
Introduction

The term colloid (derived from the Greek word ‘kolla’

meaning glue) applies broadly to systems containing at

least two components, in any state of matter, one dis-

persed in the other, in which the dispersed component

consists of large molecules or small particles [1–3]. A

typical characteristic of colloidal systems is based on

the particle size, which ranges between 10
–9

–10
–7

m

[1, 2]. Lumi�re and Staudinger classified colloidal sys-

tems into two groups: molecular and association

(micellar) colloids [1, 2]. The particles of molecular

colloids are single macromolecules, and their structure

is essentially the same as the structure of small mole-

cules, i.e. the atoms are joined by true chemical bonds

(e.g. starch). The particles of association colloids are

not large molecules (e.g. bio-polymers), but aggregates

of many small molecules (the monomers), which are

held together by i.e. cohesive, van der Waals forces or

hydrogen bondings.

The concentration at which the micelles are formed

is termed the critical micellisation concentration (cmc)

(Fig. 2b, and text below). A number of methods, includ-

ing electrical conductivity [4–6], fluorescence depolari-

sation [7], light scattering [8, 9], hyper-Rayleigh scatter-

ing [10], gel filtration chromatography [11], density

measurements [12], surface tension [13], viscosity mea-

surements [14], spectrophotometry [15, 16], cyclic

voltametry [17], nuclear magnetic resonance [18], capil-

lary electrophoresis [19, 20] and others [21–23] have

been used to determine the cmc of various amphiphiles.

The presented paper addresses the interactions in-

volved in the self-association and driving forces for the

formation of association colloids. The investigated sys-

tems are composed of biological relevant detergents

like bile salts and fatty acids. Bile salts are found in

mixed micelles, which are used e.g. as drug delivery

systems [24].

The thermodynamic parameters associated with

the self-organisation of detergents can be easily ob-

tained from isothermal titration calorimetry (ITC). ITC

is an extremely sensitive technique measuring the heat

of reaction (in the range of a few microcalories) of two

components after mixing. This corresponds to tempera-

ture differences of less than 10
–6

K, compared to a refer-

ence system. A so-called demicellisation experiment is

presented [25–30]. The thermodynamic parameters con-

nected with the demicellisation, the change in de-

micellisation enthalpy (∆Hdemic), the change in de-

micellisation entropy (∆Sdemic), the change in Gibbs en-

ergy (∆Gdemic), as well as the change in heat capacity

(∆Cp demic) during demicellisation are obtained from one

and the same ITC experiment. Additionally, the critical

micellisation concentration (cmc) is gained. From the
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ITC data, information concerning the number of mole-

cules forming the aggregate can also be derived.

Further applications of ITC in pharmaceutical

and colloidal sciences have been reviewed recently

and it is referred to these papers [31, 32].

Experimental

Materials and methods

The detergents were obtained from Sigma and were

used without further purification. Detergent solutions

of a definite concentration were freshly prepared by

weighting a certain amount of detergent and dissolving

it in an appropriate buffer or water (see text).

ITC measurements were performed with a

MicroCal Omega titration calorimeter, an MCS ITC

and a VP-ITC unit (MicroCal, Inc., Northampton,

MA, USA). Technical details are given elsewhere

[24, 27, 28]; the experimental procedure is the fol-

low [33]: The experimental cell is filled with de-

gassed water or buffer solution. A removable syringe

(e.g. 250 µL) is filled outside the instrument with a

colloidal (micellar) solution at a concentration, which

is expected to be much higher than the critical

micellisation/aggregation concentration (cmc). De-

fined aliquots (normally 5–10 µL) of the micellar so-

lution are injected stepwise into the reaction cell and

the heat flow is measured as a function of time. Dur-

ing the titration experiment the syringe rotates, allow-

ing appropriate mixing. Data evaluation is performed

as described recently [27, 28]. With the used set-up

the heat of reaction can be determined in temperature

ranges between 5–70°C.

Results and discussion

The demicellisation experiment into pure buffer repre-

sents the dilution of association colloids (micelles)

and, as a consequence of the dilution, the stability of

the colloids is altered leading to a disintegration of the

micellar colloids. The related heat flows are registered

by ITC. From these experiments information concern-

ing the stability and self-organisation of the micellar

colloids are derived.

A typical ITC detergent dilution experiment of

sodium cholate (NaC), a trihydroxy bile salt, in water

at pH 7.5 (15°C) is shown in Fig. 1a. The titration con-

sists of 25 injections of 10 µL aliquots of a highly con-

centrated micellar solution. Each injection induces a

heat flow as a function of time and, thus a deviation

from the baseline. The next injection is performed after

the baseline has reached its initial value, which usually

takes a few minutes. The reaction heat of each injec-

tion is obtained by integration, as can be seen in

Fig. 1b. Exothermic heat flows are measured (Fig. 1).

With increasing detergent concentration in the sample

cell, the heat flow decreases and becomes constant,

i.e. almost zero at the end of the experiment (Fig. 1a).

As is obvious from Fig. 1b, the integration of the heat

effects as a function of total detergent in the measuring

cell has a sigmoidal shape.

Figure 2a schematically represents the processes

involved during the demicellisation experiment. The

concentration of the detergent in the syringe is much

larger than the expected cmc of the detergent

(csyr>>cmc), implicating that the solution in the syringe

is composed of micelles in equilibrium to monomers. As

a consequence, for the first injection into the measuring

cell, which is filled with water, all micelles disintegrate

and the corresponding reaction heat for the demicellisa-

tion process is measured (Fig. 2a), in addition to the

enthalpy of monomer dilution. This process is tempera-

ture dependent. At 15°C, the dilution of NaC (water,
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Fig. 1 Titration of 200 mM sodium cholate (NaC) in water at

pH 7.5 into 1.34 mL water at pH 7.5 at 15°C. a – Calo-

rimetric traces (25 injections a 10 mL aliquots), b – re-

action enthalpy (Q) vs. the total detergent concentration

Dt in the reaction cell, c – first derivative (dQ/dDt) of

curve shown in b calculated numerically from interpo-

lated values. cmc: critical micellisation concentration



pH 7.5) is exothermic (Fig. 1) and decreases continu-

ously [28]. During the titration experiment, the amount

of detergent in the sample cell increases and at a critical

concentration, the so-called critical micellisation con-

centration (cmc), the first aggregates are formed

(Fig. 2b). This critical concentration is easily deter-

mined in the ITC experiment by calculating the first de-

rivative of the reaction heat with respect to the total de-

tergent concentration Dt in the cell (Fig. 1c) [26–30].

The molar reaction heat ∆H is obtained as shown

in Fig. 1b. The enthalpy of the demicellisation

process (∆Hdemic) is equal to the enthalpy for the

micellisation process (∆Hmic), but opposite in sign.

The large exothermic peak observed for the first

injection is the sum of three processes [28]: 1. dilution

of monomers (∆Hmon,dil), 2. dilution of micelles

(∆Hmic, dil) and 3. demicellisation, i.e. decomposition

of micelles (∆Hdemic) (Fig. 2a).

∆Hmon, dil is obtained by titrating a highly diluted

detergent solution (monomeric solution) to buffer,

whereas the second heat contribution ∆Hmic, dil is ob-

tained by the injection of a micellar solution into the

sample cell containing also a micellar solution (Fig. 2).

From this type of experiments the demicellisation

enthalpy as well as the cmc is obtained and the thermo-

dynamic parameters are derived. The change in free

enthalpy for the demicellisation process ∆Gdemic=

–R T ln cmc’, with the gas constant R, the temperature

T and cmc’ being the cmc expressed in mole fraction

units, is calculated from the cmc data. Using the

Gibbs–Helmholtz relation, the change in entropy

(∆Sdemic) is obtained. In Fig. 3 the cmc’s of NaC (water,

pH 7.5) are represented at various temperatures. As ob-

served for a number of detergents, the cmc has a mini-

mum at room temperature [26, 28, 33].

Figure 4 represents two ITC dilution experiments

of sodium oleate (NaO) in water (pH 7.5) at 15

and 70°C. At low temperature the heat flow is exother-

mic compared to data obtained at high temperature:

∆H= –16.3 kJ mol
–1

(15°C) and ∆H= +20.6 kJ mol
–1

(70°C) (Fig. 4).

Most detergents, like sodium dodecyl sul-

phate [26], octyl glucoside [27], bile salts [28, 30],

oligo(ethylene oxide) alkyl ethers [25, 29], or the steroid

CHAPS [34] show only one extremum in the dQ/dDt

curve of the demicellisation experiment, which corre-

sponds to one cmc value. However, analysing the first

derivative (Fig. 4) dQ/dDt of NaO clearly shows the ap-

pearance of two extrema, indicating two cmc values de-

noted by cmc1 and cmc2. The cmc data of NaO are

shown in Fig. 3 and are fitted with a second order poly-

nomial [35]. Compared to the cmc of NaC, the cmc’s of

NaO are much smaller, due to the different chemical

structures of the amphiphiles. The temperature depend-

ence of the cmc’s of NaO is reported in Fig. 3.
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Fig. 2 a – Schematic representation of the demicellisation experi-

ment; b – concentration dependence of monomers and mi-

celles as a function of the total detergent concentration
Fig. 3 Temperature dependence of the critical micellisation

concentration (cmc) of sodium cholate (NaC) and so-

dium oleate (NaO) in water at pH 7.5. The lines are ob-

tained using a second order polynomial fit. Note, that

for NaC only one cmc is detected, whereas two cmc’s

are found for NaO



Usually, the temperature dependence of the cmc

of a number of amphiphiles shows a minimum at room

temperature [33], as is observed for the first cmc1 of

NaO or the cmc of NaC. The second cmc2 of NaO,

however, increases continuously with increasing tem-

perature (Fig. 4). This means, that the second dissocia-

tion step of NaO is accompanied by an endothermic

process over the whole temperature range, whereas the

enthalpy change for the first dissociation is tempera-

ture dependent. A careful analysis of the ITC titration

curve gives indeed an indication that even at low tem-

perature the second cmc is connected with a slight en-

dothermic effect, because the reaction enthalpy is posi-

tive at intermediate concentrations [36].

The two cmc’s for the demicellisation of NaO as

observed by ITC can be explained by a two-step self-ag-

gregation mechanism. Using proton longitudinal mag-

netic relaxation times and self-diffusion measurements

similar results were obtained [37]. Mahieu et al. [37] de-

tected two types of aggregates at a concentration of 1.5

and 3.0 mM at room temperature, with the first micelles

having a spherical shape, whereas at higher detergent

concentration a transformation into rod-like structures is

observed. Such detergent systems with two or more

cmc’s were denoted as ‘multi-cmc systems’ [38], and

are characterised by a stepwise aggregation of mono-

mers with a discontinuous transformation of the differ-

ent aggregate structures.

Based on the pseudo phase separation model, the

colloids are considered as a separate phase (Fig. 2b) and

∆Gdemic as well as ∆Sdemic can be calculated as described

previously. These data are represented in Fig. 5.

Due to the fact, that two cmc’ are found for NaO,

two data sets are obtained for ∆Gdemic [36]. A strong

temperature dependence is observed for the change in

entropy and enthalpy, whereas the change in Gibbs

free energy is nearly not affected by temperature

changes (Fig. 5). ∆Gdemic are positive over the whole

investigated temperature range. As can be seen, the to-

tal ∆Hdemic is negative below room temperature and be-

comes positive above 25°C. This is the case for most

detergents. At a temperature where ∆Hdemic=0, the for-

mation of micelles is completely entropy driven, which

usually happens for ionic detergents at room tempera-

ture. At this temperature, the cmc shows a minimum in

its temperature dependence (Fig. 3). At higher temper-

atures, the driving force for the aggregation becomes

more and more of enthalpic nature. The T∆Sdemic values

become usually positive at extremely high tempera-

tures. ∆Hdemic increases linearly for NaC, whereas for

NaO ∆Hdemic does not increase linearly with tempera-

ture. As a result of this behaviour, the temperature de-

pendence of the entropy term T∆Sdemic of NaO is also

curved and it is not clear whether T∆Sdemic of NaO will

ever become zero. The observed behaviour for the dif-

ferent thermodynamic functions is caused by the hy-

drophobic effect, which describes an enthalpy-entropy

compensational effect during the self-association of

detergent monomers [36].

During the demicellisation process changes

concerning exposed hydrophobic surface area are

induced. This information can be obtained by

analysing the change in heat capacity ∆Cp demic [39],

which is defined as ∆Cp demic=(∂∆Hdemic/∂T)p. ∆Hdemic

as a function of temperature (Fig. 5) can be fitted by a

second order polynomial and as a consequence,

∆Cp demic shows a linear temperature dependence.

At 25°C, ∆Cp demic of NaO in water at pH 7.5

is +780 J mol
–1

K
–1

, but ∆Cp demic of NaC in water at

pH 7.5 is smaller with +240 J mol
–1

K
–1

. Compared to

the ∆Cp demic values of bile salts, the ∆Cp demic of NaO

is much larger as can be explained by the different

chemical nature of the amphiphiles. Positive ∆Cp demic

values indicate a transfer of hydrophobic surfaces into

the surrounding water phase [40]. We have shown

previously [39], that the contribution of the hydration

of the hydrophilic surface areas, and the counter ions

dissociating during the demicellisation has to be

considered, however the latter is very small (~3% of

the total contribution of ∆Cp demic of NaO).

A general observed trend is that increasing the

ionic strength induces a decrease of the cmc, which im-

plicates a micelle formation at lower total detergent

concentration, when the ionic strength is increased.

The reason for this behaviour is due to the fact, that the

higher ionic strength decreases the surface charge of

the detergent micelles by shielding the charges as a re-

486 J. Therm. Anal. Cal., 82, 2005

GARIDEL, HILDEBRAND

Fig. 4 ITC demicellisation experiment for the determination

of the critical micellisation concentration (cmc) of so-

dium oleate (NaO) in water at pH 7.5 at 15°C and

75°C: titration of 40 mM NaO in steps of 50 per 5 µL.

a – Calorimetric traces (heat flow vs. time), b – reaction

enthalpy (Q) vs. the total detergent concentration (Dt)

in the reaction cell, and c – first derivative (dQ/dDt) of

curve b calculated numerically from interpolated values



sult of counterion adsorption, and as a consequence, it

becomes energetically more favourable for the mono-

mers to self-associate into larger aggregates [26, 28].

The number of molecules associated in the self-or-

ganisation of a micelle can be derived from ITC data, by

the simulation of the titration curve. The simulation

model for the titration curves is based on the mass action

model, by additionally taking counter ion binding to the

aggregates into account [28].

The formation of a micelle Mn with n monomers

D
–

and γn bound counterions B
+

is given by:

nD
–
+γnB

+
�M

n

–(1– )nγ

(1)

The concentrations [M
n

–(1– )nγ

], [D
–
], [B

+
], the total

detergent concentration c
t

D
and the total counter-ion

concentration c
t

B
, with c

t

D
=c

t

B
=ct, are related by:

ct=[D
–
]+n[M

n

–(1– )nγ

]=[B
+
]+γn[M

n

–(1– )nγ

] (2)

With the equilibrium constant K

K=[M
n

–(1– )nγ

]/([D
–
]

n
[B

+
]

γn
) (3)

one obtains the following equation

[M
n

–(1– )nγ

]=[D
–
]

n
{ct(1–γ)+γ[D

–
]}

γn
K (4)

The relation between K and ∆G is

∆G= –RTlnK=n∆G0 (5)

with ∆G0 being the Gibbs energy change of the

transfer of a monomer from water into the aggregate.

Equations (2) and (4) are the basis for the simulations

of the titration curves [28], using five adjustable

parameters, namely the aggregation number n, ∆G0,

the enthalpy ∆Hdemic, the dilution enthalpy of mono-

mers ∆Hmon, dil, and the dilution enthalpy of micelles

∆Hmic, dil. The degree of counterion binding γ was

introduced as a fixed parameter and values for γ were

taken from the literature [41, 42].

The experimental data and simulated curves are

reported in [28]. For NaC, the aggregation number at

low temperature is n=4–5 and increases only slightly to

n=6 with temperature. The influence of the ionic

strength is negligible. For NaDC (sodium dihydroxy

cholate), however, the influence of temperature and

ionic strength is more pronounced. Aggregation num-

bers between 5 and 13 are found, depending on the

temperature and ionic strength [28]. The calculated

values for n are in agreement with previous observa-

tions by other groups, thus showing that ITC is a valu-

able method for the determination of the aggregation

number of colloidal systems [28].

The monomer and micellar concentrations as a

function of the total concentration are also obtained

from the simulations. In contrast to the curves shown

in Fig. 2b, monomer and micelle curves for e.g. NaC

show that the monomer concentration still increases

well above the cmc, particularly when no additional

salt is present. This shows that the pseudo phase

separation model, in which a constant monomer

concentration above the cmc is assumed (Fig. 2b), is

not always appropriate.

The physical properties of association colloids

composed of two components depend, in addition to en-

vironmental conditions (e.g. salt concentration), also on

the intermolecular interactions in the colloidal aggre-

gate. The properties of such binary association colloids

can be derived from ITC data. This will be demonstrated

for the system NaC/NaO with a molar ratio of 5:2 [36].

The ITC demicellisation experiments show a

characteristic temperature dependence of the cmc of

the mixed micellar systems, with its minimum at

room temperature. In general, it is observed that the

presence of NaO induces a decrease of the cmc

compared to the pure bile salt micelles [36]. In

contrast to pure NaO, only one cmc is observed for the

binary system NaC/NaO.

Assuming ideal mixing behaviour of two compo-

nents forming association colloids, a cmcmix can be cal-

culated using the cmc data of the pure components.

These data are then compared to the cmc data as ob-

tained from the experiment to check the validity of the

model, and thus, allowing more insights into the for-

mation of these colloids.

J. Therm. Anal. Cal., 82, 2005 487

ASSOCIATION COLLOIDS

Fig. 5 Thermodynamic parameters of the demicellisation of

sodium cholate (NaC) and sodium oleate (NaO) in wa-

ter at pH 7.5 as a function of temperature



Lange and Beck [43] as well as Clint [44] pro-

posed a model for the calculation of cmcmix value for

ideal mixing according to:

1 1

cmc cmc cmc
mix BS NaO

= +
α α–

(6)

with α being the total mole fraction of the bile salt (BS).

Rubingh [45] adapted this relation for non-ideal

mixing behaviour of the components using a model

based on regular solution theory, by introducing a

non-ideal interaction parameter βI which takes into ac-

count all deviations from an ideal mixing behaviour. βI

is thus defined as:

β

α

I

mix

BS BS

BS

2
(1 – )

=

⎛

⎝

⎜
⎜

⎞

⎠

⎟
⎟

ln
cmc

x cmc

x

(7)

with xBS being the mole fraction of the bile salt in the

colloid. xBS is obtained by solving the following nu-

merical equation:

x

cmc

x cmc

x

cmc

BS

2 mix

BS BS

BS

m

ln

( – ) ln
( – )

α

α

⎛

⎝

⎜
⎜

⎞

⎠

⎟
⎟

=

= 1
12 ix

BS NaO
( – )1 x cmc

⎡

⎣
⎢

⎤

⎦
⎥

(8)

A non-ideal mixing behaviour of both detergents

is given by βI≠0. Knowing βI and xBS the activity

coefficients for both components fBS and fNaO can now

be calculated:

fBS=exp[βI(1–xBS)
2
] (9)

f x
NaO I BS

2
= exp( )β (10)

The model presented by Rubingh [45] corrects

the cmc values of both detergents by these activity

coefficients and the cmcmix is calculated as:

1 1

cmc f cmc f cmc
mix BS BS NaO NaO

= +
α α–

(11)

The calorimetric data analysis of BS/NaO associ-

ation colloids reveal that the experimental cmcmix lies

between the cmc data of the pure components, with the

calculated cmcmix values assuming ideal behaviour be-

ing larger than the experimental ones. The difference

between the experimental cmcmix and the calculated

cmcmix is smaller when the model of non-ideal mix-

ing [45] is used compared to the simple model assum-

ing ideal [44] mixing behaviour.

With increasing temperature the difference be-

tween calculated and observed cmcmix values increases

slightly. In the temperature range between 20–70°C,

negative βI are obtained. Negative values for βI are

characteristic for a deviation from ideal mixing behav-

iour with attractive interactions between the two com-

ponents. For the system NaC/NaO, it was found that

with increasing temperature, the mole fraction xNaC in

the mixed micelle increases, i.e. more NaC is trans-

ferred into the mixed micelle. Small deviations from

ideal mixing behaviour are observed at low and high

temperatures as is derived from the slightly negative βI.

The attractive interaction parameter is attributed to fa-

vourable changes in the packing behaviour in the bi-

nary association colloids and an induced reduction of

particle surface charge [46].

Conclusions

Various calorimetric studies were summarised linked

to the thermodynamic properties of association

colloids. As presented in this paper, isothermal titration

calorimetry (ITC) is a highly potent experimental tech-

nique for studying the self-aggregation of association

colloids. From one and the same ITC demicellisation

experiment, data are obtained, respectively derived and

calculated, which are related to the formation and sta-

bility of colloidal systems. These data include the criti-

cal micellisation/aggregation concentration (cmc), the

change in demicellisation enthalpy (∆Hdemic), the

change in demicellisation entropy (∆Sdemic), the change

in demicellisation Gibbs energy (∆Gdemic), the change

in heat capacity (∆Cp demic), and the aggregation num-

ber (n), representing the number of monomers forming

the colloids.

Additionally, using models describing ideal or

non-ideal mixing behaviour, information concerning

the interaction and self-association of different deter-

gents in association colloids are obtained.
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