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A statistical model is proposed to describe the dielectric polarization of ionic microemulsions at a region far
below percolation in which the microemulsions consist of spherical single droplets with water in the central
core surrounded by a layer of surfactant molecules. The model describes the effect of temperature and dis-
persed phase content on the behavior of the dielectric polarization of ionic water-in-oil microemulsions and
explains the experimentally observed increase of the static dielectric permittivity as a function of temperature.
The microemulsions formed with surfactant sodium ®isthylhexy) sulfosuccinate have been analyzed with
the help of this model. The systems are considered to consist of nanometer-sized spherical noninteracting water
droplets of equal size with negatively charged head groups, staying at the interface, and positive counterions,
distributed in the electrical diffuse double layer of the droplet interior. It is shown that the droplet polarizability
is proportional to the mean-square fluctuation dipole moment of the droplet. This mean-square dipole moment
and the corresponding value of the dielectric increment depend on the equilibrium distribution of counterions
within a diffuse double layer. The density distribution of ions is determined by the degree of the dissociation
of the ionic surfactant. The relationship between the dielectric permittivity, the constant of dissociation of
surfactant, the content of the dispersed phase, and the temperature has been ascertained.
[S1063-651%98)05608-4

PACS numbgs): 82.70-y, 77.22—d, 05.40+]

[. INTRODUCTION temperature corresponding to the formation of the first infi-
nite cluster of droplets.

The microemulsions formed with the surfactant, sodium Below the percolation onset, both the conductivitynd
bis(2-ethylhexy) sulfosuccinate(AOT), water, and oil are static dielectric permittivitye of the microemulsions also
widely investigated systems, the dynamics, phase behavioincrease as a function of the volume fraction of droplets
and structure of which are well knoWt—5]. In theL, phase and/or temperatur&. However, this increase is not particu-
these microemulsions can consist of nanometer-sized sphetarly significant, as it is within the percolation regi¢b—
cal droplets with water in the central core surrounded by &,10,11.
layer of surfactant molecules over a wide temperature range. It was shown 12,13 that the increase of the conductivity
The droplets are fairly monodisperse, with size polydisper-of ionic microemulsions versus temperature and volume
sity of the order of 10%, and the size depends only weaklyfraction of droplets below the percolation ons&t{(T,,) can
on temperatur¢6]. The surfactant molecules have their hy- be described by the charge fluctuation model. In this model,
drophilic head groups facing the water and their hydrophobit¢he conductivity is explained by the migration of charged
tails oriented towards the continuous oil phase. Molecules odqueous noninteracting droplets in the electric field. The
AOT can dissociate into anions containing negativelydroplets acquire charges owing to the fluctuating exchange
charged head groups §Ostaying at the interface and posi- of charged surfactant heads at the droplet interface and the
tive counterions N& distributed in the droplet interior. oppositely charged counterions in the droplet interior. The

In our prior research7-9], the dielectric relaxation, elec- conductivity is then proportional to the temperature and vol-
tric conductivity, and diffusion properties of the ionic micro- ume fractiono~ ¢T.
emulsions were investigated in the broad temperature region. Unlike the mechanism of temperature increase of conduc-
In particular, it was shown that ionic microemulsions start totivity below the percolation onset, the temperature behavior
exhibit percolation behavior that is manifested by a rapidof the static dielectric permittivity of ionic microemulsions
increase in the static dielectric permittivityand electrical below percolation has been puzzling. Since the static dielec-
conductivity o when the temperature reaches the percolatiortric permittivity of liquids ¢ is proportional to the macro-
onsetT,,. The appearance of the percolation reveals that irscopic mean-square dipole momefi¥12) of the system
the regionT>T,, the droplets form transient clusters. When unit volume and inversely proportional to the temperature
the system approaches the percolation threstigjd the e(T~(M?)/T [14]), the value of the mean-square dipole
characteristic size of such clusters increases, leading to theoment of a droplet must grow faster than the linear func-
observed increase of ande. We defined 7] the percolation  tion of temperature in order to provide the experimentally
onsetas the temperature at which the microemulsion starts tononitored temperature increase of the dielectric permittivity.
display a scaling behavior for conductivity and dielectric In particular, the observed behavior ©has been explained
permittivity (because of the coupling of droplets and forma-in terms of aggregation of the microemulsion dropletS].
tion of fractal clustersandthe percolation thresholds the In contrast, we have recently shown that the experimentally
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observed temperature increase of the dielectric polarizatiom the case of ionic microemulsions the total electric dipole
and the macroscopic mean-square dipole mongétt) in ~ momentM can be represented as a sum of the two contribu-
the microemulsions in the nonpercolating region is not retions associated with the momeltz due to displacements
lated to the aggregatidii6]. The experimental temperature Of mobile ions in the diffuse double layer and the moment
behavior ofe is related to the temperature dependence oMmi due to all other displacements in the mixture. We note
(M?) of noninteracting and therefore nonaggregating dropthat Mp is related to the contributions from various pro-
lets dispersed in oil. This dipole moment is associated wittfesses of polarization in the microemulsion that are treated
movements of ions and it is modulated by the temperatur@s & heterogeneous system composed of various components.
dependence of the dissociation of the ionic surfactant. ~ Thus, for the calculation oM, the interfacial polarization

The contribution of ion movements to the total dielectric meéchanism has to be taken into account. A reorientation of
polarization has been taken into account in the analysis ofOT and free and bound water molecules should also con-
the statid 17] and dynamid 18] dielectric properties of ionic  tribute in the dielectric polarization of the system.
microemulsions consisting of noninteracting and therefore Equation(1) can be specialized by separating the contri-
nonaggregating droplets dispersed in oil. These theoretic&ution toe due to the processes of polarization of compo-
models are based on the use of the Poisson-Boltzmann equaents and treating them on a macroscopic basis in terms of
tion describing the distribution of the counterions in the electhe dielectric permittivitye =1+ 47M ., /VE. Hence Eq.
tric double layef18] and on the analysis of ion fluxes caused (1) becomes
by the potential and concentration gradiefig]. The tem-

perature behavior of static dielectric permittivity of water-in- . :47’M E

. . . S . €7~ Emix . (2

oil microemulsions with ionic surfactant below percolation VE

has not been analyzed ji7] and[18]. This behavior ofe ) ) o o

has been explained in our pag@s] in terms of the model of The dielectric permittivity due to the polarization of het-
the fluctuation dipole moment. erogeneous systemi,, can be taken into account by the

Despite being a big step forward in the understanding ofmodel of interfacial polarizatio_n. Since each droplet_consists
the dielectric behavior observed in ionic microemulsions, the?f @ water core surrounded with a surfactant layer in a con-
practical utility of these models is restricted since the result§inuous phase made of oil, the effect of the interfacial polar-
were obtained only numerically and cannot be presented if¢ation can be accurately regarded by using a Maxwell-
terms of simple analytical relationships. The purpose of thisVagner mixture formuldone-shell modef19]). _
paper is to develop further the model of the fluctuation A component of the total dipole moment due to idvig
mechanism of dielectric polarization. We will elaborate aiS & projection of the average macroscopic dipole morivent
statistical approach based on the determination of the aveff the volumeV in the direction of the macroscopic fietd
age droplet polarization following the Boltzmann distribu- SincC€M =Z2u;, wherep; is the dipole moment of theth
tion function. The analytical solution of the Poisson- droplet due to the distribution of charges in the droplet, and
Boltzmann equation will be used for a calculation of theif 6i is the angle betweep; andE, thenM can be given by
mean-square dipole moment of a droplet. This approach en- N N
ables us to present the dielectric parameters of ionic micro- :<Ei (mi-E)) =S (uicos 6) 3)
emulsions as functions of both the temperature and compo- E E i i !
sition of the system. The various types of approximate
relationships will be derived for the mean-square dipole mo+or the identical water droplets dispersed in nonpolar oil
ment of a droplet and for the dielectric permittivity. medium, one hasMc=Nug, whereN is the number of
droplets in the volum#& andug represents the average value
of the projection of the dipole moment of a droplet in the

Il. MODEL OF DIELECTRIC POLARIZATION direction of the macroscopic electric fielel By using the
OF IONIC MICROEMULSIONS averaging procedure with the Boltzmann distribution func-

tion similar to that in[14] for calculation ofug, we obtain
A. Static dielectric constant of ionic microemulsions

We can calculate the dielectric permittivity of an ionic :ﬂ

. . . . Do ME d» (4)
microemulsion in a general way from its description by treat- 3kgT
ing it as a monodispersed system consisting of spherical wa- o - ] )
ter droplets dispersed in the oil medium. In this way theWhere(u®) is the mean-square dipole moment of a droplet in
system is considered as a homogeneous specimen consistif§ equilibrium in the absence of the electric fiefid, is the
of a number of charges and/or dipoles, each of which isglectnc field inside the droplef, is the temperature, arid;
described in terms of its displacement from the position of itdS the Boltzmann constant. _
lowest energy level. The dielectric permittivityof the sys- The electric field inside a droplet due_to qutglde sources
tem can be derivefll4] in terms of the dielectric polarization Ed can be calculated from the electrostatic princifjle4| as
P and/or the total electric dipole momet of some macro- 2 field inside the spherevater core of the droplginserted
scopic volumeV in the presence of the macroscopic electricin the other sphere selected in the speciresiume V). It
field E as reads

_A7P _ 4mM 3e 3e

s—l—? W (1) Eq~ 2etemix 2et ey £, ©
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whereeg,, is the dielectric permittivity of water. In this ap-

proach we neglected the contribution of the thin surfactant g
film surrounding the water core. As it is commonly accepted

[14], the electric fields due to the charges in the volufrare \é} @ ®

considered to be negligibly small in comparison to the value
of the macroscopic fieldt.

Hence, inserting Eq(4) into Eqg. (2) and using Eq.(5) ™ r
leads to the equation for obtaining the dielectric permittivity %

of ionic microemulsions;, /\;b I

(e—emi) (28 +emy) (28 +8,)  12No(u?)

: e B o O8N
whereNy=N/V is the concentration of droplets. On the as- \ﬁ 3/ ~
sumption of the spherical shape and monodispersed droplets, : :

Ny can be replaced in favor of the volume fraction of the : :

droplets ¢ by using the relationg=V4Ng, where Vg : .
=47R3 (Ry is the radius of the surfactant-coated water : Ry
dropled, as .

. Rd :
(e —&mix) (28 +emi) (28 + &) _ 9‘P<M2> -
g2 N ngBT : @) FIG. 1. Schematic picture of the spherical water-surfactant drop-
let. The reference point is chosen at the center of the droplet. The
Relation (7) establishes a dependence of the dielectric perith ion-counterion pair is represented by radius vectors of ion and
mittivity of a microemulsion on the temperatuffe volume counterionr;” andr;" .
fraction of dropletse, and apparent dipole moment of a
droplet u,= ({u2)) 2. (1) =((Ap)?)+{pm)?, 9

where((A u)?)={(1—(1))?.

As it was mentioned above, the mean-square dipole mo-
For a calculation of the mean-square dipole moment of anent of a droplet x?) is calculated in the equilibrium state
droplet (u?), the theoretical development is carried outin the absence of the electric field. Indeed, since the right-

within the framework of the following assumption® The  hand side of Eq(4) is already proportional to the electric
droplets are considered as identical and the interaction of thigeld, ( x?) cannot be a function d&. In this case the cal-
droplets is neglectedb) A nanodroplet containbl, surfac-  culation of the electric polarization is retained in the frame-
tant moleculesN of which are dissociated. For electroneu- work of the linear theory by the electric field. Thus, in zeroth
trality the numbers of the negatively charged surfactant molorder of the electric field one can assume a spherical sym-
eculesN and the number of positively charged counterionsmetry of the distribution of charges within a droplet. That
N* are equal, i.eN"=N"=N;. (c) The ions are treated as means(u)=0. Hence the apparent dipole moment in the
point charges(d) The average spatial distribution of counte- system has a fluctuating nature, i.e.,

rions inside the droplets is continuous and governed by the

B. Fluctuating dipole moment of a droplet

Boltzmann distribution law(e) All the negatively charged (u?y={(Au)?). (10
surfactant molecules are assumed to be located in the inter- 5
face at the spherical plane of radiRg, corresponding to the I order to calculate the value ¢f“), we square the left-

radius of the droplet water pool. The simplifications consid-and right-hand sides of E¢8) and average the result by the
ered in the present work are commonly used in similar probe€nsemble of the realizations of random positions of ions.
lems for the description of electrostatics of ionic microemul-Then, retaining the main terms in the quadratic form, we
sions[17,20,21. obtain

In the model we describe a single droplet in the spherical Ng
gﬁ%rgr:ja:geplseyisitsegvsehnor)v; in Fig. 1. The dipole moment of a <(AM)2>%e2;1 (D +((rO)P)]. (11)

N
. i v 8 It is easy to show that approximatighl) can be used when
'“_eizl (i =ri), (8) the following correlation coefficients are small:
wherer;” andr; are the radius vectors of the positively Q= <ri_ri_> <1 for i#] (12)
1] )

charged counterion and negatively charged surfactant head, «/<(rii)2)<(rf)2>
respectively, an@ is the magnitude of the ion charge.
The quantity of interest is the mean-square dipole moment (ren)
(u?) of a droplet. It can be expressed in terms of the mean- Qﬁ‘=é<1. (13

squared fluctuations of the dipole momenby TP
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The justification of inequalities12) and(13) is given in the and
Appendix. It is performed on the basis of the asymptotic
analysis of the Bogolyubov equatidi22,23 for the two- ¥'(0)=0, (22
particle coordinate distribution function.

A calculation of the termg(r;")?) and{(r;")?) entering
Eq. (11) can be performed using the one-particle distribution
functionsW; (r*) andWy; (r~) that are proportional to the

where ¢ and x are the dimensionless potentigi=e[V
—W¥(0)]/kgT with respect to the center and the dimension-
less distancex=r/ly, respectively. Here the characteristic
thickness of the counterion layer near the surface of the wa-

ion density ter core
1
Wi () =Wy ()= (), (14 _ [ sukeT | ™ 23
s D\ 4me’cy
Wo(r )= S(Ir |=Ry), 15 is the Debye screening length.
1 (1) AmRZ, (Ir1=Rw) (19 We look for the solution of the Poisson-Boltzmann equa-

tion (20) in the form of a logarithm of a power series
whereR,, is the radius of the water core(r) is the density

of the counterions at the distance: |r *| from the center of - .
the droplet, and\; is the total number of the counterions in P(x)=—1In Zo ajx, (24)
the droplet interior: =

R where the coefficients; are to be found. By substituting Eq.
NS:4ﬁf Wrzc(r)dr. (16) (24) into Eqg. (19), we obtain a simple relationship for the
0 charge density

By taking into account Eqg14) and(15), Eq. (11) reads 0 _
c(X)=Co >, a;x?. (25)
j=0

RW
((A,u)2>=e2{47rf réc(r)dr+NgR2 | . (17)
0 Differentiating Eq.(24) and substituting the corresponding
series fory and the derivativegs’ and ¢” in Eqg. (20), we

According to Eq(10), relation(17) allows us to calculate the .
g q(10 (17) then obtain the recurrence formula fay,

apparent dipole moment,=[{(Au)?)]1"? of a droplet.

C. Counterion density distribution 2> apapm2(n—m)—1]6m;-1
m.n '

The distribution of the counterions in the droplet interior
is assumed17,20,21,2% to be governed by the Poisson

equation = —quk gk S j—1-pq- (26)

ap—_ Amedn 18)

Eu In order to satisfy the boundary conditiq21) we seta,

=1. Then, for the next few coefficients we obtain=t,
whereW is the electrostatic potential ang, is the dielectric a,=z,... . We note here that, as a matter of fact, the
permittivity of the water core. The dependence of the charg@aumber of terms of the series in recurrence form@@ is
densityc(r) on the distance from the center of the water corefinite due to the Kronecker symbol.
r is given by The convergence of the power series in Eg@d) and(25)
is dependent on the value wfbeing considered. In order to
c(r)=cge VM~V ONkeT, (19  determine the values of at which the series converges, we
use the ratio tedi24], which states that the series converges
Here the reference point is chosen at the centerQ)) of the  \yhen the limit of|aj+1/aj|x2<1 asj—. Hence the inter-

spherical droplet, where the counterion densitggsand the  yva| of convergence of Eq§24) and(25) in our case is given
electric potential is¥F(0). The modeling of the charge distri- py

bution in the microemulsion droplet was employed in the

literature for positive charges inside the water gdal,20 as 0<x<lim L, (27)
well as for droplets with more than one kind of ip21]. j—oe

By using Eg. (19, Eq. (18 reads in the Poisson- 1 ) )
Boltzmann form[20] where L;=(a;/a;, 1)~ The numerical calculation of the

parametet ; as a function of the serial numbgis shown in

2 B Fig. 2. One can see that the value lgf increases and ap-
Y+ y=—e v, (200 proaches the value of approximately 3.27 in the limit of large
j. Hence, when applying Eq24) to the calculation of the
with the boundary conditions dielectric properties of ionic microemulsions, one has to bear

in mind that the domain of variance &fis the interval(27),
#(0)=0 (21 i.e., 0<x<3.27.
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33 ' ' ment of the drople{u?). Furthermore, by inserting the cal-
32 — culated values of the mean-square dipole moment into Eq.
31 (7), we obtain the equation
o 30 .
Q«\ 2.9 . ) (e—emix) (28 +emix) (28 + &)
S 28p e’
S L ai+2)
2.6 ] 2(j+1)
25 36@8““( Z 2j+3)2j+5 ® - &2
2.4 : :
! 10j+1 100 This enables us to calculate the values of the dielectric per-
mittivity e of the system.
FIG. 2. Dependence of the parameter-(a; /a; ;) *? on serial
numberj for the series in Eq924) and(25). E. Approximate relationships for the fluctuation dipole
moment of a droplet and the dielectric permittivity
D. Calculation of the fluctuation dipole moment of a droplet of ionic microemulsions

and the dielectric permittivity of ionic microemulsions . . . .
P y An adequate approximate relationship for the calculation

Equation(25) describes the distribution of the counterions of the mean-square dipole momefjt?) in the case of a
in the droplet interior and can be substituted in Ety) for  small droplet and/or the small dissociation of surfactant
the calculation of the mean-square dipole moment of a drop¢R ,<I,) can be obtained in the first approximation by tak-
let. The total number of the counterions in the droplet inte-ing into account the first termj &0) only, in the series of
rior N entering Eq(17) can be obtained by substituting Eq. the expression§28), (29), and (31). In this approximation,
(25) into Eq.(16) and integrating it term by term, namely, by using the relationshipz=R,, /I, and taking into account

Eq. (23), we obtain for the mean-square dipole moment

j 2j+3
N 477ID0020 5 +3x : (29) 8e kg TRS 32

(u?)= ~1m, 157° “CoRy (33

wherexg=R,,/lp. Furthermore, using Eq$17), (25), and
(28), we obtain the relationship for the mean-square dipoléAn approximate relationship for the counterion density at the
moment(u?) of a droplet as droplet centecy can be obtained by using Eq28) and(31)

in the first approximation, which reads

(j+2
+2) x21+Y (29

(u?)= 48kaTRWE W Com

3K,
RwAs

: (34)

In order to find the counterion density at the center of a
droplet ¢, entering Eq.(23) for the Debye lengtH, the
counterion concentration(r) must be related to the disso-
ciation of the surfactant molecules in the water core of the
droplet. The dissociation of the surfactant molecules is de-
scribed by the equilibrium relatiof20,21]

whereAg 477R2/Na is the average area (éfmolecule) on
the surface of a water core associated with one surfactant
molecule. After combining Eqs33) and (34), the mean-
square fluctuation dipole moment of a droplet becomes

323 RyKs|
2 ~ W' S
N (u)=—g 7e ( A (39
Ky(T)=coe™ "™ S—» (30)
a s By substituting Eq(35) in Eq. (7), we obtain an approximate
relationship for the dielectric permittivity of the system,

whereN, is the micelle aggregation number, i.e., the number P P y 4
of surfac_tant moleql_JIe_s per _dropljet _ of which are dissoci- (e—emy) (26 +8m) (28 +£,)  96V3Tee? R\?VKS 12
ated,K is the equilibrium dissociation constant of the sur- > = 3 A
factant, andi(xg) is the dimensionless electrical potential & SRykgT s
near the surface of the water cdie., atr =R,,). Substitut- (36)

ing ¥(xg) in Eq. (30) with the power series given by Eq.

(24). we obtain In order to obtain a more tractable relationship éofurther

simplifications can be made when taking into account the
relative magnitudes of, ¢,x, ande,,. For g,,~78 ande

~emx<ew, We approximate 2+¢,, by e,, and 2+ ¢y
Ko(T)= ——r 2 a X (3D EmixSEw, W w w mix
N NS <o ! by 3e to obtain
The system of coupled equatiorig8), (29), and (31), om € mix (37
along with the recurrence formula fa; [Eq. (26)] and Eq. 1-X’

(23) for I 5, constitutes the model describing the temperature
and geometry dependence of the mean-square dipole mahere
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B 32/3mpe? 2

~ BRikgTe,

RuKs
As

(39)

It is easy to show thaX<1 in the case of small droplet
concentrations; thus an approximate relationshipsfts

e~gmx(1+X). (39

In order to explain the experimental temperature behavior of
the dielectric permittivity of the system we have to consider g
the temperature behavior of the dissociation constant of thes
surfactant;, which has an Arrhenius behavif25]

B p( AH)
K(T)=A ex “ T (40)

whereAH is the apparent activation energy of the dissocia-
tion of the surfactant in the water pool of a droplet ahds

the pre-exponential factor. It is easy to show that the dielec-
tric permittivity of microemulsions obtained from E@7) or

(39 for the Arrhenius behavior of the dissociation constant
is a growing function of temperature in the temperature w
range of T<<AH/2kg, which is always fulfilled in the mea-
sured temperature interval for any reasonable value of thSf
activation energy.

Degree of the surfactant dissoc

100 200 300 400 500

FIG. 3. pKs— (Ry) max @nd @ — (Ry,) max diagrams of the validity
the series solutio24).

AOT molecule was adoptefd 5].
We have to bear in mind that the model developed can be
It is naturally of interest to examine the model developed@pplied within the special ranges of the droplet radius and
and to determine the electrical characteristics of the studietPnic dissociations of the surfactant only. On the one hand,
microemulsions. We have taken the experimental §ia6 the droplets cannot be too small. The high-frequency dielec-
obtained for the ternary sodium Hisethylhexy)  tric measurements show#9,3( that the radius of the wa-
sulfosuccinate—water—oil(decang microemulsions, with ter core must be larger than 15 (he water to surfactant
compositions of (1.9:2.4:93.7, (5.9:7.1:87.0, ratio W>10) to ensure that a core of “free” water exists. On
(11.7:14.2:74.), and (17.5:21.3:61.2 for AOT:water:de- the other hand, the droplets cannot be too large. One can see
cane, respectively. All compositions are represented as pethat condition(27), which determines the range of the appli-
cent by volume. In order to keep the radius of all the dropletgability of the analytical solutiori24) of Poisson-Boltzmann
fixed at 48 A the molar ratio of water to surfactant has theequation(20), is always fulfilled if R,,/Ip<3.27, i.e., the
value of W=[wated/[AOT]=26.3 for all the microemul- radius of the water cor&, cannot exceed the value of
sions. 3.27p. Itis convenient to characterize the value of the De-
Dielectric measurements ifil6] were carried out by bye radiudp by the strength of the electrolyte in the droplet
means of the Dipole TDS Ltd. time domain dielectric spec-interior pKs (pKs=—log,;(K¢ and/or by the degree of dis-
troscopy system TDS-2. All samples were measured in &ociation of surfactank=N¢/N,. Thus a maximal value for
temperature range much inferior to that of the percolatiorthe permitted radius of the water comR ) ma—=3.271p will
region. Hence, for each microemulsion the measuremen@lso depend onpKg or a. The pKs—(Ry)max and
were started at 2 °C and continued until the temperaturer— (R,) max diagrams depicted in Fig. 3 show the domain of
reached the onset of the percolation regigp. the validity of the solution(24). One can see that if the
For numerical evaluations of the model developed wedroplet radius does not exceed 110 A, the solution obtained
have to set the values of the parameters matching the studiedn be applicable at any values @Kg and «. The average
systems. The value of the dielectric permittivity of water wasradius of the water corR,, is related toW by a semiempir-
assumed to be equal to that of the bulk water at the corical relation[7,31] R,,=(1.28W+2.7) A. In the case of our
responding temperature throughout all the calculationsmicroemulsions studiedR, and the surfactant-coated water
as &,=87.74-0.400 08+9.398< 10 “t?—1.41x 10 %>  dropletR, (the AOT chain length is 12.4 Yaare estimated to
[26,27], wheret is the temperature in degrees Celsius. Thebe 35.6 and 48 A, respectively. Thus the soluti@4) can be
value of 2 for the dielectric permittivity of decane was applied for the characterization of the microemulsions.
adopted in the present calculations. The effective value of RegardingKs of AOT surfactant, little is known and we
8.5 was usefl28] for the dielectric permittivity of AOT. The did not find any reliable experimental data for it in the lit-
value of e, was calculated by using the one-shell modelerature. ThuK, can be considered as an adjustable param-
[19]. The aggregation numbéd, was estimated to be 244 eter of the theory, which can be calculated from the inverse
molecules per droplet. The value Af=65 A? for the aver-  problem, i.e., we can determiri¢s from the knowledge of
age area on the surface of the water core associated with oeaperimentally measured dielectric permittivity of the micro-

IIl. EXAMINATION OF THE MODEL
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3.8 T T M T T T T T 500 T T T T T M T M T
3.64 4
o & § 2
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Y 9 5| i
8 2
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FIG. 5. Temperature dependence of the experimental and calcu-
FIG. 4. Arrhenius plot ofpKg values pK.=—log;K, where lated on the basis of EG29) macroscopic apparent dipole moments
K, is the equilibrium dissociation constardf AOT surfactant for ~ Of @ droplet of the AOT-water-decane microemulsions. The experi-
the studied AOT-water-decane microemulsions for various volumdnental values of the dipole moment are shown for various volume

fractionse of the dispersed phase: 0.043), 0.13(0), 0.26(2),  fractionse of the dispersed phase: 0.043), 0.13(0), 0.26(A),
and 0.39(V). and 0.39(V). The calculated values are shown by the solid line.

) ) . . o rum lengthlg to the characteristic scale of the screening of

emulsions studied. The.equmbnum dissociation co_nshapt electrostatic field is small. For our systefaswas estimated
can be calculated by using Ed23), (31), and(32) or, inthe o he 8 A, whereas the screening scale is the Debye ldggth
case of small droplets and/or small dissociation of surfactangetermined by Eq(23). An estimate of the value df; was
by the approximate equatiadi36). The activation energy of optained by taking into account a distinction of the water
the dissociatiomAH of AOT surfactant can be calculated permittivity near the io19] from the bulk value ot,,. We
from the Arrhenius plofEq. (40)] of pK, values for various  found that the value df, decreases weakly from 34 to 28 A
volume fractionse of the dispersed phase. Figure 4 showsas the temperature increases between 2 °C and 10 °C. One
the effect of temperature on the dissociation of surfactant ifgn see that the ratibg /| p~0.3, which means that the
m|Cr0emL.]|S|0nS. For a." the studied AOT-water-decane 'm|Tn0de| deve|0ped can be app“ed for calculation of the mean-
croemulsions the magnitude pKs, calculated on the basis square dipole moment of a droplet.
of the equation$23), (31), and(32) for various volume frac- Figure 5 compares the values of the experimental appar-
tions ¢ of the dispersed phase, does not depeng @ithin - ent dipole momeniu, of the studied microemulsions, ob-
a degree of accuracy better than 7%. This confirms the initigfained from Eq.(7), together with the theoretical values ob-
assumptions of the model that droplets in the system can b@ined on the basis of E¢9). One can see that the apparent
considered as noninteracting for such concentrations of droptipole momeniu,= ((#?)) Y2 of the microemulsions studied
lets. . increases versus temperature. Figure 6 shows the deviation

It is relevant to note that the values obtained Kar (or  of the dipole moment of the droplet calculated on the basis of
pKs) are indeed somewhat different from those elsewherghe formula(29) from the corresponding value obtained from

reportec[21,25]. This could be due to fact that the estimation the approximate formu|635) versus the dimensionless drop_
of the pK; values in Refs[21,25 was based on a NMR

spectroscopic investigatidi32] of the AOT-water-isooctane P R T A ™
microemulsions containing coiongneutral electrolyte 1.0 3
added. It was estimated for such microemulsions that about E i
28% of the N& ions are bound to the interior surface of the
droplets. On the basis of this result the valuepdfs; was
found to be 0.47%21]. However, as it was noted [20], the
presence of co-ions could weaken the attraction betweer3
positive counterions and negatively charged surfactant heads ©
Thus, in the systems considered in the present study, irg
which only one kind of charged species is in the droplet G
interior, one can assume that the dissociation should be
lower than 28%, i.e.pKs>0.475. Hence our data fdtg do
not contradict the data in the literature. The energy activation
obtained from Fig. 4 has the value of 39 kJ/mol. This rather
high activation energy level indicates a strong interaction of
Na* with the SQ~ group of AOT molecules at the interface.
We note here that the model was developed for the special FiG. 6. Relative deviation of the dipole moment of the droplet
case in which coordinate correlations of different ions arecalculated on the basis of formul@9) from the corresponding
negligible[see Eqs(12) and(13)]. It is shown in the Appen- value obtained from the approximate formuyB6) versus the di-
dix that these conditions are fulfilled if the ratio of the Bjer- mensionless droplet radius.

viation
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whereAe andAR are the deviations of dielectric permittivity
and droplet radius from their mean values, respectively.
Ricka, Borkovec, and Hofmeig¢b] recommended a value of
AR/R~0.1 for the polydispersity of AOT-water-oil micro-
emulsions. Thus, within the considered temperature interval
T~275-280 °K and the range of the volume fractions of the
dispersed phasg~0.043-0.39, the influence of polydisper-
sity on the dielectric permittivity is rather smallAe/e
~3-7%.

Dielectric permittivity
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sions for various volume fractions of the dispersed phase: 0.39

(curve 1), 0.26 (curve 2, 0.13(curve 3, and 0.043curve 4. The

calculations were performed by using form(&®) (solid line and ~ APPENDIX: ESTIMATION OF THE COEFFICIENTS Qf*
approximate formulg37) (dash line. OF ION COORDINATE CORRELATIONS

let radiusxg. Since the discrepancy between the values ob- The coordinate correlation coefficients of ions should be
tained from formulag29) and (35) for the microemulsions calculated by using the two-particle coordinate distribution

studied kg~ 1.05—1.25) is less than 8%, it can be concludedenCItBion Vlvz 'bWhiCh in the ger;'eral case can be found from
that the first approximation considered is sufficient for antne Bogolyubov equatiof3]. However, it is not necessary

accurate numerical description of the dipole moment of the® solye the Bogolyubov equat_ion fo_r corroboration of in-
droplet of the microemulsigns studied. P equalities(12) and(13). The restriction imposed by Egd.2)
and(13) on the system parameters can be obtained by means

of the asymptotic analysis &f/,.

The ion correlations in a droplet are characterized by

In conclusion, let us briefly discuss the dielectric permit-three length scales: the radius of the water core of the droplet
tivity of the microemulsions studied. Figure 7 shows theRy,, the Debye screening lenglth, and the Bjerrum length
temperature dependences of the experimental dielectric pels (I is the distance between two ions at which is com-
mittivity and the results of the calculations on the basis of theparable to the potential energy of Coulomb interaction
model developed performed by using Eq82) and (37), €¥eylg). If Ib<R,, then the scale of screening in the sys-
respectively. The difference between the values obtained  tem is determined by the Debye length, whereas in the case
from Egs.(32) and(37) can only be observed at high The  of I;>R,,, the actual screening scaleRs, . It is known[23]
calculated values of concur well with the experimental data that if the ratio of the Bjerrum lengthg to the screening
in the region far below the onset of percolatioR<(T,,), scale is small §=1g/min{lp,R}<1), then a solution of the
where the assumptions of the model are fulfilled. At the tem-Bogolyubov equation can be constructed in the form of
peratures close to the percolation on¥gt and beyond it, power series in the parametgrFor the two-particle coordi-
deviations of the theoretical values from the experimentahate distribution function it reads
data are observed. These deviations indicate the structural
changes in the system that appear at percolation. Wo= WA+ yWED + 4 2WE2) 4 (A1)

As a final comment, we note that the model considered
does not take into account the droplet size polydispersity in ) ) )
the system. However, the effect of the polydispersity on the>ince the termA/;™ is the constant, it does not give a con-
dielectric permittivity of ionic microemulsions can be esti- tribution to the coordinate correlations;-r;) of the two
mated by using Eq€37) and(38) and the literature data for ions i and j. Hence (r;-rj)~yffWS(r;-r;)d%dqr,
the size polydispersity indep6]. Indeed, it is easy to show =O(y) because the double integral is bounded. On the other
that in the assumption of the weak dependence of the dissétand, one can show that the main term of the asymptotic
ciation constant on the droplet radius and in the case of thexpansion of(riz) in the parametety is (ri2>=0(1). Thus,
small droplet concentrations, i.X<1, the effect of polydis- for y<1, the coordinate correlation coefficients of a pair of
persity on the dielectric permittivity can be estimated by aions[inequalities(12) and(13)] are of the order ofy:
formula

IV. CONCLUSION

Ae X AR AR o nn)
—~15—— —~15X —- (42) Qi,j X, O(7). (A2)

€ 1-X R R’
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