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Abstract 

Interactions of a series of polyethyleneglyeols (PEG) in aqueous micellar solutions of sodium 
dodeeylsulfate (SDS) were investigated through thermodynamic properties. Volumes, heat capa- 
cities and enthalpies of dilution were measured at 25~ The resulting transfer properties of PEG 
are reflecting hydrophobie interactions which increase with the polymer length and the hydrophi- 
lie interactions occurring in the aqueous polar layer of the micelles. Typically heat capacities cle- 
arly evidence various structural changes taking place in the micellar solutions. 
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Introduction 

Aqueous micellar solutions containing hydrosoluble polymers offer interest- 
ing properties in relation with the resulting viscosity increase of solutions and 
with cosurfactant character of such polymers. In many applications or industrial 
processes polymers are used as additives: emulsifiers for treatment of hydrocar- 
bon pollution, oil enhanced recovery, lubricant formulations, vehicles in cos- 
metics and pharmacology are typical examples. In such complex systems the 
variations of parameters, as temperature, pressure and composition, modify the 
relative influence of molecular interactions and induce structural changes lead- 
ing to changes in the mechanical or physical properties. To improve the effi- 
ciency of these systems, much attention must be paid to the nature of the 
interactions between surfactants and polymers. Investigation of thermodynamic 
properties is useful to provide quantitative information on the perturbation of 
interactions; in this respect, volumes, heat capacities and enthalpies are proper- 
ties sensitive to structural rearrangements. 

In order to investigate surfactant - polymer interactions, the systems water 
- SDS (sodium dodecylsulfate) - PEG (polyethyleneglycols) were selected. The 
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properties of SDS aqueous solutions had been investigated and structural 
changes were evidenced [1-4]. PEG,s are non ionic hydrosoluble polymers 
which can be obtained rather pure. Moreover they are available on a large range 
of molar masses allowing the study of the influence of chain length when the 
weak hydrophobicity of ether groups are competing with the strong hydrophilic 
character of terminal OH groups. 

Aqueous solutions of SDS+PEG have been the subject of extensive investi- 
gations by different techniques [5] essentially in the vicinity of the CMC and at 
low polymer concentrations [6]. However, no satisfactory model has been pro- 
posed to describe the interactions between SDS and PEG [7]. 

We present here results at 25~ on volumes, heat capacities and enthalpies 
of transfer of a series of PEG, from water to micellar solutions, over a range of 
SDS concentrations, the aim is to evidence specific interactions and induced 
structural changes in the medium. 

E x p e r i m e n t a l  

Materials 

SDS was provided by Merck Lab with a purity superior to 99%. The differ- 
ent PEG, s 300, 400, 600, 1 000, 2 000, 3 400 and 10 000 were purchased from 
Aldrich. A given PEG is identified by the number corresponding to its mean 
molar mass. The chemicals were used without further purification. Solutions 
were prepared by weight with deionized, distilled water degassed prior to use. 

Densities, p, were measured with a Picker vibrating tube densimeter and 
heat capacities, cp, were determined in the same conditions with a Setaram 
Picker flow microcalorimetet. For both apparatuses, procedures and accuracies 
are well documented in the literature [8, 9]. Enthalpies of dilution were ob- 
tained with a LKB differential flow calorimeter (type 2107-121), equipped 
with Gilson HPLC pumps, according to the procedures described previously 
[10]. For all the techniques, operational procedures, data collection and data 
treatment are computer controlled. 

Methods 

The thermodynamic properties of transfer (AYi) of a solute i from water to 
aqueous micellar solutions are defined from apparent molar quantities (Y| us- 
ing the relation: 

AI~(H20 --~ H20 + SDS) = Y,. i(H20 + SDS) - Y,. i(H20) (1) 
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where the solute concentration of i (PEG in our case) is kept low and constant 
in both water and mixed solvent. 

The apparent molar volumes and heat capacities of PEG, s are calculated 
from densities p and heat capacities cp, using the well known relations: 

V~, PEG = 
MpEG I03(P -- Po) (2) 

p mp~ppo 

C ~ ,  PEG = MpEGCp + 
103(Cp -- Cpo) (3) 

mPEG 

w h e r e  MpEG is the mean molar mass and mPEG the molality of PEG in the solu- 
tion, po and Cpo refer respectively to density and specific heat capacity of the 
solvent (water or binary water + SDS). 

The apparent molar relative enthalpies of dilution (L~) cannot be deduced 
directly from experiments since the measured enthalpies of dilution refer always 
to the difference between an initial and a final state where the molality of solute 
varies from mi to mr. Thus, L,  is defined through the following equation 

~ail(mi-->mf) : L~,pEG(mf) -- t~,PEG(mi) (4) 

where the variation of/_r (m) is represented by a McMillan Meyer develop- 
ment, L ~ the value at infinite dilution being conventionally equal to 0. Treat- 
ment of experimental results has been presented elsewhere [ 10]. 

Results and discussion 

Transfer molar volumes 

Volumes of transfer of the different PEG,s studied are given in Fig. 1. They 
are positive and increase regularly with the SDS concentration and no peculiar 
variation showing a possible structural rearrangement of the medium is ob- 
served. Furthermore, transfer volumes become more positive with the augmen- 
tation of the number of ethoxy groups in the PEG chain. Interactions of PEG 
with SDS micelles are favored when the hydrophobic character of the polymer 
is increased. This behavior is similar to that observed with 1-alkanols of in- 
creasing chain length when transferred from water to SDS solutions [11]. 

Transfer molar heat capacities 

Apparent molar heat capacities, as a second derivative of G, are properties 
by far more sensitive than volumes to structural changes occurring in solutions. 
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Fig.  1 Variat ion o f  t he  mo l a r  v o l u m e s  o f  t ransfer  o f  several  P E G , s  vs. t h e  SDS  concen t r a t i on  

Thus, the variations of the transfer heat capacities of the same series of PEG in 
SDS solutions, shown in Fig. 2 for short chain PEG, s and in Fig. 3 for the long 
chain PEG, s =ppear more complex. 

In the case of PEG, s 300, 600, 1 000, at the molality of 0.05 m (Fig. 2), the 
variations of transfer heat capacities of such oligomers are similar to those ob- 
tained with alcohols [11]. After the CMC (0.008 m), the initial decrease is re- 
lated to the distribution of solute between micelles and aqueous phase. The 
maximum which exists around 0.2 m has been generally observed with heat ca- 
pacities when transferring ionic [12] as well as non electrolytes solutes [11]. It 
has been attributed to a micellar shape transition from spherical to cylindrical 
micelles. Thus, it appears that PEG, s are also sensitive to this structural change 
of SDS micellar solutions. However, some differences are observed in compari- 
son with alcohols. In the domain comprised between the CMC and the (0.2 m)- 
transition, the ACp for the different PEG, s are practically identical, as well as 
the magnitude of the hump: The long chain alcohols are solubilized in the 
micellar interior leading to larger variations of ACp, while the PEG, s, more hy- 
drophilic and longer molecules, remain essentially adsorbed in the aqueous po- 
lar phase of micelles and so are less affected by structural modifications of 
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micelles. In addition, beyond the transition the ACp,S are more negative, the 
longer the PEG,s. This might be explained by the existence of more favorable 
interactions of PEG with micelles due to an increase of surface adsorption when 
micelles are cylindrical. 
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Fig.  2 Variation o f  the  mola r  heat  capacit ies  o f  t ransfer  o f  the  small  P E G , s  (300, 600, 1 000) 

vs. the  SDS concentra t ion  

For the longest PEG, s (2 000, 3 400 and 10 000), considered as polymers, 
(at the transferred concentration of about 5% in mass), the general tendencies 
observed in Fig. 3 are similar but effects are more marked especially after the 
micellar (0.2 m)-transition. The ACp decreases are very important accounting 
.for stronger interactions between micelles and polymer chains. Effectively, the 
relative increase of the hydrophobic character of the polymer with chain length- 
ening, in connection with the cylindrical micellar shape, leads to a larger area 
of adsorption for PEG. In the dilute domain, before 0.2 m in SDS, the ACp,s for 
these polymers vary in a non regular manner as it is pointed out in the enlarge- 
ment in Fig. 3. The maximum related to the shape transition is shifted toward 
lower SDS concentrations with increasing PEG molar masses. It means that the 
longer polymer chains would favor the formation of cylindrical micelles. More- 
over, a minimum appears near the CMC (more marked with PEG 10000) fol- 
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lowed by an other one at 0.04 m and a maximum near 0.08 m in SDS. These 
extrema are more pronounced with the longest PEG. They can certainly by con- 
nected with small changes undergone by miceUes. As a matter of fact, previous 
works have shown the existence of structural modifications beyond the CMC: 
for example the results of Yasunaga et al. [2] based on conductivity, viscosity 
and speed of sound are referred to a '2 ~ CMC" around 0.04-0.07 m. Also Kim 
et al. [3] using fluorescence measurements have proposed the existence of a 
transition at 0.07 m. Likewise, both Roux-Desgranges et al. [12] from the study 
of salt transfer and Oh et al. [4] from measurements of bubble sizes have sug- 
gested the existence of a micellar change close to 0.05 m. Nevertheless, the dif- 
ferent authors agree to relate these changes to variations of the micelle ionicity. 
As micelles are adsorbed on polymer chains, in the aqueous polar layer, the 
counterions (Na § can interact with negative polar heads of the surfactant but 
also with oxygens of ethoxy groups of the polymer. Heat capacity being a sen- 
sitive property to the variation of the number of bound counterions [13], ACp of 
PEG would reflect ionicity changes of micelles, the longer is the polymer, the 
stronger are the interactions SDS-PEG in the aqueous polar micellar layers. 
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Fig. 3 Variation of the molar heat capacities of transfer of the longest PEG,s (2 000, 3 400, 
10 000) vs. the SDS concentration 
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Transfer relative molar enthalpies of dilution 

The variations of AL, the relative molar dilution enthalpies of transfer, for 
the series of PEG studied are reported in Fig. 4 vs. the SDS molality. They look 
relatively complex and dependent on the length of the PEG. For the short PEG,s 
(300 and 400) AL is slightly increasing, whereas with the others, enthalpies de- 
crease initially with a more negative slope and the following minimum is more 
pronounced, shifted toward higher SDS concentrations, when the PEG chain 
becomes longer. This behaviour is certainly a consequence of the relative aug- 
mentation of the hydrophobic character of PEG with chain lengthening and 
stronger interactions between micelles and PEG. 
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F ~ .  4 Variation of the transfer relative molar enthalpies of dilution for the series of PEG,s  

studied v s .  the SDS concentration 

The observed small increase of AL after the minimum is the result of the 
compensation of the negative contribution of SDS-PEG hydrophobic interac- 
tions and of positive contribution of ionic interactions of counterions with polar 
heads and of ion dipole interactions with ethoxy groups of the polymer. It can 
also be noticed on the variation of AL the existence of a shallow minimum dis- 
placed toward lower SDS molalities with the increased chain length of the PEG. 
The transition of micellar shape is probably responsible for this perturbation. 
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But, since enthalpies are mostly sensitive to ionic interactions, the small ener- 
getic effect associated to this change is partially masked and then structural 
changes are not clearly evidenced with enthalpies. 

Schematic representation o f  SDS-PEG interactions 

The different results of the thermodynamic investigations of PEG in micellar 
solutions allow to propose a scheme for the interaction of micelles with long- 
chain PEG, s as represented in Fig. 5, according to the works of Cabane et al. 
[14] and Xia et al. [7]. The flexible long chain of the polymer could wrap 
around micelles which would adapted their shape to insure a larger surface con- 
tact. With the longest PEG, s several micelles could be bound to the polymer 
chain leading to a 'necklace' structure. 

dieel le  

qt �9 

Fig, 5 Schematic representation of  PEG maeromoleeules bound to SDS micelles 

Adsorption of PEG on SDS micelles is essentially taking place in the polar 
micellar aqueous layer. The weak hydrophobic character of PEG associated to 
the hydrophilic end chain OH-group prevents from a deep penetration of ethoxy 
groups into the micellar interior, and hydrophobic interactions of the PEG 
methylene units occur at the organic-aqueous interface in the micelles. More- 
over, the electrostatic interactions of polar head groups of SDS with ether oxy- 
gen of PEG contribute to the binding of PEG with SDS. As suggested by Dubin 
et al. [15] the counterions present in the aqueous layer play certainly a role in 
these electrostatic interactions. 
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Zusammenfassung - -  Anhand thermodynamischer Eigensehaften wurden die Wechselwirkun- 
gen einer Reihe von Polyethylenglykolen (PEG) in w~rigen mizellaren L6sungen von Natrium- 
dodecylsulfat (SDS) untersueht. Bei 25~ wurden das Volumen, die W~rmekapazitiit und die 
L6sungsenthalpie bestimmt. Die resultierenden Transporteigenschaften von PEG spiegeln hydro- 
phobe Wechselwirkungen wieder, die mit Polymerlfinge zunehmen und hydrophile Weehselwir- 
kungen, die in der w/i/lrigen Schicht der Mizellen stattgmden. Wile fiblich zeugen W~rmekapa- 
zit/iten von verschiedenen Strukturver/inderungen, die in mizellaren L6sungen vonstatten gehen. 
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