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Effect of Alcohols in AOT Reverse Micelles. A Heat Capacity and Light Scattering Study
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Apparent molar heat capacities at 25°C of a series of 1-alcohols and three branched alcohols were determined
in mixtures of the type alcohol+ (p wt % AOT + n-decane) atR) 0 and 10,R being the water-surfactant
molar ratio [W]/[S]. For methanol and 1-hexanol, the measurements were done for differentp values as a
function of alcohol concentration. For all the other alcoholsp ) 5. Heat capacities for the binary (AOT+
nC10) and the ternary (AOT+ W + nC10) mixtures, as well as for 1-hexanol in a 5 wt %solution of dioctyl
succinate, were also measured at 25°C. For all alcohols+ AOT + n-decane, kinematic viscosities and
dynamic light scattering (DLS) were measured at 25°C for R ) 10 andp ) 13 as a function of alcohol
concentration. DLS was also measured for the ternary mixture AOT+ W + nC10 with R) 10 at 25°C. A
reasonable molecular picture of the alcohol-AOT interactions in the presence and absence of reverse micelles
emerges from the experimental DLS and heat capacity results, the latter having been analyzed within the
Treszczanowicz-Kehiaian model framework. In the absence of reverse micelles, all alcohols form complexes
with the free AOT molecules in the solution, a process that competes with the alcohol self-association. The
alcohol-AOT complex is most probably formed via an interaction between the hydroxyl group of the alcohol
and the ionic head of AOT. When reverse micelles are present, two behaviors were found: (i) Methanol and
ethanol are located in the micelle water pool; at low AOT concentration these alcohols only interact with
water, but at higher AOT concentration they also form a complex with AOT molecules at the micellar interface.
(ii) For butanol, longer 1-alcohols, and the three branched alcohols studied here two different processes
occur: AOT molecules are withdrawn from the micelles to be complexed with alcohol molecules in the bulk
of the solution, and alcohol molecules penetrate the micellar shell, where they also form a complex with
AOT.

I. Introduction

Reverse micelles are thermodynamically stable systems that
are constituted by a surfactant, an organic solvent, and a small
amount of water. These systems appear as homogeneous,
transparent solutions that can solvate a wide range of hydrophilic
compounds;1 because of this property, reverse micelles are of
interest in a variety of fields such as precipitation and crystal-
lization, catalysis, semiconductor and magnetic particle forma-
tion, and stabilization of membrane mimetic systems where the
surfactant assemblies are the host for the clustered particles.2

The formation of reverse micelles requires the presence of water
(W) which is solubilized in a polar core, forming the so-called
water pool. These structures are then spherical droplets of water
dispersed in oil. Their spontaneous curvature arises from the
energetically favorable packing configuration of the surfactant
molecules at the water-oil interface and depends basically on
the molecular geometry of the surfactant molecule;3 therefore,
to understand the behavior of reverse micelles, geometrical
models have been very helpful.4 The radius of the water pool,
and hence the size of the reverse micelle, is mainly characterized
by R ) [H2O]/[S], the water-surfactant molar ratio. When

small amounts of water are present (R e 15), the aggregates
formed in solution are called reverse micelles, whereas the
dispersions formed when larger quantities of water are present
(Rg 15) are termed microemulsions; these dispersions contain
both droplets and random bicontinuos structures.
One of the surfactants often used to form reverse micelles

and microemulsions is sodium bis(2-ethylhexyl)sulfosuccinate
(sulfobutanedioic acid 1,4-bis(2-ethylhexyl) ester sodium salt),
usually called Aerosol OT or AOT. Experimental studies using
this anionic surfactant have employed a variety of spectroscopic
techniques such as photon correlation5 and small angle neutron6

and X-ray7 scattering. Thermodynamic studies aimed at the
determination of apparent molar volumes, heat capacities, and
enthalpies have also provided valuable physical insights.8 A
comprehensive picture of the behavior of AOT-W-oil mixtures
has been reached as a result of all those studies, which have
used a range ofR values covering both the reverse micelle and
the microemulsion cases and several solvents (isooctane, cy-
clohexane,n-decane, etc.). In contrast, an area much less
explored is that of the study of the interaction of reversed
micelles with a fourth component which, in the case of
microemulsions, is usually called cosurfactant. It is in this area
where the objectives of the present work are placed. We have
studied the effect over AOT reverse micelles (R ) 10, with
n-decane as the oil or solvent) of a series of linear and some
branched alcohols as a function of AOT and alcohol concentra-
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tion. The effect of linear alcohols on AOT-W-oil systems
has been studied before for the case of reverse micelles using
IR spectroscopy9 and employing small angle neutron10 and
light11 scattering for the microemulsion case (R ) 20 and 30,
respectively); the main results from these studies will be
commented on below and, when possible, compared against
those presented here. In this work, we have employed heat
capacity measurements that are particularly sensitive to the
formation or destruction of organization or structure in the bulk
of liquid mixtures.12 For comparison with theR ) 10 case,
mixtures withR) 0, i.e., those where water and hence reverse
micelles are not present, have also been studied. For theR)
10 case, dynamic light scattering (DLS) experiments were
performed to determine thez-averaged translational diffusion
coefficient and the corresponding hydrodynamic radius of the
reverse micelles systems with and without alcohol. The
Treszczanowicz-Kehiaian (TK) model13,14has been used here
as the theoretical framework to interpret our heat capacity data;
this association model has proven to be a useful tool to
understand the self-association of an alcohol in an inert
(n-alkane) solvent, as well as the formation of complexes
between alcohol and proton acceptor molecules15,16 such as
AOT. A review of the TK model is presented in section II, the
experimental details and procedures are described in section III,
and the heat capacity and DLS results are discussed in detail in
section IV.

II. The Treszczanowicz-Kehiaian Association Model

The original TK model17 was developed to study association
(self and cross association) in liquid mixtures, the most common
case being that where the association occurs via the formation
of H-bonds. It has several basic assumptions, namely, (i) it is
considered that the enthalpy of mixing arises only from the
formation of species in solution,i.e., it is an “athermal model”;
as such, the TK model deals only with the so-called chemical
contributions to the thermodynamic properties, the physical
contributions being all those arising from interactions in the
system other than the association itself, (ii) the enthalpy of
association corresponding to the addition of a monomer to a
given self-associated species∆Hi,i+1 and that corresponding to
the formation of cross association∆Hi,j are independent ofi
and j, and (iii) there are no volume changes due to the
association,i.e., the excess volume is assumed to be zero. The
original TK model has been extended a number of times13,15 in
order to study different kinds of associated mixtures. In
particular, the extension to the case of ternary mixtures13,14 of
the type A+ (B + I) is relevant for the present work; here, A
is a liquid capable of self-association such as an alcohol
(component 1), B (component 2) is a compound, usually a
proton acceptor such as AOT, which is unable to self-associate
but can associate with A to form complexes or cross species,
and I is an inert solvent (component 3) such asn-decane (nC10).
WhenR ) 10, i.e., when water is present, component B will
be taken as a pseudocomponent formed by AOT and W; some
authors8b refer to this pseudocomponent as the “micellar matter”.
The relevant thermodynamic quantity is the associational part

of the apparent molar heat capacity of the alcohol, which is
experimentally obtained from

whereφc is the measured apparent molar heat capacity of the
alcohol in the mixture (A+ B + I) and lim φc

b(x1f0) is the
infinite-dilution value (obtained by extrapolation to zero alcohol
concentration) of the alcohol apparent heat capacity in the

alcohol+ inert solvent (A+ I) binary mixture. This infinite-
dilution limit represents the contribution to the heat capacity of
the alcohol in the absence of any association,i.e., the so-called
physical contributions which are assumed to be independent of
alcohol concentration.φc(assoc) is given explicitly by the TK
model as13

where

In eq 2, the only cross associated species considered is the 1:1
complex A1B1 ) AB, which is characterized by the volumetric
equilibrium constant K11

æ and by the enthalpy change for the
formation of this species∆H°11, φ1 is the alcohol volume
fraction in solution,∆H° represents the alcohol self-association
enthalpy change corresponding to the formation of 1 mol of
H-bonds,Ki

æ are the volumetric equilibrium constants for each
A i species in solution, andφA is the volume fraction of the
alcohol in solution that is in the form of monomers. This
fraction is obtained as the closest root to zero of the mass
balance equation

which can be easily found using the Newton-Raphson numer-
ical method.18 In eqs 2-4, r1 is the ratio of molar volumes
V3/V1 andr ) V2/V1 when component 2 is AOT (R) 0) or r )
V2′/V1 when component 2 is the pseudocomponent AOT+ W
(R ) 10); in this case,V2′ ) xAOTVAOT + xWVW with xAOT +
xW ) 1.
It is also important to examine the infinite-dilution limit of

the associational part of the apparent molar heat capacity of
the alcohol in the ternary mixture,i.e., lim φc(assoc)(x1f0),
which corresponds to the situation where an alcohol molecule
is unable to self-associate with other alcohol molecules, but it
is able to form a complex with the proton acceptor molecules
of compound B. This limit can be experimentally obtained from
eq 1 as

and from the TK model, using eqs 2-4, as
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whereΩ*2 ) xB/(xB + (VB/VC)xC), with xB + xC ) 1, VB ) V2
for R ) 0 andVB ) V2′ for R ) 10, andVC ) V3 ) VnC10; as
such,Ω*2 is the volume fraction of B in the mixture B+ I. In
accordance with the experimental results from eq 5 (see section
IV), eq 6 predicts that a plot of limφc(assoc)(x1f0) against
Ω*2 must display a maximum occurring at

Equation 7 can then be used to evaluate from the experimental
Ω*2(max) and limφc(assoc)(max) values the∆H11 andK11

æ for
the alcohol-AOT association or complex formation. In prac-
tice, however, it is more convenient to obtain the∆H11 and
K11

æ parameters from a fit of eq 6 to the experimental results.

III. Experimental Section

Apparent molar heat capacitiesφc at 25 °C of a series of
1-alcohols (CmH2m+1OH withm) 1, 2, 3, 4, 6, 8, 12, and 16)
and 2-methylcyclohexanol (mixed isomers), 3-ethyl-3-pentanol,
and cholesterol were determined in mixtures of the type alcohol
+ (p wt % AOT + nC10) with R ) 0 and 10; here,p denotes
the weight percent of AOT in the binary (AOT+ nC10), for
both R ) 0 and 10. For methanol and 1-hexanol, the
measurements were done for differentp values as a function of
alcohol concentration (from extreme dilution up to 5 wt %,
except for those cases where the solubility of the alcohol is
lower). For all the other alcoholsp ) 5. Heat capacities for
the binary (AOT+ nC10) and the ternary (AOT+ W + nC10)
mixtures were also measured as a function of AOT concentra-
tion, at 25°C. In addition, the apparent molar heat capacities
of 1-hexanol in a 5 wt %solution of butanedioic acid 1,4-bis-
(2-ethylhexyl) ester (dioctyl succinate or DOS)+ nC10 were
determined as a function of alcohol concentration at 25°C. For
all alcohols, kinematic viscosities and DLS were measured at
25 °C for R ) 10 and p ) 13, as a function of alcohol
concentration. DLS was also measured for the ternary mixture
AOT + W + nC10 with R) 10 at 25°C. For all the mixtures
discussed in this work, heat capacity, kinematic viscosity, and
diffusion coefficients data can be found as Supporting Informa-
tion.
Materials. All materials were from Aldrich Chemical Co.

with a stated purity of at least of 99%. Water was doubly
distilled. AOT (C20H37NaO7S) was stored on P2O5 in a
desiccator. Its water content was determined periodically using
the Karl Fisher titration method; an average of 1.5 wt % of
water (R) 0.38) was found over a two-year period. In order
to avoid the slow hydrolysis of AOT+ W + nC10 solutions,19

all the measurements were done with freshly prepared samples.
Alcohols were stored over molecular sieves.
Procedure. Sample Preparation.Samples were prepared

by weight (Mettler AT-250). To obtain the desiredR ) 10
value, water was added to a AOT+ nC10 binary solution of
known concentration; different amounts of alcohol were then
added to this stock ternary solution to obtain the samples for
the heat capacity, density, viscosity, and DLS measurements.
For theR) 0 case, known amounts of alcohol were added to
an AOT+ nC10 binary mixture. The lowestRvalues for which
AOT reverse micelles have been detected are (i) 0.7( 0.2, using

small angle neutron scattering andnC10 as solvent,7 and (ii)
between 4.0 and 5.0 using heat capacity measurements in
cyclohexane.8a Hence, the AOT water content reported above
is not enough to form reverse micelles, and we can consider
that in ourR ) 0 samples (strictly,R ) 0.38) AOT is free or
randomly dispersed in the solution. On the other hand, since
the reported6 critical micelle concentration (cmc) for AOT in
nC10 (0.045 wt % atR) 30 by X-ray scattering) is much lower
than the smallest AOT concentration used here (p) 0.27 wt %
for the case of AOT+ W + nC10 andp ) 0.21 wt % when an
alcohol was added), all our measurements withR ) 10 are in
the concentration region where reversed micelles are present.
The estimated uncertainty in the quoted concentrations (wt %)
is less than 0.02. The ternary reverse micelles mixtures (AOT
+ W + nC10) used in this work are located in the oil-rich region
of the phase diagram,20 as indicated in Figure 1.
Determination of the Heat Capacities and Calculation ofφc.

Volumetric heat capacities were measured using a Picker flow
microcalorimeter (Sodev Inc., Canada) with the procedures
described in the literature.21 The volumetric heat capacities were
converted into molar heat capacities using densities obtained
with a vibrating-cell densimeter (Sodev Inc., Canada). For very
dilute alcohol concentration, the heat capacity of the solutions
was determined usingnC10 as the reference liquid (C°p,nC10 )
314.42 J K-1 mol-1 from ref 22); for more concentrated
solutions, the previous less concentrated solution was employed
as reference. The reproducibility of theφc results under
nominally identical experimental conditions was better than 10
J K-1 mol-1; this represents between 1.5 and 4% of theφc value,
depending on the system.
The measured heat capacity data allow the calculation of

several different apparent molar heat capacitiesφc. For instance,
for the quaternary solutions alcohol+ (AOT + W + nC10), it
is possible to calculateφc for the alcohol orφc for the assembly
[alcohol-AOT-W] or φc for the assembly [AOT-W], or for
other assemblies. In general, the expression to calculate the
apparent molar heat capacity of a single component or assembly
R is

whereCp
sol is the measured heat capacity andxR + xâ ) 1.

Depending on the choice forR, xR, xâ, and Cp,â represent
different quantities. The cases of interest in this work are as

lim φc(assoc)(x1f0))

(∆H11

T )2 1R K11
æ Ω*2/(1+ r)

[1 + (K11
æ Ω*2)/(1+ r)]2

(6)

Ω*2(max)) (1+ r)/K11
æ and

lim φc(assoc)(max)) ∆H11
2 /4RT2 (7)

Figure 1. Phase diagram for AOT+ W + nC10 taken from ref 20.
The slashed line (a) in the oil-rich region indicates theR) 10 water-
AOT molar ratio.

φc,R ) (Cp
sol - xâCp,â)/xR (8)
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follows: (i) for the binary mixtures AOT+ nC10, R ) AOT
and henceâ ) nC10, (ii) for the ternary mixtures AOT+ W +
nC10, R ) AOT-W and henceâ ) nC10, (iii) for the ternary
mixtures alcohol+ AOT + nC10, R ) alcohol and henceâ )
AOT-nC10, and (iv) for the quaternary mixtures alcohol+ AOT
+ W + nC10, R ) alcohol and henceâ ) AOT-W-nC10. For
cases (iii) and (iv),Cp,â was measured usingnC10 as the
reference liquid.
It is important to note that studying AOT reverse micelles

systems, some authors8 have elected to study the behavior of
the apparent molar heat capacity of the micellar matter MM,
i.e., of the assembly AOT-W, given by

wherec andc0 are the specific heat capacities (J K-1 g-1) of
the solution and the solvent, respectively,m is the molality of
AOT in nC10, andM the molar mass of the micellar matter
calculated asM ) MAOT + RMW. When an alcohol is added,
i.e., for the quaternary mixtures studied here, eq 9 can also be
used withM ) MAOT + RMW + R′MOH, whereMOH is the molar
mass of the alcohol andR′ ) [OH]/[AOT] is the alcohol-AOT
molar ratio. Through algebraic manipulation of eq 8 and 9, it
can be shown thatφc,R ) φc

MM/(1 + R) andφc,R ) φc
MM/(1 +

R + R′) with R ) AOT-W for the ternary and quaternary
solutions, respectively. It appears then that the quantitiesφc,R
andφcMM are proportional to each other, and either eq 8 or 9
can be used to study the behavior of the micelar matter in the
presence and absence of alcohol molecules.
Determination of Kinematic Viscosities.Dynamic viscosities

of the same samples used for the DLS measurements were
determined at 25°C with a Canon Fenske viscometer. These
dynamic viscosities were converted into kinematic viscosities
through density data obtained as described above.
Dynamic Light Scattering Measurements.DLS was used to

determine thez-averaged translational diffusion coefficient and
the corresponding hydrodynamic radius of the reversed micelles.
In our experimental configuration, laser light is produced by
an argon-ion laser (Spectra Physics 2060-4S, Mountain View,
CA), operating at a wavelength of 514.5 nm. The laser beam
is focused in the center of a round cuvette containing the sample,
at 30° from the detection direction. Cuvettes, scrupulously
cleaned, containing a few milliliters of doubly filtered (0.22
µm filters, Millipore) freshly prepared solutions are immersed
in a temperature controller circular water bath, placed in the
scattering area. The temperature is kept constant at 25( 0.1
°C, with the aid of a controller (Tronac PTC-41, Canada).
Temperature measurements are done with a resistance ther-
mometer (Cole-Parmer 8502-16). The solid angle subtended
by the scattering volume and the photomultiplier is optimized
for dynamic light scattering by mounting two 600-µm pinholes
in the optical detection system. Dispersed light is detected with
a photomultipler (THORN EMI 9863/100, England), and
electrical signals are preamplified and shaped with a preampli-
fier/discriminator (ALV/PM-PD, Germany). Counts per second
and correlation functions were obtained by a multiple-tau digital
correlator (ALV-5000, Germany). Light scattering measure-
ments were obtained after at least 20 min of thermal stabilization
for the samples. Typical scattering times were 10 min at about
∼75 mW incident power. DLS measures the intensity fluctua-
tions that occur over short time intervals due to the Brownian
motion of the micelles in solution. The time behavior of these
fluctuations is described quantitatively by the intensity auto-
correlation function. The measured normalized intensity auto-
correlation function,g2(q,t), was related to the normalized field

autocorrelation functiong1(q,t) using the Siegert relation,23 g2-
(q,t) ) 1 + B[g1(q,t)]2. Here,q ) 4πη/λ0sin(θ/2) is the wave
vector in the scattering event,n is the refractive index,λ0 is the
incident wavelength in vacuum,θ is the scattering angle, and
B is a characteristic of the optical detection system. The time
constants were obtained fitting the correlation functions, using
the method of cumulants developed by Koppel.24

In the high-dilution limit, the diffusion coefficient of spherical
particles suspended in a solvent can be related to their radiusr
through the Stokes-Einstein relationD ) kbT/(6πηr); here,kb
is the Boltzmann constant,T is the absolute temperature, andη
is the viscosity of the solvent. We tested our DLS equipment
and technique with certified polystyrene microspheres of 96(
3 nm diameter (Duke Scientific Co., CA) in aqueous solution.
We obtained the diffusion coefficient (q ) 2.3× 107 m-1) at
infinite dilution and, through the Stoke-Einstein relation, the
radius of the microspheres, which was within the certified
uncertainty. We also tested our procedure measuring reverse
micelles in microemulsions formed by AOT+ W + nC10 atR
) 41.2 and 25°C, where Dozieret al. have reported light
scattering measurements.5b In this case, the diffusion coefficient
D is given by

whereki are constants and the volume fractionφ′ ) 1 - (Vs/
Vm), with Vs being the volume of the solvent added to make a
total volumeVm of microemulsion. We measuredD(φ′) and
obtained aD0 limiting value; from these data, we obtained a
hydrodynamic radius of the reverse micelles that agreed, within
the experimental error, with that reported in ref 5b.

IV. Results and Discussion

AOT + Water + n-Decane Systems (R ) 0 andR ) 10).
Dynamic Light Scattering.Using the procedures described
above, DLS was determined for AOT+ W + nC10 with R )
10. Employing eq 10, we obtainedD0 ) 4.61× 10-11 m2 s-1

(q ) 9.23× 106 m-1) andk1 ) -28.8, giving a hydrodynamic
radius for the reverse micelles of 5.5× 10-9 m. This radius is
bigger than that obtained extrapolating Dozieret al’s values at
R) 24.7, 32.9, and 41.2.5b Due to the small water pool of the
micelles atR) 10, density fluctuations caused by the Brownian
motion of the micelles are difficult to detect with DLS,
particularly at high dilution; therefore, the limitingD0 value at
R ) 10 cannot be as precise as for largerR values. On the
other hand, the observed discrepancy between the measured and
extrapolated hydrodynamic radius values is consistent with the
fact that theR) 10 value we used here is within a small region
of R values where abnormalities in the behavior of some
properties have been observed by several workers using different
techniques; for example, (i) Eickeet al.25 found that between
R ) 6 and 12 the mean apparent molecular weights and the
proton NMR chemical shifts for AOT+ W + isooctane show
a clear change of slope; these results were interpreted in terms
of the possible existence of a so-called “transition” region
between a micellar state (where swelling is observed) and a
microemulsion domain with larger reverse micelles, and (ii)
Tanakaet al.26 found that the measured dielectric constant for
AOT + W + cyclohexane mixtures showed a maximum atR
) 5 and a minimum atR) 15; this abnormal dielectric response
has been attributed to a change in the polarity of the water pool,
revealing two differently structured reverse micelles. Our own
preliminary DLS results with AOT+ W + nC10 (not reported
here) show that the behavior ofD0 as a function ofR is also
abnormal: the linear increase ofD0 whenRdecreases found at

φc
MM ) Mc+

1000(c- c0)

m
(9)

D(φ′) ) D0(1+ k1φ′ + k2φ′ + ...) (10)
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largeR values changes atR= 20, whereD0 starts to decrease,
to reach a minimum atR= 14-18 and then to increase again
for smallerR values (with a steeper slope than that observed at
high R values). The verification of these results is certainly
important, and hence work in this direction is currently under
way.
Apparent Heat Capacities.The apparent molar heat capaci-

ties for free AOT in the mixture AOT+ nC10 (R) 0) and for
the assembly AOT-W in AOT + W + nC10 (R) 10) obtained
using eqs 8 and 9 are shown in Figure 2; for theR ) 0 case,
MM in eq 9 is only AOT, in hence eqs 8 and 9 give the same
result. For comparison, similar data from ref 8b innC10 and
from ref 8a in cyclohexane are also displayed. The agreement
between the data reported here and that from ref 8b forR) 10
is excellent. Figure 2 also shows that in this concentration
region the behavior of both free AOT and reverse micelles is
the same in both inert solvents. Note that the characteristic
peak inφc found for other surfactants at their cmc27 appears in
the presentR ) 10 system at an AOT concentration which is
much lower (AOT molality of 0.001) than those displayed in
Figure 2 (see ref 8a). As seen in Figure 2, adding water to the
AOT + nC10 system displaces theR ) 0 curve in different
directions depending on the way the apparent molar heat
capacity of the assembly AOT-W or micellar matter is
calculated; that is if eq 8 is employed, the curve is moved toward
lower values, while if eq 9 is used, it is moved to higher values;
both R ) 10 curves are related, as shown above, byφc,R )
φc

MM/(1 + R). This behavior follows from the different
definitions of the solute that are employed in eqs 8 and 9,
namely, an AOT molecule+ R water molecules for eq 9 and
an “average solute molecule” constituted by one AOT molecule
andRwater molecules for eq 8. Both definitions of the solute
are meaningful, but for the micellar matter case, eq 9 has a
more clear physical significance. This is clearly seen consider-

ing that the difference between theR ) 10 andR ) 0 curves
atm> 0.1 mol Kg-1 is an average value of 764 J K-1 mol-1,
which is very close to 750 J K-1, the heat capacity of 10 mol
of water; if the same simple calculation is done for the data at
R) 20 in ref 8b, the result is 1522 J K-1 mol-1, which again
is very close to 1500 J K-1, the heat capacity of 20 mol of
water. These observations have been done before8 and clearly
support the physical image of water being incorporated in the
hydrophilic micellar core. They also imply that the properties
of water in the reverse micelle core are close to those of bulk
water. This is surprising given that the maximum amount of
water bound to AOT corresponds25,28 to aR value of about 10;
that is nearly all of the water molecules atR) 10 are hydration
water.
Alcohol + AOT + Water + n-Decane Systems (R ) 0

and R ) 10). Dynamic Light Scattering and Kinematic
Viscosities. The measured diffusion coefficientsD and kine-
matic viscositiesη at 25°C as a function of alcohol concentra-
tion for the quaternary mixtures alcohol+ (p wt % AOT +
nC10) with R) 10 andp ) 13 are shown in Figure 3. At zero
alcohol concentrationD ) 2.28× 10-11 m2 s-1 (q ) 9.51×
106 m-1). For methanol, ethanol, hexanol, and hexadecanol
measurements were done up to an alcohol concentration that is
very close to their solubility in AOT+ W + nC10. Figure 3
indicates that there is a pronounced effect on the diffusion
coefficient for the micelles when different alcohols are added:
D decreases for the shortest chain alcohols methanol and ethanol,
remains practically without change for propanol, and increases
for butanol, the longer alcohols, and the branched alcohols. Note
that at low alcohol concentrations, the slope ofD with alcohol
concentration is very similar, but of opposite sign, for 1-hexa-
decanol and the three branched alcohols, and either methanol
or ethanol. Figure 3 also shows that the addition of methanol
or ethanol does not change the kinematic viscosity, whereas

Figure 2. Apparent molar heat capacities (b) at 25°C for free AOT
in the mixture AOT+ nC10 (R) 0) and for the assembly or micellar
matter AOT-W in AOT + W + nC10 (R) 10) using eq 8 (*) and eq
9 ([). ForR) 0, both equations give the same result. ForR) 10,
both curves are related as described in the text. For comparison, data
for AOT + W + nC10 (4) from ref 8b and for AOT+ cyclohexane
and AOT+ W + cyclohexane (0) from ref 8a are also shown.

Figure 3. Diffusion coefficientsD (a and b) and kinematic viscosities
η (c and d) for linear and branched alcohols at 25°C as a function of
alcohol concentration for the quaternary mixtures alcohol+ (13 wt %
AOT + nC10) with R) 10. Numbers in a and c represent the alcohol
carbon number. Branched alcohols in b and d are 2-methylcyclohexanol
(mixed isomers) (R), 3-ethyl-3-pentanol (â), and cholesterol (γ). Lines
are only to aid visualization.
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for the other linear and branched alcohols there is a strong
decrease ofη with alcohol concentration.
A hydrodynamic radiusrh of the reverse micelles in the

presence of alcohol can be estimated from the diffusion
coefficientsD(φ′) in eq 10, using the Stokes-Einstein relation
with the measured kinematic viscosities and densities of the
medium. The results are shown in Figure 4; it can be seen that
with increasing alcohol concentrationrh increases for methanol
and ethanol, remains practically constant for propanol, and
decreases for butanol, hexanol, hexadecanol, and the branched
alcohols. The changes onrh observed in Figure 4 are consider-
able since, for example, for methanolrh increasesca. 30% on
going from zero alcohol concentration to 0.85 wt % and
decreasesca. 60% for hexadecanol when the solution contains
1.78 wt % of the alcohol. A behavior as that seen in Figure 4
has been recently found11 using DLS at very low alcohol
concentrations (less than 0.5 wt %) for ethanol to nonanol in
microemulsions (R) 30) formed by AOT+ W + nC10; in ref
11, however,rh for propanol was found to increase with alcohol
concentration. For a given alcohol concentration, the behavior
of rh with alcohol carbon number and withR is also interesting.
This behavior is shown in Figure 4 using the present data (R)
10) and that in ref 11 (R ) 30) and ref 10 (R ) 20). As a
function of the alcohol carbon number, for eachR ratio,rh values
are close for the shorter alcohols (methanol to propanol) and
then decrease markedly on going to the longer ones, whererh
is again practically constant or increases slightly. On the other
hand, for any given alcohol at the same (or very close)
concentration,rh increases withR. It appears then that, on going
from a micellar domain (R) 10) to a microemulsion region (R
) 30), the size of the reverse micelles increases, but their
behavior with alcohol concentration or carbon number is
qualitatively the same.

The swelling and shrinkage of the reversed micelles in the
presence of short and long alcohols, respectively, together with
the behavior of the kinematic viscosities strongly suggest that
methanol and ethanol are trapped in the water pool of the reverse
micelles, while the other linear and branched alcohols are
dispersed in the surrounding solvent and probably also incor-
porated into the micellar shell. This is consistent with the
solubility behavior of alcohols in water and innC10; that is
methanol and ethanol are soluble in water and sparingly soluble
in nC10, while for the other alcohols the situation is the contrary.
In fact, at a given AOT concentration, it is possible to solubilize
more methanol whenR ) 10 than whenR ) 0, i.e., when
reverse micelles are present. The above conclusions from the
DLS measurements are helpful in the analysis of the heat
capacity data that follows.
Alcohol Apparent Heat Capacities.Despite the success of

eq 9 of giving a clear physical picture of the behavior of the
AOT-W asembly or micellar matter, when an alcohol is added,
the use of eq 8 is more convenient. The choiceR ) alcohol in
eq 8 is based on two main considerations; namely they enable
us (i) to relate the present results with the situation in other
systems, namely, self-association of alcohols in inert sol-
vents14,15,29,30and self-association and complex formation in
alcohol+ proton acceptor+ inert solvent mixtures,13,16 and
(ii) to reach one of the goals of the present work,i.e., to study
the interactions of alcohol-reverse micelles through the knowl-
edge of the behavior of the alcohol in the micellar solution.
The association part of the apparent molar heat capacityφc-

(assoc) for 1-hexanol as a function of alcohol concentration in
the mixtures alcohol+ (p wt % AOT + nC10) with R) 0 and
10 and severalp values are shown in Figure 5. These
experimentalφc(assoc) were obtained using eqs 1 and 8. Note
that the limitingφc(assoc) values go through a maximum as a
function of AOT concentration. For comparison, in Figure 5
the alcoholφc(assoc) for 1-hexanol+ nC10 from ref 15b is also

Figure 4. Hydrodynamic radiusrh of the reverse micelles in the
presence of linear alcohols (a) and branched alcohols (b). Numbers in
a represent the alcohol carbon number. Branched alcohols in b are
2-methylcyclohexanol (mixed isomers) (R), 3-ethyl-3-pentanol (â), and
cholesterol (γ). The behavior ofrh with alcohol carbon number and
R, at constant alcohol concentration, is shown in c. Data forR ) 10
are from this work, forR) 20 from ref 10, and forR) 30 from ref
11. ForR) 10 and 30, the alcohol concentration is 0.4 wt %; forR
) 20, the alcohol concentrations are (wt %) 0.46 for methanol, 0.65
for ethanol, 0.84 for propanol, 1.0 for butanol, and 1.38 for 1-hexanol.
Lines are only to aid visualization.

Figure 5. Associational part of the apparent molar heat capacity of
1-hexanol at 25°C as a function of alcohol concentration for mixtures
alcohol+ (p wt % AOT + nC10) with R ) 0 and 10. ForR ) 0, p
values are 0.0 (a), 0.48 (b), 2.02 (c), 5.05 (d), 10.25 (e), and 16.29 (f).
ForR) 10,p values are 0.0 (a), 2.2 (b), 5.30 (c), 10.14 (d), and 15.05
(e). Data forp ) 0.0, i.e., for the binary 1-hexanol+ nC10, are from
ref 15b. Lines are only to aid visualization.
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shown. For this binary mixture,φc(assoc) shows a maximum
which is a reflection of the high degree of structure or
organization, produced by the formation of multimers, that takes
place at low 1-hexanol concentrations.15b In Figure 5,φc(assoc)
increases rapidly, corresponding to the formation of structure
caused by the coming together of 1-hexanol molecules over long
distances to form multimers; with further increase in concentra-
tion φc(assoc) decreases because alcohol molecules must come
together to form multimers over shorter distances; that is, the
entropy decrease produced by the formation of a multimer is,
at these concentrations, smaller than that occurring in the more
dilute region. When AOT is added, either in free form (R )
0) or forming reverse micelles (R) 10), the alcoholφc(assoc)
is seen in Figure 5 to decrease markedly until for highp values
the maximum disappears. This behavior is identical to that
found when a nonsurfactant proton acceptor is added to an
alcohol-hydrocarbon mixture. In ref 13φc(assoc) was mea-
sured as a function of alcohol concentration for ternary solutions
of the type 1-hexanol+ (methyl acetate+ n-dodecane); here,
as the concentration of methyl acetate (MA) increased, the
maximum inφc(assoc) decreased and moved to higher 1-hexanol
concentrations,i.e., the same behavior seen in Figure 5. The
decrease and displacement ofφc(assoc) was shown to be due
to the formation of a 1:1 complex between MA and 1-hexanol,
i.e., to the formation of a H-bond between the carbonyl group
in MA and the hydroxyl group in the 1-alcohol. The formation
of this new species in solution competes with the formation of
self-associated species, and as a resultφc(assoc) decreases. This
competition can be “tuned” by changing the amount of proton
acceptor used in the ternary mixture; the more proton acceptor
molecules present, the larger the number of complexes formed
and the more pronounced theφc(assoc) drop. Hence, the
behavior ofφc(assoc) for the present systems for bothR ) 0
and 10 must be attributed to the formation of a complex between
1-hexanol and AOT which acts as a proton acceptor. The scale
used in Figure 5 to showφc(assoc) at different AOT concentra-
tions orp values makes difficult the comparison between theR
) 0 and 10 cases. Figure 6 showsφc(assoc) using a wider scale
for three p values. It is seen that forp ) 2 φc(assoc) is
independent ofR; at this AOT concentration, few AOT
molecules are available to interact with the alcohol to form a
complex, and hence the self-association of 1-hexanol is the
dominant effect. At higherp values in Figure 6φc(assoc) is
smaller when the system contains reverse micelles than when
AOT molecules are freely dispersed in the hydrocarbon media.
The further decrease ofφc(assoc) from the corresponding
1-hexanol+ nC10 curve forR) 10 indicates that when reverse
micelles are present, either there are more 1-hexanol/AOT
complexes formed or, alternatively, there are less complexes,
but with a more severe decrease of the association entropy. The
application of the TK model to the data in Figures 5 and 6, and
to the corresponding data for all other alcohols used here, will
enable us to distinguish between these two alternatives (see
below).
The chemical structure of AOT indicates that the alcohol-

AOT complex might be formed through a hydrogen bond
between the hydroxyl group of the alcohol and the carbonyl
group of AOT and/or via a strong hydroxyl-polar head
interaction. In order to try to distinguish between these two
possibilities, Figure 7 shows the measuredφc(assoc) for 1-hex-
anol+ (5 wt % DOS+ nC10) and compare these data with that
for 1-hexanol+ nC10 and for 1-hexanol+ (5 wt % AOT +
nC10), i.e., theR ) 0 case. DOS is an interesting compound
whose dielectric properties in cyclohexane have been carefully
compared with those of AOT31 and whose chemical structure

is very similar to that of AOT, the difference being that DOS
lacks the SO3Na group present in AOT. The comparison
between the curves in Figure 7. indicates that DOS and AOT
behave quite differently: while for AOT theφc(assoc) maximum
has almost disappeared, for DOS this maximum is preserved

Figure 6. Associational part of the apparent molar heat capacity of
1-hexanol at 25°C as a function of alcohol concentration for mixtures
alcohol+ (p wt % AOT + nC10) with R ) 0 and 10. ForR ) 0, p
values are 2.02 (a), 10.25 (b), and 16.29 (c). ForR) 10,p values are
2.2 (a), 10.14 (b), and 15.05 (c). Lines are only to aid visualization.

Figure 7. Associational part of the apparent molar heat capacity of
1-hexanol at 25°C as a function of alcohol concentration for mixtures
1-hexanol+ (5.05 wt % AOT+ nC10) (0), and 1-hexanol+ (5.3 wt
% DOS+ nC10) (4). For comparisonφc(assoc) data for the binary
1-hexanol+ nC10 (9) from ref 15b are also shown. DOS is dioctyl
succinate. Lines are only to aid visualization.
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and its limitingφc(assoc) is much smaller than in the AOT case.
The decrease ofφc(assoc) from the 1-hexanol+ nC10 case to
the DOS case is due to the formation of H-bonds between the
hydroxyl group in 1-hexanol and the COO group in DOS, which
acts as a proton acceptor. Hence, the difference between the
AOT and DOS curves is due to the hydroxyl-SO3 interaction,
which is clearly dominant. It appears then that, in agreement
with the findings in ref 9, the alcohol-AOT complex is most
probably formed via the interaction of the hydroxyl group in
the alcohol and the ionic head of AOT.
Application of the TK Model.In the TK model described

above there are two parameters,K11
æ and∆H°11, characterizing

the formation of a 1:1 alcohol-AOT complex. These two
parameters can be obtained, in the cases of methanol and
1-hexanol, from a fit of eq 6 to the experimental limφc(assoc)-
(x1f0) data from eq 5 and reported in Table 1. In using eq 5,
the lim φc were obtained through extrapolation to zero alcohol
concentration, and the limφc

b(x1f0) were from ref 15b. The
results of the fitting are given in Table 3. Here, the necessary
molar volumes and molar volume ratios employed by the TK
model are given in Table 2. Figures 8 and 9 show for these
two alcohols the experimental limitingφc(assoc) values and the
TK model curves. Clearly, the TK model is able to describe
correctly the experimental behavior of the limφc(assoc)(x1f0).
The increase in the limitingφc(assoc) with increasing AOT
concentration corresponds to an increase in the probability that
an alcohol molecule at infinite dilution should be complexed
with AOT. With further increase of AOT, the limitingφc(assoc)
decreases, since the possibility of the complex being destroyed
on raising the temperature is smaller. For both alcohols, the
K11

æ value forR ) 0 is bigger than forR ) 10, implying that
when reverse micelles are present there are less alcohol-AOT
complexes in the mixture. TheseK11

æ values together with the
corresponding∆H°11 values indicate a larger entropy decrease
for the formation of alcohol-AOT complexes whenR ) 10,
producing a smallerφc(assoc) in Figure 6. The more negative

entropy of complex formation forR) 10 might be due to the
alcohol molecules penetrating the micellar shell to associate with
the AOT molecules. The localization of the hydroxyl group of
the alcohols in the micellar interface has also been used to
interpret fluorescence intensity data of indoleacetate anions
incorporated into AOT reverse micelles.32

The association part of the alcohol apparent molar heat
capacitiesφc(assoc) is given in the TK model by eq 2. The
self-association volumetric equilibrium constantsKi

æ (i )
2-4) and the enthalpy of the alcohol-alcohol hydrogen bond,
∆H°, were obtained previously15b using the TK model in
studying the self-association of alcohols in inert solvents. In
ref 15b, it was found that tetramers were by far the predominant

TABLE 1: Alcohol Limiting Apparent Molar Heat
Capacities (in J K-1 mol-1) at 25 °C for Methanol and
1-Hexanol in Mixtures Alcohol + (p wt % AOT + nC10)
with R ) 0 and 10

methanol
R) 0

methanol
R) 10

p lim φc(assoc) p lim φc(assoc)

1.05 137( 16 0.21 128( 37
2.03 176( 11 0.43 134( 27
2.54 201( 11 0.51 246( 20
3.04 191( 15 1.24 281( 16
3.04 190( 11 1.60 242( 10
3.60 257( 12 1.91 190( 11
3.77 206( 12 2.35 188( 19
5.00 214( 14 3.55 157( 10
6.22 179( 11 4.33 141( 10
7.50 144( 11 7.27 105( 12
10.28 144( 11 13.04 101( 12
13.25 142( 12

1-hexanol
R) 0

1-hexanol
R) 10

p lim φc(assoc) p lim φc(assoc)

0.48 19( 20 2.16 106( 11
2.02 106( 16 2.20 125( 11
5.05 176( 13 3.01 133( 11
10.25 164( 10 3.79 152( 11
16.29 132( 10 5.30 144( 10

8.62 133( 11
10.14 130( 11
11.34 142( 10
15.05 109( 11

TABLE 2: Molar Volumes of the Pure Alcohols (in cm3

mol-1) and Molar Volume Ratios Employed by the TK
Model at 25 °C

alcohol V
ra

R) 0
rb

R) 10 r1c rAd

methanol 40.74e 9.75 1.29 4.81 1.00
ethanol 58.67e 6.77 0.89 3.34 1.44
1-propanol 75.16f 5.29 0.70 2.61 1.85
1-butanol 91.92e 4.32 0.57 2.13 2.26
1-hexanol 125.37e 3.17 0.42 1.56 3.08
1-octanol 158.51f 2.51 0.33 1.24 3.89
1-dodecanol 224.63e 1.77 0.23 0.87 5.52
1-hexadecanol 292.22e 1.36 0.18 0.67 7.18
3-ethyl-3-pentanol 138.41g 2.87 0.38 1.42 3.40
2-methylcyclohexanol 123.28h 3.22 0.43 1.59 3.03
cholesterol 359.58i 1.10 0.15 0.54 8.83

a r ) VAOT/Valcoholwith VAOT ) 397.32 cm3 mol-1 from ref 37.b r )
V′AOT/Valcohol with V′AOT ) xAOTVAOT + xWVW ) 52.48 cm3 mol-1. c r1
) Vn-decane/Valcoholwith Vn-decane) 195.52 cm3 mol-1 from ref 15b.d rA
) Valcohol/40.74 andrB ) VAOT/40.74) 9.75 forR) 0 andrB ) V′AOT/
40.74) 1.29 forR) 10. eFrom ref 15b.f From ref 38.g From ref 29.
h From ref 30b (mixed isomers).i From ref 14.

Figure 8. Experimental limφc(assoc)(x1f0) at 25°C (from Table 1)
for 1-hexanol in the mixtures 1-hexanol+ AOT + nC10 with R ) 0
and 10 againstΩ*2, the volume fraction of AOT in the AOT+ nC10

mixture (R) 0) and the volume fraction of AOT+ W in the AOT+
W + nC10 mixture (R) 10). Solid lines are a fit to the experimental
data using the TK model, namely, eq 6, producing the alcohol-AOT
complex formation parameters given in the text. Dotted lines are
calculated using eq 6 with the parameters given in Table 3.
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species, and hence the use of only threeKi
æ equilibrium

constants is justified. Using the TK self-association parameters
from ref 15b and the above reported values forK11

æ and∆H°11
for 1-hexanol, Figure 10 shows the predictedφc(assoc) from
eq 2 as a function of alcohol concentration forR ) 0 and 10.
The predictions are excellent, considering that forp * 0 the
TK curves in Figure 10 were calculated using the complex
formation parameters fitted to only the limitingφc(assoc) values,
and the self-association parameters fitted to the binary mixture
1-hexanol+ inert solvent. It appears then that the TK model
is able to describe properly the alcohol-AOT interactions, as
seen by heat capacity measurements, in the presence or absence
of reverse micelles. In agreement with experiment, at the same
p value in Figure 10φc(assoc) is predicted by the TK model to
be smaller forR) 10 than forR) 0. ForR) 10 and in the
absence of alcohol, the AOT concentration in the media,i.e.,
the AOT not forming part of any micelle, is equal to its cmc
value; since this cmc is very low, when the alcohol is added
the smallerφc(assoc) forR ) 10 in Figure 10b can only be
explained if some AOTmolecules are displaced from the micelle
toward the bulk solution to complex with the alcohol.
The number of experiments that are necessary to produce a

collection of points as those seen in Figures 8 and 9 is very
large. In order to study more alcohols, as reported above,φc-
(assoc) was obtained for a series of alcohols at a singlep value
(5 wt %) andR ) 0 and 10. Using eq 2, with the self-
association parameters from refs 15b and 28,K11

æ and ∆H°11
were fitted to theφc(assoc) data as a function of alcohol
concentration. The results are given in Table 4. In order to
compare the two procedures to obtain the alcohol-AOT
thermodynamic parameters, both were applied to the 1-hexanol
case. With the parameters obtained from thep) 5 fitting (see
Table 4), the limitingφc(assoc) at anyp value were calculated
using eq 6 and are shown in Figure 8. It can be seen that the

two fittings are equivalent for bothR) 0 and 10. Hence, the
thermodynamic parameters characterizing the 1-alcohol and
branched alcohol-AOT complexes are those displayed in Table
4.
Heat Capacities of Transfer.From the data in Table 1 or

the TK curves in Figures 8 and 9, it is possible to obtain the

Figure 9. Experimental limφc(assoc)(x1f0) at 25°C (from Table 1)
for methanol in the mixtures methanol+ AOT + nC10 with R) 0 and
10 againstΩ*2, the volume fraction of AOT in the AOT+ nC10

mixture (R) 0) and the volume fraction of AOT+ W in the AOT+
W + nC10 mixture (R) 10). Solid lines are a fit to the experimental
data using the TK model, namely, eq 6, producing the alcohol-AOT
complex formation parameters given in the text.

Figure 10. TK model predictions (continuous lines) for the associa-
tional part of the apparent molar heat capacity of 1-hexanol at 25°C
as a function of alcohol concentration for mixtures alcohol+ (p wt %
AOT + nC10) with R) 0 and 10. The predictions were done using eq
2 with the alcohol-AOT complex formation parameters fitted to only
the limiting φc(assoc) in Table 1 (values given in the text), and the
self-association parameters from ref 15b. ForR) 0, p values are 0.0
(a), 0.48 (b), 2.02 (c), 5.05 (d), 10.25 (e), and 16.29 (f). ForR) 10,
p values are 0.0 (a), 2.2 (b), 5.30 (c), 10.14 (d), and 15.05 (e). Data
for p ) 0.0, i.e., for the binary 1-hexanol+ nC10 are from ref 15b.

TABLE 3: Volumetric Equilibrium Constants and
Enthalpies (in kJ mol-1) at 25 °C for Methanol-AOT and
1-Hexanol-AOT Complex Formationa

alcohol
K11

æ

R) 0
-∆H11

R) 0
K11

æ

R) 10
-∆H11

R) 10

methanol 473( 25 24.1( 0.3 261( 21 27.0( 0.5
1-hexanol 90( 12 22.3( 0.5 27( 3 20.8( 0.3

aObtained from a fit of eq 6 to the data in Table 1.

TABLE 4: Volumetric Equilibrium Constants and
Enthalpies (in kJ mol-1) at 25 °C for Alcohol-AOT
Complex Formationa

alcohol
K11

æ

R) 0
-∆H11

R) 0 σb
K11

æ

R) 10
-∆H11

R) 10 σb

methanol 520 25.6 8.4 269 26.8 3.9
ethanol 474 23.9 47.7 251 31.8 12.9
1-propanol 430 27.6 19.8 75 23.8 7.2
1-butanol 280 26.4 17.6 71 23.7 6.2
1-hexanol 175 23.4 6.1 30 21.5 7.0
1-octanol 24 20.7 6.4
1-dodecanol 150 24.3 7.5 23 21.3 8.7
1-hexadecanol 150 24.3 11.6 11 21.2 16.0
2-methylcyclohexanolc 74 21.2 3.0 10 20.0 6.8
3-ethyl-3-pentanol 23 22.4 5.4 5 21.9 3.4
cholesterol 42 24.7 17.8 4 18.8 30.6

aObtained from a fit of eq 2 toφc(assoc) data atp ) 5. b Standard
deviation of fit in J K-1 mol-1. cMixed isomers.
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so-called heat capacity of transfer∆Cp
t as

which represents the change in heat capacity when an alcohol
molecule, at infinite dilution, is transfered from a solution where
AOT is freely dispersed in the inert solvent to a mixture
containing reverse AOT micelles. On purely thermodynamic
grounds,33 the enthalpy of transfer∆Ht is expected to be
posisitve for an order-destroying process,i.e., for a transfer that
reduces structure in the system and increases its entropy; since
order falls with increasing temperature at constant pressure
∆Cp

t ) [δ∆Ht/δT]p must be negative for such a process.
Using eqs 6 and 11 with theK11

æ and∆H°11 values given above,
the ∆Cp

t for methanol and 1-hexanol as a function of AOT
concentration can be calculated and are shown in Figure 11.
For 1-hexanol in Figure 11,∆Cp

t < 0 at all AOT concentra-
tions, suggesting that this alcohol partially disorders the AOT
micelles. As discussed above, this order-destroying process
occurs through (i) the withdrawal of some AOT molecules from
the micellar shell to form hexanol-AOT complexes in the
surrounding inert media and (ii) the penetration of 1-hexanol
to the micellar shell, with its hydroxyl group directed toward
the water pool and with its hydrophobic tail parallel to those of
AOT, allowing the alcohol-AOT complex to be formed. Both
these mechanisms increase micelle curvature, promoting the
formation of smaller micelles (but more since the water content
is kept constant), rendering a smaller diffusion coefficient and
hydrodynamic radius as obtained from the DLS results (Figure
4) and predicted from a molecular geometry point of view.4,34

The above conclusions for 1-hexanol can be extended to butanol
and longer alcohols. It appears then that for these alcohols the
alcohol-AOT complex is formed both in the micelle and in
the surrounding media, establishing an equilibria where alcohol
molecules must be constantly interchanging between the two
locations.
For methanol,∆Cp

t > 0 at low AOT concentration, implying
that the introduction of this alcohol decreases the entropy of

the system. This is consistent with the conclusion from the
DLS results, namely, that methanol molecules place themselves
in the micelle water pool. Additional evidence for this
conclusion can be obtained considering the transfer of methanol,
at infinite dilution, from the situation where it is surrounded by
an inert solvent (equivalent to theR ) 0 case at low AOT
concentration) to the situation where it is surrounded by water
molecules (equivalent to theR ) 10 case). Using the data in
refs 15b and 35, this∆Cp

t ) 156 - 72 ) 84 J K-1 mol-1;
clearly, the sign and magnitude (see Figure 11) of this∆Cp

t

support the conclusion that atR ) 10 the added methanol is
located in the water pool. In Figure 11, for methanol at higher
AOT concentrations∆Cp

t < 0; that is, in this concentration
region, methanol has a disordering effect in the micelle. This
can be understood considering the transfer of methanol, at
infinite dilution, from the situation where it is surrounded by
an inert solvent to the situation where it is surrounded by proton
acceptor molecules such as methyl acetate which have the same
COO group as AOT. From the data in refs 15b and 16, this
∆Cp

t ) 16 - 72 ) -56 J K-1 mol-1, in agreement with the
sign and magnitude seen in Figure 11. This result suggests that
at high AOT concentrations methanol molecules in the water
pool complex with the AOT molecules in the micellar shell.
The probability of a methanol molecule being at the border of
the water pool increases as the micelle size decreases, and
according to Figure 11, this size reduction must occur as the
concentration of AOT increases (forΩ*2 > 0.025). This
decrease has in fact been experimentally reported in ref 7 atR
) 30 and corroborated by our own DLS experiments (not
reported here). That the micelle size decreases as the concen-
tration of AOT increases is, however, a controversial issue since
other authors36 have found that droplet size, in cyclohexane,
toluene, and chlorobenzene at several fixedR values (Re 10),
is independent of AOT concentration. The overall results in
Figure 11 for methanol indicate that theK11

æ and∆H°11 values
for this alcohol (and for ethanol) atR) 10 in Table 4 are only
truly meaningful atΩ*2 > 0.025 since at lower AOT concen-
trations these two alcohols are interacting mainly with water.
In this context, propanol appears to be a limiting case between
the behavior of methanol and ethanol and that for butanol and
longer alcohols.
Fundamental Equilibrium Constants.The volumetric equi-

librium constantsK11
æ in Table 4 for the different alcohols

interacting with AOT depend on the size of the molecules
involved. This dependence is shown in Figure 12a forR ) 0
and 10. A similar dependence was found previously9 using IR
spectroscopy and carbon tetrachloride as solvent. These volu-
metric equilibrium constants can be transformed into a unique
more fundamental or intrinsic equilibrium constantK11, which
is independent of molecular size and describes the association
between the hydroxyl group in the alcohol and the ionic head
of the AOT molecule. This can be achieved15b,16using the Flory
lattice theory giving

whererA andrB are the number of segments in the alcohol and
the proton acceptor molecules, respectively, given in Table 2
and defined by dividing the molar volumes by the molar
segmental volume, which, as in refs 15b and 16, is taken as the
molar volume of methanol (40.7 cm3 mol-1). In eq 12,ω is
the flexibility parameter for the complex andz is the lattice
coordination number, taken as in ref 15b to be 1.69 and 10;σA
and σB are symmetry numbers for the alcohol and AOT

Figure 11. Heat capacity of transfer for methanol and 1-hexanol, at
infinite dilution, againstΩ*2 at 25°C. The transfer is from a mixture
without AOT micelles (R) 0) to a mixture with reverse AOT micelles
(R) 10). Curves were calculated using eqs 6 and 11 with the alcohol-
AOT complex formation parameters given in the text.

∆Cp
t ) lim φc(assoc)(x1f0)[R)10]-

lim φc(assoc)(x1f0)[R)0] (11)

K11
æ ) K11(rA

-1 + rB
-1)

σAσB

σAB
(ω2

z ) (12)
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molecules taken equal to 2, butσAB ) 1, reflecting the
asymmetry of the complex. Equation 12 then translates the
intermolecularK11

æ into the intergroup equilibrium constant
K11, through the molecular chain lengthsrA and rB, reflecting
the entropy lowering involved in localizing the hydroxyl group
(OH) in the alcohol and the ionic head groups in AOT, to form
an OH-SO3 interaction. Equation 12 is tested in Figure 12b
through a plot of theK11

æ values in Table 4 against (rA-1 +
rB-1) from the data in Table 2. Reasonable agreement is
indicated by the straight lines (only 1-alcohols taken) with
slopes given byK11(σAσBω2/σABz) ) 510 forR) 0 and 51 for
R ) 10. Figure 12b shows that in the absence or presence of
reverse micelles the 1-alcohol/AOT complex has different
thermodynamic parameters; each of these two sets of parameters
are independent of the alcohol (and AOT) molecular size. For
R ) 10, methanol and ethanol clearly do not follow the same
behavior shown by the rest of the linear alcohols; this is due to
these alcohols being trapped in the micelle water pool as the
light scattering results suggested. Using the above values for
the slopes in Figure 12b and the several parameters in the Flory
lattice theory together with an average value for the enthalpy
of complex formation from Table 4 (methanol and ethanol
excluded forR) 10), the thermodynamic parameters character-
izing the linear alcohol-AOT complex are forR ) 0

and forR ) 10 (for propanol and longer 1-alcohols)

The values in eqs 13 and 14 must be taken as tentative, since
in applying the TK model to the experimental data only a 1:1
complex has been considered, while, in principle, more than
one alcohol molecule might be complexed with a given AOT
molecule that possesses two COO groups and an ionic head.
From the∆G°11 (or K11) values in eqs 13 and 14, it is clear that
the formation of alcohol-AOT complexes is less favorable in
the presence of micelles. The results in eqs 13 and 14 for
∆H°11 and∆S°11 can be understood in the following way: (i) the
∆H°11 value indicates that the alcohol-AOT interaction is
weaker when AOT is forming micelles (|∆H°11|R)10 <
|∆H°11|R)0) as a consequence of the fact that in the micellar
shell the relative position of the alcohol and AOT molecules
(their hydrocarbon tails parallel) is unfavorable for complexing
as compared to the situation where both molecules are free in
solution, and (ii) the entropic cost of forming an alcohol-AOT
complex is much larger when micelles are present
(|∆S°11|R)10 > |∆S°11|R)0), reflecting the geometrical or steric
difficulty for the penetration of the alcohol molecule to the
micellar shell as compared with the alcohol-free AOT situation.
Finally, note that in Figure 12 theK11 values for the three
branched alcohols are smaller than for the 1-alcohols, and in
fact, for R ) 10 there are very few branched alcohol-AOT
complexes formed. This is a consequence of the molecular
shape of these molecules, which translates into a steric hindrance
over the hydroxyl group29 and makes the complexation with
AOT difficult.
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