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1. ABSTRACT

In this review, changes in aggregation induced
by thermodynamic parameters, namely concentration
and temperature are discussed.  Most of these changes
are concerned with sphere-to-rod transitions. On the
other hand, the use of an external trigger such as light
can induce large aggregation changes in photosurfactant
systems. This is discussed in the second part of this
review and several examples of light-induced
aggregation changes are included, demonstrating the
usefulness of this approach.

2. INTRODUCTION

The type of self-assembled structures formed by
surfactants in solution can be predicted based on the
geometry of the surfactant molecule. The aggregate
structures that may form are restricted by the need of the
amphiphilic molecule to keep the polar and non-polar
groups in a favourable conformation of minimized energy.
In this respect, a principal driving force behind surfactant
adsorption and aggregation is the “solvophobic effect”;
hence, control over aggregation and adsorption states can
only be achieved by appropriate adjustments in the balance
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of hydrophobic and hydrophilic interactions. This may be
achieved by addition of new species; for example, adding
electrolytes to ionic surfactant or modifying the pH of
zwitterionic surfactants solutions, will modify the
repulsion between polar groups, thereby modifying the
HLB and packing of the surfactant molecule. Other
possibilities to manipulate surfactant packing are feasible
by changing the thermodynamic parameters involved in
the formation of the self-assembled structure, for instance
temperature, concentration or pressure. In addition,
inducing changes in the chemical structure and geometry
by an external trigger such as light is another alternative to
change the aggregation state of surfactants. Therefore, the
objective of the present review is to point out the two last
possibilities that have not received much attention but
which are however of great interest from the theoretical
and practical point of view.

3. CONCENTRATION AND TEMPERATURE

3.1 Introduction to temperature and concentration
aggregation changes

The surfactant geometry has a deep impact in the
type of self-assembly structure formed in solution.
Depending on the packing parameter, amphiphiles can form
different structures such as spherical or cylindrical
micelles, lamellar phases, vesicles and so forth (1). The
packing parameter introduced by Israelachvili is described
by the following equation:

P = v / la0 (Equation 1)

where v accounts for the hydrophobic volume  (surfactant
tail), l is the hydrocarbon chain length (tail) and a0 is the
equilibrium area per molecule. Surfactant packing
parameter relate the structural parameters of the surfactant
at a molecular level with a preferred interfacial curvature of
the resulting aggregates.  By convention the smaller P, the
higher the curvature. If P<1/3 the resulting structure is
spherical micelles; values of 1/3<P<1/2 are related to
cylindrical micelles, and so on. It was reported by
Nagarajan that the surfactant tail plays an important role in
the equilibrium aggregate structures as well (2). At a first
approximation we can argue that the molecular structure of
the surfactant controls the shape and size of the resulting
aggregates. However, the final self-assembled structures
can be tuned by modifying the packing parameter, since
many external factors can affect the geometry of the
surfactant molecule. In turn, such external triggers may
induce different transitions between the shape of the
aggregates. For example, the sphere-to-rod or wormlike
micelle transition produces an elongation of the aggregate.
This type of transition in characterized by large changes in
the viscoelastic properties of the solution, and can be
studied by applying the theories of De Gennes originally
developed for polymer solutions (3), and modified later on
by Cates et al, for the study of wormlike micelles in
solution (4). It is well known that transformations of
micellar structures can be induced by adding inorganic
electrolytes (5-8) or some non-electrolytes such as alcohols
(9-12). In addition, more complex structural transitions
from isotropic micellar to hexagonal or lamellar liquid

crystal phases may be obtained at  relatively high
concentrations of surfactant, by means of elaborate phase
behavior studies. These cases will not be discussed in this
chapter.

Micelles are thermodynamic aggregates that exist
in equilibrium with monomeric surfactant species in
aqueous solution. This equilibrium is hence dependent on
the relevant thermodynamic parameters such as
temperature, concentration and pressure. These parameters
affect the composition, critical micelle concentration (cmc)
and shape of the micelles. Spherical micelles can transform
into worm-like micelles by modifying some
thermodynamic parameters such as concentration and
temperature. These two parameters are important in order
to understand the thermodynamic of self-assembly in
micelles. Mainly two thermodynamic models have been
proposed to study micellization: the “phase separation
model” (13) and the “mass action model” (14). In general,
thermodynamic models have played an important role in
the understanding of the micellization process.

The effect of concentration on the structure of
micelles has been studied for many years but most of the
studies have been carried out inducing the transition to
worm-like micelles by using different additives. The
statistical thermodynamic approach for phase transitions in
micellar solution have been reported by Ben-Shaul and
Gelbart (15). The effect of temperature on the cmc has been
reported in several books and it is recognized that the effect
of temperature on the cmc is complex. It was reported by
Rosen that cmc-temperature dependence seems to be found
around 25○C for ionic surfactants and around 50○C for non-
ionic surfactants (16). But a more precise dependence has
been described in the literature and it is discussed in the
present work. The effect of pressure on the cmc has been
summarized by Moroi on the basis of the available data in
the literature (17). In general, the conclusions are that for
most common ionic surfactants the cmc passes through a
maximum with the increase in pressure, which is around
1000 atm. In the case of non-ionic surfactants the value
seems to increase in a monotonic way and then it levels off
with further increase in pressure.

Most of the investigations and applications in
micellar systems involve temperature and concentration as
variables and have been performed at atmospheric pressure.
In the next section the effects on cmc, micellar structure, as
well as the morphological transitions as a function of
concentration and temperature will be summarized. These
parameters are important in order to understand the
thermodynamics of micellization via the estimation of the
Gibbs free energy, enthalpy and entropy that can be
obtained through the use of different thermodynamic
models.

3.2. Sphere-to-rod transition: Concentration
dependence

One of the most relevant thermodynamic
parameters in surfactant self-assembly is the concentration
because this variable can modify the type of structure
formed in solutions. Assuming a starting packing parameter
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Figure 1. Specific conductivity against molality plot for
aqueous solutions of C12BBr at 25ºC. Reproduced with
permission from (34).

in the order of spherical micelles, P<1/3, a cmc above which
spherical micelles start to form can be easily obtained
experimentally. It is generally accepted that increasing
surfactant concentration leads to structural changes in
aggregation. This structural change follows the sequence
spherical-cylindrical-hexagonal-lamellar in the case of ionic
and some nonionic surfactants (18). Moreover, some direct
spherical micelles-to-lamellar liquid crystal transitions have
been reported in the case of nonionic systems (19).
Nevertheless, in general, spherical micelles transform into rod-
like at a precise concentration range above the cmc.

The idea that some structural changes occur in
micellar aggregates when surfactant concentration
increases was proposed in the early works of McBain et al
(20). They showed that potassium and sodium salts of
saturated fatty acids in aqueous solution exhibit changes in
conductivity and osmotic activity at concentrations higher
that the first break-point associated with the formation of
micelles. Later Hess and Stauff, based on X-ray diffraction
measurements, suggested that there is an approximately
well-defined concentration range above which a change in
properties reflects a change in structure of the aggregates
(21, 22).

Regarding other anionic surfactants such as
sodium caprylate, strong evidence of structural changes in
micelles can be found in the seminal works of Ekwall et al
(23-28); this phenomena was studied by different
techniques. Sodium dodecyl sulfate was extensively studied
by Miura and Kodama (29-32). They found by different
techniques the existence of a second cmc in aqueous
solution. Recently this transition was confirmed by NMR
studies on the basis of proton chemical shift of α-CH,
reporting the same value of 70 mM. Lee and Woo reported
that a second critical concentration, called critical micelle
transition (change in shape) appears at a factor of 2 for the
ratio 2nd cmc/cmc (33). In a more recent work by Gonzalez-
Perez et al this relationship was not confirmed; instead, it
was found that the transition appears to be strongly
dependent on the alkyl chain length of the surfactant (34).

Cationic surfactants can also exhibit more than
one break on the plots in various physicochemical
properties of aqueous solutions as a function of
concentration. Figure 1 shows the effect of concentration
on the specific conductivity of dodecylbenzyl
dimethylammonium bromide in aqueous solution (34). The
second break indicates the starting concentration for the
formation of the rod-like micelles.

Sphere-to-rod transitions with nonionic surfactant
solutions have also been reported. Attwood et al (35)
worked with a series of fatty alcohol ethoxylated, more
specifically with C12E6 and C16E9 surfactants.  They found
changes in the osmotic pressure, corresponding to  a
structural transition in micelles. Light scattering studies
were carried out with C12E6, C14E8 and C12E5 by different
authors and in all cases such transition was observed (36,
37). More recently, small angle neutron scattering (SANS)
measurements were performed, confirming this transition
in detail for a series of CiEj surfactants (38). The second
cmc for some nonionic surfactants have been determined
using cloud point, fluorescence and viscosity methods by
Mu et al (39). More recent thermodynamic and kinetic
studies of sphere-to-rod transition have been carried out
with C14E8 and C16E8 in water by Ilgenfritz et al (40).

As the hydrophobicity of the surfactant increases,
the critical micelle concentration decreases following the
classical Stauf-Klevens rule. The logarithm of cmc is a
linear function with the number of carbon atoms in the
alkyl chain. This is a general rule for ionic and nonionic
surfactants and it is an indication of the dependence of the
free energy of micellization with the chain length. As the
surfactant concentration increases, at constant temperature,
for ionic surfactants, the second cmc seem to follow the
same rule. In the series of alkyldimethylbenzylammonium
chlorides as well as alkylpyridinium halides Gonzalez-
Perez et al found that the second cmc follows a linear
relation with the alkyl chain, hence a Stauff-Klevens type
relation (41). Assuming the interactions between end caps
of cylindrical micelles a linear behavior has been found in
the limit to zero separation between end caps, which
corresponds to the micellar growth. The Stauff-Klevens
relation for alkylpyridinium chlorides and bromides series
is shown in Figure 2.

Analysis of the available data on the 2nd cmc
estimated on the basis of conductivity data has shown that
the ratio of the 2nd cmc/cmc values varies in the range from
2 to 10 (34). It seems that there is no rule for the ratio as for
different surfactants the value is different. There is not
enough data available regarding the chain length
dependence for the second cmc on nonionic surfactants.

Summarizing, above the critical micelle
concentration the rule generally accepted is that micelles
are monodisperse and non concentration-dependent. All the
monomers added when the concentration is increased will
be involved in the formation of new micelles. The
surfactant concentration in the monomeric state remains
constant when the concentration is increased and it is equal
to the cmc. In ionic systems increase in surfactant
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Figure 2. Logarithm of the critical micellization
concentration in molar faction units against the number of
carbon atoms in the amphiphilie chain of n-alkylpyridinium
bromides (up) and chlorides (b). Solid squares and circles
corresponds to the measured first and second cmc´s
respectively. Solid lines are the corresponding linear fits.
Reproduced with permission from (41).

concentration leads also to an increase in the number of
counterions on the solution. This effect is shown by the
linear increase in conductivity vs molality plot above the
cmc. The increase in the number of ions in solution induces
the increase in the ionic strength on the medium. This
effect facilitates the sphere-to-rod transition as a result of
the screening of the interaction between head groups, and
this leads to the modification of the surface area in the
packing parameter, reaching values characteristic of the
formation of rod-like micelles. In the case of non ionic
surfactants the increase in concentration can induce the
fusion of spherical micelles and this leads to a rod-like
conformation. The coexistence of spherical and wormlike
micelles was reported experimentally by using Cryo-TEM
for ionic and nonionic surfactants (42, 43). This experimental
evidence confirms that the second critical micelle
concentration appears to be a first order transition. In
general above the second critical micelle concentration the
micelles are polydisperse and concentration dependent but
below this second critical concentration the micelles are
monodisperse and non concentration dependent.

3.3. Effect of temperature on the cmc and micellar
structure

Micelles are self-assembled objects that exist in
thermodynamic equilibrium with monomers in the bulk
above a critical concentration. Their fundamental properties
are hence directly linked with the fundamental
thermodynamic parameters as concentration, temperature
and pressure. In particular temperature has a deep influence
on the micellar structure and it also influences the critical
micelle concentration. The temperature dependence of cmc
is recognized as a complex phenomena related with the
water surrounding the surfactants.  Knowledge on
temperature dependence of the cmc is fundamental in order
to understand the thermodynamics of micellization that can
be directly investigated by calorimetric methods or
indirectly using the well known pseudo-phase separation
model or the mass action model. These models give us
fundamental information about the thermodynamic
processes taking place on micelles as how the free energy
enthalpy and entropy drives the micellization process.

At a first approximation the cmc is constant with
temperature, but it has been recognized from earlier
investigations that the cmc exhibits a temperature
dependence that strongly affects the thermodynamic
parameters. Many experimental studies suggest that the
cmc is temperature dependent and in some cases, as in
ionic surfactant systems it presents a U-shape. It is also
generally accepted that the U-shape presents a minimum at
room temperature; nevertheless,  several investigations
suggest that this minimum depends on certain parameters
such as chain length and the type of counterions or the
amount of added salt. Deep knowledge on cmc behavior as
a function of temperature is hence basic in order to
understand the thermodynamics of micellization. It is based
on the two most accepted thermodynamic models, the
phase separation model and the mass action model (17-18).

The occurrence of a minimum on the cmc vs
temperature plot is a well reported phenomena in surfactant
aqueous solutions. In ionic surfactants, such a minimum
was reported in the preliminary works of Goddard and
Benson with a series of alkyl sulfates (44). Adderson and
Taylor reported similar behavior for dodecylpyridinium
bromide in aqueous solution (45); more recently, a series of
alkyltrimethylammonium bromide was reported by
Zielinski et al (46), a shown in Figure 3. In nonionic
surfactants this U-shape behavior was also reported (47) for
octylphenoxyethoxy ethanols and for polyoxyethylene
surfactants; this is shown in Figure 4 (48,49).

The existence of the U-shape in cmc vs
temperature plots was explained assuming two types of
hydration around the surfactant. The increase in
temperature affects the water surrounding the hydrocarbon
tail. The result of increasing temperature is a gradual
dehydration of the hydration shell around the hydrocarbon
chain, hence promoting micelle formation. An increase in
temperature affects also the partial hydration of the
hydrophilic head group. This effect leads to an increase in
the repulsion between polar headgroups and hence acts
against micellization leading to higher values for the cmc.
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Figure 3. Effect of temperature on the critical micelle
concentration of alkyltrimethylammonium bromides in
aqueous solutions. (○) C8TAB; (●) C9TAB; (∆) C10TAB;
(▲) C12TAB; (■) C14TAB; (□) C16TAB. Reproduced
with permission from (46).

Figure 4. The variation of cmc as a function of temperature
of the surfactants C12E4 (+), C12E6 (□), and C12E8 (○).
Reproduced with permission from (48).

The U-shape form of the cmc vs temperature is
the result of the combination of these two effects. At lower
temperatures the disruption of the structural water
surrounding the hydrocarbon tail is dominant and acts in
favor of cmc, decreasing them. At higher temperatures the
dehydration of the charged head group is dominant and this
process goes against the micellization leading an increase
on the cmc.

Increasing temperature has a deep effect on
micelle aggregation number. It was reported by Grubic et al
(50) that the micelle aggregation number of ionic micelles
decreases almost linearly with temperature. Increase in
temperature led to an increase in solubility and hence a
decrease in the hydrophobicity of the surfactant molecule.
Therefore, higher surfactant concentration is needed to start
forming micelles at higher temperatures. Also the
Brownian motion, which should be opposite to the
micellization, should decrease the number of monomer
forming the micelle. In the case of nonionic micelles the
aggregation number increases strongly from a temperature
about 20ºC below the cloud point (51).

The Gibbs free energy for micelle formation can
be estimated from the value of the cmc and the
temperature, by using the phase separation model or the
mass action model which give equivalent expressions for
the Gibbs free energy. The Gibbs free energy decreases
with temperature, indicating that the process of
micellization becomes more spontaneous at  high
temperatures. This is in agreement with the fact that the
aggregation number of micelles is lower at higher
temperatures for ionic surfactants. In addition, the cmc vs
temperature influences the enthalpy of the process
indirectly through the Gibbs free energy of micellization.

The hydrophobic part of the surfactant plays a
role in the position of the minimum of cmc-vs temperature.
For ionic surfactants like alkyltrimethylammonium
bromides reported by Zielinski et al, it was shown that the
minimum of the critical micelle concentration vs
temperature decreases as the surfactant chain length
increases (46). The same effect was found by Rodriguez et
al for alkylbenzyldimethyl ammonium chlorides (52). In
nonionic surfactants like polyoxyethylene glycol
monoether (OPEj) in aqueous solution, there is also a
minimum in the cmc-temperature curve. In that case the
minimum systematically increases as the oxyethylene chain
length increases and decreases with the increase of the
alkyl chain length . It was found that the temperature of the
minimum for C12E4, C12E6 and C12E8 are 46, 49, and 52 °C
respectively (48). For C10E8, C12E8 and C14E8 the
temperature of the minimum are 61, 52, and 46 °C,
respectively.

Temperature can be also used to induce a sphere-
to-rod transition in ionic and non ionic surfactants. For
ionic surfactants the transition was observed by decreasing
temperature but for nonionic surfactants it was reported to
happen by increasing temperature (53, 54). The reduction
in the surfactant area per molecule affects the packing
parameter, and this induces the transition to rod-like
micelles. For nonionic surfactants, this transition can be
obtained by thermal dehydration of the polar groups in the
micelle as a consequence of the increase in temperature. In
ionic systems a decrease in temperature leads a decrease in
the ionization degree of the micelles. By decreasing
temperature, the number of counterions in the bulk
increases and hence the ionic strength, thereby reducing the
surface area of the surfactant inducing the sphere-to-rod
transition. In both ionic and nonionic surfactants the
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transition is achieved by different methods but the final
result on the packing parameter is the same by reducing the
area per molecule.

It is not well reported how the second critical
micelle concentration behaves with temperature. There are
a few experimental indications that show an increase in the
second cmc with an increase in temperature (55-57). The
second dissociation seems to be accompanied by an
endothermic process over the whole temperature range,
whereas the enthalpy change for the first dissociation is
temperature dependent (57). There is no indication about
the temperature dependence of the 2nd cmc for nonionic
systems. This indicates that decreasing the temperature in
an ionic micellar system a sphere-to-rod transition can be
induced because at lower temperatures the high ionic
strength screens the interaction between the head groups
and change also the packing parameter.

Summarizing, the temperature dependence of
cmc and well as the second cmc can be used to better
understand the thermodynamic parameters of micellization
as well as sphere-to-rod transitions. Whereas the
temperature dependence of the cmc is well understood, the
corresponding behavior of the second critical micelle
concentration is not so well described for all the types of
surfactants. Sphere-to-rod structural changes in ionic
surfactant systems can be obtained at high surfactant
concentration by decreasing temperature. However, with
non ionic surfactants systems such effect can be obtained
by increasing temperature. For a better understanding of
such behaviors more experimental work is needed in order
to confirm a general tendency for the different surfactant
types.

3.4. Outlook
Surfactant self-assembly structures in solution

can be predicted by estimating the packing parameter,
which is related to the geometry of the surfactant. Hence, it
is possible to modify self-assembly structures by adjusting
the packing parameter; this can be done by means of
controlling thermodynamic parameters such as temperature
or concentration. The effect of these parameters has been
discussed for both ionic and nonionic surfactants.
Increasing surfactant concentration can induce shape
transitions from sphere-to-rod in micellar systems. It has
been suggested on the basis of Cryo-tem experiments that
this is a non-first order transition.

Concerning sphere-to-rod transitions induced by
temperature jumps, this is obtained by decreasing
temperature with ionic surfactants; in contrast, with
nonionic surfactants this effect is achieved upon
temperature increase. The temperature-dependence
behavior of cmc is well described; however, more work is
needed to explore the temperature dependence of the
second critical micelle concentration. This will be useful
for a better understanding of the sphere-to-rod transition.
Summarizing, surfactant self-assembly behavior can be
controlled by modifying purely thermodynamic parameters.
This matter is still the subject of intense research amongst
colloidal chemists.

4. LIGHT SENSITIVE

4.1. Introduction to light-triggered aggregation changes
The use of external triggers to induce aggregation

changes in amphiphilic molecules has been the subject of
many investigations. Typically, such triggers include the
addition of electrolytes (ionic amphiphiles (58, 59)),
switching pH (60-62) and/or temperature and concentration
changes, as mentioned in the previous sections as well as
other references (63, 64). Thereby, a shift in the balance of
hydrophobic and hydrophilic interactions of the molecule is
induced.  Although light as external trigger has only been
investigated over the last three decades, a certain level of
complexity in the molecular design and the resulting self-
assembly changes exists already. The aim of this section is
to review the progress of this fascinating field of colloid
science.

A photo-surfactant (photo-sensitive surfactant,
light-sensitive surfactant, photo-active surfactant) is an
amphiphilic molecule which contains at least one
chromophoric functional group.  There are various
possibilities for the location of the chromophore: in the
hydrophobic tail, in or near the polar head group, or even in
the spacer for the case of Gemini and bolaform surfactants.
The most interesting characteristic of such systems is that a
required response, such as an aggregation change, can be
achieved solely by the use of UV or visible light, unlike
common surfactants, which require either a change in the
composition of the system (pH change, electrolyte addition,
or concentration, as mentioned above) or in the conditions
(temperature, electrical potential for redox-active (65-67)).
Since the intensity of the incident UV or visible light beam
can be controlled and the aggregation state can be followed
online by techniques such as Small-Angle Neutron
Scattering (SANS), the aggregation changes of photo-
surfactants may be induced in a spatial and timely
controllable fashion.

The range of chromophores employed in the design
of existing photo-surfactants has been classified as a
function of the photoreaction involved and it is listed
below.

i. cis-trans isomerizations.  Azobenzene (1) and
stilbene (2) derivatives.

ii. Photoscission reactions.  Phenylazosulfonates (3)
and benzylammonium salts (4).

iii. Dimerizations. Stilbene (2), N-alkylthymine (5)
and anthracene (6) derivatives

iv. Polarity changes.  Spiropyranes (7), 1-
iminopyridinium ylides (8), N-methyldiphenyl
amines (9), alfa-diazoketones (10), alfa-
azidoketones (11).
v. Polymerizations.  Acetylene or vinyl-containing

surfactant molecules.

The chromophores listed in this classification
have been employed in systems for which light-induced
changes has been studied for a variety of colloidal
properties, such as aggregation changes, wetting, surface
tension, and stabilization or destabilization of emulsions
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Figure 5. Chromophoric groups used in photo-surfactant systems: azobenzene (1), stilbene (2), phenylazosulfonates (3),
benzylammonium salts (4), N-alkylthymine (5), anthracene (6), Spiropyranes (7), 1-iminopyridinium ylides (8), N-
methyldiphenyl amines (9), alfa-diazoketones (10), alfa-azidoketones (11).

and microemulsions. The chemical structures of these
chromophores are shown in Figure 5. Unsurprisingly, most of
these molecules bear an aromatic group, double bonds or diazo
/ azido groups. The inclusion of such chromophores in the
surfactant molecule is not compulsory, since there are several
studies which employ small amounts of photoactive molecules
in combination with conventional surfactants. Similarly, photo-
surfactants have been diluted with non-photoactive surfactants
or other components (e.g. gelatine) and important aggregation
changes are still achievable.

In order to understand the basis of photo-induced
aggregation changes, it is necessary to mention the
transformations that occur at a molecular level in such
photoreactions, as well as the conditions which favor one
photoproduct (s) over other (s). This is the scope of Section
4. Examples of light-induced aggregation changes are
discussed below, giving emphasis in outstanding systems.
For other photo-induced changes in the colloidal properties
of photo-surfactant systems, the reader is referred to other
reviews (68-72).
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4.2. Photochemistry of photosurfactants
4.2.1. Cis-trans isomerizations: Stilbene

It is well known that in order to obtain high
degrees of conversion in any photo-reaction, the
wavelength of choice plays an important role. In the case
of trans- stilbene, irradiation with =313 nm can yield up
to 91.5 % of the cis isomer (73). However, there are other
factors that affect both the rate and the pathway of the
photoreactions taking place in stilbene. For example, the
substituents present and the surrounding media influence
the rate of isomerization. Solvents with high viscosity may
slow down the reaction, and those with high polarity may
lower the efficiency of isomerization (74). The effect of
other variables, such as solvation, temperature, pressure
and viscosity has been studied (73-78). Regarding the
photoreaction pathway, E-Z (trans-cis) isomerization is
not the only possibility, since this reaction can be
inhibited by concentration, and dimerization may take
place as well.  If the molecules are aggregated, then
dimerization may be more likely than isomerization
(73).

The molecular geometry is quite isomer-
dependent. The trans form is nearly planar with C2h,
symmetry whereas the cis isomer has a propeller-type
structure with C2 symmetry. Thanks to these
properties, large changes in the colloidal properties of
these systems can be induced, since changes in the
architecture at a molecular level surely feeds through
aggregation and adsorption changes.

Most stilbene-containing photo-surfactants
have a low solubility in water. In addition, given the
restrictions on the E-Z isomerization that entail the
aggregation of these photo-surfactants, simple stilbene-
containing single-chained surfactants are of little use in
aqueous systems. Therefore, most of the reported
investigations involve mixtures of stilbene surfactants
or molecules with conventional amphiphiles.

4.2.2. Cis-trans isomerizations: Azobenzene
Photochemistry of azobenzenes is much more

straightforward than that of stilbenes, since azobenzenes
can undergo E-Z isomerization even in very viscous
solutions, liquid crystals, condensed monolayers, micellar
solutions, polar solvents, and even in solids (79-83).  In the
case of azobenzenes there is evidence for an “inversion”
mechanism, which cannot occur in stilbenes (84, 85),
which may explain this difference. Due to its
straightforward photochemistry, azobenzene is the
chromophore most commonly incorporated into photo-
surfactant molecules.

The trans form of azobenzene can be irradiated
at 360 nm to yield the cis isomer, which in turn can be
irradiated at 460 nm to relax back to the trans isomer.
However, complete conversion of the cis or trans isomer is
not generally accomplished (86).  A photo-stationary state
is reached instead, comprising a mixed population of the
two isomers, and its composition depends on the
wavelength used for irradiation, as well as on the
substituents present in the molecule. Hence, it is advisable

to determine the optimum irradiation wavelength for each
specific system in order to obtain the highest possible
conversion, and in turn, the most remarkable change in
aggregation or other colloidal properties.

In tune with stilbene derivatives, the geometry
of the chromophore changes from nearly planar for the
trans isomer, to bent, propeller-type for the cis, since
one of the benzene rings occupies a plane that is
displaced 56° from the azo group and the other ring
(87).

As with stilbene, there are some possible side
photo-reactions which could take place and lower the
E-Z isomerization efficiency. Cis-azobenzenes could
undergo photo-cyclization to form phenanthrene
derivatives, but it seems that this requires protonation
or complexation to occur (79, 88), hence this side
reaction usually does not involve a problem.  Other
possible light-induced reaction of cis-azobenzenes is
photo-reduction to yield hydrazobenzene and aniline
derivatives, but this reaction is very inefficient and
highly solvent-dependant (79, 88). A possible
drawback of azobenzene-containing photosurfactants is
the thermal back reaction from the cis to the trans
isomer, which could lead to unwanted transformations.

4.2.3. Photoscission reactions
The rupture of links between the hydrophilic

head group and the hydrophobic tail of a surfactant
molecule offers the possibility of a dramatic and definitive
switch in the physicochemical properties of a given
system. These “photo-destructible” or “photo-labile”
surfactants employ functional groups such as
phenylazosulfonate  (89, 90) and benzylammonium (91,
92) moieties. O-nitrobenzyl moiety has also been used
to create photo-labile lipids (93).

Irradiation of such surfactants with UV light
enables a transition from an initially surface active
molecule to a non-surface active one.  A photoscission
reaction occurs between the head groups and the tails of
the surfactants; the polar head group fragment usually
remains in solution, whilst the hydrophobic tail
fragment suffers phase separation, if the system is
aqueous. Photo-destructible surfactants have a great
potential in the paint industry where an efficient switch
from a water-based system to a water-resistance final
film is essential.

Phenylazosulfonates are the most widely used
photo-destructible chromophores, due to their
uncomplicated synthesis method and drastic photo-
induced colloidal responses.  Their photoreaction
pathway is highly medium dependant. The
photochemistry of surfactants bearing this moiety is
hence somehow complicated, since in aqueous
dispersions above the critical micelle concentration,
molecules in the monomeric state will follow an ionic
mechanism yielding alkylphenol derivatives, while the
molecules forming part of a micelle will experience a
more hydrophobic environment and the radical
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Figure 6. Mechanism of photolysis of phenylazosulfonates
proposed by Nuyken and Voit (Δ=heat).  Adapted with
permission from: (94).

mechanism will be favored yielding alkylbenzenes, as
shown in Figure 6.

4.2.4. Polarity changes
Photo-induced polarity changes involve a

modification in the hydrophilicity of the headgroup, which
may arise from photo-ionization (95, 96), rearrangements
(92, 97, 98) and photo-cyclization (99, 100). Examples of
molecules which experience these photo-reactions include
Spiropyranes, N-methyldiphenyl amines, 1-
iminopyridinium ylides, diazo and azido ketones, and N-
(1-pyridinio) amidates. For example, the photo-cleavage of
a phosphate-phenolate bond of a water insoluble
phosphotriester generates a dialkyl phosphate surfactant,
which constitutes a change from a non-polar to a polar
group (96).

4.2.5. Dimerizations
This kind of photoreaction occurs in molecules

containing double bonds; usually dimerization results in
the formation of a ring such as cyclobutane. If in addition
the molecule contains other cycle (s), very dramatic and
interesting changes in the molecular geometry can be

achieved. This is the case for molecules containing
chromophores such as stilbene and anthracene. Prior to
irradiation, such molecules are planar, since they are
mainly formed by aromatic rings or as in the case of
stilbene, two aromatic rings linked by an ethylene unit. On
the other hand, in the cyclized photoproducts the double
bond involved in the dimerization is absent and sp3

hybridization results in the new cycle (with  a tetrahedral
geometry and therefore, non-planar).  As an example,
Figure 7 shows the molecular geometry transition involved
in the dimerization of an anthracene derivative. This
dramatic change gives rise to interesting responses in
colloidal properties.

It must be remembered that for stilbene
derivatives, trans-cis isomerization can also take place;
however, in aggregated systems where stacking of the
aromatic rings occurs there is no sufficient space for
isomerization, hence dimerization would be favoured. This
is usually the case in stilbene-containing surfactants in
solutions above their CMC.

4.2.6. Photo-induced polymerization of surfactants
Unlike the photo-reactions listed above, which

induce a change in the aggregation state, photo-induced
polymerization of surfactants induces the retention and
definitive stabilization of a given structure. Surfactants
containing photo-polymerizable units such as diacetylene
can be left to self-assemble in solution and then irradiation
with an appropriate wavelength would lead to the creation
of covalent bonds which would stabilize the structure
whilst (ideally) keeping the shape and size constant. This
approach represents a convenient way to improve useful
but usually unstable structures with short lifetimes such as
vesicles. The principle has been employed by Ringsdorf et
al, who studied a series of polymerizable amphiphiles with
the diacetylenic unit, such as the one shown in Figure 8
(92, 101).  The molecules formed small unilamellar
vesicles (~100 nm diameter, ~ 10 nm wall thickness).
Electron microscopy showed that the structure of the
vesicles was maintained after polymerization.  The
polymerized vesicles could not be broken down by organic
solvents.

4.3. Examples of photo-induced aggregation changes.
4.3.1. Vesicle transitions

Due to their great potential as delivery
systems, much effort has been devoted to the development
of photo-responsive vesicles. Transitions leading to their
disruption (93, 102), formation of spheroidal or ellipsoidal
micelles (103, 104) and cylindrical micelles (105, 106,
111, 112), needles (107), and precipitation (108) have been
reported. Photo-induced formation of vesicles from an
insoluble solid has also been reported (96). The range of
chromophores used in these systems is varied. Due to
space restrictions, only some outstanding examples are
discussed.

Disruption of vesicles represent an interesting approach. A
major challenge in gene therapy, for the transduction and
expression of exogenous genes in mammalian cells, is to
develop artificial nanoparticles that are highly efficient as
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Figure 7. Changes in the molecular geometry taking place
in the dimerization of an anthracene derivative: flat
monomer (a) to non-planar dimmer (b).

Figure 8. Photo-polymerizable phospholipid used by
Ringsdorf et al (92, 101). Reproduced with permission
from (92, 101).

Figure 9. Structure and photoreactions of SGP : a) trans
isomer E-SGP, b) cis isomer Z-SGP, c) cis, anti, cis dimer
ZEZ-DiSGP and d) all-trans dimer EEE-DiSGP.
Reproduced with permission from (104).

non-viral vectors. Nagasaki et al developed cationic lipids
bearing an o-nitrobenzyl moiety as a photo-cleavable
spacer between its hydrophilic (lysine or arginine) and
hydrophobic (didodecyl tertiary amide) regions (93).  These
lipids could be used to prepare non-viral vectors, which are
made up of lipid aggregate (vesicles) / DNA complexes,
also called lipoplexes; such a system represents a photo-

responsive gene delivery system.  UV irradiation was used
during gene delivery to destabilize lipoplexe membranes
and to facilitate membrane fusion.  Photo-cleavage of lipids
would not only make the membrane of the vector unstable
to facilitate the fusion with endocytic vesicles, but it also
promote the dissociation of cationic lipid/DNA lipoplexes,
thus aiding the escape of DNA from the endocytic vesicles,
increasing the efficiency of transfection in a substantial
way.

Eastoe et al reported for the first time the photo-
induced conversion of vesicles to micelles, using a novel
stilbene-containing Gemini photosurfactant (SGP) (103).
The structures of this cationic photo-surfactant, as well as
its possible photo-products are shown in Figure 9.

1H NMR studies were consistent with
dimerization in aqueous solutions. The initial E-SGP (trans
isomer) was found to aggregate as polydisperse vesicles
(two populations between 20 and 80 nm of diameter),
whilst upon irradiation, a transition to small charged
micelles (4 nm in diameter) was observed (SANS data,
Figure 10). The progressive change in structure was also
followed by SANS and intermediate irradiation states were
found to consist of a mixture of vesicles and micelles, and
as the reaction proceeded the vesicles became smaller with
a sharper size distribution. After only a few minutes the
final state of small charged micelles was reached. This
analysis was consistent with the macroscopic aspect of the
samples, which changed from a slightly milky appearance
(consistent with vesicles) to a transparent solution
(consistent with small micelles). The dramatic change in
aggregation was explained in terms of significant
perturbations in molecular geometry.  The initial E-SGP
molecule has a flat and rigid trans-stilbene spacer, whilst
after irradiation the photo-cyclized dimmer (DiSGP)
contains a cyclobutane group, which makes the spacer
twisted and more flexible (Figure 11).

Other colloidal responses, such as a decrease in
surface tension and decrease in contact angle onto
hydrophobic surfaces, further confirm the more efficient
packing of ZEZ-DiSGP. A similar change in aggregation
was observed in systems where SGP was diluted with
conventional surfactants such as dodecyltrimethyl
ammonium bromide (DTAB), and gemini surfactants 12-4-
12 and 16-4-16 (104).  Furthermore, other interesting
colloidal responses brought about by SGP have been
reported by Eastoe et al (109, 110). The main drawback of
SGP was that reversibility could only be achieved up to
50%.

Abbot et al came up with another interesting
example of molecular design: a bolaform photo-surfactant
bearing an azosulfonate chromophore in the spacer (111),
bis (trimethylammoniumhexyloxy)-azobenzene dibromide
(BTHA, shown in Figure 12). Bolaform surfactants
assume conformations that are more constrained than those
of conventional surfactants, since both headgroups
maintain contact with the aqueous phase, either in the
aggregates or at the air-water interface.  Therefore, trans
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Figure 10. SANS data for a 10 mM aqueous solution of
SGP surfactant as a function of irradiation time (103).  In
order of decreasing intensity 0 (), 10 (), 20 (*), 30 (),
55 (), 95 () and 125 s () irradiation time.  The fitted
lines are for polydisperse vesicles (bi-layer thickness = 20
Å) in equilibrium with charged micelles (radius = 20 Å,
fractional molecular charge + 0.25 and variable Debye
length between 100 and 35 Å). Reproduced with
permission from (103).

Figure 11. Changes in molecular geometry upon irradiation
of (E)-SGP to form ZEZ-DiSGP). Reproduced with
permission from (103).

cis isomerization of bolaform surfactants would lead to
significant changes in aggregation and adsorption.

Several studies have been carried out with
BTHA in aqueous systems alone and in mixtures with

Sodium Dodecyl Sulfate (SDS) (105a, 105b, 111); the
most interesting results were obtained with the mixtures
SDS-BTHA.  In such mixed systems, dynamic surface
tension was reduced by up to 25 mN m-1 upon irradiation.
Dynamic Light Scattering (DLS), Quasi-elastic Light
Scattering (QLS) and SANS demonstrated a light-induced
aggregation change. Vesicles were obtained prior to UV
irradiation with both SDS-rich and BTHA-rich mixtures.
However, after UV irradiation, the behaviour was
different, depending on the SDS-BTHA ratio. With SDS-
rich compositions, a reversible vesicle-to-micelle transition
was observed, whilst for BTHA-rich compositions, UV-
irradiation resulted in the irreversible formation of a
precipitate. Surprisingly, for other (intermediate)
compositions, UV-irradiation only resulted in a small
reduction of vesicle volume fraction, practically no change
in vesicle size, and coexistence of vesicles with micelles.
This behaviour was explained in terms of a segregation of
cis isomer into the micelles and trans isomers into the
vesicles, as favoured by their molecular conformation.

Baglioni et al reported a similar kind of
transition using the same system (aqueous BTHA and
SDS) (112). Since higher concentrations of SDS + BTHA
were investigated, the results were slightly different.
SANS and DLS were consistent with a mixed population
of large and small vesicles, in coexistence with small
oblate ellipsoids (6 nm). After irradiation, the size of the
large vesicles was decreased, whilst the size of small
vesicles and oblate ellipsoids remained almost constant.
However the volume fraction of surfactant in small and
large vesicles was decreased and oblate ellipsoid-shaped
aggregates were dominant. The variety of results obtained
in the studies by Abbott et al (105a, 105b, 111) and
Baglioni et al (112) clearly indicates the richness of the
BTHA-SDS system, since the size and shape of the
obtained aggregates are highly dependent on the
concentration and composition of the samples.

In both BTHA studies, reversibility of the
photo-reaction as well as the aggregate transition was
achieved. This is expected since the chromophore used
was azobenzene, However the samples had to be
continuously irradiated as the thermal back reaction was
rather fast even in the dark. It would appear that BTHA
and SGP systems complement each other, in that SGP can
give a definitive switch from vesicles to micelles, whilst
BTHA offers full reversibility, although continuous
irradiation is necessary. In addition, the range of aggregate
size is different for both systems (smaller aggregates were
obtained with SGP).

Eastoe et al achieved a vesicle-to-needle
transition using a mixture of light-inert cetyltrimethyl
ammonium bromide (CTAB) and an anionic photo-
destructible surfactant (sodium 4-hexylphenylazosulfonate,
C6PAS) (107). CTAB and C6PAS spontaneously formed
vesicles in water. SANS and TEM (Figure 13a) were
consistent with polydisperse single-shell hollow spherical
vesicles of about 18 nm diameter. When the sample was
irradiated with UV light, C6PAS was selectively photo-
degraded to yield a final state which consisted of mixed
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Figure 12. Azobenzene-containing bolaform surfactant
BTHA (Bis (trimethylammonium hexyloxy)-azobenzene
dibromide) used by Abbot et al (105, 111).

Figure 13. TEM images for 1.4 wt % 1 :3 CTAB / C6PAS
systems in D2O (a) before and (b) after irradiation (107).
Reproduced with permission from (107).

Figure 14. Photo-induced gel-to-sol transition of an 8 %
SGP-N,N’-dimethyldodecylamine-toluene-d8 organogel :
initial gel state (a); after irradiation (b) and after irradiation
through a mask (c) (109). Reproduced with permission
from (109).

CTAB/hexylphenol/hexylbenzene aggregates, where 4-
hexylphenol was the dominant product.  Vesicles were not
present in the post-irradiated samples; instead, TEM
showed large needle-like aggregates (Figure 13b). Given
the photo-destructible nature of C6PAS, this transition was
irreversible.

Luisi et al reported the photo-chemical
reaction of water-insoluble precursor didecyl-2-methoxy-
5-nitrophenyl phosphate into water-soluble
didecylphosphate (96). The latter is a double-chain
surfactant and, upon irradiation of the insoluble precursor,

surfactant molecules were generated, which in turn
spontaneously self-assembled into 1-10 µm vesicles.

4.3.2. Photo-induced aggregation changes involving
viscosity changes: photo-rheological fluids

If a viscous / gel system is doped with photo-
active molecules/surfactants, important changes in their
rheology can be induced by light. Such systems could be
termed as photo-rheological, and their principle follows
the path of already existing systems whose rheology is
modified by the action of electric (113, 114) or magnetic
(114, 115) fields, as well as temperature (116, 117) and pH
(116, 117). This kind of rheo-responsive behaviour could
form the basis for technologies such as sensors, flow
control devices, chemical valves and switches, clutches,
delivery systems, actuators, industrial separators,
micromachines, mechanical transducers and in the case of
gels which present stimuli-induced shape or volumetric
changes, artificial muscles.

Several examples  of such photo-rheological
fluids can be listed. Usually, the change in rheology is
accompanied by a change in aggregation. For instance:
multilayer stack to small inverse cylindrical micelles plus
precipitate (109), ellipsoidal charged micelles to extended
sheet like aggregates (118), decreased cross-linking of
polymeric chains (119), and re-swelling of microgel
particles (120). Shrinkage of micelles (121) and long
worms to short cylindrical micelles (122), as well as
entangled worm-like micelles into discrete, smaller
spherical micelles (123) have also been reported. Some of
these examples are mentioned in greater detail below.

Eastoe et al reported a photo-responsive
organogel made up of E-SGP (Figure 9) in toluene (109).
Figure 14 shows the gel to sol transition seen for this
system upon irradiation with UV light: initially, as the
opaque gel (Figure 14a); after around 24 hours of
irradiation, a sol with some yellow precipitate (Figure 14b).
Interestingly, when the system was irradiated for ~7 hours
trough a mask, only the illuminated areas were converted to
the sol (Figure 14c), demonstrating that some degree of
spatial control over the gel-to-sol transition is possible with
this system. SANS data of the organogel was best fitted to a
multilayer stack model. The irradiated sample was
consistent with small inverted rod micelles. This study
complements the research on SGP described in Section 6.1
and points out to the versatility of this system, which in
addition has been employed to photo-induce the
stabilization of water-in-oil microemulsions (110).

The change in viscosity and aggregation of
aqueous gelatin doped with photo-destructible C6PAS has
been recently reported by Eastoe et al (118). When C6PAS
was added to solutions of aqueous gelatin, large increases
in viscosities were obtained. Before irradiation, increases in
C6PAS concentration lead to a sharp increase in viscosity.
After UV irradiation, C6PAS -containing systems displayed
a reduction in relative viscosity. This behavior was ascribed
to breakdown of the micelle cross-links caused by
photolysis of C6PAS. In the presence of C6PAS the
scattering at low Q disappeared, suggesting that the
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structure of gelating had been greatly modified. Previous to
irradiation, the scattering profile was consistent with
charged prolate ellipsoidal micelles. After irradiation, the
scattering intensity and profile changed dramatically, and it
was indicative of monodisperse, randomly oriented
lamellar stacks. The large changes in viscosity and
scattering profile were robust indications of a dramatic UV-
induced change in aggregation, from charged ellipsoidal
prolate micelles to much larger aggregates.

Long worms to short cylindrical micelles
transitions have been recently reported by Raghavan et al
(122); it was achieved by using a relatively simple system,
aqueous mixtures of CTAB with trans-ortho-
methoxycinnamic acid (OMCA). Aqueous solutions
containing CTAB and variable amounts of OMCA were
studied before (trans-OMCA) and after (cis-OMCA) UV-
irradiation. The viscosity decreased by a maximum of more
than 4 orders of magnitude, which is an outstanding result
as compared with other photo-rheological fluids. Flow
birefringence and SANS studies of pre-irradiated samples
were consistent with the presence of worm-like micelles,
whereas the post-irradiated samples indicated a dramatic
reduction in aggregation as prolate ellipsoidal micelles
were found; the largest dimension of the micelles was
reduced by a factor of 10.   The first argument to this
behaviour was that due to the differences in conformation
trans-OMCA would associate to CTAB strongly whilst cis-
OMCA would associate to it weakly. The second argument
was related to the hydrophobicity of the different isomers:
there is strong evidence demonstrated by previous studies
that trans isomers are more hydrophobic than cis isomers
(azobenzene and stilbene derivatives).

Zhao et al reported a rheological study involving
a novel carboxylate Gemini photosurfactant (C12-azo-C12)
(123). As with the SGP work by Eastoe et al mentioned
above, the Gemini photosurfactant included the photoactive
group (azobenzene) in the spacer.  The compound formed a
photo-responsive fluid in water. Rheology studies were
consistent with wormlike micelles behavior prior to
irradiation (trans isomer). This was confirmed by FFTEM
studies which showed a densely entangled network; after
UV irradiation FFTEM was consistent with 30 nm
micelles. The relatively large micelle size was justified in
terms of the stiffness of the spacer. The most remarkable
result from this investigation is the large difference in zero
shear viscosity obtained before and after UV irradiation,
which was as large as 5 orders of magnitude. In addition,
such photo-induced viscosity change was reversible after
several cycles. In this study, only 30% of the trans isomer
was converted into the cis isomer. The UV irradiation was
carried out by a mercury lamp with a 290-400 nm filter. A
narrower irradiation wavelength range may have resulted in
even more drastic photo-induced changes.

4.3.3 Photo-induced aggregation changes involving
liquid crystal phases

Phase transitions in lyotropic liquid crystalline
(LLC) surfactant systems are normally achieved with a
change in composition or temperature. Wolff et al studied
a series of LLC systems doped with small amounts of

photosensitive aromatic compounds (124). Irradiation with
UV light caused the isothermal phase transition of the
systems, from a liquid crystalline phase to an isotropic
phase and/or vice versa. Such aggregation change implies
the transition from a highly organized structure, with at
least one (lamellar), two (hexagonal and rectangular) or
three (cubic) dimensional translational order, into a much
simpler isotropic (micellar) phase with no directional
order. (125-130). Different kinds of phase transitions have
been achieved, for example, from micellar isotropic to
hexagonal (126-129), nematic (127-131), inverse hexagonal
(125, 127), and lamellar phases (125, 130). Another example
focuses on transitions between different lamellar phases (132).
Some of these examples are described below.

Hexagonal to isotropic micellar phase transition has
been also reported in the literature. Potassium octanoate (KO)
forms an hexagonal phase in water at concentrations of KO >
43%.  For a 43.5 % sample the phase transition temperature
THI (hexagonal liquid crystal  isotropic micellar phase) is
37°C.  In the work of Nees et al, this system was found to be
very sensitive to the presence of small amounts of compounds
like 4-hydroxystilbene and other substituted stilbenes,
depending on whether the trans or cis isomer was present
(130).  Solubilization of ≤ 1% w/w of trans- stilbenes caused a
reduction, with THI ~ -12°C, whereas isomerization to the cis
form had the opposite effect and THI was found to be +
7.5°C.  Therefore, phases could be switched from isotropic to
hexagonal or vice versa isothermally using UV as a trigger.  It
could be inferred that the trans oblong-shaped solubilizates
induced lower phase transitions temperatures than the more
spherical-shaped cis form.

Wolff et al studied the effects of photo-sensitive N-
methylhydroxystilbazolium bromide (HSB) in aqueous and
non-aqueous lyotropic liquid crystal systems (125).  Irradiation
of samples in the inverse hexagonal region of the
decane/AOT/water system containing 1% of HSB leaded to
increases in the clearing point (inverse hexagonal to isotropic
TiHI) of 2°C; this increase turned out to be irreversible upon
heating, indicating that trans-cis isomerization was a minor
process and hence the main photoreaction taking place was
dimerization. On the other hand, larger effects were found in
the binary non-aqueous system AOT-glycerol. Irradiation of
samples in the lamellar region of this system containing 2% of
N-methyl hydroxystilbazolium bromide leaded to an increase
in the clearing point (lamellar to isotropic TLI) by up to 10°C
for the AOT-glycerol system (125, 130). The main
photoreaction was found to be trans-cis isomerization.
Preferred dimerization was ascribed to the formation of H-
aggregates, which were much more abundant in bent interfaces
such microemulsion droplets and inverse hexagonal phases,
than in planar interfaces such as found in lamellar phases. In
summary, at certain conditions it was possible to isothermally
switch between liquid crystalline (lamellar or inverse
hexagonal) to isotropic phases simply by the use of UV light.

Transitions between lamellar phases were
reported in an investigation by Eastoe et al (132), where
photo-destructible surfactant C6PAS was used in
combination with an inert ABA triblock copolymer,
(EO)15– (PDMS)15– (EO)15, dissolved in a glycerol/water
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Figure 15. SANS data and fitted functions from D2O
solutions of 85 Mm 50:50 C6PAS / C12E6 in 0.5 M NaCl,
before irradiation () and post-irradiation lower phase ()
(135). Reproduced with permission from (135).

mixture. Rheology, SANS, SAXS and DLS were used to
follow the changes in aggregation induced by light.
According to SAXS, the ABA triblock copolymer alone
formed a weakly structured lamellar phase, whilst the
sample with added C6PAS formed a highly ordered
lamellar structure. This difference in aggregation was
explained in terms of the electrostatic stabilization added
by C6PAS. The rheological studies were consistent with
such aggregation behaviour. Upon UV irradiation, and
destruction of C6PAS, the SAXS spectra as well as the
rheology measurements were similar to the system with
ABA triblock only, hence, a transition between a viscous,
highly ordered lamellar to a weakly structured an
undulating lamellar phase with low viscosity took place
upon UV irradiation.

4.3.4. Miscellaneous light-induced aggregation changes
The possibility of controlling the formation

and disruption of micelles by external triggers such as light
in a reversible manner is very attractive for some potential
applications, for example in the controlled release of oil-
soluble substances, which is used in the fields of
cosmetics, pharmacy, perfumes and food industry.  The
cmc of photosurfactant 4-butylazobenzene-4’- (oxyethyl)
trimethylammonium bromide (AZTMA) was found to be
2.7 mM for the trans form and 8.2 mM for the cis form
(133).  Solutions with a concentration of 5 mM of the
initial trans-AZTMA were able to solubilize ethyl
benzene, which was almost completely released after
irradiation, since at this concentration the cis form is below
its CMC, and hence a transition from micelles to monomer
takes place. The solubilization capacity was clearly
isomer-dependent.  This phenomenon was ascribed to
larger solubilization sites in the hydrophobic part of the
trans isomer, as compared to the cis form, since the
hydrophobic moiety is in an extended state in trans-
AZTMA, whilst it is folded in the cis isomer.
Additionally, the lower CMC of the trans isomer points to
a higher hydrophobicity of the micellar core, making oily
substances more soluble. Hence, changes in solubilized

amount of oil were found to arise from changes in both the
CMC and solubilization capacity of AZTMA induced by
photo-isomerization.

An interesting example of photo-induced
aggregation change was reported by Sleiman et al (134).
The compound trans-2,2’-Bis (decyloxy)-4,4’-
azodibenzoic acid, which resembles the structure of gemini
surfactants, was found to self-assemble into dramatically
different higher-order structures depending on its
conformation. Aggregation is driven by hydrogen bonding;
in the trans conformation, the two carboxylic groups are
expected to be aligned, and thus it aggregates into infinite
linear tapes. On the other hand, after irradiation, when the
cis conformation predominates, the carboxylic acids are
expected to be oriented in a perpendicular mode, thus self-
assembling into cyclic structures. In a second level of
association, these cyclic structures form long, rod-like
aggregates through stacking interactions.

Eastoe et al reported another outstanding example
of photo-induced aggregation change using the photo-
destructible surfactant mentioned in previous sections,
C6PAS (135). Mixtures of this photo-surfactant with non-
ionic surfactant hexaethylene glycol monododecyl ether
(C12E6) in water were found to aggregate as charged
ellipsoidal micelles (SANS). Irradiation of the C6PAS /
C12E6 mixed micelles resulted in a photo-generated
emulsion: C6PAS breaks down into its oily components
(hexylbenzene and 4-hexylphenol), which are emulsified
by C12E6, forming uncharged disk-like aggregates. When
instead of pure water, 0.5 M NaCl was used, different
behaviour was observed. Prior to irradiation the SANS
profile could be fitted to a cylinder form factor. After
irradiation, instead of an emulsion, macroscopic phase
separation was obtained, due to the electrolyte effect, which
reduced the interactions stabilizing the emulsion. SANS of
the lower phase showed that the scattering intensity had
dropped by approximately two orders of magnitude as
compared to the non-irradiated sample (Figure 15), which
indicated a significant reduction in aggregation. Analysis
was consistent with 4 nm polydisperse spherical C12E6

micelles partially swollen with oily photo-products.

4.4. Outlook
A broad range of light-induced aggregation

transitions has been described. The different research works
reviewed here indicate that the most remarkable light-
induced effects are obtained with surfactants that undergo a
large geometry change (e.g. E-SGP to DiSGP, dimerization
of anthracene derivatives) at a key position in the molecule
(gemini spacer group as in SGP; the middle of a bolaform
chain as in BTHA).  Similarly, large effects are obtained
when photolysis of the surfactant takes place (e.g. C6PAS),
where a switch from a hydrophilic (surfactant based) to a
hydrophobic (photoproduct) system occurs.  Still, there is
room for even more sophisticated photosurfactant
molecules in one hand, for example by mimicking the most
effective conventional surfactants, e.g. introducing
chromophores in surfactants such as AOT, and on the other
hand the design of environmentally friendly
photosurfactants.  A starting point for this could be the
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design of photo-labile sugar based surfactants. In addition,
it has been demonstrated that large aggregation changes can
also be induced in mixed systems where the photoactive
molecule has been diluted with conventional, non-
photoactive surfactants. The possibility of tailor-made
light-induced changes has been demonstrated, since by
performing the irradiation with UV or visible light in a
controlled fashion, a spatially and timely controlled
aggregation transition can be achieved. These findings
should encourage thoughtful, clever design of
photosurfactants, where the collaboration between
surfactant science, organic chemistry, and photochemistry
will be key.
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