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Abstract

A micro differential temperature scanning calorimeter was used to characterize the struc-
tural changes between different types of micelles in aqueous solutions of ionic surfactants: an-
ionic — sodium dodecylsulfate (SDS) — and cationic — hexadecyltrimethyl ammonium bromide
(CTAB). Moreover, this technique allowed to confirm the existence of peculiar types of com-
plexes between surfactants and selected solutes. In SDS solutions containing polyethylene
glycols (PEQG), the presence of complexes formed by small micelles adsorbed along the chains
of the polymers was evidenced in the case of long enough polymer chains. In CTAB-phenol
solutions, due to strong interactions between the polar heads of surfactant and phenol, molecular
complexes of a composition of 1:1 molar ratio have been characterized. Depending on the ratio
[phenol]/[CTAB], the rheological behaviour was found to change from fluid to viscoelastic and
gel-like solutions, owing to the growth of elongated rod-like micelles. With entangled worm-like
micelles, the important role of kinetics to reach the thermodynamic equilibria was shown.
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Introduction

Thermal analysis techniques are useful tools to evidence structural transi-
tions occurring between two physical states of the matter as well as in a given
phase. More particularly, temperature scanning differential microcalorimeters
allow to detect even weak interactions in solutions through analysis of DSC
curves. However, this sensitive technique has only found limited applications in
studying aqueous micellar systems [1-5]. In these solutions several structural
changes are observed with the increase in surfactant concentration and tempera-
ture. Moreover, the addition of a third component, depending on its chemical na-
ture or structure, induces important structural modifications of the medium as a
result of privileged interactions between surfactant and solute.
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To illustrate the application of thermal analysis to micellar solutions contain-
ing an interacting solute, two quite different characteristic systems were se-
lected. The first type of systems contained water-soluble polymers in solution
with anionic surfactants. In these systems complexes are typically formed, in
which the surfactant is aggregated as small micelles adsorbed onto the polymer
chains [6—12]. The chain length of the polymer is of some importance since this
complex is occurring only when the polymer is sufficiently long to wrap around
a micelle [10]. Water-sodium dodecylsulfate (SDS)-polyethylene glycols
(PEG), which have been extremely widely investigated, were chosen as model
systems.

The second type of systems investigated included aqueous solutions of cat-
ionic surfactants in the presence of selected aromatic molecules. In this case very
strong complexes may be formed when the solutes are capable of establishing
specific interactions with the polar heads of surfactants, leading generally to
spectacular changes in the rheology of the solutions [4, 13—-16]. Depending on
the concentrations of surfactant and solute as well as on the temperature, viscoe-
lastic, even gel-like, solutions are often observed. The properties of such ther-
moreversible gels can be investigated by DSC analysis to determine the molar
composition of the complex obtained in the case of the system water-hexadecyl-
trimethylammonium bromide (CTAB)-phenol.

Experimental

Sodium dodecylsulphate (SDS) with a purity better than 99% was purchased
from Merck and hexadecyltrimethylammonium bromide (CTAB) was a puriss.
grade from Fluka. They were used without further purification after being dried
several days under vacuum at a temperature below 50°C. Phenol (purity 99%)
and polyethylene glycols were supplied by Aldrich. The polydispersity of the
polymers, as specified by Aldrich, was 1.1 and 1.5 for PEG 400 and 10000, re-
spectively (this number is representative of the mean molar mass of the PEG).

The experiments were carried out using a micro differential scanning calo-
rimeter (micro DSC I, Setaram, France). This apparatus, based on the Calvet
principle, has been described previously [17]. The micro DSC is able to work ac-
cording to several procedures. In the present case the continuous scanning mode
was appropriate to evidence structural transitions in solution. It allows to meas-
ure the differential thermal flux between the cells and the thermostatted metallic
block the temperature of which is scanned at a constant rate in a selected range
monitored by a computer. The thermal flux is then converted into volumetric heat
capacities of the fluid by means of calibration curves previously established by
taking into account the sensitivity of the thermopiles, the true rate of temperature
scanning and the real temperature. Additionally, the calibration is controlled us-
ing vacuum and water. The heat capacity and density of water as a function of
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temperature being well-known [18, 19], the heat capacities for the unknown lig-
uid filling the cell can be determined with an estimated uncertainty of
107 J K cm™ between 2 and 80°C.

In order to control the thermal history of samples and to obtain reproducible
DSC curves with each micellar solution a strict experimental protocol was re-
spected. Solutions were introduced into the measurement cell at the maximum
temperature and left until thermal equilibrium was established. Then the con-
secutive scans at the fixed rate along the investigated range of temperature were
started beginning by a cooling followed by a heating and finally again a cooling.
Between each sequence, a delay time at the limit temperatures was imposed to let
thermal equilibrium settle. Only the two last scans in heating and cooling mode
were recorded to obtain reproducible data concerning the peaks of fusion and
crystallization. The selected range of temperature was —7 to 70°C at a scanning
rate of 0.04 K min~' and from 1 to 70°C at 0.2 K min™". The scanning rates were
chosen sufficiently low to stay all the time close to the thermodynamic equilib-
rium.

Results and discussion

Binary solutions Water+surfactant

DSC curves were recorded with solutions of SDS and CTAB over a wide
range of surfactant concentrations between 0.05 and 0.4 mol kg™ for SDS and
0.01 to 0.2 mol kg™' for CTAB. Their respective profiles are very similar in the
heating mode as well as in the cooling mode for different SDS and CTAB con-
centrations. DSC curves, obtained at a scanning rate of 0.04 K min™" for the se-
lected concentration 0.15 mol kg™' with both surfactants, are depicted in Fig. 1.
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Fig. 1 DSC curves recorded in cooling (a) and heating (b) modes on SDS and CTAB aqueous
solutions at the concentration of 0.15 mol kg™ with a scanning rate of 0.04 K min™
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The observed peaks illustrate the behaviour of surfactant solutions close to
the Krafft point, where the surfactant precipitates when its concentration ex-
ceeds the solubility. However, depending on the sign of the thermal gradient, the
observed temperatures of the peaks differ by about 10 K between heating and
cooling, as for the freezing of water super cooling occurs. In the cooling mode a
single and sharp peak appears for SDS, whereas for CTAB two distinct steps are
marked by two broad peaks, the amplitudes of which depend on the CTAB con-
centration. In the heating mode several peaks of fusion can be observed with
magnitudes increasing and positions shifted regularly towards higher tempera-
tures as the surfactant concentration increases. In the case of SDS solutions, an
exothermic peak is followed by two overlapping endothermic peaks (labelled Py,
and Py,) corresponding to the melting of SDS crystals containing different
amounts of water. For CTAB, the peak (P.) at the lowest temperature is endo-
thermic, and it is followed by an exothermic peak (P.y) and two overlapping en-
dothermic peaks Pc,. Due to supercooling, the DSC curves in the cooling mode
were less reproducible and consequently only the heating curves are discussed
further.

Characteristic temperatures of the DSC curves carry information on the struc-
ture of the micellar solutions. We have plotted in Fig. 2, as a function of the mo-
lality of surfactant, the temperatures corresponding to the end of fusion since
they can be unambiguously observed in the different curves recorded in the pres-
ence of the two surfactants. These temperatures are increasing almost linearly
with the surfactant concentration but a change in the slope seems to occur around
0.15 mol kg™ with SDS and around 0.08 mol kg™ with CTAB. These break
points are certainly 1n relation with the post micellar transitions taking place in
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Fig. 2 Dependence of the temperature of the end of fusion vs. the surfactant concentration for
SDS and CTAB
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surfactant solutions such as those observed, for example for thermodynamic
properties at 25°C, at 0.2 mol kg™' with SDS [20] and 0.15 mol kg™’ in the case of
CTAB [21, 22]. These postmicellar transitions have been attributed to changes in
shape and size of micelles from spherical to cylindrical, accompanied by an en-
hance of counterion binding [21].

Ternary systems Water+SDS+PEG

The formation of well defined complexes between SDS and PEG owing to
mainly hydrophobic interactions, when the polymer chain is sufficiently long,
have been evidenced by several techniques {7-12, 23]. Our aim was to check the
existence and stability of the complexes and, for this purpose, two quite different
PEG’s were compared in order to look at the role of the chain length: PEG 400, a
small oligomer, and PEG 10000, a true polymer. For this comparison the amount
of solute was kept constant at 2 wt.% while the concentration of surfactant was
varied.
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Fig. 3 DSC curves obtained in the heating mode with a scanning rate of 0.04 K min™' on ter-
nary systems water+SDS+2 wt.% PEG (400 and 10000) at two concentrations of SDS
(a) 0.1 mol kg™ and (b) 0.26 mol kg™

Typical DSC curves for two ternary systems where the SDS concentration is
varied from below 0.2 mol kg™’ (the postmicellar concentration transition) to
higher values, are presented in Fig. 3. For comparison, the DSC curves of the cor-
responding binary mixtures are also given. In the presence of PEG 400, two
peaks (P;; and Py,) appear which are similar to those observed with binary sys-
tems, but they are slightly shifted towards lower temperatures. PEG 400 behaves
like a small organic molecule depressing the Krafft temperature of the surfactant
[24]. With the increase of SDS concentration, small peaks appear at temperatures
lower than the main peak, then they overlap together with Py in broader endo-
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thermic peak (Pg). Such effects might be due to some mixed entities SDS-
PEG 400 which are probably existing in more concentrated solutions.

The DSC curves obtained in the presence of PEG 10000 show particular fea-
tures corresponding to structural changes in the solution. While the SDS concen-
tration remains small the two characteristic peaks of the binary system are still
present but their magnitudes are greatly reduced. In addition, a new broad peak
(Pys) appears at lower temperature which is gradually enlarged as the SDS con-
centration increases to 0.2 mol kg™'. In contrast, beyond 0.2 mol kg™ this peak
progressively vanishes while a group of several overlapping peaks are replacing
the typical peaks of the binary system. The evolution of the profiles of the curves
along with the SDS concentration confirms the existence of a complex between
SDS and PEG 10000. It is generally assumed that in the presence of sufficiently
long water-soluble polymers (of molar masses up to about 4000 for PEG) mono-
mers of SDS aggregate into micelles small than those in water [7, 8]. These small
micelles are adsorbed onto the polymer chains until the ‘saturation’ of the poly-
mer is attained. When SDS is in excess, free micelles having then a normal size
are coexisting in solution with micelles bound to polymer. The stoichiometry of
the complexes formed in the present system has been previously estimated, it
yields a ratio between ethoxy groups (EO) of PEG and surfactant molecules
[EOJ/[SDS] close to 3 depending on the techniques of investigation [9-12, 25,
26]. As a consequence, for an amount of 2 wt.% of PEG 10000, the saturation of
the polymer would be attained when the concentration of SDS is close to
0.2 mol kg™'. Therefore, until this concentration is reached the presence of the
broad peak Py4 with increasing intensity characterizes the progressive adsorption
of micelles to form the complex. Obviously the peaks P, and Py, characterizing
normal free micelles are quite small since almost all SDS micelles are adsorbed
on polymer chains. Beyond 0.2 mol kg™, free micelles are existing again in solu-
tion and the peaks corresponding to those of the binary system are now increas-
ing with SDS concentration. However, the DSC curves appear more complicated
in this range of concentration. Actually, normal free micelles, micelles bound
onto polymer and presumably also micelles of different shapes due to the possi-
ble structural changes are present together in solution.

Ternary systems Water+CTAB+phenol

These micellar systems present some very interesting features concerning the
drastic changes in structure when the temperature or the concentrations of sol-
utes are slightly varied. With appropriate concentrations of phenol, the viscosity
is sharply increasing to give gels for CTAB concentrations near 0.2 mol kg™’
[27]. Using DSC analysis, the existence of stable molecular complexes between
CTAB and phenol responsible for the abnormal viscosity is confirmed when the
variation of the ratio R=[phenoll/[CTAB] is examined.

In a first series of experiments, DSC curves are obtained at a scanning rate of
0.2 K min™, for solutions at a given CTAB concentration (0.1 mol kg™) and vari-
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ous phenol concentrations. Some of the curves obtained in the heating mode are
shown in Fig. 4. The recorded enthalpic peaks appear quite regular with a well-
defined baseline, yielding characteristic temperatures (7) of the peaks and corre-
sponding heats of fusion (AH relative to volume unit). The variation of these two
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Fig. 4 DSC curves recorded with a heating rate of 0.2 K min~" of the ternary system
water+CTAB (0.1 mol kg_1)+phenol for different ratios R ([phenol]/[CTAB})
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Fig. 5 Dependence of the temperatures of the peaks (A) and of the corresponding integrated

heats of fusion (e) with the ratio R, obtained with a heating rate of 0.2 K min™' for a
CTAB concentration of 0.1 mol kg_1
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values are reported vs. the ratio R[phenol}/[CTAB] in Fig. 5. Along the phenol ra-
tio, two domains can be defined in which the variations are different. In the first
domain, up to R<0.5, like with the binary system (W+CTAB) a single peak (P.;)
is obtained. Its temperature (71=14.5°C for the binary system) is shifted towards
lower temperatures almost linearly with R. The resulting heat of fusion
(AH;=2.5 T cm™ for the binary system) is also sharply decreasing with R. When
R is close to 0.5, in the temperature range studied, crystallization does not occur
during the cooling scan and no peak of fusion is observed. In this domain (R<0.5)
the peak P, corresponds to the fusion of CTAB crystals formed during the cool-
ing cycle when the temperature is lower than the Krafft point. With the addition
of phenol, the temperature of fusion decreases similarly as the Krafft point is
lowered in the presence of classical hydrophobic solutes in ionic surfactant solu-
tions [24]. The second domain, corresponding to R>0.5, is characterized by the
presence of a different peak P, for which T and AH values also depend on R.
The associated temperature 7> remains constant close to 23°C up to R~1 and then
slightly decreases. The variation of AH, is more complicated and, over a narrow
R range, is going through a maximum around R=1.5, and then vanishes for R>2.
The variation of AH, reflects the stability of the phenol-CTAB complex which
appears to be maximum for R between 1 and 1.5. When R is larger than 2, due to
the excess of phenol, the complex does not exist any longer and thus the peak P.,
disappears.
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Fig. 6 DSC curves recorded with a heating rate of 0.04 K min™" on the ternary system
water+CTAB (0.1 mol kg™)+phenol for different ratios R

In order to define more accurately the thermal behaviour of this complex,
similar experiments were carried out at a scanning rate of 0.04 K min™' between
-6 and 70°C for different CTAB and phenol concentrations to cover a wider
range of R. The DSC curves behave differently and are more complicated when
compared to those recorded at a higher scanning rate. Some representative DSC
curves are shown in Fig. 6 to illustrate the additional peaks appearing at a low
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Fig, 7 Variation of the temperatures of the peaks recorded at a heating rate of 0.04 K min™',

as a function of R for different CTAB concentrations

heating rate. When considering the same ratio R, independently of the CTAB
concentration, similar DSC curves are recorded. The temperatures of the differ-
ent peaks are plotted in Fig. 7 as a function of R. The similar dependence of T on
R for a wide range of phenol and surfactant concentrations clearly evidences the
existence of phenol-CTAB complexes. Three domains can be distinguished from
close values of the characteristic temperatures of the peaks. As seen in Fig. 7,
from R=0to 0.4 (domain 1), the two peaks (P¢;, P(;) separated by Py are compa-
rable to those present in the binary system shown in Fig. 1. They are progres-
sively vanishing with the increase in phenol concentration (or with R). For
0.4<R<1 (domain 2), P{; and P, are not existing any longer, but a new peak P
appears at a constant temperature 75 close to 19°C. Its area is maximum for R
close to 0.5, then it vanishes. Further, when R>0.8 (domain 3) this peak is pro-
gressively replaced by another peak P(,4 at a constant higher temperature close to
28°C. Generally, at this low heating rate, the different peaks are overlapping and
the difficulty of estimating the baselines does not allow determination of the re-
spective associated heats of fusion with satisfactory accuracy.

The study conducted at two different scanning rates revealed the important
role of the kinetics of the crystallization and fusion of the complexes to reach a
thermodynamic equilibrium. At the higher rate the different mixed crystals are
not fully separated and they melt together at the mean temperature of 23°C
whereas at the lower rate two types of mixed crystals melting respectively at 19
and 28°C are identified.

The different domains of composition identified by DSC analysis can be cor-
related to the viscosity of the solutions at room temperature [27]. In domain 1,
where the addition of phenol leads only to the depression of the Krafft point, so-
lutions are fluid, becoming more and more viscous at the approach of the bound-
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ary (R=0.4). In domain 2, the viscoelastic trend is increasing up to gel formation
when R—1. The existence of strong interactions between phenol molecules and
the positive head groups of the surfactant at the interface of micelles, favours the
stabilization of micelles. It leads to an important growth of elongated micelles
reaching a maximum near R =1 when one phenol molecule strongly interacts
with one CTAB cation. With the increase of CTAB and phenol concentrations the
entanglement of such worm-like micelles provides viscoelasticity, then gel-like
tendencies are manifested [15]. In domain 3, at higher phenol ratio, the gel-like
solutions are becoming less and less viscous since the excess of phenol prevents
the formation of stable wormlike micelles. Such fragile structures are broken by
thermal motion, the gelled solutions are suddenly becoming fluid over a narrow
temperature range between 40 and 50°C, thus reflecting a change in structure of
the gigantic micellar aggregates leading to much smaller entities [28]. This tran-
sition is thermoreversible in contrast to what is observed with polymer solutions
for which the temperature does not affect rheological properties appreciably.

In spite of the sensitivity of DSC analysis to structural changes, the sudden
variation of viscosity occurring with the increase in temperature is not revealed.
No variations of enthalpy or heat capacity correlated to the observed rheological
properties of the solutions with temperature were noticed in our experiments.
However, recent parallel DSC analysis on the parent system water-CTAB-o-io-
dophenol [5] has permitted to evidence a variation of enthalpy associated with
the thermal transition from viscoelastic to fluid solutions around 55°C, depend-
ing strongly on the heating rate and the time to restore viscoelasticity. This would
suggest that in our present measurements, with phenol, either the process of gel
formation is almost athermal or most likely the rate of this reaction is particularly
low compared to the scanning rate.

Conclusion

DSC techniques proved to be an alternative tool to detect the change of physi-
cal state for polymer materials. However, such approach is not currently applied
to the investigation of structural changes occurring in aqueous micellar solu-
tions. The efficiency of micro DSC techniques has been demonstrated with SDS
and CTAB aqueous solutions where the change of the micelle shape with surfac-
tant concentration is clearly observed. Then, with ternary systems, the existence
of complexes between surfactant and solute is asserted for weak complexes
where micelles are adsorbed on long water-soluble polymers, as well as for
strong complexes of a defined stoichiometry 1:1 existing in CTAB solutions, ow-
ing to electrostatic interactions involving the solute at the micellar interface. Ad-
ditionally, DSC provides direct information on the energetics of structural trans-
formations via enthalpy and heat capacity determinations.
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