J. Phys. Chem. B004,108, 2851-2856 2851
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The effect of compressed GOn the properties of sodium bis(2-ethylhexyl) sulfosuccinate/water/isooctane
reverse micelles was investigated by steady-state and time-resolved fluorescence spectroscopic techniques.
With the solvatochromic fluorescent probe 6-propionyl-2-(dimethylamino)-naphthalene, the steady-state
fluorescence spectroscopy indicates a changed environment in multiple microregions of the reverse micelles
with increasing CQ pressure. Quantitative estimates for the micropolarities of micellar cores at different
pressures were carried out in terms of the empirical polarity parargef8®). The results show th&(30)

is gradually increased with the pressure. The emission of 8-anilino-1-naphthalenesulfonic acid indicates a
reduced viscosity inside the micellar cores. Its reduced lifetime characterizes the dynamic property of solvent
reorientation within micellar cores increases with the increasing @€ssure.

1. Introduction information of microproperties and dynamic processes within

. : reverse micelled?—32

Reverse micelles are nanometer-sized droplets of polar solvent everse _c_e ed” o
Supercritical (SC) or compressed carbon dioxide {dts

surrounded by a layer of surfactant molecules dispersed in a 4 g . - -
nonpolar or weakly polar solveft? Sodium bis(2-ethylhexyl)- recently received much attention because of its readily available,
inexpensive, nontoxic, nonflammable, and environmentally

sulfosuccinate (AOT) is a widely used surfactant to form reverse . e ; e
benign characteristic8.36 One of the important applications

micelles in nonpolar solverdt.” Water is readily solubilized in e !
the polar core of the reverse micelles to form a “water pool” of SC or compressed G@ to precipitate solutes from solutions,

characterized by water-to-surfactant molar ratig) 1° which which is known as the gas arjtisolvent (GAS) procés¥ In
has been extensively used as a novel microreactor for carryingtN® GAS process, the properties of the organic solvents can be
out many kinds of chemical and biochemical reactitns® The tuned continuously by changing the pressure of,Ckdore

properties of the enclosed water in the reverse micelles, which "€cently, we studied the effect of dissolved £@ reverse

are different from those of bulk water, have been widely studied micellar solutions on the solubilization of biomolecules (lysozyme
with various method&t—23 ’ and bovine serum albumitf)** and different inorganic nano-

Fluorescence spectroscopy is widely used to investigate particles synthesized in the reverse micetfed? The results

properties of the reverse micelles due to their suitable time scale,d€monstrate that pure products can be recovered from the
noninvasive nature, and intrinsic sensitiify2® In fluorescence  'everse micelles by controlling G@ressure, while the surfac-
methods, the steady-state fluorescence spectroscopy is ofteff@Nts remain in the organic-continuous phase. The combination
employed to probe the average properties, like microviscosity, ©f the reverse micelles and compressed, @y provide a
micropolarity, and rigidity within the water pool. For extremely useful medium fpr different applications since the properties
fast processes, such as solvation, the time-resolved fluorescenc8f the reverse micelles can be tuned by (qitessure.

is often used with extremely high sensitivity. In fluorescence ~ Understanding of the related fundamental knowledge is an
studies, the use of fluorescent probes is attractive since theinteresting topic. In previous work, we studied the effect of
fluorescence characteristics (e.g., fluorescence intensity, excita.compressed Con some properties of AOT/water/isooctane
tion and emission wavelength maximum, lifetime, polarization, reverse micelles using synchrotron radiation small-angle X-ray
etc.) can reflect their microenvironment, thus improving the Sscattering (SAXS}} Fourier transform infrared (FT-IR) and
understanding of properties within local environment. For AOT/ UV —Vis spectré® It was demonstrated that compressed,CO
water/alkane systems, 6-propionyl-2-(dimethylamino)-naphtha- has considerable effect on the size of the reverse micelles and
lene (Prodan) is a commonly used fluorescence probe becauséhe pH, polarity, and ionic strength of the water cores in the
it distributes over all regions of the reverse micelles and gives reverse micelles. In this paper, we employed steady-state and
a global picture of the reverse micelles. In addition, its ability time-resolved fluorescence techniques to characterize the fluo-
to display appreciable shifts in the wavelength of maximum rescence emission properties of Prodan and 8,1-ANS in AOT
emission fer™) can characterize the environmental polaiity? reverse micelles at different G@ressures andy. This work
8-Anilino-1-naphthalenesulfonic acid (8,1-ANS) is also usually focuses on how Cgaffects dynamic behavior, microviscosity,
used in the reverse micellar systems. It is reported to partition @nd micropolarity of the water cores in the reverse micelles.
into the aqueous micellar cd?and probe the degree of motion

of water inside the reverse micelles, which provides the 2. Experimental Section
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purchased from Sigma. The naphthalene-based hydrophobig 100
probe Prodanx98% purity, Fluka) and 8,1-ANS (97% purity, I — P=0.00 MPa
Aldrich) were used as the fluorescence probes. Isooctane (AH e U — P=2.65 MPa
grade) was supplied by Beijing Chemical Plant. Double distilled 80 e P=3.52 MPa
water was used. ! e P=5.09 MPa

Preparation of the Probe-Containing Reverse Micelles. 60 g
The reverse micellar solution was prepared by dissolving the
required amount of AOT into isooctane in a glass tube, followed
by adding a suitable amount of water and probes (Prodan o
8,1-ANS). The glass tube was shaken until the solution becamq
clear. In this work, the concentrations of AOT, Prodan, and 8,1- |
ANS were 0.1, 5x 1075, and 2x 107% M in all experiments, 20
respectively. The molar ratio of fluorophore to surfactant was b
very low so that no more than one probe molecule would be 0 ) ) . )
present per reverse micelle on an average. The low ratio mad¢ 400 450 500 550 600
a minimal perturbation to the micellar organization and negli-
gible inter-probe interactions possitife4? Waveleﬂgth/ nm

Steady-State Fluorescence Measurement§he apparatus  Figure 1. Fluorescence emission spectra of Prodan in AOT reverse
used for the steady-state fluorescence spectroscopic measurehicelles at different C@pressuresvlp = 25).
ment consisted mainly of a gas cylinder, a high-pressure pump
a fluorescence spectrophotometer (F-2100, Hitachi), and a high 80
pressure fluorescence sample cell. The sample cell was con} I Fr spectrum
posed mainly of a stainless steel body with four channels, foug |  /fc4\ _ ~——°- fitted peaks
quartz windows 3.0 cm in diameter and 0.7 cm in thick. The
inner volume of the sample cell was 8.44 mL. It was thermo-
stated to+0.2 °C of the desired temperature by three heaters
and a temperature controller. The emission spectra werq;
measured on the spectrophotometer equipped with a computef.
A Xe lamp was used as the excitation resource. No additiona
filters were used. The excitation wavelengths were 360 nm for
Prodan and 369 nm for 8,1-ANS, respectively. Both the 20
excitation and emission bandwidths were 5 nm.

In the experiment, the air in the sample cell was first replaced|
by CO.. Then a suitable amount of reverse micellar solution 0
was loaded into the cell. The temperature of the cell was 350 400 450 500 550 600
maintained at the desired value. ©f@as charged with the high-
pressure pump until the sample cell was full. In this work, all Wavelength/nm
the fluorescence experiments were conducted at pressures whergigure 2. Resolution of Prodan emission spectrum for AOT reverse
the water was stable in the micellar cores, which was known micelles withwy = 25 and CQ pressure of 3.52 MPa.
from our previous phase behavior study.

Time-Resolved Fluorescence MeasuremenfEhe apparatus
and procedures used in the fluorescence lifetime measuremen
were the same as those performed in steady-state fluorescenc
experiment, except that the spectrophotometer was FLS 920
spectrophotometer with the single photon counting system
(Edinburgh Instruments), which was operated by the F900
Software. The excitation light source was Xe900 with pulse
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interaction such as hydrogen bonding, van der Waals or dipole
{orces, and hydrophobic effects Therefore, changes of the
gmission spectra are indicative of varied properties of local
environment inside the reverse micelles. Figure 1 gives some
typical spectra of Prodan in reverse micelles with= 25 at
different CQ pressures. As we can see, by adding,@@o

the reverse micelles, the emission spectra of Prodan exhibit

width = 1 ns. To optimize the signal-to-noise ratio, 10 000 photo ?nteresting Changes’. e, the emission intensity gradually
counts were collected in the peak channel. Data analysis wag/Ncreases accompanied by a blueshifted peak around 410 nm

performed by a deconvolution method using a nonlinear least- an_(gha Leds?fi_ftedﬂ[\):ak around z(lj95 nm. h -
squares fitting program with the FO900 Software. The quality of e Peakiit software was used to treat these emission spectra,

the fit was estimated by the reducgtiand standard deviatidi. and a sum of overlapping Gaussian functions with frequency
A fit was considered acceptable when the valueydfwas as the mdepen'dgnt variable was obtained. In aII. deconyoluted
between 1.00 and 1.30. All fluorescence decay experiments wereSPectra, the minimum numk_)e_r of components is requwed to
measured ate, = 466 nm for 8,1-ANS in all cases. achleve a best fit with a minimun? (rar_1dc_)m scattering of
residual) of 0.999. An example of the emission peaks of Prodan
in AOT reverse micelleswy, = 25, Pco, = 3.52 MPa)
deconvoluted is illustrated in Figure 2. From the figure, it can
Prodan Emission in COx»-Expanded Reverse Micellar be seen that five fluorescence emission components (C1, C2,
Solutions. Fluorophore Prodan is a novel molecular reporter C3, C4, and C5) with the emission maximui{"®) around
with potential added advantages for a new approach to micelle 505, 488, 442, 405, and 388 nm were resolved, respectively.
characterization. Prodan’s solubility in a wide range of solvents The observed behavior of Prodan fluorescence is consistent with
enables the distribution of this neutral probe into multiple the premise that Prodan partitions into multiple environments
micellar microregiong?-51 In reverse micelles, the partition of  within the reverse micelles, specifically the bulk hydrocarbon
Prodan in different regions is governed by the noncovalent continuum, the AOT interface of surfactant tails, the bound water

3. Results and Discussion
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Figure 5. Aen™ of Prodan in different solvents \&r(30) values for
fluorescence emissionidy = 360 nm, excitation and emission
bandwidths= 5 nm).

Figure 3. Effect of CQ pressure on % areas of Gaussian peaks of
Prodan fluorescence emission in AOT reverse micelles< 25).

near the middle of the water cores. This may result mainly from
the increased polarity of the water core with increasing pressure
of CO, because the probe has hydrophobic groups. The redshift
of Aem™® for C2 is an indication of increased polarity of the
bound water layer with the increase of £@ressure. As for
C3, C4, and C5, the change af,"® with CO, pressure is not
obvious. This is understandable because, @)a nonpolar
substance and it cannot change the polarity of nonpolar bulk
regions considerably. All of the percentage contributions from
C2 to C5 increase with increasing pressure. The reason is that
the probe distributes in different regions and thermodynamic
equilibrium is achieved as conditions are fixed. However, the

520

480

440,

400

0 1 2 3 4 5 equilibrium will be shifted as conditions are changed. Properties

of various regions in the micellar solution are varied as pressure
- P/MPa is increased. As discussed above, the contribution from C1 is
Figure 4. Effect of CQ; pressure orlen™ of Prodan fluorescence  reqyced considerably, which is favorable to increase the amount
emission in AOT reverse micellesi{ = 25). of the probe in other regions. Because of the above reason,
which is the relocation of Prodan from the polar to a less polar
interface at the AOT headgroups, and the inner bulk water microenvironment, the 410-nm fluorescence peak is enhanced
pool#9-51 A longer wavelength component with an average relative to the 495-nm peak upon pressure elevation. As a
em"®0f 505 nm (C1) is associated with emission from Prodan consequence, the total emission intensity increased. We inves-
molecules inside the “free” water pool, while those at 488 nm tigated the reverse micelles witty = 5, 10, and 15 at different
(C2) and 442 nm (C3) are attributed to the microregions of CO, pressures, and the similar results as discussed above were
bound water and AOT interface of the reverse micelles, also observed.
respectively. The components at 405 and 388 nm (C4 and C5) The micropolarities of micellar cores at different €0
result from the probe in hydrocarbon continuéin! pressures can be characterized by the empirical polarity
The effects of pressure on the percentage contribution (% parameterEr(30). By use of the empirical polarity inder-
area) and.en"® of the Gaussian components of Prodan emission (30) (for the maximum emission around 495 )32 the
in AOT reverse micelles witlhvg = 25 are presented in Figures quantitative measures of polarity of the local environment of
3 and 4, respectively. In Figure 3, the percentage contribution Prodan inside the C&expanded AOT reverse micelles can be
of 505 nm (C1) decreases with increasing @essure, while quantified. For this purpose, the emission maximum of Prodan
the percentage contribution of the other four components (C2,in different solvents of knownEr(30) value8? was first
C3, C4, and C5) increases gradually with fessure. As for determined in this work. These data were used to draw a
the maximum emission wavelength{™®) of the components,  calibration plot (Figure 5) from which we estimated the
as shown in Figure 4, an increase (10 nmidpm®* of C1 and empirical polarity parameteEr(30) in reverse micelles of
slight increase (3 nm) iMe," of C2 are observed with  differentwy values and at different GQressures. Figure 6 gives
increasing C@pressurede{"® of C3 is nearly independent of  the obtainedEr(30) values at different COIt can be seen that,
CO;, pressure, while those of C4 and C5 slightly decrease with for all the micellar solutions with different, values,E1(30)
an increase in Copressure. increases gradually with increasing £@ressure. This results
The change of these two parameters for each component isfrom the fact that more CQis dissolved in the water cores,
due to the varied environment of the Prodan. The redshift of and therefore more HCO and H" are produced® Moreover,
em"®* for C1 shows increased polarity inside the water cores as we can see from Figure &r(30) values of the reverse
with an increase in COpressure. The decrease in percentage micelles withwy = 15 and 25 are much larger and increase
contribution of C1 indicates the reduced quantity of the probe more significantly with pressure than that witlg = 5 and 10.
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Figure 6. Er(30) values vs C@pressures in AOT reverse micelles  Figure 7. Emission spectra of 8,1-ANS (2 10°¢ M) in water/AOT/
with different wo. isooctane reverse micelles € 303.2 K, [AOT]= 0.1 M, wp = 5) at

different CQ pressures.
The main reason is that the reverse micelles with the larger

value contain more free water and moreQ@s are ionized, 4F
which can increase micropolarity more efficiently. I *  CO,free
8,1-ANS Emission in CQ-Expanded Reverse Micellar . o  P=2.35MPa
Solutions. The basic photophysics process of 8,1-ANS has been 3F. 4 P=3.50 MPa
studied extensiveR§—31.53-55 |t can be expressed by the o s P=4.54 MPa
following scheme [ P=5.48 MPa
A~
e transfer e transfer :’ 2 -
SO - Sl,np Sl,ct S [=1)] N
l l = ¢
th,np th,ct 1 7:%
8,1-ANS excitation leads to formation of tisgn, excited singlet -
state, which subsequently can undergo intramolecular charge Ob=,
0

transfer to form another excited singlet st&tg. Emission from

the stateS ¢; is then quenched to the ground st&geby the 10 20 3? 40 50 60 70

nonradiative electron transfer. However, the rates of the two Time/ns

processes%,np to Syt and S ¢ to &) are controlled not only Figure 8. Fluorgscence decay curves of 8,1-ANSx210¢ M) in

by the polarity of the medium but also by the viscosity of the AOT reverse micelles (JAOT}= 0.1 M, wo = 5) at 303.2 K and

environment of probes. The electron transfeStg is favored glﬁerent CQ pressures. T_he solid curve represents the computer best
. - . . . it of the experimental point.

by an increased solvent dielectric relaxation, which causes a

redshift in Amax>2 Emission from theS, . state is quenched by  pressure is shown in Figure 8, from which it can be seen that

nonradiative electron transfer, and this is enhanced by increasinghe decay of the probe in reverse micelles becomes faster with

viscosity. Thus the quantum yield decreases with a decrease inan increase in CPpressure. In addition, the decay is not a

the viscosity of the medi& monoexponential from its decay trend.

The steadyfluorescence spectra of 8,1-ANS in the reverse The nonlinear least-squares fitting accompanied by decon-
micelles withwp = 2, 5, and 10 were determined at 303.2 K volution is used to treat these curves, and a biexponential decay
and different pressures. As an example, Figure 7 gives someproves to model the experimental data best with a redyéed
typical spectra of 8,1-ANS in the reverse micelles wij— 5. values between 1.00 and 1.30, which is shown in Table 1. In
As we can see, by increasing the §@essure, the intensity of  the table,r; and 7, are the deconvoluted lifetimes;; and o,
the fluorescence is decreased gradually accompanied with aare the corresponding components, respectively. For a typical
slight redshift. The changes of the fluorescence can be mainly systemg; is larger tharr,. These two lifetimes can be attributed
attributed to the changes of the microenvironment inside the to different microregions of water inside the reverse micellar
reverse micelles since 8,1-ANS mainly exists inside the reverse cores®-58 as the models shown in Figure &.corresponds to
micelles39-32 |t can be concluded that the increase in O the region where the probe (denoted by the black ellipse) is
pressure results in a decrease in microviscosity and increase irassociated with the head region and its mobility is restricted,
micropolarity of the water cores inside the reverse micelles. as shown in model a of Figure 9; corresponds to the probe

Lifetime of 8,1-ANS in the Micellar Solutions. The lifetime situation near the center of the water cores, and the micro-
of 8,1-ANS in the micellar cores of the reverse micelles was environment is more fluid and hydrophilic than the interfacial
studied with the time-resolved fluorescence, which further gives region of the micellar core®, 58 which is shown as model b
direct information on the dynamic processes in the water pool of Figure 9. As we can see from Table @, and 7, reduce
of the reverse micelles. The time-resolved fluorescence spectrasimultaneously with increasing G@ressure, which results from
of reverse micellar solution witlwp = 2, 5, and 10 were  the increased micropolarity and decreased microviscosity of the
determined at 303.2 K. A representative decay curve in the bound and free water microregions. And it is found that
water/AOT/isooctane systenwd = 5) with increasing CQ decreases faster thapwith pressure, which indicates that gO
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TABLE 2: Comparison of Fluorescence Parameters of
8,1-ANS inside the AOT Reverse Micelles at Different
Temperature and Pressure (o = 5)

P/MPa TIK o w/ns  ap  TANns Va 7/ns

COfree 2942 069 859 031 549 1186 7.90
303.2 041 798 059 507 1.108 6.59
3132 039 7.15 061 475 1.021 5093

4.55 2942 009 783 091 411 109 4.70

4.54 3032 009 7.38 091 365 1.092 4.27

4.57 3132 005 6.44 09 339 1104 3.64
(®) Table 2. The decay time of the probe inside the,;@®e AOT

Figure 9. Models for the location of 8,1-ANS bounded to the ionic _ reverse micellesnp = 5) is reduced as temperature is increased,
headgroups of AOT surfactant (a) and located in the center of the AOT and the calculated average lifetime at these temperatures are
water pool (b) in the water cores of reverse micelles. 7.90, 6.59, and 5.93 ns, respectively. This originates mainly from

TABLE 1: Fluorescence Parameters of 8 1-ANS inside the the fact that the fluidity of the micelle interior is improved with

AOT Reverse Micelles at Different Conditions ([AOT] = 0.1 increasing temperati& 3% In the presence of CO(4.55

M, T = 303.2 K) MPa), the decay time is respectively 4.70, 4.27, and 3.64 ns at
Wo PMPa o1 /s o wins 2 tns the three temperatures. The relaxation rate decreases with added

> COfree 053 933 047 635 1115 822 CO,, which is consistent with the increased polarity and

307 052 835 048 579 1165 735 decreased viscosity as discussed above.
3.52 048 795 052 532 1214 6.85
455 053 7.05 047 463 1065 6.16 4. Conclusion
g:gz 8:2(2) g:i? 8:23 f{:gg i:g%g g:éi The gffects of comp(essed GOon the propert.ies and interna_l
5 CO.free 041 798 059 507 1.108 659 dynamics of water-in-isooctane microemulsions formed with
2.35 023 7.67 077 495 1208 581 AOT were investigated using fluorescence spectroscopy. The
3.50 0.07 738 093 408 1145 447 steady-state fluorescence spectroscopy with Prodan as the
3-3‘7‘ 8-23 ;-gg 8-2% g-gg i-ggg 3-53 sovachromic probe indicates that compressed @6ults in an
548 022 506 078 290 1077 361 increase in micropolartity of water inside the reverse micelles.
10 COfree 006 7.81 094 328 1193 385 With8,1-ANS as the fluorescent probe, a decrease in viscosity
2.43 0.11 641 0.89 279 1052 359 Iinside the micellar cores is revealed. The time-resolved fluo-
3.50 0.06 552 094 282 1237 3.12 rescence spectroscopy further demonstrates that the solvent
3.12 457 008 561 092 260 1263 3.08 relaxation rate in the micellar cores is increased with increased
3.08 5.32 010 519 090 253 1.278 3.02

302 CO, pressure.
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