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Surface Stoichiometry of lonic Surfactants at Interfaces: A New Thermodynamic Model
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A new theoretical development based on the concept that thevater interfacial layer of adsorbed ionic
surfactant constitutes a nonautonomous phase is presented. This adsorbed layer can thus be described by a
state function of variables whose values are dependent on the adjacent bulk phase. This thermodynamic analysis
allows demonstration that, for a given interfacial amount of adsorbed ionic surfactant, a<ttarkins-like
relationship applies when varying the concentration of an inorganic salt having the same counterion in common
with the ionic surfactant. Experimental validation of this analysis is done using the data of Tajima, who
studied with a radiotracer method the effect of sodium chloride on the adsorption of sodium dodecyl sulfate
(Na*DS") at the air-water interface. The CorrinHarkin-like relation, Logéps-) + f Log(anat) = K, is

verified with excellent correlation coefficients for various amounts of adsorbeddD®ie air-water interface.

This result suggests that the behavior of the ionic surfactant layer at thevatier interface is similar to that

of micelles. In particularg may constitute a scale for quantifying the degree of counterion binding to the
interfacial layer of surfactant. Finally, the presented model allows the concept of surface stoichiometry for
the calculation of the surface area occupied by the polar headgroup of a ionic surfactant atveateir
interface to be introduced.

Introduction obtained!! However, the Gibbs equation can only apply to the
study of neutral species. In particular, this formalism does not
allow discrimination between the adsorption of an ionic surf-
interface is energetically favoréd. The critical micelle con- actant and its counterion. Resu]ts from radlotrgcer experirfents
have corroborated those obtained from tension measurements.

centration (cmc) at which aggregation occurs reflects that More recently. the study of adsorotion at the-airter interface
hydrophobic interactions between the hydrocarbon chains of the " Y, y p cawaler
using specular reflection of neutrons has provided a lot of

surfactant molecules are balanced by hydration and elec'[rostaticStructural information about the adsorption lain particular
repulsive effects of the hydrophilic headgroups. In addition, it P P ’

is also well recognized that surfactant properties strongly dependgginr:;er;fggg S(I)Ia\r’]\'gdtodzt?;rgr'g?:ogr (gf tﬁgxgggcu T:riﬁ:(ett?\S)llfr:le-
on counterion speci€sFrom a theoretical point of view, Y y y

. 3 -
considerable work has been devoted to rationalize the so-calIedmgmglrggtaetr'%?féﬂz% gﬁh?%rﬂigtlignkggv‘;fg,g;'athe .e)t(gf”
'degree of counterion binding” to micelles, and various interfacial layer of ionic surfactant remain% limited to these last
thermodynamic formalisms have been proposed for describing Y

the behavior of ionic surfactant micell&s® Indeed, knowledge m’;hrggéh?A?rﬁérg‘ivsvgén%fmcoﬂ?egx% ?Cihtga;tjgmifoglme
of the specific binding of counterions to ionic surfactant y y

aggregates is of fundamental importance for a better understand-rnlcelles m|ght be appllgd to |nterfaC|z?1I Ia.yer.s. A well .recogmzed
ing of micellization. method which bears evidence of the ionization of ionic surfactant

Another important property of ionic surfactants lies in their micelles is based on the evolution of the cmc upon the addition

ability to adsorb at the airwater interface. Since the same of incre.asing amounts of an inorggnic .Salt. having the same

fundamental molecular interactions must control aggregation at count(_enon. Th_e degree of cour_1tenon _b'”‘."ﬁ@FaT‘ thus be

surfaces and in solution, the interfacial surfactant layer is likely graphically gsumate_d from _releTor? Which is similar to the

to share many of the properties of micelles in solution. In regular Corrin-Harkins relatior?.

particular, the concept of degree of counterion binding should Log(cmey,) + 8 Log((cmc+ CYy,) =K 1)

be applicable to interfacial surfactant layers. This similarity

between micelles and adsorbed films has already been outlinedvherey .. is the mean activity coefficient ar@s the concentra-

by several authors from thermodynamic studli@sd neutron  tion of added salt. This relation is a limiting case of the more

reflection experiment¥) for example. general relation (2) linking the activities of surfactant ioas,
Adsorption of surfactants at the aiwater interface is usually ~ and counterionsa,, in the presence of micellés:

investigated by measuring the surface tension. The Gibbs

Single-chain ionic surfactants form aggregates called micelles
in water because the reduction of the hydrocarbwater

equation allows the positive or negative surface excesses to be Log(a) + B Log(a) = K 2)
t UniversiteJoseph Fourier Grenoble 1. wherea; anda, are respectively the activities of surfactant ions
* UniversitePierre et Marie Curie. and counterions.
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Here, we will show for the first time that the behavior of an SCHEME 1: Phase Separation Model for the Air—Water
air—water interfacial layer of ionic surfactant can be described Interfacial Region of an Aqueous Solution of NaD3
by Corrin—Harkins-like relations, which are similar to those n® 0% A (©)
established for ionized micelles. In the first part of this paper, ps M
we present a new theoretical development based on the thermo-
dynamic concept that the aiwater interfacial layer of ionic
surfactant constitutes a no autonomous pha3dis adsorbed
layer can thus be described by a state function of variables
whose values are dependent on the adjacent solution phase. The b b b b
theoretical demonstration as well as experimental validation will o Mt xS b)
be dgvgloped by taking sodium dodepyl sulfa'lte*(ISléL).as a a(b) and ) represent the bulk phase and the interfacial layer of
test ionic surfactant and NX~ as an inorganic salt, with the  adsorbed surfactant respectively.
Na' counterion in common. We demonstrate that for a given

I'ps interfacial amount of adsorbed DS the following (Gibbs plane S). The bulk concentration of species is taken as
relationship (3) applies when varying the inorganic salt con- a reference for quantifying the surface excesses. The Gibbs plane
centration: is chosen so that the surface excess of solvent is zero, allowing
the surface excesses of molecules to be determined and the

Log(aps ) + B Log(ana) =K 3) Gibbs adsorption law to be obtained. This model does not

) o ) introduce the notion of surface stoichiometry between the
wheref andK are constants. Experimental validation of relation zdsorbed ionic surfactant and its counterion.

3 is done using the published data of Tajifiavho studied Since we are interested in quantifying the degree of counterion
with a radiotracer method the effect of sodium chloride on the pinding to an air-water interfacial layer of ionic surfactant, we
adsorption of sodium dodecyl sulfate at the-airater interface.  propose here an alternative thermodynamic model. We associate

This theoretical demonstration as well as its experimental o the energetic termy dA a “surface content” which is
validation allowed us to introduce the conce ; ;

aat pt of surface constituted ofndg moles of DS anions andnf,. moles of
stoichiometry of the adsorbed surfactant layer, which is not
possible in the Gibbs law formalism.

(o

Na* cations. Unlike Gibbs theorynls and ni,. may be
different in order to account for the possibility that amphiphilic
DS~ adsorbs in excess at the -aivater interfacial region, in

Results association with only a fraction of strongly bounded "Na
The Gibbs energyG of an aqueous solution containimg counterions. Since Xis not amphiphilic, its concentration in
moles of N&DS™, n, moles of N&X ™, andnz moles of water the interfacial region is assumed to be zero because of electro-
at constant pressure and temperature depends, 0p, ns, and static repulsion from the negatively charged interfacial layer of
the air-water interfacial are@: DS™. Finally, water adsorption is not considered, which means
that the air-water interface corresponds to the Gibbs plane.
G = G(n,nyn3.A) (4) The argument requires now to count in this plane the positive
and and negative charges and to associate them to the surface energy
y dA.
dG = u, dn, + u, dn, + g dny + y dA (5) Mass conservation implies that
whereus, u, andus are the chemical potentials of species and Mg = Ny Ny = N + M (10)
y the superficial tension.
Since we are interested in studying the segregation of ionic Nps =Ny = Npg- + ngs_ (11)
species, it is more convenient to express the Gibbs er@gy
the system as a function of the number of moles of each ionic N =n,= n?(, (12)
or nonionic species (eq 6), which is purely formal.
_ b
G = G(Nps-sNyas My N3,A) (6) N3 =Ny 13)

where superscript b denotes the bulk region and superscript
the interfacial region (Scheme 1). As a consequence of this
Nps- =N, and n,_=n, @) separation, the Gibbs energy of the system can be formally
divided in two contributions,

The mass conservation and electroneutrality imposes that

Nugs =Ny + 1, (8) b
dG = 0G’ + 0G (14)
G is an extensive state function and
with
dG = pups- dNps- + g ANyge + sy dny + ) ) )
Uz dng +y dA (9) 0G” = pupg- dNpg- + fing: ANy, + 7 dA (15)

whereups-, una, tx-, andus represent the chemical potentials — 0G” = upe dnbs. + sy dNBas + - AN + 15 dn (16)
of species.

The problem is to find a structural model allowing description At this point, it must be pointed out that we do not take into
of the interfacial energy corresponding to the termA. In the account the existence of charged phases. Only mathematical
Gibbs model, y dA is associated with neutral surface molecules variables have been associated. As a consequence and from a
(NaDS, NaX, HO) which are located in the interfacial region, theoretical point of view, there is a priori no reason @&rand
in positive or negative excess with regard to a dividing surface GP to be state functions. Only experimental facts could validate
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this hypothesis. If it is true, then we will be able to obtain new
theoretical information about the interfacial adsorption of ionic
surfactants.

If G° andGP are effectively state functions of the variables
listed in eqs 15 and 16, we can write

8G’ = dG’ (17)

0G" =dG° (18)
In this hypothesis(z* and GP are the free chemical energy of
two nonautonomous phases in the formalism of Défay.

It is interesting to emphasize that coherence of this model
implies particular relations fa&” andG?, since these functions
are defined from the chemical potentials of the global system.
Indeed, we have

3G’ aG"
/uDS* = o = b (19)
INps-frg A \Mos-[rp ,no g
K [ aGP
UNar — P - b (20)
Ny ngo— A 0NNz nBe—nd—,ng
and
oG
Unaps= Unar T Ups- = (ﬁ) (21)
1/ 0,0, A

Thus, G° and GP are defined from the chemical potentials of
the global system by the following relations:

g g
SR
INps-frg A \OMNar/ng_ A Yn,ng A
b b
e ; ( e _[) g
INps- [ ) gy B nd—.ng 1 n,ngA

The hypothesis of nonautonomous phases for regicend
region b also implies that the property of cross derivation is
verified for the chemical potentials.

(WDS) _ _(anﬁlaﬁ)
Ftniar g A LS PR

The right-term in eq 24 allows definition of a surface stoichi-
ometry 8 which is dependent on the Nahemical potential.

anﬁaﬁ
Blunas) Z( p )
Ungh A

Nps-

(24)

(o
_ Nyae

. (25)
NS

Thus, for a transformation occurring with a constant interfacial
adsorption of DS (I'ps- = njg-/A), while the Na& X~ concen-
tration is varying, relation 24 predicts that

dups = —Blung:) ditya:

If aps- andana+ are the activities of DSand Na in the bulk,
development of the chemical potentials in eq 26 leads to the
following relation:

(26)

dIn@ps ) = —A(anar) d INay,:) (27)
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Figure 1. Adsorption isotherms of NdS~ solutions in the presence

of NaCl at 25°C: O 1.0 x 10° M NaCl; 0 5.0 x 10 M NaCl; ®
10.0 x 1073 M NacCl (from ref 16).
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Figure 2. Plots ofl'(aps-) as a function of Logina+) takingI'ns- equal

to (a) 1.72, (b) 1.86, (c) 2, (d) 2.14, (e) 2.28, (f) 2.42, (g) 2.56, ()
2.70, () 2.84, ()) 3.0, and (K) 3.14 10~ mol cnr2.

This relation can be easily integrated if one assumesghst
independent oéw,+ for a given interfacial adsorption of DS

In this modelization, it is assumed that the surface stoichiometry
S of the nonautonomous interfacial region phase a constant.
This could not be the case, and it is only the experiment which
can validate this model. Under this assumption, integration of
relation 27 gives

©)

Relation 3, unlike Gibbs theory, predicts that a Cotifitarkins-
like relation exists for the interfacial layer of adsorbed ionic
surfactant.

To check the validity of the theoretical relation (3), we have
used the experimental results of Tajidfayho established the
air—water interfacial adsorption isotherms of D8y using a
radiotracer method (Figure 1) and studied the effect of added
NaCl salt on the interfacial DSadsorption. From these iso-
therms, it is possible to determine for a given valué'g$- the
equilibrium bulk concentration of NS~ when 1, 5, or 10
mM NacCl are present in the medium. Figure 2 represents the
relation between Logbs-) and Logéwa+) for variousI'ps- rang-

Log(aps-) + B Log(ay,:) = K= cste
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TABLE 1: Linear Fitting Parameters Obtained from the B 0.8 — 55 K
Corrin —Harkins-Like Plots of Figure 2
I'ps- 10710 correlation curve in 07 |
mol cni? B K coefficient Figure 2
1.72 0.37 —4.40 0.99467 a 0.6 |
1.86 0.38 —4.36 0.99998 b 45
2.0 0.39 —4.32 0.99943 c 05 k
2.14 0.37 —4.22 0.9996 d
2.28 0.41 —4.27 0.9984 e
2.42 0.44 —4.28 0.9941 f 041
2.56 0.47 —4.29 0.9999 g
2.70 0.50 —4.33 0.999 h 03 | —>
2.84 0.55 —4.37 0.9967 i 145
3.00 0.654 —4.53 0.9996 j 02 |
3.14 0.76 —4.73 1 k '
01
ing from 1.72x 10~ mol cm2 to 3.14x 10719 mol cm2.19 | |
Activities are calculated assuming a meanactivity coefficient 0.0 ) ; '5 2' o5 3 3 54
obtained from the extended law of Debye and Huckel: ' ' '
[ ps-(1010 mol.cm™2 )
0.509,/ ¢y, : lution of 8 and function of"
Log(yi) - _ Figure 3. Evolution of # andK as a function ofl ps-.
1+1.316/cy,:

a Gibbs-Duhem relation can be obtained in the following form

Despite the poor precision obtained in exploiting Tajima’s at constant temperature:

data, a satisfying linear correlation is observed (Table 1),

demonstrating the validity of eq 3. These experimental results

show that the salt effect on the behavior of an—aater

interfacial layer of adsorbed ionic surfactant can be described

using Corrin-Harkins-like relations which are similar to the n’ ne

ones established for ionic micelles. dy = — —> dups. — —> du (30)
This observation suggests that the behavior of the surfactant A bs A N

layer at the airwater interface is similar to that of micellar

aggregates. In particula®,may constitute a scale for quantifying

the degree of counterion binding to the interfacial layer of - _ _

surfactant. Moreover, the aiwater interfacial layer of adsorbed dy Tos- dups- ~ Tar i (31)

amphiphiles presents the feature of a nonautonomous phaseyn absence of added electrolyte and at low concentraiaf

and its behavior should be described from a state function NaDS, eq 31 reduces to relation 32.

depending on temperature, interfacial surface area, and content

0= nps- dups- + Mz dunae + Ady (29)

that is,

parameters. Finally, the linear relation between lagg() and dy =—RTI'ps + 'y,) dInC (32)

Log(anat) indicates that thg degree of counterion binding does

not depend on salt concentration for a given valuEd-. This Sincel'nat = flbs-, as shown by relation 25, we finally obtain

behavior is formally the same as that reported for the ionization d

of micelles. Y — _RT(1+ ) e 33
Figure 3 shows the evolution @ andK asIps- increases dinC T+ A)los 33)

10 10 2 -
from from 1.72x 10" ®to 3.14 < 10" mol et ® AS s Relation 33 gives a new interpretation for the physical significa-

increases, the negative charge of the-ainter interface in- . . - ! .
creases and electrostatic interactions with sodium counterionstlon of dy/d In C. Indeed, in the Gibbs formalism, which does

become stronger. As a consequence, the degree of counteriorﬁwt separate t[he contributions of the ionic surfactant and its

binding, 3, increases a$§ps- increases. It is noteworthy that counterion, it is shown that

for high values ofl ps-, one can find & value which is very d

similar to that determined for SDS micellgs € 0.76)2 As a _Ld nc . 2RT Naps(Gibbs) (34)

consequence, the structure of the interface between the bulk

and the surface amphiphile layer should be very similar at |dentification between relations 33 and 34 gives

premicellar concentrations to the micetleulk interface. loniza-

tion of interfacial ionic surfactant layer agrees well with the 2l \aps(ibbs™ (1 T B ps- (35)

recent study of Bain et al® who demonstrated, using neutron

reflection studies, that 80% of counterions are bound to a Relation 35 demonstrates that it is possible to introduce the

mon0|ayer of hexadecy|trimethy|ammonium tosy|ate at the air notion of surface stoichiometry in the calculation of the surface

water interface. area occupied by the polar headgroup of a ionic surfactant

Another interesting consequence can be derived from the @dsorbed at an aiwater interface.

experimental validation of relation 3. Indeed, assuming in a )

classical way thatl” is a homogeneous function of degree one Conclusion

in the variables, In conclusion, we have shown theoretical and experimental

" " v evidence that airwater interfacial layers of ionic surfactants

dU? =T dS" + ps- dnps- + e A + 7 dA (28) present similar features to phases. Their behavior can be
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described from state functions depending on content parameters.

The behavior of airwater interfacial ionic surfactant layers is

similar to that of ionic micelles. In particular, the degree of coun-

terion binding can be experimentally estimated from the-air
water interfacial adsorption isotherms using Cortliharkins-

like plots. This new approach may be of general interest for a
better understanding of the behavior of amphiphilic ions at

interfaces.

Finally, we have demonstrated for the first time that the con-
cept of surface stoichiometry can be used in the calculation of the
surface area occupied by the polar headgroup of a ionic surf-
actant at an atrwater interface. This new model, which is com-
plementary to the Gibbs law, should be extended to other inter-

faces, in particular solidliquid and liquid-liquid interfaces.
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