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Intradiffusion coefficients of sodium alkylsulfonates [CH3–
CH2)n21SO3

2 Na1, CnSNa] (n 5 5–9, 11) in mixtures with heavy
ater were measured by the PGSE-NMR technique at 25°C. A

lope change in the experimental trends permits the determination
f the critical micelle concentration (CMC). In the micellar com-
osition range, solubilized TMS molecules were used to determine
he micelle intradiffusion coefficient, from which the micelle radii
ere obtained. Both the monomer surfactant and the micelle

ntradiffusion coefficients show a sharp decrease above the CMC.
hese results can be interpreted in terms of the obstruction effect
ue to the micelles. The electrostatic repulsion among charged
articles strongly enhances this effect. A simple approach that
ermits the computation of the Gouy–Chapman layer thickness
rom the experimental coefficients has been proposed and the
esults are briefly discussed. © 1999 Academic Press

Key Words: intradiffusion; micelles; sodium alkylsulfonates.

INTRODUCTION

The association of amphiphilic molecules into micellar
regates in aqueous solutions leads to a reduction of the
etically unfavorable contact between water and the a
arts of the amphiphilic molecules while the polar groups
till solvated by water. Although the hydrophobic interacti
mong the apolar moieties in the micellar core have
xtensively analyzed (1, 2), the understanding of the inte

ions involving the polar groups is less well developed.
trength of the interactions between the surfactant mole
argely depends on their hydrophilic moieties. In recent ye
e have extensively studied micellar systems formed by

onic ethoxylated tensides (3–6). For dilute solutions of th
urfactants, the interactions between the polar heads are
n the contrary, for ionic surfactants the electrostatic m
er–monomer, monomer–micelle, and micelle–micelle in
ctions are important and determine the behavior of the

ems (7).
In this paper we present the results of intradiffusion m
16021-9797/99 $30.00
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he sodium alkyl sulfonates class [CH3–(CH2)n21–SO3Na,
nSNa]. These tensides, particularly the shorter ones,
igh critical micelle concentration (CMC) values, so that
onomers cannot be neglected and all the above-ment

nteractions must be considered. In these conditions, obta
nique and reliable values of the micellization paramete
ifficult. For this purpose, techniques are required that
istinguish the properties of the micelles from those of mo
eric units. From this point of view, transport property m

urements seem to be an appropriate experimental app
he paper presented here is a part of a more extensive wo

he transport properties of alkyl sulfonates sodium salt
queous solution. In a companion paper mutual diffusion
fficients in the same system are presented and discuss

n this work we report and comment on surfactant intrad
ion coefficients. The PGSE-NMR technique provides acc
ntradiffusion coefficients for the random thermal motion
urfactants in systems of uniform chemical composition. In
ollowing sections we determine separately the intradiffu
oefficient of both the micellar aggregates and the monom
nits. The diffusion coefficient of micelles extrapolated

nfinite dilution is related to their hydrodynamic dimensi
urthermore, we analyze the experimental data and prop
ery simple approach to obtaining information on the elec
tatic interactions in solution. We think that our data eventu
ill be useful for testing theoretical treatments for these k
f systems.

EXPERIMENTAL

Materials. Sigma analytical reagent grade sodium 1-pent
ulfonate [C5H11SO3Na, C5SNa], sodium 1-hexanesulfona
C6H13SO3Na, C6SNa], sodium 1-heptanesulfonate [C7H15SO3

a, C7SNa], sodium 1-octanesulfonate [C8H17SO3Na, C8SNa],
odium 1-nonanesulfonate [C9H19SO3Na, C9SNa], and sodium
-undecanesulfonate [C11H23SO3Na, C11SNa] (declared purit
98%) were dried under vacuum before use and used wi



further purification. The solvent used was D2O obtained from
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17AQUEOUS SODIUM SULFONATE SURFACTANTS
igma (.99.96% isotopic purity). All solutions were prepared
eight. As will be discussed later, solubilized tetramethylsi

TMS, Sigma, purity 99.9%) was used in the micellar compos
ange to measure the micelle intradiffusion coefficient.

Intradiffusion measurements.The intradiffusion coeffi
ients were obtained by using the FT-PGSE NMR techn
9, 10). A spectrometer operating in the1H mode at 80 MHz
nd equipped with a pulsed magnetic field gradient unit m
y Stelar (Mede, Italy) was used. The Varian spectrometer
odified for better temperature control by using an exte

efrigeration and water recycling built by RefCon (Nap
ccording to our design. This equipment provides effic

emperature control of the water cooling the magnet and o
ir cooling the sample. A Stelar variable temperature contr
Model VTC87) was used to keep the sample tempera
onstant within 0.1°C.
The individual spin-echo peak amplitude,A, for a given line

s given by

A 5 A0 expF2g 2g2$aj
2SD 2

j

3DG , [1]

hereA0 is a constant for a given set of experimental co
ions, g is the gyromagnetic ratio of the proton,$a is the
ntradiffusion coefficient of the species responsible for
MR signal,g is the strength of the applied gradient, anD
nd j are time parameters in the pulse sequence. The
etween the 180° and 90° pulses,D, was kept constant. Th
uration of the two gradient pulses,j, was varied over
uitable range to observe the decay of the spin-echo signA.
The parameters in the above equation were obtaine

pplying a nonlinear least-squares routine to the decay ofA as
function ofj. In order to evaluate the values of the intra

usion coefficients,g must be known. Measurements to es
ish its value were performed on a reference sample
nown intradiffusion coefficient; we used heavy water w
race amounts of light water ($HDO 5 1.8723 1029 m2 s21, 11).
he sulfonates’ intradiffusion coefficients were measured

owing the signal intensities of the CH2 groups protons no
djacent to the sulfur atom (d 5 1.3). The experimental erro
n the intradiffusion coefficients were generally less than
In order to correct the intradiffusion coefficients obtaine

euterated solutions back to those in normal water, it is
ssary to multiply$a by the factor 1.23 (12), which is the ra
f intradiffusion coefficients of normal and deuterated wa
imilarly, the molalities in heavy water were multiplied by
*D2O/r*H2O ratio in order to obtain the molalities in light wat
he concentrations were computed using the literature de
ata (8, 13). (No literature data are available for C8SNa. In this
ase densities were estimated by interpolating the C7SNa and
9SNa data.)
The isotopic substitution of the solvent might result in
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ates. In fact D2O is thought to be slightly more structured th
2O (14). Berr (15) showed that these differences are
mall and become appreciable only for surfactants with
ydrophobic chains. For this reason we neglected this ef

RESULTS AND DISCUSSION

The development of explicit theories describing mice
ggregation beyond thermodynamic treatments is a dif
roblem because the molecular interactions involved are
omplex to be described in terms of statistical mechanics.
odels are used generally for linking micelle formation
olecular solution structure. These models permit analys

he experimental data in order to obtain information abou
icellization process.
The micellization process of a surfactant can be describ
phase separation (16), so that the concentration of the m
er species becomes constant and equal to the critical m

oncentration (CMC) at higher concentration. For intradi
ion measurements, the CMC determination was discusse
revious paper (5). Above the CMC, according to this mo

he monomer concentration is constant, while the micelle
entration is approximately given by (17)

CM 5
C 2 CMC

n
, [2]

hereC is the stoichimetric concentration of surfactant,CM

he micelle concentration, andn is the aggregation number
Alternatively, the micellization process can be describe
chemical equilibrium (18). For anionic surfactants (S2),

nS2 1 qM1 5 ~SnMq!
2~n2q! [3]

K 5
@Sn

2M q
1#

@S2# n@M 1# q , [4]

hereM1 is the counterion andq is the number of counterion
ound to each micelle. Ifn is sufficiently large, the equilibrium
odel also predicts the onset of micellization in a very nar

ange of concentration. However, the monomer concentr
oes not become constant at higher concentrations.
Both models are simplified models that do not account

nstance, for the polydispersity or for the activity coefficie
f the solute species. However, they are good enough to
easonable insight into the behavior of surfactants solu
hrough the micellization process (19), although more sop
icated models are described in the literature (20, 21).
hoice of the model is mainly related to the discussion
xperimental results. We have used both models in the
or surfactants with short hydrophobic tails, which usu
resent high and poorly marked CMC values, the properti
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18 ANNUNZIATA ET AL.
his work the experimental intradiffusion coefficients are
reated according to the phase separation model. The r
ermit computation of the equilibrium parameters from
utual diffusion coefficients (8). These parameters have
sed to reanalyze our intradiffusion data to obtain new in
ation about the intermicellar interactions. This is an inte

ng example in which the combined analysis of intradiffus
nd mutual diffusion data largely improve the information
an be obtained from a single technique.
The experimental intradiffusion coefficients are collecte

able 1 and shown in Figs. 1–6. In all cases$ shows a chang
f slope at the CMC. The measured CMC values are colle

n Table 2, where they are compared with some litera
alues. In the cases of C9SNa and C11SNa, whose CMCs a
ery low, we were not able to measure the intradiffus
oefficient in the premicellar composition range.
The intradiffusion coefficients obtained for the C8SNa aque

us solutions are in very good agreement with those mea
y Lindmanet al. (22).
In the premicellar composition range the intradiffusion

fficients may be fitted as a function of the square root o
onic strength (23),I , as is usual for electrolyte solutions:

$ 5 $ `~1 2 aI 1/ 2! [5]

he fitting parameters are reported in Table 2. The intrad
ion coefficients extrapolated to infinite dilution,$`, can be
ompared with those computed by the Nernst relationshi

$ ` 5
RT

^ 2 l 2
` , [6]

here^ is the Faraday constant andl2
` is the limiting con-

uctivity of the surfactant anion. Clunieet al. (24) obtainedl2
`

or the sodiumn-alkyl sulfonates from experimental equival
onductances assuming the limiting conductivity of Na1, l1

` 5
0.10 ohm21 cm2, from the literature (25). As one can see
able 2, the agreement between the experimental an
omputed$` is very good.
Actually, these values are different from the limiting co

cients of mutual diffusion. In fact, from the Nernst–Hart
xpression, the limiting mutual diffusion coefficient is given

~D `!mutual5
2RT

^ 2

l 1
` l 2

`

~l 1
` 1 l 2

` !
. [7]

Given the rapid exchange among free and micellized
actant molecules, in the micellar composition range the
erimental intradiffusion coefficient is a mean value betw

hat of the free monomers,$F, and that of the micellize
olecules,$M. Thus,
t
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$ 5 pF$F 1 ~1 2 pF!$M 5
C

$F 1
C

$M, [8]

herepF is the fraction of amphiphile in the monomeric st
ndCF is the free monomer concentration.
For the systems under consideration the$ value decrease

harply above the CMC. The strong$ dependence on conce
ration is usually attributed to the obstruction effect. In fact
ean square root displacement of a particle decreases
eets some hindrance in its motion; big particles, like mice

low the motion of other micelles and of the free monomer$F

nd$M both depend on the volume fraction of micelles. T
resence of charged particles increases this effect beca
lectrostatic repulsion. As a consequence for ionic tensid

—the free monomer intradiffusion coefficient, in the mic
ar composition range, is different from that measured a
MC, $F

CMC, where micelles are absent, and shows a de
ence on the surfactant concentration;
—the micelle intradiffusion coefficient is not constant.

Micelle intradiffusion coefficients.$M can be estimate
xperimentally by the addition of TMS to the system. In f

or a compound in a micellar solution which is entirely c
ned to the micelles and has a negligible solubility in
ntermicellar solution, the observed intradiffusion coeffic
ill be the same as the intradiffusion coefficient of the mice

26). With this purpose, we added TMS in trace amounts to
olutions. TMS is a strongly hydrophobic molecule and
olubilized in the micellar core. Below the CMC no NM
ignal from TMS was observed. This was ascribed to
iffusion of the probe to the air–water interface in the abs
f solubilization sites in solution (27). In micellar solutio
lectrostatic repulsion should prevent intimate micelle–mic
ontacts, barring collisional transfer of solubilized molecu
or these reasons we followed the TMS NMR signal, in o

o measure directly the micelle intradiffusion coefficient. T
MS intradiffusion coefficients are collected in Table 1.
pection of Figs. 1–6 shows that$M 3 $ as the surfactan
oncentration increases and the monomeric contribution
omes negligible. As a consequence, it seems realistic t
ume that the added solubilizate does not perturb the mic
.e., by reducing the CMC or affecting appreciably mic
hape and size.
In a first approximation, the simple pseudo-phase-trans
odel can be assumed; in this case the micelles start to fo

he CMC. This concentration can be considered as the in
ilution for micelles. Furthermore, the micelle concentratio
roportional to the total surfactant concentration minus
MC (see Eq. [2]). For this reason, the concentration de
ence of$M can be expanded as a polynomial of (C 2 CMC),

M 5 $ M
CMC~1 1 A9M~C 2 CMC!

1 B9M~C 2 CMC! 2 1 . . . !, [9]
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20 ANNUNZIATA ET AL.
lthough the graphs of Figs. 1–6 show that$M is almost a
inear function of =C. Since we are going to discuss
erm A9M later, we collect the fitting parameters of Eq. [8]
able 3.
It is possible to relate the micelle intradiffusion coefficie

xtrapolated at the CMC ($M
CMC), to the hydrodynamic size

he aggregates using the Stokes–Einstein equation to cal
he apparent radius,r (28),

r 5
kBT

6ph CMC$ M
CMC , [10]

herehCMC is the viscosity of alkyl sulfonate solutions at
MC.

FIG. 1. C5SNa aqueous solutions: (F) tenside intradiffusion coefficient
■) TMS intradiffusion coefficients, (E) limiting intradiffusion coefficient
omputed from conductivity data, (h) free monomer intradiffusion coef
ients; the dashed line shows the mutual diffusion coefficient trend.

FIG. 2. C6SNa aqueous solutions: (F) tenside intradiffusion coefficient
■) TMS intradiffusion coefficients, (E) limiting intradiffusion coefficient
omputed from conductivity data, (h) free monomer intradiffusion coef
ients; the dashed line shows the mutual diffusion coefficient trend.
,

ate

In the premicellar solutions of alkyl sulfonate the visco
ollows the relation (29)

h 5 h 0~1 1 BC!, [11]

here h0 is the water viscosity andB is an interpolating
oefficient. For a low number of carbon atoms in the hy
arbon chain,nC 5 1–6, the following was found (in mol21

m3) (29):

B 5 0.1321 0.0843nC. [12]

For nC . 6, we extrapolatedB from Eq. [12]. hCMC was
btained from Eq. [11], withC 5 CMC; hCMC values are
eported in Table 3.

FIG. 3. C7SNa aqueous solutions: (F) tenside intradiffusion coefficient
■) TMS intradiffusion coefficients, (E) limiting intradiffusion coefficient
omputed from conductivity data, (h) free monomer intradiffusion coef
ients; the dashed line shows the mutual diffusion coefficient trend.

FIG. 4. C8SNa aqueous solutions: (F) tenside intradiffusion coefficient
■) TMS intradiffusion coefficients, (E) limiting intradiffusion coefficient
omputed from conductivity data, (h) free monomer intradiffusion coef
ients.
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21AQUEOUS SODIUM SULFONATE SURFACTANTS
The measuredr values are shown in Table 3. They can
ompared with those of the alkyl chain length computed
ording to the Tanford relation,

, 5 0.151 0.1265nC [13]

here, is approximately the hydrophobic core radius (in n
As can be seen,r . ,, with a mean difference of 0.2–0

m, due to the sulfonic heads, the bound counterions, an
ydration water.
$M

CMC must coincide with the limiting micelle mutual diff
ion coefficient (30, 31). The knowledge of$M

CMC permits the
omputation of then, q, and K values for the micellizatio
quilibrium from the mutual diffusion measurements. Th
arameters permit calculation of the concentration of all
ies present in solution (8). The results indicate that the
onomer concentration decreases above the CMC. Th

FIG. 5. C9SNa aqueous solutions: (F) tenside intradiffusion coefficient
■) TMS intradiffusion coefficients, (E) limiting intradiffusion coefficient
omputed from conductivity data, (h) free monomer intradiffusion coef
ients; the dashed line shows the mutual diffusion coefficient trend.

TAB
Critical Micellar Concentration and Fittin

CMC
(mol dm23)

CMC
(mol dm23)

$` 109

(m2 s21)
$
(

5S 1.04 0.99c 0.831

6S 0.540 0.46c 0.764

7S 0.302 0.733

8S 0.130 0.14–0.153c 0.697
0.134e

9S 0.0818 0.06e —

11S 0.02e —

a Data from Ref. (24).
b Data from Ref. (8).
c Data from Ref. (44).
d Interpolated data.
e Data from Ref. (45).
-

.

he

e
e-
e
i-

elle concentration,CM, starts to be significant slightly belo
he CMC and increases linearly with total surfactant con
ration. We can reconsider Eq. [9] according to the chem
quilibrium model using the true value ofCM:

$M 5 $ M
CMC~1 1 AMCM 1 BMCM

2 1 . . . !. [14]

The calculated parameters are reported in Table 4. Cle
M ' nA9M and BM ' n2B9M; however, the results obtain

rom Eq. [14] must be preferred, considering that the aqu
olutions of our tensides are better described by the equilib
odel.
The concentration dependence of$M is generally due to th

ombination of two effects: intermicellar interactions a
hange of micelle size. At moderate ionic strength the
ffect is prevailing (32, 33). In order to interpret our exp
ental results, we neglected the second effect.

2
arameters for the Equations in the Text

109

s21)
a

(mol dm23)21/2 nb q/nb ln Kb

132 0.386 9 0.6 27.00
671 0.358 10 0.8 3.
7322 0.344 12 0.8 18
894 0.295 (17)d (0.8)d (50.1)d

632 0.214 28 0.8 120
027 — 45 0.8 297

FIG. 6. C11SNa aqueous solutions: (F) tenside intradiffusion coefficient
■) TMS intradiffusion coefficients, (E) limiting intradiffusion coefficient
omputed from conductivity data, (h) free monomer intradiffusion coef
ients; the dashed line shows the mutual diffusion coefficient trend.
g P
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m2
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TABLE 3

C 8
C 1
C 4
C 6
C 9
C 4

LE

C .59
C .85
C .0
C .1
C .8
C
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Although a large body of literature has been developed a
he problem of interactions among polyelectrolytes in aqu
olution in the presence and absence of added salts (34
nly incomplete models have been used so far to des

ntermicellar interactions (37, 38). On the other hand, sev
odels have been developed for describing the intera
mong uncharged spherical particles. Batchelor (39) has s

hat in a dilute suspension of spherical particles it is approp
o express the intradiffusion coefficient$ as a power series
he particles volume fraction,f. Considering two- and thre
ody hydrodynamic interactions the following relation ho
40):

$ 5 $ `~1 2 1.73f 1 0.88f 2 1 . . . !. [15]

n the following discussion we assume the shape of the
elles to be not very far from the spherical one. Furtherm
e preserve the same dependence onf of Eq. [15] for charged
pherical particles. In this case, of course, the particle’s vo
ill appear larger than the real one because of the effect o
lectrostatic interactions.
Comparing Eq. [15] and Eq. [14] one can show that

AM 5 21.73
f

CM
5 21.73V9M 5 22.31p

NA

1024 ~r 9! 3, @16#

here V9M is the excluded volume due to the presence
icelles,r 9 is the corresponding radius (in nm), andNA is the

Fitting Parameters for

$M
CMC 109

(m2 s21)
hCMC

(cp) (mo

5S 0.165 1.40 2

6S 0.171 1.20 2

7S 0.172 1.08 2

8S 0.155 0.984 2

9S 0.140 0.955 2

11S 0.106 0.909 2

TAB
Fitting Parameters for

AM

(mol21 dm3)
BM

(mol21 dm3)
r 9

(nm)

5S 27.03 11.9 1.15

6S 29.10 26.8 1.25

7S 212.3 46.6 1.39

8S 222.1 142 1.69

9S 240.4 555 2.06

11S 2126 148 3.01
ut
s
6),

be
al
n

wn
te

i-
e,

e
he

f

vogadro number. The computedr 9 values are reported
able 4. As can be seend9 5 r 9 2 r is always positive (Tabl
). This point will be discussed later.

Monomer intradiffusion coefficients.The free monome
ntradiffusion coefficient,$F, can be computed from Eq. [8
ts trend is shown in Figs. 1–6.$F is affected by the ioni
trength of the aqueous medium and by the obstruction e
ue to the micelles. The former effect can be assumed to b
ame as in the premicellar region:

$F(I) 5 $ `~1 2 aI 1/ 2!. [17]

he ionic strength of the aqueous medium was comp
onsidering the free monomers and counterions concentra
btained from the equilibrium parameters:

I 5
1

2
~2CF 1 ~n 2 q!CM!. [18]

ue to the presence of the charged micelle surface, th
istribution is not uniform; consequently, the ionic stren
omputed through Eq. [18] is an approximate value.
Bell (41) proposed a model for taking in account the

truction effect exerted by spherical micelles on a small p
le such as the free monomer,

$F 5 $ F
0~1 1 0.5f! 21, [19]

Equations in the Text

dm3)
B9M

(mol21 dm3)
r

(nm)
,

(nm)

9 0.157 0.94 0.7
4 0.257 1.07 0.9
1 0.320 1.17 1.0
3 0.436 1.43 1.1
9 0.707 1.63 1.2
6 0.567 2.27 1.4

4
Equations in the Text

d9
m)

AF

(mol21 dm3)
r 0

(nm)
k21

(nm)
d0

(nm)

0.21 4.46 1.52 0.274 0
0.18 8.58 1.89 0.428 0
0.22 12.9 2.16 0.528 1
0.26 21.2 2.55 0.857 1
0.43 51.2 3.49 1.064 1
0.74 — — 1.221 —
the

A9M
l21

0.7
0.9
1.0
1.2
1.4
2.4
the

(n



where$F
0 is the monomer intradiffusion coefficient in absence
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23AQUEOUS SODIUM SULFONATE SURFACTANTS
f obstructing particles. This relation holds for unchar
pheres; however, we can preserve this expression fo
ystems.
As a consequence,$F in the micellar region can be inte

olated by the following relation:

$F 5
$F~I !

1 1 AFCM
. [20]

F is related to the obstruction effect amplified by the elec
tatic interactions. The calculatedAF values are reported
able 4. Comparing Eq. [20] with Eq. [19], it can be seen

AF 5 0.5
f

CM
5 0.5V0M 5 0.67p

NA

1024 ~r 0! 3, [21]

hereV0M is the apparent molar volume of the micelle, c
idered as the obstructing object,r 0 is the corresponding radi
in nm). In Table 4 ther 0 values are reported. Comparingd0 5
0 2 r with d9, it can be seen that the obstruction exerted
he micelles on the monomers is stronger than that exerte
he other micelles.r 9 and r 0, computed in the compositio
egion near the CMC where the micelle concentration is
ust be considered as indications of the friction encount

espectively, by the micelle and the monomer to change
osition during the diffusion process; i.e., they are hydro
amic properties. The hydrodynamic volumes can be m

arger than the partial molar ones because of the interactio
olution (42). They cannot be assumed as true volume
ctual species in solutions. In fact, using these volume
omputing the space occupied by particles in moderate
ighly concentrated solutions, volumes larger than those o
hole solution would be found.
In order to understand the meaning ofd9 andd0, the structure

f a micellar system formed by an anionic surfactant mus
aken in account. An ionic micelle can be represented
perical aggregate whose inner core region consists of m
lene tails. The negatively charged headgroups are locat
he aggregate surface, in contact with water molecules.
icelle behavior can be described in terms of the poly

heory. The electrostatic potential due to the charges o
icelle surface causes a gradient of the counterion conce

ion in going from the surface to the bulk solution (3
osawa (35) and Manning (36) stated that a fraction of c

erions will “condense” on the polyion to lower the cha
ensity of its surface. The adsorbed counterions, along wit
urfactant headgroups, form the Stern layer. The res
harge density on the micelle surface produces, on the me
urrounding the micelle, the electric potential

C 5 C o exp~2kx!, [22]
d
ur

-

t

-

y
on

,
d,
ir
-
h
in
of
or
or
he

e
a

th-
on
he
s
he
ra-

n-

he
al
m

herex is the distance from the micellar surface,Co is related
o the surface charge density, andk depends on the nature
he intermicellar medium,

k 2 5
2000e2NA

e0e rkBT
I , [23]

heree0 is the vacuum dielectric constant ander is the inter-
icellar dielectric constant (which we assume to be tha
ure water).k is a linear function of the square root of the io
trength. Because of the potential given by Eq. [22], nea
icelle surface there are excess unbound counterions,

he monomer surfactant anions are rejected. The count
oncentration decreases continuously in going from the mi
urface to the bulk solution.
A simple approximated model is often assumed, in w

he excess counterions are confined in a well-defined re
urrounding the aggregates, called the Gouy–Chapman
43). Its thickness may be identified withk21, which has the
imension of length. In Table 2 the computedk21 values are
eported. To estimatek21, the ionic strength in Eq. [23] wa
ssumed to be equal to the CMC.
The differenced0 can be seen as the thickness of the la

urrounding the micelle, where free surfactant anions are
ered from entering because of the electrostatic repulsion

o the micelle charge. In the same mannerd9 is the thickness o
he layer surrounding the micelle in which another mic
annot enter because of the repulsion between the two ch
urfaces.d9 andd0 must be proportional to the dimension of
ouy–Chapman layer.
Inspection of Fig. 7, wherek21, d9, andd0 are reported as

unction of I 21/ 2 for the surfactants under consideration, sh
hatd9 andd0 have the same trend ofk21. They increase as th
onic strength decreases and are good indices of ionic r
ion. Hence,d9 andd0 permit a realistic view of the interactio
n the micellar systems formed by ionic surfactants.

FIG. 7. Gouy–Chapman layer thickness: (F) d0; (■) d9; ({) k21.
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24 ANNUNZIATA ET AL.
This paper has provided intradiffusion coefficients for
mportant class of ionic surfactants. The CMCs were de

ined and in the micellar region both the monomer and
icelle mobilities were determined. They are influenced by
bstruction due to the micelles. This effect is strongly
anced by the electrostatic interactions in solution.

ACKNOWLEDGMENTS

This research was carried on with financial support of the Italian MU
Cofin.97 CFSIB) and the Italian CNR.

REFERENCES

1. Tanford, C., “The Hydrophobic Effect,” Wiley, New York, 1973.
2. Israelachvili, J. N., Mitchell, D. J., and Ninham, B. N.,J. Chem. Soc

Faraday Trans. II72, 1525 (1976).
3. Ambrosone, L., Costantino, L., D’Errico, G., and Vitagliano, V.,J. Solu-

tion Chem.25, 757 (1996).
4. Ambrosone, L., Costantino, L., D’Errico, G., and Vitagliano, V.,J. Solu-

tion Chem.26, 737 (1997).
5. Ambrosone, L., Costantino, L., D’Errico, G., and Vitagliano, V.,J. Col-

loid Interface Sci.190,286 (1997).
6. Ortona, O., Vitagliano, V., Paduano, L., and Costantino, L.,J. Colloid

Interface Sci.202,000 (1998).
7. Gunnarsson, G., Jo¨nsson, B., and Wennerstro¨m, H., J. Phys. Chem.84,

3114 (1980).
8. Annunziata, O., Costantino, L., D’Errico, G., Paduano, G., and Vitagl

V., J. Colloid Interface Sci.216,8 (1999).
9. Stilbs, P.,Prog. Nucl. Reson. Spectrosc.19, 1 (1987).
0. Callaghan, P. T., “Principles of Nuclear Magnetic Resonance Mi

copy,” Clarendon Press, Oxford, 1991.
1. Hertz, H. G.,Ber. Bunsen-Ges. Phys. Chem.9, 979 (1967).
2. Goldammer, E. V., and Hertz, H. G.,J. Phys. Chem.74, 3734 (1970).
3. Paduano, L., Sartorio, R., Costantino, L., and Vitagliano, V.,J. Colloid

Interface Sci.189,189 (1997).
4. Nemethy, G., and Scheraga, H. A.,J. Chem. Phys.41, 680 (1964).
5. Berr, S. S.,J. Phys. Chem.91, 4760 (1987).
6. Shinoda, K., and Hutchinson, E.,J. Phys. Chem.66, 577 (1962).
7. Weinheimer, R. M., Fennel Evans, D., and Cussler, E. L.,J. Colloid

Interface Sci.80, 357 (1981).
r-
e
e
-

T

,

s-

202 (1964).
9. Zana, R., “Surfactants Solutions, New Methods of Investigation,” De

New York, 1987.
0. Mukerjee, P.,J. Phys. Chem.76, 565 (1972).
1. Desnoyers, J. E., De Lisi, R., Roberts, D., Roux, A., and Perron,J.

Phys. Chem.87, 1397 (1983).
2. Lindman, B., Puyal, M., Kamenka, N., Rymde´n, R., and Stilbs, P.,J. Phys

Chem.88, 5048 (1984).
3. Mills, R., and Godbole, E. W.,J. Am. Chem. Soc.82, 2395 (1960).
4. Clunie, J. S., Goodman, J. F., and Symons, P. C.,Trans. Faraday Soc.63,

754 (1967).
5. Robinson, R. A., and Stokes, R. H., “Electrolitic Solutions,” Butterwo

London, 1955.
6. Jansson, M., and Warr, G. G.,J. Colloid Interface Sci.140,541 (1990).
7. Jansson, M., and Stilbs, P.,J. Phys. Chem.89, 4868 (1985).
8. Henry, D. C.,Proc. Roy. Soc. A133,106 (1931).
9. Tamaki, K., Ohara, Y., Kurachi, H., Akiyama, M., and Odaki, H.,Bull.

Chem. Soc. Jpn.47, 384 (1974).
0. Sundelo¨f, L. O., Ber. Bunsenges. Phys. Chem.83, 329 (1979).
1. Kratohvil, J. P., and Aminabhavi, T. M.,J. Phys. Chem.86, 1254

(1982).
2. Mazer, N. A., Benedek, G. B., and Carey, M. C.,J. Phys. Chem.80,1075

(1976).
3. Dorshow, R., Briggs, J., Bunton, C. A., and Nicoli, D. F.,J. Phys. Chem

86, 2395 (1982).
4. Fuoss, R. M., Katchalsky, A., and Lifson, S.,Proc. Nat. Acad. Sci.37,579

(1951).
5. Oosawa, F.,J. Polymer Sci.23, 421 (1957).
6. Manning, G. S.,J. Chem. Phys.51, 924 (1969).
7. Corti, M., and Degiorgio, V.,J. Phys. Chem.85, 711 (1981).
8. Mazo, R. M.,J. Chem. Phys.43, 2873 (1965).
9. Batchelor, G. K.,J. Fluid Mech.74, 1 (1976).
0. Beenakker, C. W. J., and Mazur, P.,Physica120A, 388 (1983).
1. Bell, G. M.,Trans. Faraday Soc.60, 1752 (1964).
2. Ambrosone, L., Della Volpe, C., Guarino, G., Sartorio, R., and Vitagl

V., J. Mol. Liq. 50, 187 (1991).
3. Hiemenz, P. C., “Principles of Colloid and Surface Chemistry,” Dek

New York, 1986.
4. Mukerjee, P., and Mysels, K. J., Natl. Stand. Ref. Data Ser. (U.S.,

Bur. Stand.) No. 36 (1971).
5. Rassing, J., Sams, P. J., and Wyn-Jones, E.,J. Chem. Soc. Faraday Tran

II 70, 1247 (1974).


	INTRODUCTION
	EXPERIMENTAL
	RESULTS AND DISCUSSION
	TABLE 1
	FIG. 1
	FIG. 2
	FIG. 3
	FIG. 4
	FIG. 5
	TABLE 2
	FIG. 6
	TABLE 3
	TABLE 4
	FIG. 7

	CONCLUSION
	ACKNOWLEDGMENTS
	REFERENCES

