using & 27 . .
; of water?” FTIR spectroscopy has been used in several detailed
Perkin Elmer Lamda-5 spectrometer. di f in-oil mi Isi ing AOT surfacia
Potassium permanganate (East Anglia Chemicals), potassium dichro—Stu Ies of water-in-oll microemuisions using surta
mate (BDH), sodium nitroprusside (BDH), hydrogen sulfide (Aldrich and recently to study perfluoropolyether/water systéins.
99.5+%), and sulfur dioxide (Aldrich 99.9%) were used as received. ~ Moreover, otherS-3! have made extensive use of FTIR

C0; (99.99% Air Products, SFC Grade) was dried where necessary by Spectroscopy to characterize reverse micelles and aggregates in

Absorbance

passing through a molecular sievea 2 mcolumn. supercritical alkanes and the rare gases krypton and xenon. All
UV —Vis Studies of Methyl Orange Probe. A concentrated solution  of these studies have focused on a detailed examination of the
of the solvatochromic probe methyl orange, [(§2MICeHsN=NCsH,- vibrational features associated with water, both dispersed in

SO;Na], was added to a 2.5 mL constant volume stainless steel cell microemulsions and dissolved in the continuous (oil) phase. It
fitted with two 1 in. diametetx 5/8 in. thick sapphire windows (Lcm g clearly important to take great care to ensure that no water
path length). The solvent was evaporated to produce a methyl Orangedroplets or surfactant-supported films are present upon the inner

concentration on the order of 6 10°°> M. The surfactant was added o fth tr ic windows: situations which d
to the cell, along with a known volume of GO The temperature was surfaces ot the spectroscopic owWs, situations ch cou

controlled to within+0.1 °C, and the pressure t&0.2 bar. The of course lead to erroneous detection of bulk water in the FTIR

contents of the cell were equilibrated ugia 7 mmlong x 2 mm spectra. o ) .
diameter magnetic stir bar for 20 min at a given temperature and The FTIR spectrum of liquid water is characterized by a broad

pressure. Experiments were conducted in the order of increasing O—H stretching absorptiorv(O—H)) in the region of 3756

pressure by adding GQo maintain constant molarities of surfactant, 3200 cnt! (Figure 2a) where the width of the band indicates
water, and probe. Spectra were obtained with a Varian Cary 3 UV . - - -
vis spectrophotometer and were deconvoluted with the Peaksolve  (27) Luck, W. A. P.Water: a Comprehensg Treatise Plenum: New

. . N York, 1973; Vol. 2.
program, which uses a Levenberiglarquardt nonlinear optimization (28) Onori, G.; Santucci, Al. Phys. Chen993 97, 5430. Giammona,

algorithm to determine peak parameters based on initial estimates. Theg - Goffredi, F.; Turco Liveri, V.; Vassallo, Gl. Colloid Interface Sci.
spectra were fitted with sums of Gaussian and Lorentzian line shapes.1992 154 411. D’Angelo, M.; Onori, G.; Santucci, Al. Phys. Chen994
There are four parameters for each peak: peak height and wavelengto8, 3189.
(29) Christopher, D. J.; Yarwood, J.; Belton, P. S.; Hills, BJRColloid
(25) Howdle, S. M.; Poliakoff, M. IINATO Adanced Study Institute Interface Sci1992 152 465.
Supercritical Fluids - Fundamentals for Applicatiotiran, E. Ed.; Kluwer (30) D’Angelo, M.; Martini, G.; Onori, G.; Ristori, S.; Santucci, A.
Academic Publishers: Dordrecht, The Netherlands, 1994; Vol. 273, p 527. Phys. Chem1995 99, 1120.
(26) Chittofrati, A.Prog. Colloid Polym. Sci1989 79, 218. (31) Yee, G. G.; Fulton, J. L.; Smith, R. Rangmuir1992 8, 377.
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the presence of many different hydrogen-bonded environments.
The FTIR spectrum of scC{n this same region reveals a broad
overtone/combination feature centered at ca. 3650'criysing

the data obtained from cloud point measurements (i.e. pressure,
temperature, and concentrations of surfactant and wter),
solution was prepared in our high-pressure cell. The FTIR
spectrum obtained (Figure 2b) appears as the superposition of
the two spectra in Figure 2a, and most importantly, the broad
feature centered at ca. 3500 chtorresponds to the(O—H)
mode of bulk water solubilized in a microemulsion environ-
ment1128.30 Closer examination reveals that the tail of this band
contains some unexpected weak absorptions and extends to
lower wavenumber than might be expected. These features can
be assigned to the infrared absorptions of the PFPE surfactant
itself (Figure 2b). The absorption maximum of the band of
bulk water has been shoWnto be strongly dependent upon
the amount of wateri,) present.

Water is known to have limited solubility in dense £€© 0.5 *
The saturated concentration in sc£4d 31°C and 150 bar is of
the order of 2x 104 M and varies only modestly with density
over the range of 0.751.00 g/cni at a given temperature, but
increases with temperatu#eé. The presence of dissolved water Wavenumber / cm’'
in other solvents (e.g. carbon tetrachlorifd)as been deter-  Figyre 3. FTIR specira in the)(O—H) region of water. Traces are
mined by FTIR spectroscopy, by observation of two sharp bands, marked as follows; (a) (i) liquid film of pure water showing the broad
the symmetria’; and antisymmetries v(O—H) modes at 3630  §(O—H) feature centered at 1640 cin(ii) by contrast, for a saturated
and 3700 cm!. These bands are found higher frequency scCQ solution of HO, a much sharper band is observed at a lower
than those of bulk-like water, reflecting the absence of wavenumber of 1609 cm, indicating the presence of free, monomeric
intermolecular hydrogen bonding; hence, described as “free” water (pure dried scCshows no absorptions in this region); (b) (i)
or “monomeric” water. For scCQotally saturated with water, ~ the overlapping/(C=0) and$(O—H) bands of the same PFPE and

these bands, if present, are completely obscured by the overtonel20 solution as Figure 2b (uncorrectéd = 32) in scCQ. Note that
combination vibrational absorptions of SCEO the infrared band at 1609 crhstill clearly shows the presence of “free

. - . H.O. WhenW, is decreased from 32 to 5 (not shown), the intensity of
1 2
In the region of 18061500 cnt*, liquid water is character this band of free water remains constant, indicating that the spB&se

ized by a strong(O—H) (v2) bending mode at 1640 cm and is saturated with dissolved water, while that of the complex band
there are no infrared absorptions of &@igure 3a). The FTIR decreases dramatically, indicating a decrease in the presence of bulk
spectrum of scC@saturated with water shows a much sharper water in the microemulsions. Trace b ii representsitf@=0) band
0(0O—H) band atlower wavenumber (1609 cm, Figure 3a) of the PFPE surfactant in the absence of added water. A shoulder at
indicating the presence of free, monomeric water dissolved in higher wavenumber (ca. 1687 cHindicates the presence of residual
the scCQ solution. When this saturated solution was warmed, water in the PFPE material. Trace c represery® h scCQ PFPE

we found that théy(O—H) band at 1609 crmi rises in intensity, microemulsions (uncorrectatl, = 15). Unlike the complex absorption

indicating increasing solubility of water in GQ@s observed in observed in the kD systems, a single, sharp band was observed at 1683
earlier studieg® cm ! and assigned to thgC=0) mode of the PFPEcarboxylate head

The presence of bulk water within the microemulsions should group. A small feature at 1609 cm(mark?d with an asterisk), indicates

o the presence of some residualdHin solution, presumably arising from
be indicated by a stronO—H) mode at 1640 crm. However, the surfactant, from the GQor from the source of FD.
the spectrum is complicated by overlap with the intense carbonyl
stretching vibration/(C=0) of the carboxylate PFPE headgroup water (D;O) to exchange for k0. The increase in mass from
(Figure 3b). Even in the absence of added water,tf@s=0) H to D causes the bands associated wit®o shift to lower
band is broader than might be expected (Figure 3b), indicating wavenumber (e.g. th& O—D) bending mode is now shifted to
the presence of residual water as indicated by the shoulder tothe region of ca. 1200 cm). This region of the FTIR spectrum
higher wavenumber. is obscured by absorptions of the Fermi resonance doublet of

Residual water, even in apparently dry surfactants is a CO,, v(C—F) of the PFPE surfactant, and the “cut-off” of the
perennial problem30 Examination of the FTIR spectra of thin ~ Cak, windows of the high pressure spectroscopic cell. Hence,
films of the waxy PFPE surfactant reveal the same shoulder to only one band, the(C=0) mode of the surfactant headgroup
the high wavenumber side of thC=0) band. These films  found in the BO/scCQ microemulsions is now observed
were dried to some extent at higher temperatures (ca2C30 (Figure 3c). On comparing a number of differeni@scCQ
under vacuum. We monitored the drying process in a sealed microemulsions, we found no significant changes in the position
spectroscopic cell, and observed concomitant decrease (but noof this mode withW,. Similar observations were reported by
total removal) of features at ca. 3400 and 1680 tnm the Yarwood and colleaguésfor the v(C=0) mode of AOT in
FTIR spectrum. We assign these modes to that water which conventional solvents.
remains tightly bound to the surfactant head groups. Hence, it When H is substituted for D, th&tretchingmodes of water
seems reasonable to assign the high-frequency shoulder (168also shift to lower wavenumber. For a saturated solution of
cm1) of thev(C=0) band (Figure 3b) to the presence oiH D,0 in scCQ, the FTIR spectrum in the region of 3002400
tightly bound to the head group. Other infrared bands (e.g., cm™! shows two sharp and strong bands (ca. 2761 and 2653
v(C=0), v(N—H)) remained constant in intensity, indicating cm™1): the antisymmetric and symmetri¢O—D) vibrations
little or no decomposition or vaporization of the PFPE surfactant. of free D,O dissolved in scC@(Figure 4a). This spectrum,

It was not possible to remove all of the residual water, even along with that of HO-saturated scCQ(Figures 2a and 3a),
after a significant period of time. Hence, we used deuterated shows no evidence for the presence of “bulk” water, thus

(a)
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Figure 4. (a) (i) FTIR spectrum of a liquid film of pure £D showing temperature on the D/PFPE microemulsions (uncorrectéd = 15)
the broadv(O—D) feature centered at 2500 cn (i) A saturated in scCQ, recorded at intervals of 18C, as the temperature of the
solution of DO dissolved in scCeXat 156 bar and 32C) shows only solution is increased slowly from 31 to 8C. The pressure increases

the antisymmetric and symmetric vibrations of fregc{labeled F) at from 156 to 300 bar, but the density remains constant. The concentration

2761 and 2653 ct. (b) (i) A single-phase solution of PFPE and of bulk D,O in the micelle cores is seen to fall, with concomitant

(uncorrectedN, = 15) in scCQ (156 bar and 32C) shows the broad increase in the intensity of the(O—D) band assigned to free;D.
»(O—D) band of bulk RO. (ii) At lower wavenumber this band overlaps ~ When the temperature is lowered, the observed changes proved to be

with the fundamentah;) mode of pure scCOAt higher wavenumber, totally rever_sib_le. The intensity of the high wavenumber shoulder

the presence of free ) may still be detected by the two bands at (Iabeleq B) is invariant over t_he temperature range measured, thus

2761 and 2653 cm. Another shoulder at 2697 crh(labeled B) on supporting the assignment as “interfaciab@*? The spectrum of pure

the broadv(O—D) band is also detected. (jii) A single-phase micro- Oz (labeled C) is shown for reference.

emulsion solution containing lessO (uncorrected\, = 5) in scCQ

(156 bar and 32C) showing that the bulk water content is much lower, presence of an equilibrium between water in the sg@lase

but that free and “interfacial” water are still present. and that in microemulsions. Intriguingly, the isosbestic point
is coincident with a distinct “shoulder” at 2697 cfwhich

confirming that no splashes or droplets of water were forming appears only in the presence of PFPE ap® DThis band must

on the spectroscopic windows of our cells throughout these be associated with another environment gfODand because

studies. The corresponding bands fosCHin scCQ were of its invariant nature, we assign it to;O which is associated

obscured by intense bands associated with (3€e Figure 2b). with the polar head groups of the PFPE surfactant, so called

In the presence of PFPE and added water (Figure 4b), an intensébound” or “interfacial” water. Although this assignment is at

broad band appears at lower wavenumber: #f@—D) of odds with conclusions drawn from recent work on PFPE/water/

D,01.28-30jn 3 microemulsion environment. The width of the  oil systems? which suggests that the bound species should show

band is attributed to the large number of environments in which a vibrational band at wavenumbers somewbater than those

the DO molecules are found in the microemulsions, with more observed for the bulk water in the microemulsions, it agrees

strongly coordinated molecules absorbing at lower wavenumber.with earlier result$ for microemulsions of AOT in CGlwhich

As with the HO in scCQ microemulsions, the infrared suggest that water bound to the surfactant head group should

spectrum depends strongly on the amount of added waterappear at digher wavenumber.

present. A comparison of the two spectra of thgdDmicro- Pressure variable studies at constant temperature show little
emulsion solutions, one with a loW, and one with a high\,, change in the FTIR spectra of the water in se@@croemul-
shows significant differences in intensity of thgO—D) sions above 110 bar, a result in agreement with previous

vibrational band (Figure 4b). The lower wavenumber tail of observations for AOT water in propane microemulsidhs.
this broad band is obscured by the fundamental vibration of Below 110 bar, the infrared bands corresponding to the PFPE
the CQ solvent, and hence, a detailed study of the precise bandand bulk water decrease dramatically, while those of free
shape is precluded. (monomeric) water dissolved in the sc&€hange very little.
Varying the temperature of the microemulsion at constant Below 100 bar, a distinct cloudiness/turbidity is observed, along
density leads to significant changes in the FTIR spectrum (Figure with precipitation of water droplets onto the surface of the
5). As the temperature is raised from 31 to 8D, the two spectroscopic windows which is easily detectable via FTIR.
sharp features associated with freglDincrease in intensity,  These pressures correspond well with the observed cloud point
and the broad band of bulk,D decreases in intensity. The datal®32
solubility of free water in carbon dioxide is known to increase  Dissolving lonic Species. The use of AOT water-in-oil
with temperature, and these spectra show that as the temperaturgeverse micelles and microemulsions as a microreactor environ-
increases, BD is preferentially absorbed from the bulk water ment is well established. Several different processes have been
into the scCQ phase, although the microemulsions containing investigated including enzymatic reactions and synthesis of
bulk water do clearly persist at the higher temperature. When metallic and semiconductor nanocrystalli#és Others have
cooled, the process is reversed reproducibly aS Digrates investigated electron transfer and other kinetic processes in the
back into the microemulsion environment. These spectroscopicsame environmerit Our interest in the study of reverse
data correlate well with the cloud point d&tavhich show a micelles and microemulsions of PFPE/water in se@@s been
decrease in the correct®d, with increasing temperature. The to investigate the possibility of supporting agueous solutions
observation of a well-defined isosbestic point confirms the

(33) Lisiecki, I.; Pileni, M. P.J. Am. Chem. S0d.993 115 3887.
(32) Heitz, M. P.; Carlier, C.; DeGrazia, J.; Harrison, K. L.; Johnston, (34) Fletcher, P. D. I.; Howe, A. M.; Robinson, B. H. Chem. Soc.,
K. P.; Randolph, T. W.; Bright, F. VJ. Phys. Chem1997 In press. Faraday Trans1987, 83, 985.
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Figure 6. UV—vis absorption spectrum of purple-colored single-phase
solution of KMnQ, dissolved in water in scCOnicroemulsions. The
broad band has a series of sharper bands superimpbse846, 525,
and 507 nm) which represent coupling with vibrational modes. The
spectrum is essentially identical to that of KMp@issolved in
conventional aqueous solutiod & 546, 526, and 508 nm). The
concentration of KMn®@in the scCQ solution can be estimated to be
on the order of 7x 104 M, from the known UV~vis extinction BT

coefficient in aqueous solution. Wavelength (nm)

of metal ionic species. Solubility of such species in S6€an Figure 7. UV—vis absorption spectra (solid lines) of methyl orange
P y P e probe: (I) pure waterima= 464 nm) and “dry” micelles in scCO

only occur in bulk-like water with solvgting pro.perties. wh!ch (1.4 Wt % PEPE, 241 bar, 3: Jma= 416 nm): (Il) water saturated
approac_h those of pure water. Our aim in this section IS 10 y;ith co, (241 bar, 35C) (dashed traces are simulations (see Table 1)
show using a combination of FTIR and UWis spectroscopies  showing relative amounts of water (b) and carbonic acid environments
that complex metal ions can be solubilized. (c); (Ily water in scCQ microemulsions (1.4 wt % PFPR, (corrected)
Potassium permanganate (KMy®as powerful, yet control- = 17) (dashed tra_lces are sim_ulations_ showi_ng (@a signi_ficant frac_tion
lable, oxidizing properties which have long been recognized of the probe resides in the interfacial region of the microemulsion

bv oraanic chemists. However. the complete insolubility of droplet away from the polar water; (b) a similar fraction also resides
y organ ISIS. Wever, p : ubility in a bulk water environment; (c) a substantial presence of carbonic

KMnO, in most organic solvents has limited its utility. The gciq in the microemulsions). Although the acidic microenvironment is
first reports of methods to overcome this insolubility centered significant, it occupies a smaller volume fraction of the aqueous droplet
around the use of crown ether systems leading to “purple- phase relative to that observed in bulk aqueous carbonic acid (compare
benzene® in which controlled oxidation reactions of a range Il and Ill). The spectra in panels Il and 11l could be fit more accurately
of organic substrates in good yield was demonstrated. with two acid peaks than one. However, additional spectroscopic

. . techniques would be required to further describe the structure of acidic
We have fognd KMn@ as both a §0I|d and .'n a concentrated microenvironments at various locations in the microemulsion droplet.
aqueous solution, to be completely insoluble in sg@€@en after

prolonged stirring of the mixture. However, in the presence of |, stable under acidic conditions, decompo&irig MnO, and

the PFPE surfactant and aqueous KMn@e scCQ solvent 0, and the process is known to be accelerated by light.

takes on a distinct purple coloration. The BVis spectrum  Exposure of our scCgolution to a visible light source resulted

of the supercritical solution was recorded (Figure 6), revealing in rapid decolorization and decomposition/{ ca. 15 min).

features which are essentially identical to those of KMm®  Furthermore, an acidic environment is present, as shown by the

conventional aqueous solution. The FTIR spectrum of the methyl orange probe experiments below.

purple scCQ solution showed the presence of water-in=CO  petermination of Acidity via UV —Vis Spectroscopy. Meth-

microemulsions exactly as observed previously, thus confirming yl orange is a sensitive solvatochromic probe of aqueous and

that microemulsions containing KMnQolubilized in a bulk- microemulsion environments. We have already shwimat

like water pool had been formed. KMnChas no strong as increasing amounts of water are added to the microemulsions,

absorptions in the FTIR spectrum which could be observed in the visible absorption maximum of methyl orange shifts to

our experiment. higher wavelength indicating greater polarity. To probe the
In the absence of KMngthe water-in-C@ microemulsions acidity of PFPE reverse micelles with methyl orange, it was

described above were found to be stable indefinitely. Therefore, first necessary to understand and calibrate the spectral shifts

it was at first sight rather surprising to observe decolorization for the relevant solutions. Spectra were obtained for methyl

of the solution over a period of ca. 4 h, indicating reaction of ©range dissolved in pure water, liquid water saturated witl, CO

KMnO.. An FTIR spectrum of the decomposed (colorless) and “dry” PFPE reverse micelles with no added water (Figure

supercritical solution clearly showed the continued presence of /) The spectrum of methyl orange in PFPE/water in seCO
bulk water in scC® microemulsions, at the same water microemulsions is also shown, and it is clear that this spectrum

concentration as that recorded prior to decomposition. After is a composite of the three individual spectra described above.

the high pressure vessel was vented, we noted the presence dYIO.St noticeable is the presence O.f a Io_ng_ wavelength tail W.hiCh
a black/brown powdery material indicéting formation of MO indicates the presence of carbonic acid in the microemulsions.
the product of KMnQ oxidative action. We have demonstrated We have used spectroscopic deconvolution (see Table 1 and
that there is no oxidative action of the permanganate upon the (35) Cotton, F. A.; Wilkinson, GAdvanced Inorganic Chemistrylth
PFPE surfactant. However, permanganate is known to beed.; Wiley-Interscience Publishers: New York, 1980.
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Table 1. Curves for Spectral Fits for Methyl Orange Absorbance in Various Environments

wavelength (nm) peak width (nm)
system of band maximum peak height (at half height) area (%) Lorentzian (%)
water 464.2 0.917 87.31 0.0
CQO;in water 464.2 0.768 73.11 36 0.0
507.0 1.340 62.51 54 0.0054
539.9 0.488 32.22 10 0.0
CO, + 1.4 wt % PFPE 415.8 0.167 99.05 43.9
CO; + 1.4 wt % PFPE 416 0.808 91.15 40 43.9
+ 0.5 wt % water 464 0.885 92.25 43 0.0
Wo = 17) 505 0.353 72.31 14 0.0
540 0.192 29.29 3 0.0

Figure 7) to determine that a significant fraction of the methyl
orange probe resides in the interfacial region of the microemul-
sion droplet away from the polar water and a large fraction of
the probe also resides in a bulk-water-like environment. The
acidic environment was briefly mentioned in our earlier work,
based on the shoulder at higher wavelength. In the present
study, it was possible to resolve the acid peaks and demonstrate
clearly an acidic environment within a microemulsion in £O
The pH of aqueous solutions saturated with ;G elevated
pressure® is on the order of 3.

Carbonic acid exists in equilibrium with the bicarbonate ion
(HCOs7) which, in aqueous solution, has a broad but strong
infrared absorption centered at ca. 1360"émIn the FTIR
spectra of PFPE/water in sc@@icroemulsions, we detect a
feature at this position, although the band overlaps slightly with
weak bands of the PFPE surfactant and the Fermi resonancd-igure 8. Schematic diagram of the arrangement of the experimental
diad of the scC@solvent. Moreover, the FTIR spectrum of apparatus used for the addition of reactant gas to microemulsions. The
the “dry” PFPE micelles in scCOshows only a minimal gas ‘bomb’ (B) was filled Wit_h a known pressure (P) from gas source
absorption in this region. In order to test the validity of this (G)- This was then swept into the reaction cell (R) containing the
observation, we recorded the FTIR spectrum of a concentrated™croemulsion, through valves (V) using a high pressure (ca. 200 bar)
agueous sodium bicarbonate solution in the microemulsions. ﬂoi%rf;%n;aefggggéroesiiglrle ;()It:?r?p (PP). The subsequent reaction was
This spectrum showed a clear increase in the band at ca. 1360 P piealy
cm™1, thus confirming our assignment of this feature to 3
bicarbonate and, hence, carbonic acid within the bulk water of 1
the microemulsions.

Reactions in Water-in-scCQ Microemulsions. In this
section, we show that well-known inorganic reactions can occur 2
in the aqueous environment of the microemulsions. Below, we
illustrate the possibilities for reactions in the aqueous microen-
vironment, in particular reactions with gases which are, in
general, totally miscible with scGO

Aqueous acidified potassium dichromate,@f,0O) solution
(sulfuric acid, pH~ 4) is commonly used as an oxidant. An >
acidified aqueous solution of dichromate showed no solubility (i .
in scCQ. However, in the presence of the PFPE surfactant e
and after the solution was stirred, an optically clear orange 0~ T T —
scCQ solution was obtained and a strong absorption was 400 Waveleﬁ%‘ih o
detected in the UV vis spectrum corresponding to the intense
ligand-to-metal charge transfer absorption of dichromate in . ; - : .
a?]ueous solution. Agcidified dichromatg is used as a common ggt?g)s ",{,I”gfs'ﬁ';g%ﬂffcﬁﬁ[igglanzci?ﬁﬂosvﬂiﬁlgg}s( gﬁi:j "
test for the presence of Sulf_ur dioxide gas £@ color Chang_e_ the broad distinctive feature at 380 nm decreases, and two much v;/eaker
from orange to blue/green is observed. A method for addition product bands appear at 430 and 600 nm (trace ii). These product bands
of SO, to a high-pressure solution of agueous dichromate in may be assigned to the presence of8x)s(aq) dissolved within the
scCQ micelles was needed. Briefly, this was achieved by use microemulsions. These product bands afedltransitions and are
of a high-pressure CQOsource to sweep a fixed volume of formally forbidden, hence their low intensity. Inset: expansion of
reactant gas into the FTIR cell (Figure 8). On addition 05SO  product bands for clarity.

we were able to observe the orange color disappearing over . . .
period of 30 min, to be replaced by a clear blue/green sqution.a?he appearance Qf weak featu_res aSS|g_ned to_chromlum(lll) |or_1_s
in agueous solution. The assignment is confirmed by compari

UV —vis spectrosco Figure 9) reveals this color to be due to . ) :
P py (Fig ) son to a UV+vis spectrum of an authentic aqueous chromium-

(36) () Otak(%)K-; Webber, S. Fﬁ II\I/Iunk, P.; Johnston, KL&nhgmuir (11) sulfate [Crx(SQy)4] solution. Over a period of several hours,
1997, In press. Toews, K. L.; Shroll, R. M.; Wai, C. M.; Smart, N. G.; initati i
Anal. Chem 1995 67, 4040. (¢)Carbon Dioxide ACS Monograph Series. . Precipitation of green crystals was observed on the spectroscopic
Quinn, E. L., Jones, C. L. Eds.; American Chemical Society: Washington, Windows, but FTIR spectroscopy confirmed the continued

DC, 1936. presence of microemulsions in the sc0lution. The presence

(i)

(if)

0.1

0-9, T T LI
400 500 600 /
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Figure 9. Trace (i) UV—vis absorption spectrum of aqueous acidified
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parent bands, but rather the formation of a second stable (ca.
o T 36 h) species, as yet unidentified, with strong infrared vibrations
' at (1798 and 1766 cm). To the best of our knowledge, these
* data provide the first direct observation by infrared spectroscopy
of the intermediates in the reaction of nitroprusside with sulfide
in aqueous solution.
The nature of the reaction of nitroprusside wits&Hand other

l J thiols has been the subject of debate for over three decades. It

o
=)
|

A Absorbance

is now clear that under agueous alkaline conditions, there is
nucleophilic attack at the nitrosyl group leading to red-colored
06 I | product§’-3%4that are unstable and may subsequently decay
2160 2025 1890 via redox reactions to various iron aquo-containing species
Wavenumber/ cm-! which may well be polymeric in nature and are generally yellow.
Figure 10. FTIR difference spectrum showing the effect of adding Our work with the methyl orange proétand that of othef§P
HS to aqueous sodium nitroprusside in sgGfiicroemulsions. The  has highlighted thacidic conditions are found in the presence
bands of nitroprusside/(C—N) 2143 cnt* andv(N—0) 1939 cm*) of CO; and water. These conditions are known to accelerate
decrease with concomitant generation of_ two product bands at 2086, the decomposition of nitroprusside addd&tand may well
and 2051 cm'. At the same time, the solution was observed to change explain our observation of immediate formation of an as yet

in color from red to pale yellow/green, indicating that theSHhad : - . . i}
readily reacted with the nitroprusside in the micelle core. A weak band gmﬂ%‘gﬂgd yellow/green species in the water in se@@cro

was also observed at ca. 2610 ¢mncorresponding to the(S—H)
vibration of H:S in the scC@solution. Infrared bands associated with
scCQ have been removed by computer subtraction.

Conclusion

We have demonstrated that FTIR spectroscopy may be used

Of the microemU|Si0nS was aISO Confil’med on |0Wering Of the to determine the presence Of thermodynamica”y Stable water-
pressure below the cloud point, leading to a cloudiness andjn-scCGQ microemulsions. Specifically, FTIR spectroscopy
precipitation of water and PFPE. allows identification of “bulk” and “interfacial” water within

Sodium nitroprusside (NEFe(CNB(NO)]-2H,0) is an air-  the microemulsions and “free” water dissolved in seCO
stable, water-soluble, red, crystalline material which is insoluble  oyr studies have revealed that in the PFPE water-in-scCO
in scCQ. On exposure of scC{Xo a concentrated aqueous  microemulsions, the “bulk” water is sufficiently well formed
solution of nitroprusside, only free water from the aqueous tq support solubility of ionic species, and spectroscopic data
solution was observed to dissolve in sc{#3 characterized by  ingicate that the species are in aqueous solution. We have
the sharpd(O—H) vibration in the infrared spectrum at 1609  gemonstrated the first ionic inorganic reactions within water-
cm-. No such water solubility was encountered in the s¢CO jn_scCQ microemulsions, an organic reaction that was briefly
solution exposed to solid nitroprusside. described earlie® Specifically, we have exploited the miscibil-

Microemulsions were prepared, as before, of an aqueousiiy, of added gases with scGQ@o study reactions of aqueous
solution of nitroprusside in the presence of PFPE, leading to agnic species with S@and HS.
clear scCQ solution with a distinct pale red coloration. The The UV—vis absorption spectra for methyl orange indicate
FTIR spectrum of this solution shows two sharp vibrations ,ree microenvironments within PFPE microemulsion drop-
which are almost identical to thgC—N) andv(N—O) bands  |g(s: (1) a polar microenvironment found in dry PFPE reverse
observed in conventional aqueous solution, thus indicating micelles, (2) a bulk-water-like environment, and (3) an acidic
fqrmation _of microemulsions containing sodium nitroprusside i~roenvironment due to carbonic acid. The observation of
dissolved in water. , o _ “bulk-like” water is consistent with the FTIR spectra and the

The reaction of Ngte(CN}(NO) with sulfide, including HS, solubilization of aqueous ionic species. The acidic microen-

has been known for many yeafs.It is used for the assay of \ironment in the microemulsion droplets is less prevalent than
low levels of agqueous sulfide in mineral waters and, in particular, for carbon dioxide in bulk water at the same pressure and
for detection of HS in “sour” water by the petroleum and paper temperature

industries®® In aqueous alkaline solution, the reaction of,Na
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