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Abstract: Several oxygenated hydrocarbons, including acetylated sugars, poly(propylene glycol), and oligo-
(vinyl acetate), have been used to generate COz-soluble ionic surfactants. Surfactants with vinyl acetate
tails yielded the most promising results, exhibiting levels of CO, solubility comparable to those associated
with fluorinated ionic surfactants. For example, a sodium sulfate with single, oligomeric vinyl acetate (VAc)
tails consisting of 10 VAc repeat units was 7 wt % soluble in CO, at 25 °C and 48 MPa. Upon introduction
of water to these systems, only surfactants with the oligomeric vinyl acetate tails exhibited spectroscopic
evidence of a polar environment that was capable of solubilizing the methyl orange into the CO,-rich phase.
For example, a single-phase solution of CO,, 0.15 wt % sodium bis(vinyl acetate)8 sulfosuccinate, and
water, at water loading (W) values ranging from 10 to 40 at 25 °C and 34.5 MPa, exhibited a methyl orange
peak at 423 nm. This result indicated that the core of a reverse micelle provided a microenvironment with
a polarity similar to that of methanol. Quantum chemical calculations indicate that the acetylated sugars
may be too hydrophilic to readily form reverse micelles, whereas the VAc-based surfactants appear to
have the correct balance of hydrophilic and hydrophobic forces necessary to form reverse micelles.

Introduction designed to exhibit favorable thermodynamic interactions with
CO,. With regard to surfactants, nearly all conventional
hydrocarbon-based ionic surfactants are essentially insoluble in
sc-CQ, however, because ionic headgroups are-gibic and
ydrocarbon surfactant tails are not designed for favorable
interactions with dense GO lonic surfactants with C®
solubility of 1 wt % or more have been developed by
incorporating highly C@-philic fluorinated tails or silicone-
based tails, however. For example, perfluoropolyether (PFPE)
sodium and ammonium carboxylates with average molecular
weights of 2500, 5000, and 7500 were soluble in supercritical
CO; at 40°C and pressures below 17 MPeluoroalkyl-tailed
sulfosuccinate surfactants, such as di-CF3, di-CF4, and di-CF6

P . stabilized microemulsions at G®ottle pressure (5.7 MPa) at

University of Pittsburgh. . -

#Yale University. 15 °C, with aW value ([water]/[surfactant]) of 1& Silicone-

8 Auburn University. based ionic surfactants, such as a PDMS-based AOT analogue,
(1) Panza, J. L.; Beckman, E. J. Surfactants in Supercritical Fluids. In can dissolve in C@at 65°C and pressures below 31 MBS

Supercritical Fluid Technology in Materials Science and Engineering:

Syntheses, Properties, and ApplicatipBsin, Y. P., Ed.; Marcel Dekker: Although these surfactants have been used successfully in
New York, 2002; pp 255284. . . . . .
(2) Eastoe, J: Dupont, A Paul, A Steytler, D.. Rumsey, E. Design and supercritical fluid research, the environmental and biological

Performance of Surfactants for Carbon Dioxide Supercritical Carbon persistence of these expensive fluorous and silicone-based
Dioxide: Separation and Processé&3opalan, A. S., Wai, C. M., Jacobs,

H. K., Eds.; ACS Symposium Series 860; American Chemical Society: (8) Mistele, C. D.; Thorp, H. H.; Desimone, J. M. Macromol. Sci. Pure A

Supercritical carbon dioxide (sc-Gds a potential alternative
to organic solvents in many chemical processes, because of its
abundance, low cost, nontoxicity, nonflammability, and easily h
accessible critical condition${ = 7.38 MPa,T, = 31.1°C).
Unfortunately, sc-C®@is a feeble solvent. Although it can
solubilize low molecular weight, volatile compounds at pressures
below 10 MPa, polar and high molecular weight materials are
usually poorly soluble at tractable pressures. One strategy for
enhancing the capabilities of G@s a green solvent has been
the identification of additives, such as surfactamtslispers-
ants3# chelating agent3® thickeners, and polymerg;8that are

Washington, DC, 2003; pp 28309. 1996 33, 953-960.
(3) Desimone, J. M.; Maury, E. E.; Menceloglu, Y. Z.; Mcclain, J. B.; Romack,  (9) Consani, K. A.; Smith, R. DJ. Supercrit. Fluids199Q 3, 51—65.
T. J.; Combes, J. RSciencel994 265 356—359. (10) Newman, D. A.; Hoefling, T. A.; Beitle, R. R.; Beckman, E. J.; Enick, R.
(4) Shaffer, K. A.; Jones, T. A,; Canelas, D. A.; DeSimone, J. M.; Wilkinson, M. J. Supercrit. Fluids1993 6, 205-210.
S. P.Macromolecules1996 29, 2704-2706. (11) Eastoe, J.; Paul, A.; Downer, Aangmuir2002 18, 3014-3017.
(5) Yazdi, A. V.; Beckman, E. IJnd. Eng. Chem. Re4996 35, 3644-3652. (12) Fink, R.; Beckman, E. J. Supercrit. Fluids200Q 18, 101-110.
(6) Yazdi, A. V.; Beckman, E. dnd. Eng. Chem. Re4997, 36, 2368-2374. (13) Psathas, P. A,; da Rocha, S. R. P.; Lee, C. T.; Johnston, K. P.; Lim, K. T;

(7) Xu, J. H.; Wlaschin, A.; Enick, R. MSPE J.2003 8, 85-91. Webber, SInd. Eng. Chem. Re200Q 39, 2655-2664.
11754 m J. AM. CHEM. SOC. 2005, 127, 11754—11762 10.1021/ja052037v CCC: $30.25 © 2005 American Chemical Society
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surfactants has impeded their use in commercial applications.

Less expensive, biodegradable, £€0luble ionic surfactants
capable of solubilizing water in the cores of reverse micelles
could hasten the application of technologies that exploit water-
in-CO, (w/c) microemulsions.

Recently, Eastoe and Johnstbri® described two branched
hydrocarbon-based ionic surfactants, sodium bis(2,4,4-trimethyl-
1-pentyl) sulfosuccinate and sodium bis(3,5,5-trimethyl-1-hexyl)
sulfosuccinate, that exhibit GGsolubility. These twin-tailed
sodium succinates are similar in structure to the-@@oluble

(vinyl acetate) and the acetylated sugars, the high degree of CO
solubility has been attributed to a favorable two-point interaction
between CQ and the accessible acetate side chain, a Lewis
acid—Lewis base interaction between the C of the,G@d the
O of the acetate carbonyl, and a weak, complimentary hydrogen
bond between the O of the G@nd a proton on the methyl
group of the acetat®®:2° Recently, Stone and Johnston found
that the interaction between G@nd ChH is about the same as
CO, and CR.%°

A level of 1 wt % surfactant soluble in GQwhich would

surfactant AOT, sodium bis(2-ethyl-1-hexyl) sulfosuccinate, but typically be needed for microemulsions, requires a moderately
they contain trimethylpentyl or trimethylhexyl tails and are high, yet reasonable, pressure. Clearly, solubility is a key factor
referred to as AOT-TMP and AOT-TMH, respectively. After that governs whether a surfactant will lead to water-inCO
extensive mixing, both AOT-TMP and AOT-TMH were shown microemulsions. An additional factor, steric force, which plays

to be slightly soluble in C@ This favored solvation of the
branched tail surfactants by GOnay be attributable to the

an important role in designing hydrocarbon surfactants for W/C
microemulsions, has been described recently. Stubby tails

surface energy of the pendant methyl groups being much lowerenhance the formation of W/C microemulsions, as they raise

than that of the Ckigroups of linear tail$” AOT-TMH reported
has 0.1 wt % solubility in C@at 40, 50, and 80C at 34.5, 31,
and 29 MPa, respectively.

surfactant solubility in C@by weakening interactions between
tails, weaken interactions between droplets, favor curvature of
the interface bending toward water, and reduce the interfacial

There are several oxygenated hydrocarbon groups that exhibitt€nsion®®-3? Ryoo and Johnston achieved about 1 wt % water,

more favorable thermodynamic interactions with Cthan

significant protein solubilities, and the presence of microemul-

branched alkanes, however. Acetylated sugars, such as perSions as detected with dynamic light scattering formed by a

acetylated glucose and galactd8esorbitol!® maltose?® and
cyclodextrins?® have been shown to dissolve in @t low
pressures up to 60 wt %. Low molecular weight PPO
(<2000) is quite C@soluble at moderate temperatidfeand
higher MW PPO ¢2000) is also soluble in COat elevated
temperature$? therefore, PPO has been used as a-@idlic

methylated branched hydrocarbon nonionic surfactant. Further-
more, this study shows that the surfactant lowers the water
CO;, interfacial tension significantly, which is an important
requirement for forming microemulsioR3.

The objective of this study was to design, synthesize,
characterize, and evaluate the £lubility of ionic surfactants

segment in diblock and triblock nonionic surfactants along with With oxygenated hydrocarbon tails composed of acetylated
hydrophilic blocks of poly(ethylene oxide) (PE€)?* The sugar, PPO, or oligo(vinyl acetate). Additionally, these surfac-
solubility of the PPO oligomers has been attributed to the Lewis tants were examined for their ability to form stable microemul-
acid—Lewis base interaction between the ether oxygen in poly- Sions with polar microenvironments capable of dissolving polar
(propylene oxide) and the carbon in €®and the lower surface  SPecies in the bulk nonpolar GQolvent. Figure 1 shows the
tension caused by the pendent methyl group on each monomegtructures of ionic surfactants investigated in this study. Ab initio

unit favoring solvation by C@'” The lowering of the interfacial
tension at the waterCO, interface, emulsion formation, and
solubilities of block copolymers containing the PPO segment
were reported’-26 Poly(vinyl acetate) is the most G&oluble,
high molecular weight, oxygenated hydrocarbon-based ho-
mopolymer that has yet been identifi&#’ In the cases of poly-

(14) Nave, S.; Eastoe, J.; Penfold LAngmuir200Q 16, 8733-8740.

(15) Eastoe, J.; Paul, A.; Nave, S.; Steytler, D. C.; Robinson, B. H.; Rumsey,
E.; Thorpe, M.; Heenan, R. KI. Am. Chem. SoQ001, 123 988-989.

(16) Johnston, K. P.; Cho, D. M.; DaRocha, S. R. P.; Psathas, P. A.; Ryoo, W.;
Webber, S. E.; Eastoe, J.; Dupont, A.; Steytler, DL&gmuir2001, 17,
7191-7193.

(17) O'Neill, M. L.; Cao, Q.; Fang, R.; Johnston, K. P.; Wilkinson, S. P.; Smith,
C. D.; Kerschner, J. L.; Jureller, S. #hd. Eng. Chem. Red.998 37,
3067-3079.

(18) Raveendran, P.; Wallen, S. L. Am. Chem. So@002 124, 7274-7275.

(19) Potluri, V. K.; Xu, J. H.; Enick, R. M.; Beckman, E. J.; Hamilton, A. D.
Org. Lett.2002 4, 2333-2335.

(20) Hong, L.; Thies, M. C.; Enick, R. MJ. Supercrit. Fluid2005 34, 11—

16

(21) Potluri, V. K.; Hamilton, A. D.; Karanikas, C. F.; Bane, S. E.; Xu, J. H.;
Beckman, E. J.; Enick, R. Mrluid Phase Equilib2003 211, 211-217.

(22) Shen, Z.; McHugh, M. A.; Xu, J.; Belardi, J.; Kilic, S.; Mesiano, A.; Bane,
S.; Karnikas, C.; Beckman, E. J.; Enick, R. Flolymer2003 44, 1491—
1498.

(23) Sarbu, T.; Styranec, T.; Beckman, ENature 200Q 405, 165-168.

(24) Liu, J. C.; Han, B. X.; Wang, Z. W.; Zhang, J. L.; Li, G. Z.; Yang, G. Y.
Langmuir2002 18, 3086-3089.

(25) Kilic, S.; Michalik, S.; Wang, Y.; Johnson, J. K.; Enick, R. M.; Beckman,
E. J.Ind. Eng. Chem. Re®003 42, 6415-6424.

(26) da Rocha, S. R. P.; Harrison, K. L.; Johnston, KL&gmuir1999 15,
419-428.

(27) Rindfleisch, F.; DiNoia, T. P.; McHugh, M. Al. Phys. Chenil996 100,
15581-15587.

qguantum mechanical methods were used to complement the
experimental work, adding a molecular-level view of thgH
surfactant and C@-surfactant interactions. Optimized geom-
etries for either HO or CQ, interacting with an isopropyl acetate
molecule were computed, which is meant to model the repeat
unit in the oligo(vinyl acetate) system. Similar calculations have
been used by several groups to study the intermolecular
interactions between COand model C@soluble com-
poundsj:8,25,28,33-36

Experimental Section

Materials. All materials used to synthesize the ionic surfactants were
purchased form Aldrich and used as received, unless otherwise noted.
N2 (99.995%) and C&(99.99%, Coleman grade) were purchased from
Penn Oxygen.

(28) Raveendran, P.; Wallen, S.L.Am. Chem. So2002 124, 12590-12599.
(29) Blatchford, M. A.; Raveendran, P.; Wallen, S.J..Phys. Chem. 2003
107, 10311+-10323.
(30) Stone, M. T.; da Rocha, S. R. P.; Rossky, P. J.; Johnston, K.Fhys.
Chem. B2003 107, 10185-10192.
(31) Stone, M. T.; Smith, P. G.; da Rocha, S. R. P.; Rossky, P. J.; Johnston, K.
P.J. Phys. Chem. B004 108 1962-1966.
(32) Ryoo, W.; Webber, S. E.; Johnston, K.IRd. Eng. Chem. Re2003 42,
6348-6358.
(33) Diep, P.; Jordan, K. D.; Johnson, J. K.; Beckman, B. £hys. Chem. A
1998 102 2231-2236.
(34) Raveendran, P.; Wallen, S. L. Phys. Chem. R003 107, 1473-1477.
(35) Nelson, M. R.; Borkman, R. B. Phys. Chem. A998 102 7860-7863.
(36) Baradie, B.; Shoichet, M. S.; Shen, Z. H.; McHugh, M. A.; Hong, L.; Wang,
Y.; Johnson, J. K.; Beckman, E. J.; Enick, R. Macromolecule2004
37, 7799-7807.
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Figure 1. lonic surfactants with oxygenated hydrocarbon tails.

Characterizations. The purities of the ionic surfactants were in water (10 mL) was added. The resultant solution was frozen and
estimated byH NMR spectra recorded on a Bruker 400 MHz NMR  water was removed using a freeze-dryer to give white color fluffy solid.
and IR spectra obtained on a Mattson Polaris FTIR. The molecular HRMS (ESI): calculated for GH:NaO,, ([M + H]™) 429.1009, found
weights of the ionic surfactants were detected by mass spectra429.1016.
performed on a liquid chromatography/electrospray ionization/quad- ~ Synthesis of Peracetoxy Gluconic Ammonium Carboxylate
rupole time-of-flight mass spectrometer. (Figure 1c). Ammonium carbonate (2.0 g, 20.81 mmol) was added to

Surfactants Synthesis. lonic Surfactants with Peracetyl Gluconic a solution of peracetoxy gluconic carboxylic acid (5 g, 12.32 mmol)
Tails (Figure la—c). Synthesis of Peracetyl Gluconic Carboxylic dissolved in water (50 mL), and the mixture was stirred. The resultant
Acid. Acetic anhydride (30 mL) was cooled to about 5, and 67% solution was frozen and water was removed using a freeze-dryer to
HCIO4 (4 g, 39.82 mmol) was then added to the cold acetic anhydride, give a yellow color fluffy solid. HRMS (ESI): calculated for; &6
followed by the addition ofo-gluconate (5 g, 25.23 mmol). The  NOi ([M + H]*") 424.1455, found 424.1422.
temperature of the mixture was kept below 4D After brief heating lonic Surfactants with PPG tails (Figure 1d—g). Synthesis of
to obtain a homogeneous solution, the mixture was poured on ice andPPGMBE (M, = 340) Sodium Sulfate (Figure 1d)Poly(propylene
extracted twice with CHGI(2 x 100 mL). The organic layers were  glycol) monobutyl etherNl, = 340, 10 g, 29.4 mmol) was dissolved
pooled and washed with ice-cold water. Water (50 mL) and triethyl- in dichloromethane (150 mL), pyridine sulfur trioxide (10 g, 62.83
amine (4 mL) were added to the CHClollowed by overnight stirring mmol) was added, and the mixture was stirred at room temperature
to hydrolyze any anhydride. The organic layer was separated andfor 12 h. The reaction mixture was filtered through a pad of Celite and

washed wih 1 N HCI and dried over anhydrous p0,, and CHC} solvent removed to give the pyridinium salt. The pyridinium salt was
was removed in vacuo to yield 80% 2,3,4,5,6-pebtaeetylp-gluconic dissolved in water (100 mL), and sodium bicarbonate was added until
acid.*™H NMR 6y (CDCly): 5.618 (t,J = 4.8 Hz, 1H), 5.510 (df = no further effervescence was observed. The resultant mixture was frozen
6.4 Hz, 1H), 5.285 (dJ = 3.6 Hz, 1H), 5.055 (m, 1H), 4.301 (dd~= and water was removed using a freeze-dryer to give yellow viscous
12.4 Hz, 4 Hz, 1H), 4.113 (dd] = 12.4 Hz, 5.6 Hz, 1H), 2.249 (s, liquid. Mass spectrum showed that the number-average molecular
3H), 2.085 (s, 3H), 2.077 (s, 3H), 2.072 (s, 3H), 2.044 (s, 3H). weight for PPGMBE i, = 340) sodium sulfate is 445.3.

Synthesis of Peracetyl Gluconic Ethyl Sodium Sulfate (Figure Synthesis of PPGMBE M, = 340, 1000) Pyridinium Sulfate

la). 1,8-Diazabicyclo[5.4.0]undec-7-ene (DBU) (4.8 g, 31.53 mmol) (Figure 1e,f). Poly(propylene glycol) monobutyl ethe¥( = 340, 10

was added to a solution of peracetyl gluconate carboxylic acid (10 g, g, 29.4 mmol) was dissolved in dichloromethane (150 mL), pyridine
24.63 mmol) and 2-bromoethanol (3.94 g, 31.53 mmol) in DMF(10 sulfur trioxide (10 g, 62.83 mmol) was added, and the mixture was
mL) and stirred at room temperature. After 12 h the mixture was poured stirred at room temperature for 12 h. The reaction mixture was filtered
into water (100 mL) and extracted with dichloromethane (30 mL). through a pad of Celite and solvent removed to give the PPGMBE
The organic layers were pooled, washed with water, and dried over (M, = 340) pyridinium salt. PPGMBBEM, = 1000) pyridinium sulfate
anhydrous Nz50; prior to the removal of solvent. Column chromato-  was synthesized in the similar way. Mass spectra showed that the
graphic purification of the crude product over silica gel using 50% number-average molecular weight for PPGMBE, & 340) pyridinium
ethyl acetate and hexanes as the eluent gave the pure product (9.4 gsulfate and PPGMBEM, = 1000) pyridinium sulfate is 515.2 and
yield 85%). The product was dissolved in anhydrous dichloromethane, 1178.6, respectively.

pyridine sulfur trioxide (6.3 g, 39.58 mmol) was added, and the mixture  Synthesis of Sodium Bis(PPGMBE 340) Sulfosuccinate (AOT
was stirred at room temperature for 12 h. The mixture was filtered Analogue) (Figure 1g). The esterification of alcohol and fumaryl
through a pad of Celite and solvent removed to give the pyridinium chloride followed the procedure described by Nave et @oly-

salt. The pyridinium salt was dissolved in water (100 mL), and sodium (propylene glycol) monobutyl ethei, = 340, 10.41 g, 30.62 mmol)
bicarbonate (1.74 g, 20.71 mmol) was added. The resultant mixture and anhydrous THF (60 mL) were charged in a 250 mL three-neck
was frozen and water was removed using a freeze-dryer to give a whiteround-bottom flask equipped with a stirring bar and condenser under

color fluffy solid. HRMS (ESI): calculated for gH2sN&,016S ([M + a steady flow of nitrogen. After cooling to°€, fumaryl chloride (2.81
Na]*) 575.0659, found 575.0630. g, 18.36 mmol) was added dropwise. The reaction mixture was stirred
Synthesis of Peracetyl Gluconic Sodium Carboxylate (Figure 1b). for the next 24 h at room temperature. After rotary evaporation of THF,

Peracetyl gluconic carboxylic acid (5 g, 12.32 mmol) was dissolved in the mixture was dissolved in 100 mL of diethyl ether and washed with
water (50 mL), and sodium bicarbonate (1.04 g, 12.38 mmol) dissolved 50 mL of 1 N HCI, 50 mL of saturated NaHGCand 50 mL of saturated

11756 J. AM. CHEM. SOC. = VOL. 127, NO. 33, 2005
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Table 1. Experimental Data for PVAc—OH Oligomers from 1H in an ice bath. The solution was stirred vigorously during the dropwise
NMR at [AIBN]/[VAc] = 0.1% addition. A solution of hydroxy-functional oligo(vinyl acetate) PVAe10
[VAc]? (mol %) DP, (*H NMR) M, (*H NMR, g/mol) OH (5 g, 5.19 mmol) in pyridine (50 mL) was slowly added to the
PVAC6-OH 6.3 6 620 above solution, and cooling and stirring were continued. The contents
PVACS-OH 8.2 8 792 of the flask were refluxed for abod h until a clear yellow solution
PVAc10-OH 11.8 10 964 was formed. The reaction was then quenched and the product converted
PVAc17-OH 18.6 17 1566 to the sodium salt by pouring the contents into an ice-cooled sodium
. ] ] hydroxide and sodium carbonate solution (0.27 g of NaOH and about
Molar ratio of [VAC)/([VAc] + [2-isopropoxyethanol]). 30-40 g of NaCO; in 100 mL of deionized water). The reaction

mixture was stirred at room temperature for 3 h. The resulting oligo-
NaCl solutions sequentially. The ether extract was dried over anhydrous (yiny| acetate) surfactant solution was extracted usityitanol (2x
N&SQ, and filtered and then ether was removed by rotary evaporation. 50 mL). The combined organic layers were dried over anhydrous
A pale yellow oil of diester product was obtained with 89% yield (10.37  sodijum sulfate and filtered. Evaporating the solvents pyridine and
9). The diester was subject to sulfonation with sodium hydrogen sulfite n_pytanol by rotary evaporation followed by vacuum desiccation gave
following the procedure provided by Baczko efaSodium hydrogen a dark yellow product, PVAC1OSO:Na (4.86 g, yield 87.9%M,=
sulfite (0.89 g, 8.55 mmol) in water (60 mL) was added dropwise to a 1066 g/mol).
solution of the diester (5 g, 6.58 mmol) in 2-propanol (80 mL) (both gy hihesis of Sodium Bis(vinyl acetate)8 Sulfosuccinate (Figure
solutions were previously degassed with nitrogen for 20 min). The 14y Tyin-tailed oligo(vinyl acetate) AOT analogue was synthesized
reaction mixture was then refluxed for the next 24 h. After rotary using the PVAC8-OH in a similar way as the PPGMBEV, = 340)
evaporation of the solvent, the residue was dissolved in chloroform twin-tailed AOT analogue that was described previously. A yellow
and dried over Ns5Q, followed by removal of the solvent and drying \;iscous liquid was recovered as product and confirmed by the

of the resulting paste under a vacuum desiccator overnight. A yellow gisannearance of the FTIR peak at approximately 3500 ¢mOH)
viscous liquid was obtained (4.2 g, yield 74%) The FTIR spectra showed 5.4 the appearance of the carbonyl peak at 1741tcm

thebdlsalppealiarlcleggt?; ?/IH peak att 350(?:&“(; Slp[ietﬁrance t? f Phase Behavior MeasurementA known amount of surfactant (e.g.,
carbony pela al aht f as(sj_speg_ruernPsG'\c;IvaE 34(? ﬁnum _er—t 0.0700+ 0.0001 g) was loaded into the sample volume of a high
average molecular weight for sodium bis( ) sulfosuccinate pressure, windowed, stirred, variable-volume view cell (DB Robinson

'S 913'5' B . L . . & Assoc., 3.18 cm i.d.;~120 cn? working volume). In this cell, the
lonic Surfact(_:mts with Ollgomerlc_ Vinyl AcetaFe Tails (Figures sample volume is separated from the overburden fluid by a steel cylinder
;h; goi?lsr:g;ﬂfy?én'?tﬁéc?xgﬁ)n \(,:J:Snfgg;gtc;(l;ggﬁl iic:;teitﬁ;:;ean d (floating piston) that retains an O-ring around its perimeter. The O-ring
vinyl acetate was passed through an inhibitor remover column to remove permits the cylinder to move Whl.le asealis ret_a |ned_between the. sa_mple
L . . o . . volume and the overburden fluid. After purging with carbon dioxide
the inhibitor prior to use. Oligomerization of vinyl acetate was carried at 0.2 MPa, the sample volume was minimized by displacing the floating

OUF using AIBN as a free radlca_l initiator with 2-|sopropoxyeth§no| piston to the highest possible position within the cell that did not result
being both the solvent and chain-transfer agent. The preparation of .

hvd p ional oli invl oll dth hod of Zi in the displacement of surfactant out of the sample volume. High-

yaroxy- unc;cs)r'la 0 |go(V|n|3/ acet_ate) ° OW? .t N TAe\ItB?\I 804'm' pressure liquid carbon dioxide (2€, 13.8 MPa) was then introduced
mermann Et. ror a typical experiment, a so utlo_n 0 (0049, to the sample volume as the silicone oil overburden fluid (which was
0.24 mmol) in 2-isopropoxyethanol (10 mL) (previously degassed for

15 mi dded lut £ vinyl 20 g, 232 D i maintained at the same pressure as the)Q@s withdrawn at the

25. min) was a h € ltolaggo ult_lon ot viny islcztate ( dg" rr]nmo) Ink equivalent flow rate using a dual-proportioning positive displacement
-isopropoxyethanol ( mL) (pre\_/lousy egassed in at ree-nec pump (DB Robinson). This technique facilitated the isothermal, isobaric

500-mL round-bottom flask by bubbling through nitrogen for 30 min).

Th i it fluxed at 8G und blanket for 24 addition of a known volume of CQ(e.g., 12.50+ 0.01 mL) into the
o $hreac||on {nlx ure was r:ja buxet at>gun etr_a I\,g "an Z bor sample volume. The mass of @troduced was determined from the
- e solventwas removed by rotary evaporalion folowed by vacuum displaced volume, temperature, and pressure using an accurate equation

desu:_catlon _at QQC overnight. A viscous yeIIO\_N Ilqwq of hydroxyl- of state for carbon dioxid®.0n the basis of the uncertainties associated
functional oligo(vinyl acete_\te) with 10 repeat units, designated PVAc10, with the measurement of temperature, pressure, and volume, and the
was recovered (15.8 g, yield 79%H NMR 6y (CDCL): 4.90 (10H, precision of the equation of state, compositions are estimated to be
CH). 4.09 (2H, CH), 3.59 (2H, CH), 3.43 (1H, OH), 2.04 (30H, CH) accurate to within 1% of the specified value (e.g., £#.9.005 wt %).

1
2l = 564 gimol Tabie 1145 he expormentalgatafor the number __T1e SUTRCiant CO: ixture was compressed o igh pressure (e .,
" g ' P 60 MPa) and mixed thoroughly using a magnetic stirrer (DB Robinson,

géesge;]t Iue r;'tsb?;?]g;?:srir;i\ée&aﬁ; r;oéifrlgeg V\tlﬁ:eghgffn:c;l:irzz;ﬁ)ﬁcof max. 2500 rpm). If the surfactant did not completely dissolve at these
P P y poly conditions, additional COQwas added to the system until a single

vinyl acetate in 2-isopropoxyethanol. The concentration of vinyl acetate transparent phase could be attained. Cloud points were determined by

monomer in 2-isopr hanol ri ntrol the molecular . ) . .
onomert Isopropoxyethanol was varied to control the molecula standard nonsampling techniques. The high-pressure, single-phase

weight at constant concentration ratio of AIBN to VAc at 0.1%. . L . .
. . ; - . solution of known composition was subjected to a slow, isothermal

Hydroxy-functional oligo(vinly acetate) with repeat unit of 6, 8, 10, . ; - . -
expansion until the cloud point was attained. Cloud points were

and 17 as determined through NMR spectra were obtained and arere roduced three times to within approximatei9.1 MPa for mono-
represented as PVAe®H, PVAc8-OH, PVAc10-OH, and PVAC17 P pp -
disperse surfactants andt0.5 MPa for polydisperse surfactants.

OH, respeciively. Temperatures were measured with a type K thermocouple to an
Synthesis of Oligo(vinyl acetate) Sodium Sulfate Surfactants P o yp P
accuracy oft0.1°C.

(Figure 1h—j). The oligo(vinyl acetate) sodium sulfate surfactants were Experiments with water were conducted by adding the specified
d ding to Murph dT t duhe.a typical
prepared according fo Murphy and 1aggarts proce a fypica amount of surfactant and double distilled and deionized water to the

experiment, chlorosulfonic acid (0.45 mL, 6.76 mmol) was added | | ol d by the introducti f eQVis th |
dropwise to pyridine (10 mL) in a 250-mL round-bottom flask placed samplé volume, followed by the lntr_o uction of &QVis the molar
ratio of water to surfactant in the mixture.

(37) Baczko, K.; Chasseray, X.; Larpent,&CChem. Soc., Perk Trans2801, Dye Solubilization and Spectroscopic MeasurementsA 32-mL
2179-2188. , stainless steel high-pressure vessel equipped with pressure gauge,

(38) Zimmermann, J.; Sunder, A.; Mulhaupt, R.Polym. Sci., Part A: Pol.
Chem.2002 40, 2085-2092.

(39) Murphy, A.; Taggart, GColloid Surf., A2001, 180, 295-299. (40) Span, R.; Wagner, W.. Phys. Chem. Ref. Date996 25, 1509-1596.
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resistance temperature detector (RTD), and parallel quartz windows
for UV —vis characterization, which has been described previddsly,
was used to perform dye solubilization experiments. A magnetic stir
bar was used to facilitate surfactant/C@nixing. For a typical
experiment, 10@L of freshly prepared 0.015 M methyl orange (MO)

in methanol solution was added into the UV cell, and a gentle stream
of N2 was passed through the cell for 10 min to fully evaporate the
methanol while only the MO inside of the UV cell was maintained.
Then 0.15 wt % of surfactant was charged into the cell and a specific
amount of double distilled and deionized water was injected into the
cell using a syringe to reach the desifdfivalue. After sealing the
vessel, an ISCO syringe pump was used to add a specific quantity of
CO; to the vessel. Once the vessel was filled with G®the desired

pressure, the system was mixed for at least an hour to reach a single
phase before performing spectroscopic analysis. The vessel was placed

in a Cary 300E UV~vis spectrophotometer and absorption spectra were
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recorded to determine the presence of methyl orange solubilized in theFigure 2. Phase behavior of peracetyl gluconieH,CH,—OSONa/COs

surfactant/water/COmixture. Pressure within the vessel was monitored
to approximatelyt0.7 MPa, and temperature was maintained to within
+0.1°C.

The ability to form reverse micelles by these £luble surfactants
was investigated using the solvatochromic probe methyl orange at
system concentration of ca. 4% 10~ M. Methyl orange is a polar

mixtures. Insoluble atV = 0; 25°C, W = 10 (#); 40°C, W= 10 ©).

perturbation theory (MP2) is expected to give an accurate representation
of the potential energy surfaée>54

Geometry optimizations were carried out at the MP2/6-§) level
of theory and basis set. The 6-8@(d) basis set was chosen for

probe that is insoluble in both carbon dioxide and water-saturated carboncomputational efficiency. Single-point energy calculations were per-

dioxide. Furthermore, the location of its absorption maximum is
dependent upon the polar environment in which it is dissolved. For
instance, it has an absorption maximum at 416 in dry PFPE-OB}
reverse micelles, 421 in methanol, 464 in water, and 502 nm ig CO
saturated wate¥*3 Hence, the solubility of methyl orange in an
otherwise ineffective solvent, such as £@dicates the presence of
reverse micelles and it also functions as a probe of polarity of the water
environment within C@reverse micelles. Consequently, methyl orange

formed by using the Dunning aug-cc-pVDZ basis 8etnd using
geometries obtained from optimizations. Counterpoise (CP) corre®tions
were applied to all the calculations to account for basis set superposition
error, which has considerable impact on the accuracy of results for
weakly binding system®.The average of raw and CP corrected energies
was used as an approximation to energies at the complete basis set
limit, which was shown to be accurate for g@cetate systerfisand

also in agreement with the findings of Feller and Jordadence, in

has been used successfully to identify the presence of reverse micelleshis paper, we only report the averages of MP2/aug-cc-pVDZ CP

as well as their ability to uptake water in G&verse micelle&° It

was indicated that the absorption maximum in water-iny@@cro-
emulsions formed by PFPE ammonium carboxylate surfactant ap-
proaches that of pure watelfox = 460 nm)2° While a surfactant may
show some solubility in C®in the presence of dissolved water, this

alone does not guarantee that a polar microenvironment is present.

Verification of a polar microenvironment is necessary to confirm that

the surfactant does indeed self-assemble in solution to form reverse

micelles.

Molecular Modeling. High-level ab initio methods cannot be directly
applied to modeling fluig-surfactant interactions because of the large

corrected and uncorrected interaction energies. The Gaussfin 03
software package, revision C.01, was used for all the calculations.

Results and Discussion

Phase Behavior Results and Discussion. Peracetyl Glu-
conic-Based Surfactants (Figure lac). The neat peracetyl
gluconic-based surfactants with an ethyl spacer and a sodium
sulfate, sodium carboxylate, or ammonium carboxylate head-
group (Figure lac) are solids. Peracetyl gluconic ethyl sodium
sulfate (PGESS) does not dissolve in £ 25 or 40°C in the

number of atoms in the system. Representative segments or moieties@bsence of wateM{ = 0), but its solubility increases as water

of the surfactant tails were chosen to perform calculations fg H
and CQ interacting with these segments. We focus only on the acetate-

is added, as shown in Figure 2. The surfactant is up to 0.6 wt
% soluble in CQ in the presence of water atVil value of 10.

functionalized surfactants, choosing isopropyl acetate as representativeAt W values of 40 and 50, however, a water phase appeared at

of the functional groups for moleculds-—c and 1h—k.

The acetate/kD complex involves hydrogen bonding between the
H.O and the acetate oxygens. Therefore, MgiRlesset second-order

(41) McLeod, M. C.; McHenry, R. S.; Beckman, E. J.; Roberts, CJ.B2hys.
Chem. B2003 107, 2693-2700.

(42) Clarke, M. J.; Harrison, K. L.; Johnston, K. P.; Howdle, S.JMAm. Chem.
S0c.1997 119, 6399-6406.

(43) Johnston, K. P.; Harrison, K. L.; Clarke, M. J.; Howdle, S. M.; Heitz, M.
P.; Bright, F. V.; Carlier, C.; Randolph, T. Waciencel996 271, 624~
626.

(44) Hutton, B. H.; Perera, J. M.; Grieser, F.; Stevens, GOMIoids Surf., A
1999 146 227-241.

(45) Lee, C. T., Jr.; Psathas, P. A,; Ziegler, K. J.; Johnston, K. P.; Dai, H. J,;
Cochran, H. D.; Melnichenko, Y. B.; Wignall, G. 0. Phys. Chem. B
200Q 104, 11094-11102.

(46) Maury, E. E.; Batten, H. J.; Killian, S. K.; Menceloglu, Y. Z.; Combes, J.
R.; DeSimone, J. MPolymer Prepr. (Am. Chem. Soc.,.DPolym. Chem.)
1993 34, 664—665.

(47) Zhu, D. M.; Schelly, Z. ALangmuir1992 8, 48—50.

(48) McFann, G. J. Ph.D. Thesis, The University of Texas at Austin, 1993.

(49) Liu, J.; Han, B,; Li, G.; Zhang, X.; He, J.; Liu, Zangmuir2001, 17,
8040-8043.
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the bottom of the cell. Attempts to dissolve 0.7 wt % or more
yielded an excess surfactant-rich phase at the bottom of the cell
for all values ofWw.

Figure 3 shows that peracetyl gluconic sodium carboxylate
(PGSC) appears to be more g§vluble than PGESS, because
PGSC can dissolve at 4%C in the absence of water. The
solubility of PGSC decreases slightly with the addition of water.

(50) Johnston, K. P.; Harrison, K. L.; Clarke, M. J.; Howdle, S. M.; Heitz, M.
P.; Bright, F. V.; Carlier, C.; Randolph, T. Wsciencel996 271, 624—
626.

(51) Kim, K. S.; Mhin, B. J.; Choi, U. S.; Lee, KI. Chem. Phys1992 97,

6649-6662.

(52) Feller, D.J. Chem. Phys1992 96, 6104-6114.

(53) Mo, O.; Yanez, M.; Elguero, J. Chem. Phys1992 97, 6628-6638.

(54) Xantheas, S. S.; Dunning, T. Bl. Chem. Phys1993 98, 8037-8040.

(55) Dunning, T. H., JrJ. Chem. Phys1989 90, 1007-1023.

(56) Boys, S. F.; Bernardi, AMol. Phys.197Q 19, 553-566.

(57) Feller, D.; Jordan, K. DJ. Phys. Chem. £00Q 104, 9971-9975.

(58) Frisch, M. J.; et al.Gaussian 03 Reversion C. 01; Gaussian, Inc.:
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Figure 4. Phase behavior of peracetyl gluconi€OONH/CO, mixtures Concentration of PVAc-OSO;Na in CO, (Wt%)
at40°C.W=10 (0); W= 10 (@). Figure 6. Phase behavior of PVAeOSQNa/CO mixtures. PVAC6-

OSQ:Na, 25°C, W = 0 (+); PVAc10-OSQNa, 25°C, W = 0 (a);
PGSC has a limiting solubility of approximately 0.4 wt % in PVAc17-OSGNa, 25°C, W = 0 (#); PVAC10-OSQNa, 25°C, W =
CO, atW = 10. Single phase solutions could not be realized at 10 ®): PVAC10-OSQNa, 40°C, W= 0 (O).
W values of 40, even at surfactant concentrations as low as 0.140 °C and concentrations of 0-D.6 wt % atW = 10. In each

wt %. case, the limiting solubility of this surfactant in GQs
Figure 4 illustrates that peracetyl gluconic ammonium car- approximately 0.5 wt %. Single-phase solutions could not be
boxylate (PGAC) can dissolve in GQip to 2 wt % at 40°C realized alW values of 40, even at surfactant concentrations as

without water. Although this limiting solubility value is low as 0.1 wt %.

significantly greater than those for either PGESS or PGSC, the The phase behavior of mixtures of @@nd a twin-tailed

pressure required to dissolve PGAC at dilute concentrations (upsodium bis(PPBMBE 340) sulfosuccinate (Figure 1g) was also

to 0.5 wt %) was greater than that required to dissolve PGSC. determined. This PPG twin-tailed AOT analogue surfactant is

The solubility of PGAC decreases with the introduction of water, 2 wt % soluble in CQ, and its solubility in CQ decreases with

as does its limiting solubility in C& which is about 0.5 wt % the addition of water a¥V value of 10, as shown in Figure 5.

at W value of 10. Single-phase solutions could not be realized Single-phase solutions could not be realize@vatalues of 40,

at W values of 40, even at surfactant concentrations as low aseven at surfactant concentrations as low as 0.1 wt %.

0.1 wt %. Oligo(vinyl acetate)-Based Surfactants (Figure 1hKk).
Poly(propylene glycol) Monobutyl Ether-Based Surfac- Single-Tailed Oligo(vinyl acetate) Sodium Sulfate Surfac-

tants (Figure 1d—g). The PPGMBE 340 pyridinium sulfate  tants (Figure 1h—j). Viscous liquid oligo(vinyl acetate) sodium

was insoluble in C@ Figure 5 illustrates that the PPGMBE sulfate surfactantsM, = 722, 1066, 1668 g/mol) exhibit

340 sodium sulfate is C&soluble, however, indicating that the  remarkably high solubility in Cg as shown in Figure 6. These

sodium counterion is less G@hobic than the pyridinium levels of CQ solubility for an ionic surfactant are comparable

counterion. The PPGMBE 1000 pyridinium sulfate can dissolve to those reported for fluorous surfactattgreater than the other

in CO,, indicating that the longer PPG segment of the tail made oxygenated hydrocarbon surfactants developed during this work,

the surfactant with the pyridinium sulfate more £6bluble. and greater than those reported for branched hydrocarbon AOT

The addition of water lowers the cloud point pressure, as shown analogued® The PVAc-OSO;Na surfactants consisting of 6,

by the PPGMBE 1000 pyridinium sulfate dissolving in £& 10, or 17 repeat units exhibit GBolubility of 4, 7, and 2.5 wt
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Figure 7. Phase behavior of sodium bis(vinyl acetate)8 sulfosuccinate/ 300 350 400 450 300 350 600

CO, mixtures at 25°C. W= 0 (a); W= 10 (#); W= 50 (@). Wavelength (nm)

%, respectively, at room temperature and pressure less than 5Qrigure 8. UV —vis absorption spectra of methyl orange in 0.15 wt % twin-
MPa. The occurrence of an optimal tail length, 10 repeat units tailed sodium bis(vinyl acetate)8 sulfosuccinate based water-inr&@rse

in this case, has been previously observed in the design Ofm|croemulsmns with different loading of water at 34.5 MPa and®@5
surfactants with PFPE tails and can be attributed to two
competing trends. As the number of repeat units in vinyl acetate
oligomer decreases, the oligomer itself becomes more CO
soluble; however, as the length of the oligomeric tail decreases
the surfactant becomes more hydrophilic (andg@obic) as

the influence of the ionic group becomes more pronoufiged.

o . . - formation was obtained for these surfactants.
The solubility of oligo(vinyl acetate) surfactant decreases with . i
increasing temperature, i.e., the pressure required to achieve 1N€ Single tailed PVACI0OSQ:Na was loaded at 0.15 wt

miscibility with CO; is higher at 4C°C than it is at 25°C, as 70 With water loading oW = 10 (We" = 0, 0.025 wt %) and

5 .
represented in Figure 6. The solubility of the oligo(vinyl acetate) methyl orange at 4.% 107> M. The system was pressurized to

surfactant in CQalso decreases with the addition of water at 38 MPa at 25°C and stirred for 1 h. After this mixiqg period,
a W value of 10. The surfactant solubility drops to 0.5 wt % & Methyl orange peak was observed at 422 nm, implying the

under these conditions. Single-phase solutions could not beormation of water-in-CQ (wic) reverse microemulsions. The

realized atW values of 40, even at surfactant concentrations as MWin-tailed sodium bis(vinyl acetate)8 sulfosuccinate AOT
low as 0.1 Wt %. analogue was loaded at 0.15 wt % with a water loadingVof

Twin-Tailed Sodium Bis(vinyl acetate)8 Sulfosuccinate = 10, 20, 30, and 40, respectively, (0.015 wt %, 0.03 wt %,

(1K). The sodium bis(vinyl acetate)8 sulfosuccinate AOT 0-045 wt %, and 0.06 wt %, respectively) &°" = 0, and
analogue consisting of twin tails of eight repeat units on each Methyl orange at 4.% 107> M. After pressurizing to 34.5 MPa
tail (M, = 1768 g/mol) was a viscous liquid that exhibited €O &t 25°C, the system was allowed to mix for ave h toreach
solubility up to 3 wt % at 25C and pressure less than 40 MPa, & Single phase microemulsion. Figure 8 shows the-ui¢

as shown in Figure 7. The solubility decreases with the addition spectra for the twin-tailed sodium bis(vinyl acetate)8 sulfosuc-
of water atW = 10. This surfactant was the only one (of those

cinate w/c reverse microemulsion system. As shown in Figure
illustrated in Figure 1) capable of solubilizing watettvalues o the UV absorption peaks assigned at about 423 nm indicate
as high as 50, at surfactant concentrations up to 1 wt %.

the formation of the water-in-CQeverse microemulsions. The
Spectroscopic Results and Discussiofhe peracetyl glu-  Intensity of the methyl orange peak increases with the water
conic surfactants were examined at 0.3 wt % in,G040°C loading ranging fronW = 10 to 40, which indicates that the
and with water loading ofW = 10. In each case, the

concentration of methyl orange within the microemulsions
COy-surfactant solutions were compressed to pressures abovellCT€ases as the amount of water loading increases. However,
the reported cloud point pressure. Specifically, the sodium

the absorption maximum wavelengthya, does not shift to
carboxylate, ammonium carboxylate, and ethyl sodium sulfate Nigher wavelengths, which implies that the polarity of the
forms of the peracetyl gluconic were pressurized to 38, 44.

8 microenvironment within the reverse micelles does not increase

and 48.3 MPa, respectively. There was no apparent methyIWith the increasing amounts of water loaded to the system.
orange absorption, however, indicating that there was no Methyl orange dissolved in bulk water results in an absorption

tendency of the surfactants to form reverse micelles or polar Maximum wavelength at 464 nm. The absorption bands4#3

microenvironments. Visual observation showed that, while water "M in these studies indicate that the microenvironment within
was dissolved into the GOdry methyl orange was being left the reverse micelles of the ionic surfactants with PVAc tails is

on the surface of the vessel, thus indicating that none of the similar to that of neat methanol (methyl orange absorption at

water in the C@-rich phase existed in the form of a bulk water ~~421 nm) and slightly more polar than that 023}2 cores of dry
pool within the core of reverse micelles. PFPE-COO—NHy,4 reverse micelles~«416 nm)*243 Whereas

the twin-tailed vinyl acetate based surfactants lead to high water
(59) Drohmann, C.; Beckman, E. J. Supercrit. Fluids2002 22, 103-110. loading values up t&W = 50, the methyl orange solubilities

It was difficult to attain a single-phase solution with the PPG-
based surfactants, possibly due to the less intense mixing in
the UV—vis cell and/or the instability these surfactants exhibited
"during the weeks between their synthesis and their evaluation
for water uptake. Therefore, no evidence of reverse micelle
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Table 3. Water Solubility Values of Three Acetate Functionalized

Surfactants
surfactant water solubility (wt %)
peracetyl gluconic sodium carboxylitt) 64
peracetyl gluconic ammonium carboxylitdj 73
oligo(vinyl acetate)10 sodium sulfat&i) 40

should make that surfactant more water soluble than the
headgroups oflb and 1lc. Therefore, we expect that the
differences in water solubility due to the composition of the
tail groups are larger than those of the headgroups, as indicated

A) B) by the data in Table 3. The experimental solubility values are
Figure 9. Two different binding modes for the isopropyl acetatgH in good qualitative agreement with the trends predicted from
system. (White= H, gray = C, red= 0). our ab initio calculations.
Table 2. Interaction Energies? for Several Different Dimers The Effects of the Addition of Water in Surfactants/CO,
Related to the CO,/H,0 Surfactant Systems Systems.Our calculations indicate that the addition of water
IPAH,0 C0:/CO to CO, mixtures containing acetate-based surfactants will result
IPAI HOf T- slipped in an increase in the cloud point pressures. Water molecules
A B CO” HO% shape _paralle will compete with CQ molecules for binding to the acetate
interaction energy —27.0 —21.3 —15.9 —19.6 —20.7 —51 -58 groups. The acetate tail groups will preferentially bind with

(k/mol) water molecules because of the more favorable binding energies

aThe energies are computed at the MP2/aug-cc-pVDZ level of theory. (S€€ Table 2), thus lowering the @Golubilities of the
b There are actually three binding modes for the IPAj@ner. We chose surfactants.

the mode that has the strongest interaction energy for comp&fisbfihe . L.
value is calculated at the MP2 level of theory and extrapolated to the ~ EXperiments have shown that the addition of water does

complete basis set lim: indeed increase the cloud point pressures of two of the peracetyl

and polarities are rather limited. This can be attributed to the 9luconic-based surfactantsi,Q) and also of the PVAc single/
relatively low corresponding weight percent of water caused ™Win tailed surfactantsih—k). These observations are consistent
by the low surfactant loading concentration, the high molecular With our theoretical analysis. However, PGESI®)(exhibits
weight, and thaAro™ = 0 under these conditions, which means the opposite behavior, which could not dissolve in, 0®the
the amount of water added to the system would be insufficient absence of water, and its solubility increases as water is added.
to saturate the CQ This may be due to cosolvent effects with water. PGESS is
Modeling Results and DiscussionWe have optimized the ~ insoluble in CQ because of its extremely polar headgroup.
geometries and calculated the binding energies for a single waterAdding water to the PGESS/GGystem acts to shield the sulfate
molecule interacting with an isopropyl acetate (IPA) molecule. headgroup from C@®and therefore increases the solubility.
Two different binding modes were found for the IPA®I Therefore, water plays competing roles in the PGESS/CO
system. As shown in Figure 9, for mode A, the water molecule system. On one hand, it increases solubility by shielding the
mainly interacts with the carbonyl oxygen. For mode BOH headgroup from the nonpolar G@nvironment. On the other
binds mainly with the ether oxygen. The interaction energies hand, water competes with G@n binding to the CG-philic
for the two modes are listed in Table 2. acetate tail.
. The interactions between IPA and water molecqleg as shown  The Formation of the Reverse MicellesThe experiments
in Table 2 are much stronger than the strongest binding energy;
between IPA and C&?° Our calculations therefore predict that
the tails of the acetate-functionalized surfactad@s—c,h—k)
are hydrophilic. Furthermore, we predict that the peracetyl
surfactants have a higher affinity for water than the PVAc-based
surfactants, because the tail backbone, which is hydrophobic,
is completely shielded from the solvent by the acetyl groups.
Experiments were performed to measure the water solubility =~ -
of peracetyl gluconic sodium carboxylatebj, peracetyl glu- ta!ls are very hydrophilic. We therefore Specqlate _th_at peracetyl
conic ammonium carboxylate), and oligo(viny! acetate)10 tails do. not have a large enough hydrophobic drlylng force to
sodium sulfateZi). A 20-uL portion of water was initially added ~ form micelles. In contrast, the methylene groups in the PVAc
to 0.08 g of surfactant (80 wt %) and then water was gradually tails are relatively hydrophobic, which provides enough of an
added to the mixture followed by stirring the mixture using a energetic driving force to stabilize the micelles. The difference
Vortex-Genie 2 mixer until the surfactant was completely inwater solubilities of peracetyl gluconic-based surfactants and
dissolved. The measured solubilities are reported in Table 3 andPVAc-based surfactants (Table 3) indicates that peracetyl tails
clearly show that both peracetyl surfactants are significantly are indeed more hydrophilic than PVAc tails. The difference
more water soluble than the vinyl acetate-based surfactant. Then water solubilities provides a plausible explanation for the
headgroups on the peracetyl- and vinyl acetate-based surfactantebservation that PVAc-based surfactants form micelles while
are not identical. However, the sodium sulfate headgroub of  the surfactants with peracetyl gluconic tails do not.

have shown that only the PVAc-based surfactants can form
reverse micelles. None of the peracetyl gluconic-based surfac-
tants exhibit micelle formation, although their tail groups have

similar structures to those of PVAc-based surfactants. The
formation of micelles requires a tail that is sufficiently hydro-

phobic to drive water out of the bulk homogeneous phase into
confined micelles. Our calculations indicate that the peracetyl
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Conclusions which are similar, do not. The calculations indicate that the

lonic surfactants with C@philic tails composed of sugar acetate group is very hydrophilic, preferring to bind WitEC.H
acetate, poly(propylene glycol), or oligo(vinyl acetate) were °V€' CQ. We therefore speculate that the peracetyl tails do
found to be CQ soluble. Oligo(vinyl acetate)-functionalized not have a sufficiently high hydrophob|c.drlvmg force tq form
surfactants were particularly promising, with the single-tailed reverse mlcel!gs. In contrast, thg oligo(vinyl acetate) tails have
surfactants exhibiting C&solubility levels of 2-7 wt %, while 90”‘ hydl_roph|I|c ._and hydrophobic (methylene backbone) sec-
the twin-tailed surfactant was 3 wt % soluble in £@s water thns, which provide the correct ba_Iance of forces_ necessary to
was introduced to these systems, the solubility of all of the (vinyl drive water out of the bulk phase into reverse micelles.
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