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Abstract

The interaction between poly(ethylene oxide) or poly(vinylpyrrolidone) and cesium and tetraalkylammonium (tetramethyl to tetrabutyl
ammonium) dodecylsulfate has been investigated by means of electrical conductivity measurements to determine the critical aggregation
concentration (cac) of the surfactants in the presence of polymer. The cac values were compared to the values of the critical micellization
concentration (cmc) of the surfactants in the absence of polymer. The value of thencaatio increased with the radius of the counterion in
the sequence: Na< Cs™ < tetramethylammonium < tetraethylammoniurh = tetrapropylammoniurh = tetrabutylammonium = 1.0.

This result indicates that the strength of the interaction decreases upon increasing counterion radius. For the last three tetraalkylammoniurr
ions the value cgcme= 1 indicates the absence of interaction. The results are discussed in an attempt to gain a better understanding
of the mechanism of formation of surfactant aggregates bound to water-soluble polymers such as poly(ethylene oxide) or poly(vinylpyr-
rolidone).

0 2003 Elsevier Inc. All rights reserved.

1. Introduction work interaction between surfactant and polymer means that
the surfactant binds noncovalently to the polymer, i.e., only

Surfactants and water-soluble polymers are present to-aSSociativesysiemsare considered, when using the terminol-
gether in many formulations and industrial processes to ©9Y introduced by Picullel and Lindman [4].
boost the properties of the surfactant by the added polymer AMong water-soluble polymers, neutral polymers have
or vice versa (synergism) and also for producing proper- solution properties that are less complex than Charggd poly-
ties that neither the surfactant nor the polymer possessedl€rs (Polyelectrolytes). Nevertheless, the interaction be-

when used alone. The numerous applications and uses ofween neutral polymers and surfactants is less well under-

polymer/surfactant systems have been reviewed [1]. Besides,StOOd than that between polyelectrolytes and surfactants. In-

important changes in the properties of both the polymer deed, in the second type of systems electrostatic interactions
and surfactant often occur when these two types of com- strongly dominate and determine whether an interaction oc-

pounds are used together. This has greatly stimulated theSurs- In neutral polymer/surfactant systems the electrostatic

: . interactions are much weaker and other mechanisms are re-
interest in polymer/surfactant systems and the study of poly- . . .

: ) . o sponsible for the polymer/surfactant interaction. For these
mer/surfactant interactions is an actual topic in surfactant

. ) systems it is generally observed that the surfactant self-
science. Papers on mixed polymer/surfactant systems are be:-

) : . X associates cooperatively, i.e., under the form of aggregates,
|ng-publlshed inlarge number_and the field ha§ been recentlyat the so-called critical aggregation concentration (cac). The
reviewed [2,3]. In most studies as well as in the present

cac is usually lower than the critical micellization concen-
tration (cmc) of the surfactant by a factor say between 1 and

* Corresponding author. 10[2,3,5]. Thisis in contrast with polyelectrolyte/oppositely
E-mail address: zana@cerbere.u-strasbg.fr (R. Zana). charged surfactant systems where the cac may BelDd
1 On leave from the University Moulay Ismail, Errachidia, Morocco. times lower than the cmc [5]. The strength of the interaction
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between a polymer and a surfactant can be characterized byith alkyl = octyl, decyl, undecyl) has been explained in
the cagcmc ratio, even if this quantity gives only a semi- terms of an excluded volume effect of the polymer [8]. In
quantitative idea of the interaction [6]. For ionic surfactants that study the cac was equal to, or only slightly smaller than,
the nature of the charged head group and of the counterionthe cmc. However, the surfactant alkyl chain was too short
has a strong impact in determining the occurrence and theto validate the proposed explanation.
strength of the polymer/surfactant interaction. The same is  This situation and the recent synthesis in our labora-
true for the nature of the surfactant head group in the case oftory of tetramethyl, tetraethyl, tetrapropyl, and tetrabutyl
uncharged (nonionic, zwitterionic) surfactants [5]. ammonium dodecylsulfate (TMADS, TEADS, TPADS, and

The polymers that have been the most often used in TBADS, respectively) [9] led us to investigate the interac-
studies of neutral polymer/surfactant interactions are poly- tion between these surfactants and PEO and PVP. Indeed,
(ethylene oxide) and the poly(vinylpyrrolidone) (PEO and the tetraalkylammonium ions (TA®) are much larger than
PVP, respectively). At room temperature these polymers alkali metal ions and also have rather different properties.
interact with all anionic surfactants investigated: sodium In particular, the TPA and TBA" ions are hydrophobic
dodecylsulfate, decylphosphate, dodecylbenzenesulfonateenough for self-associating in aqueous solution at high con-
alkylcarboxylate, di(ethylhexyl)phosphate and perfluoro- centration [10]. Obviously, if the polymer/surfactant interac-
nonanoatate, lithium perfluorooctanesulfonate, Aerosol OT, tion is mediated by the surfactant counterion, this interaction
potassium 2-alkylmalonates, etc. [5]. In contrast, their inter- should be much effected in going from hydrophilic alkali
action with the nonionic surfactants,EO, (poly(ethylene metal ions, such as i Na*, and NI—[{ to the much larger
oxide) monoalkyl ethers), with surfactants having a sugar and hydrophobic TAA ions. In the present work the poly-
head group (glucoside, thioglucoside), with zwitterionic sur- mer/surfactant interaction was characterized by measuring
factants such as the dodecyldimethylammoniopropanesul-the cac of the surfactantin the presence of the polymer, using
fonate, and with cationic surfactants of the alkyltrimethyl- the electrical conductivity method [9]. For the sake of com-
ammonium bromide type is very weak or not present, at pleteness measurements have also been performed on the ce-
least at room temperature [5]. However, a slight increase sium dodecylsulfate (CsDS). Indeed, the"Gsn has a size
of the temperature is sufficient to bring about interactions intermediate between that of Naand TMAT. The results
in the case of the PEO/alkyltrimethylammonium bromide presented below show that the strength of the interaction, as
systems owing to the increased hydrophobicity of PEO characterized by the value of the ¢gamc ratio, decreases
at high temperature [5]. Likewise, the more hydrophobic rapidly upon increasing counterion size. They lend a strong
poly(propylene oxide) interacts with alkyltrimethylammo- support to the explanation put forward by Dubin et al. [7].
nium bromides and sugar surfactants, even at room temper-
ature [5].

The PEO/SDS system is probably the one that has been2. Materialsand methods
the most investigated. Dubin et al. [7] reviewed the various
explanations that have been proposed to explain the binding The cesium and tetraalkylammonium dodecylsulfate have
of SDS to PEO. The authors wrote the following: “It has thus been prepared as described elsewhere [9]. The samples of
been variously proposed that the PEO/SDS complex is sta-PEO (Hoechst) and PVP (Aldrich) had molecular weights of
bilized by hydrophobic interactions between the methylene about 20,000 and 55,000, respectively.
units of the polymer and those of the surfactant alkyl chain, = The conductivity measurements were performed using
by interactions between polymeric ether groups and sulfatethe same setup as in previous investigations [9,11]. The cac
groups, or by effects more closely related to the nature of was taken as the concentration corresponding to the break in
the micelle—water interface.” They further conclude “that the plot representing the variation of the specific conductiv-
none of the foregoing proposals has been clearly substan-ty K with the surfactant concentration. The measurements
tiated and that the driving force for the binding of SDS to were performed at 28C, unless specified otherwise.
PEO is open to debate.” Dubin et al. [7] investigated the ef-
fect of the nature of the surfactant counterion(LNa",
and NI—[{) on the PEO/dodecylsulfate micelle interaction. 3. Resultsand discussion
They concluded that the surfactant cation plays a direct role
in the stabilization of the PEO/dodecylsulfate complex [7]. Figure 1 shows the variation of the specific conductiv-
The cation would interact simultaneously with the dode- ity K of CsDS solutions with the surfactant concentratibn
cylsulfate micelle surface via electrostatic interaction and in water, water 0.1 wt% PEO and watef 0.1 wt% PVP.
with the PEO via coordination complexation. Another way The plotin water shows a break that corresponds to the cmc.
to look at this mechanism is to assume that PEO binds al- The plots in wate#s- 0.1 wt% polymer show two breaks. The
kali metal ions, thus becoming a polycation that, in turn, low-concentration break corresponds to the cac, concentra-
binds oppositely charged surfactant anions. This explanationtion at which the surfactant starts associating in the presence
is not always accepted. In a recent study, the interaction be-of polymer. The second break occurs at a concentration that
tween PVP and anionic surfactants (sodium alkylsulfonate is often referred to a§» and that was until recently assumed
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Fig. 1. Variation of the specific conductivity of CsDS solutions af @0

in (@) water; water+ 0.1 wt% PEO A, shifted by+100 p§cm); and
water+ 0.1 wt% PVP @, shifted by+200 uScm).
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Fig. 2. Variation of the specific conductivity of TMADS solutions at°Z5
in (@) water; (A) water+ 0.1 wt% PEO (shifted by-100 pgcm); (V)
water+ 1 wt% PEO (shifted by-300 uS'cm); and @) water+ 0.1 wt%
PVP (shifted by+200 pScm).
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to correspond to the saturation of the polymer by the bound

surfactant. Recent studies, however, demonstrated that the
polymer is not always saturated by surfactant when the con-

centrationCy is reached [12-16]. The results in Fig. 1 clearly
show the difference between the values of the cmc (in wa-
ter) and of the cac (in water polymer). The difference

is much decreased in going to TMADS as can be seen in
Fig. 2, which shows the variations of K with in water and

521

800 ]
700

600 |

(3.
(~3
o

&
S

K (uSl/cm)

300

200

100

1 T = —
0 1 2 3 4 5 6 7 8 9
C (mM)

Fig. 3. Variation of the specific conductivity of TEADS solutions at’Z5
in (@) water and in &) water+ 0.1 wt% PEO (shifted by-100 pScm);
and at 40°C in water @, shifted by 200 pgcm) and water 0.1 wt% PEO
(3, shifted by+300 pScm).

water+ polymer. The values of the cmc and of the cac are
equal for TEADS (see Fig. 3) and TPADS and TBADS (re-
sults not shown) within the experimental error estimated to
be about 5% (3-5). Note that the second break is not seen in
the plot corresponding to systems in watet wt% PEO or
PVP (Fig. 2 and results not shown) because the valu&of

is outside the investigated concentration range.

Table 1 lists the values of the cmc, cac, ratio fanc,
andC», whenever available, of all the investigated systems.
Results for SDS extracted from a previous study [17] are also
listed. These results demand several remarks.

(i) For TMADS (Fig. 2) the value of the ratio cacmc is
independent of the PEO concentration; i.e., the cac is
independent of the polymer concentration. A similar re-
sult has been reported for SDS [17].

(i) The cagcmc ratio tends toward a value of 1 as the
counterion size increases. This value is reached for
TEADS, TPADS, and TBADS.

(iii) The effect of the polymer nature on the gamnc ratio

is pronounced for SDS, but nearly absent for CsDS and

TMADS. This is expected because when the effect of

the polymer is smaller, the differences between differ-

ent polymers must also be smaller.

(iv) The amount of surfactant that is bound to the polymer
at the concentratiof, can be taken as approximately
equal toC2 — cac. It decreases upon increasing counte-
rion radius since the cac becomes closer to the cmc and
vanishes completely for the larger TAAions (Figs.
1-3).
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Table 1
cmc of the investigated surfactants in water and values of the cac in the presence of PEO or PVP
Surfactant Polymer T (°C) cmc or cac (mM) catcme Co (MM)
SDS 25 802
SDS 0.1 wt% PEO 25 42 0.55
SDS 0.1 wt% PVP 25 22 0.26
CsDS 30 e
CsDS 0.1 wt% PEO 30 a 0.68 96
CsDS 0.1 wt% PVP 30 4 0.66 84
TMADS 25 540
TMADS 0.1 wt% PEO 25 F:5} 0.85 80
TMADS 1 wt% PEO 25 & 0.87
TMADS 0.1 wt% PVP 25 3] 0.85 86
TEADS 25 37°
TEADS 0.1 wt% PEO 25 3 10
TEADS 40 38°
TEADS 0.1 wt% PEO 40 3 10
TPADS 25 22b
TPADS 1 wt% PEO 25 2 10
TPADS 0.1 wt% PVP 25 25 101
TBADS 25 115°
TBADS 0.1 wt% PEO 25 a5 10
TBADS 1 wt% PEO 25 us 10
@ From Ref. [17].
b From Ref. [9].

Remarks (i) and (iii) indicate that the interaction between port this explanation. Indeed, the large TA&ounterions do
the polymer, whether PEO or the more hydrophobic PVP, cover the micelle surface [9]. This makes the outer surface
vanishes as the counterion size and hydrophobicity increaseof the shell containing the micelle-bound TAAounterions
A fairly strong interaction was detected with SDS [17]. An hydrophobic or even more hydrophobic than in the absence
interaction is still detected with CsDS and TMADS at°Z5 of such ions. This should therefore not prevent the bind-
(see Figs. 1 and 2), but it is much weaker, with values of the ing of polymers to this surface via hydrophobic interactions.
cag/cmc ratio increasing and becoming closer to 1 in going Unfortunately, the experimental results do not support this
from SDS to CsDS and TMADS. No interaction appears to €xpectation.
occur between TEADS, TPADS, and TBADS and PEO since
the cagcmc ratio is equal to 1 at both 25 and 4D, within
the experimental error. Recall that at4D PEO is less po- 4. Conclusion
lar than at 25C and that at this temperature PEO interacts
even with cationic surfactants [18]. Dubin et al. [7] proposed ~ The study of the interaction between cesium and tetra-
that the interaction between anionic surfactants and PEO is&lkylammonium dodecylsulfates and PEO or PVP revealed
mediated by the surfactant counterion that would form a co- that the interaction becomes weaker and disappears as the
ordination complex with PEO. This assumption was based coqntenon radius is increased. There is essentl'ally no inter-
on numerous studies that showed that indeed PEO can bindCtion already for the TEADS. Thus, the counterion size pro-
cations in nonaqueous solvents such as methanol [19-21] aé/ides a new way for tuning polymer/surfactant interaction.

well as in water [22]. The reported values of the tzmc ra- It would be interesting to check if the interaction between
tio increased with the counterion radius, for the counterions polyelectrolytes and oppositely charged surfactants is also

Li*+, Na*, and NH; [7]. Our results can be interpreted simi- weakened when the size of the surfactant head group is in-

larly. The ability of PEO to bind TAA ions by coordination creased.

complexation decreases as the cation size increases, proba-

bly because the polymer cannot form a cavity large enough

to accommodate large TAAcations. One reviewer of this

work SUQQeSte‘?‘ that the mam dpvmg .force for the poly- [1] D.E. Goddard, in: D.E. Goddard, K.P. Ananthapadmanabhan (Eds.),

mer/surfactant interaction in the investigated systems may  |nteractions of Surfactants with Polymers and Proteins, CRC Press,

be of a hydrophobic nature. Polymers such as PEO or PVP  Boca Raton, FL, 1993, Ch. 10, p. 395.

would bind to the hydrophobic parts of the micelle surface [2] D.E. Goddard, K.P. Ananthapadmanabhan (Eds.), Interactions of Sur-
. factants with Polymers and Proteins, CRC Press, Boca Raton, FL,

that are not covered by counterions. Large TAB&ounte- 1993

rions would not permit this binding as they cover more or [3] 3.c.T. Kwak (Ed.), Polymer—Surfactant Systems, Surfactant Science
less completely the micelle surface. Our results do not sup-  Series, Vol. 77, Marcel Dekker, New York, 1998.
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