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Ultrathin dynamic networks formed by the
surfactant SPAN 65 at the air-water

and oil-water interface

Abstract Some surfactants tend to
form ultrathin films at the surface of
water or at the interface between oil
and water. A representative of these
surface-active compounds is

SPAN 65 (trioctadecanyl ester of
sorbic acid). Induced by attractive
interactions these molecules can self-
associate to form temporary net-
works. At the planar surface we
measured the two-dimensional re-
laxation modulus, the storage mod-
ulus, the loss modulus and the
relaxation spectrum. In addition to
these measurements, we have also
investigated the molecular structure

of these networks with ““Brewster-
angle-microscopy”’. The results in-
dicate that temporary cross-linking
points, which have lifetimes of the
order of a few seconds, tend to
stabilize these films. This dynamic
network formation is also interesting
for numerous technical applications,
and it might be used for the prepa-
ration of emulsions, foams or
microcapsules.
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Introduction

Liquid interfaces between different polar phases play an
important role for numerous applications in industry
and science. Films formed by conventional surfactants
tend to be in a liquid-analogous state and these
structures are therefore sensitive to mechanical stresses.
Viscoelastic films prepared at the interface by cross-
linking processes are more stable. Owing to these
properties such ultrathin membranes are often used as
model systems for biological cell membranes, which are
more complicated owing to their complex structures [1].
Besides the formation of liquid-analogous films, some
surfactant can also form gel-like structures. This is a
natural consequence of strong attractive forces between
the surface-active compounds. In general, such interac-
tions lead to the appearance of viscoelastic effects and
unusual film properties.

It is well known, that the surfactant SPAN 65,
trioctadecanyl ester of sorbic acid, tends to form very
stable emulsions. On the grounds of these special

features, this surface-active compound is frequently
used in technical applications. Typical examples of these
technologies include the formation of foams, microcap-
sules or concentrated emulsions. It is well known that
the stability of these disperse systems depends very much
on the rheological properties of the surfactant films [2].
Enhanced emulsion stabilities are often correlated with
large values of the surface viscosity or elasticity [3]. The
principal condition of forming highly viscous, gel-like
superstructures lies in the tendency of the surfactant
molecules to arrange themselves into long chains, which
are connected and interwoven. Any two-dimensional
network must meet the condition of coherence: this
means that the basic elements are joined to form a
structure of infinite extent [4]. The second component of
the gel structure, usually the solvent, must form a free-
moving, continuous phase. The coherent network of real
gels is responsible for the high stability against mechan-
ical influences. The surrounding fluid enables the system
to undergo infinitely large deformations. Gels are,
therefore, characterized by ambivalent behavior: they
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exhibit a unique combination of viscous and elastic
properties. No structure, otherwise constituted, will
sustain, without rupture, the high deformations typical
for rubber-elastic materials. Macromolecules, inorganic
polymers, like sulfur or polyphosphazenes, surfactants
and biopolymers, such as proteins, elastin or collagen,
display the previously mentioned characteristics. All
these molecules are capable of building infinitely long,
supermolecular network structures.

Cross-linked gel structures can be divided into
different categories, depending on the nature and the
strength of binding forces. There are at least two
extreme cases which are often observed in colloidal
systems: transient networks or permanent structures.
When the cross-linking process is a result of chemical
reactions, the structures are always of the permanent
type, resulting in the formation of very stable junction
points. These cross-linking points do not change during
deformation processes and they confer elastic properties
to the sample. Transient or temporary networks can be
formed by physical contacts between the molecules.
These might be hydrogen bonds, entanglements, van der
Waals interactions, Coulomb forces or complex forma-
tions. In this case, the number of junction points may
change during deformation processes. For longer times
of mechanical loading, the molecules can undergo
diffusional motions, which finally lead to an opening
of junction points. These dynamic molecular rearrange-
ments, referred to as relaxation phenomena, ultimately
result in the external stresses decaying to zero. In the
ideal case, the behavior of the system after a long time
period is characteristic of a liquid. This phenomenon can
be characterized by a limited value of the average
lifetime of the junction points. At conditions where an
experiment is short in comparison to the average
lifetime, the number of cross-linking points remains
constant. In this regime, the sample exhibits elastic
properties. After long periods of loading times, however,
all junction points may open and viscous flow results.
The fundamental physical properties of these systems
show a marked dependence on the duration of the
measurement or on the frequency in dynamic rheolog-
ical experiments. This type of behavior is well described
by the expression “‘transient” or “‘temporary’ network.

It is interesting to note that ultrathin films formed by
adsorption of SPAN 65 molecules exhibit such visco-
elastic features. Typical network properties can, hence,
only be observed in certain time intervals. Here, we
report the investigation of the basic rheological features
of these films and also their basic molecular structure
using Brewster-angle microscopy.

Experimental

The surfactant SPAN 65 was obtained from Fluka. The high-
pressure liquid chromatography diagram showed a large number of

different peaks, indicating a broad distribution of different chemical
compounds. As it is very difficult to separate all these molecules, we
used this surfactant mixture without further purification steps. As
mentioned before, this detergent is frequently used in technical
applications in order to stabilize foams or emulsions, and in all these
samples it was also used as supplied. Being aware of the problem of
working with technical grade surfactant mixtures, we examined the
reproducibility of the rheological experiments, using different
surfactant samples. The results were in pretty good agreement,
with typical deviations of about 16%. As we will see that all relevant
rheological data change by many orders of magnitude, these
relatively small deviations can be neglected in comparison to the
striking viscoelastic network response.

For measurements at the interface between dodecane and water,
the surfactant was dissolved in desired amounts in the hydrophobic
phase. Water was obtained from a pure water system (Seralpur
PRO 90 CN). At the pure water surface, the surfactants were
spread from a 107> M solution in chloroform (p.a. Merck).

The shear rheological properties of flat membranes were
determined in a Rheometrics fluid spectrometer (RFS II), which
was equipped with a modified shear system [5]. The measuring cell
consisted of a quartz dish (diameter 83.6 mm) and a thin biconical
titanium plate (angle 2°, diameter 60 mm) which could be placed
exactly at the interface between oil and water. The dish was first
filled with the aqueous phase. The titanium plate was then
positioned at the water surface and a solution of the surfactant
was added. We measured the torque required to hold the plate
stationary as the cylindrical dish was rotated with a sinusoidal
angular frequency, w. In such experiments, the two-dimensional
storage modulus, u’(w), and the loss modulus, u”(w), could be
evaluated from the amplitude and phase angle of the stress and
deformation signals.

At the water surface, 7—A isotherms and Brewster-angle micros-
copy was performed with a BAM 2 from Nanofilm Technologie,
Gottingen. The basic principles of Brewster-angle microscopy
experiments are extensively described in Refs. [6, 7]. If a p-polarized
light beam is incident at the Brewster angle to the surface of water
(53.1°), no light is reflected. A video camera, arranged in the direction
of the reflected light beam, will now observe darkness. In the presence
of surface-active compounds, however, the refractive index of the
water surface is slightly changed. As a consequence, the video camera
will now obtain some light and the image of the network structure can
be analyzed. Hence, one obtains a large optical contrast between the
pure water surface (black regions) and those parts covered with
surfactant molecules (white regions). It is interesting to note that the
lateral resolution of the Brewster-angle microscope is related to
the wavelengths of the incident laser beam (690 nm), and this
technique allows the investigation of monomolecular films with a
thickness of only 1 nm.

Results
Ultrathin networks at the dodecane—water interface

Even with the unaided eye it is possible to recognize the
large viscous resistance of SPAN 65 films formed at the
oil-water interface. This becomes evident by simple
observing the diffusion process of small dust particles or
air bubbles which are attached at the interface. More
details concerning the rheological properties of these
systems can be obtained from rate sweep experiments. In
these tests, the stationary shear viscosity is measured as
a function of the velocity gradient. Typical properties of
these tests are summarized in Fig. 1.
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Fig. 1 The steady-state shear viscosity and the magnitude of the
complex viscosity as a function of the shear rate or the angular
frequency for a SPAN 65 film at the interface between dodecane and
water (c=0.5 mmol/l, T=20 °C)

In viscoelastic samples, all rheological properties are
characterized by time-dependent material functions. If a
step function shear rate is suddenly applied to the
ultrathin network, one obtains an increasing shear
stress, which finally reaches a plateau level. This regime
of constant shear stress describes the steady-state values
of the viscous resistance where the surfactant structure is
in equilibrium with the external shearing force. Under
these conditions, the supermolecular surfactant struc-
tures are aligned in the direction of flow or they are
breaking owing to the action of shearing forces. The
plateau value in the regime of very small shear rates is
called the zero-shear viscosity, #(c0,0). This value
describes the viscous resistance of the quiescent state
of the network. In this regime the external shearing
forces are so small that they cannot influence the
surfactant film structure. In rheological experiments,
this plateau is usually observed for 74 < 1. Here, 4
denotes the relaxation time of the shear stress. With
increasing amount of shear the viscosity decreases
strongly and nonlinear phenomena occur. This typical
behavior is called shear-thinning or pseudoplastic. The
non-Newtonian behavior of these solutions is of great
practical interest and is intimately connected with
orientation processes or structural changes which occur
during flow. When a suspension of rigid or semiflexible
asymmetrical particles is subjected to a velocity gradient,
a strong orientation results. Under the action of a
velocity gradient, a particle will be oriented along the
streamlines because in any other position its ends will be
located in layers of different velocities, which exert an
orientating force on the molecule. The strong alignment

of the anisometric particles is a typical dynamic process,
because the suspended ellipsoids rotate in the fluid and
do not rest in their position as observed in magnetic or
electric fields. It is well known that in laminar flow, the
anisotropic particles are forced to rotate with a nonuni-
form angular velocity. The Brownian motion, however,
tends to counteract the hydrodynamic alignment by
causing random fluctuations. The competition of both
influences leads to the flow-induced decrease of the
viscous resistance. It is also conceivable that the action
of shear rates induces the rupture of supermolecular
structures. In this case, for instance, a gel can be
transformed into a sol state under the action of a
velocity gradient. The completely oriented or destroyed
structure is characterized by the lower plateau level,
which is often called the second Newtonian plateau,
n(00,8). It is easy to recognize that this value is many
orders of magnitude lower than the zero-shear viscosity.

Similar curves, as shown in Fig. 1, are often observed
in solutions of entangled macromolecules which tend to
form temporarily cross-linked networks in the quiescent
state. For SPAN 65 monolayers the lengths of the
paraffin chains are too short for the formation of
entanglements, so we can exclude this special cross-
linking mechanism. In analogy to these junction points it
is, however, evident that the SPAN 65 films also form
stable contacts points. The shear-induced deformation
or structure breakup is completely reversible and on
slowly decreasing the shear rate one obtains the same
viscosity curve as measured before. All contacts between
SPAN 65 molecules rapidly reform again in the quies-
cent state. This process can be characterized by relax-
ation times, which will be explained by the results of
further experiments.

The viscoelastic properties of the sample are usually
measured in periodic or dynamic experiments. In this
case the shear strain is varied periodically with a
sinusoidal alternation at an angular frequency, w. A
periodic experiment at frequency w is qualitatively
equivalent to a transient test at time r=1/w. In a
general case, a sinusoidal shear strain is applied to the
solution. The response of the liquid to the periodic
change consists of a sinusoidal shear stress, which is out
of phase with the strain. The shear stress is made up of
two different components. The first component is in
phase with the deformation and the second one is out of
phase with the strain. From the phase angle, J, the
amplitudes of the shear stress and the amplitude of the
shear strain it is possible to calculate u'(w) and u”(w).
W (w) describes the elastic properties of the sample and
W’ (w) is proportional to the energy dissipated as heat
(viscous resistance). It is convenient to express the
periodically varying functions as a complex quantity,
which is termed the magnitude of the complex viscosity,
In*(w)|. This quantity can be calculated from the
following equation:
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|,1*| _V #’2(“’{1)4'#”2((’)) . (1)
It can be shown that for most viscoelastic solutions there
is a simple correlation between dynamic and steady-state
flow characteristics [8]. In a first approximation the
complex viscosity |#*(w)| at a certain angular frequency
o can be compared with the steady-state value of the
shear viscosity 7(oc, 7) at the corresponding shear rate 7.
This famous correlation between linear viscoelastic
functions and nonlinear effects is called the Cox—Merz-
rule [9].

" (w)] = n(c0,7) (2)

According to observations of Cox and Merz, both
rheological functions coincide for entanglement net-
works of polymers [9]. Deviations, however, occur if
other types of forces, such as hydrogen bonds, van der
Waals or ionic interactions, contribute to the cross-
linking process. The steady-state viscosity of these
solutions is often much smaller than the corresponding
dynamic values because the number of junction points is
reduced during flow, whereas it remains stable in
oscillatory experiments. For comparison purposes, we
have also plotted the magnitude of the complex viscosity
in Fig 1. It is easy to see that both viscosities do not
coincide, and within the frequency or shear-rate interval
investigated the magnitude of the complex viscosity is
always larger than the shear resistance. This phenome-
non can be explained by processes occurring during
flow. We can, therefore, conclude that the contact points
between the SPAN 65 molecules are different from
entanglements, but they exhibit typical properties of
temporary contacts, such as hydrogen bonds or van der
Waals interactions.

The viscoelastic behavior of the ultrathin networks
can be obtained from dynamic measurements. In this
case the shear strain is varied periodically with a
sinusoidal alternation at an angular frequency .
Relevant data of these experiments are summarized in
Fig. 2.

The experimental curves exhibit typical properties of
a generalized Maxwell material. In the regime of high
frequencies, the two-dimensional storage modulus u’(w)
attains a plateau value, and at these conditions the
elastic response of the sample is dominant. It turns out,
that 1/(w) > p”(w) for wl > 1. The plateau value
describes the rubber-elastic properties of the sample.
With decreasing angular frequency, the viscous proper-
ties become more important. In this regime, relaxation
processes occur and the solution behaves as a liquid. The
intersection point where u'(w)=u”(w) is characterized
by an average value of the relaxation time. This constant
can be calculated using the simple relation
A=

Dint.

for o=y

(3)
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Fig. 2 The two-dimensional storage and loss modulus as a function
of the angular frequency for a SPAN 65 film formed at the interface
between dodecane and water (¢ =0.5 mmol/l, 7= 20 °C)

This relaxation time describes the dynamic features of
the ultrathin networks. In monolayers of surfactant
molecules, stress decay can only occur by rupture
processes of junction points. We can, therefore, conclude
that the ultrathin SPAN 65 networks exhibit striking
dynamic properties. These structures fluctuate and they
are continuously built up and destroyed by the forma-
tion and breaking process of cross-linking points. In
such systems the relaxation time describes an average
lifetime or breaking time of the junction points. Under
experimental conditions where the frequency is short in
comparison to the reciprocal lifetime, a junction point
cannot open during one oscillatory cycle. In this regime,
the adsorbed layer behaves as a permanent cross-linked
network. A completely different structure can be ob-
served for small angular frequencies. In this regime,
there are numerous breaking and reformation processes
within the time scale of observation. As a consequence,
an applied shear stress will completely relax and a
fluidlike behavior results. The intermediate frequency
range is characterized by an ambivalent behavior where
both processes occur simultaneously. This regime is
characterized by striking viscoelastic properties.
Additional information concerning the viscoelastic
properties of the ultrathin films can be obtained from
measurements of the relaxation modulus. In these
transient experiments, a stepwise transition is used from
one equilibrium state to another. Although the initial
extension is infinitely fast, there is a certain time
response of the viscoelastic sample, which can be
measured to evaluate the desired rheological function.
In relaxation experiments, a step-function shear strain,
7, 1s suddenly applied at r=0. The resulting stress is
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time-dependent, and this parameter is measured after
deformation has occurred. From these data the relax-
ation modulus u(?) can be calculated:

u) =57 (4)

In the limit of small deformations (linear viscoelastic
regime), the relaxation modulus does not depend on 7y
and it is only a function of time. From Eq. (4) it is clear
that the relaxation modulus describes the shear-stress
decay after the onset of shear strain. In samples of
viscoelastic liquids an applied stress always relaxes to
zero after infinitely long periods of time. Typical results
for ultrathin SPAN 65 networks are summarized in
Fig. 3.

A transient experiment, performed at time ¢, is
qualitatively equivalent to a dynamic test performed at
®=1/t. That means both graphs u(r) and u’'(w) are
approximately mirror images reflected in the modulus
axis. The exact relationship between these functions is
given by the Fourier transformation.

oo
- (@) o
,u(t)—%/o B sinwr do

(5)

This integral can be solved numerically or graphically
if the starting function is known over a sufficiently
wide range of frequency. It is easy to see that the two-
dimensional relaxation modulus gives the same results
as already mentioned for p'(w). The dynamic features
of the generalized Maxwell material can be character-
ized by a set of discrete relaxation times and
relaxation moduli. Such a representation of experi-

M1 [mN/m]

=TT T

10" 10 10"

t[s]
Fig. 3 The two-dimensional relaxation modulus as a function of time

for a SPAN 65 film formed at the interface between dodecane and
water (¢=0.5 mmol/l, 7=20 °C)

mental values is called a discrete relaxation spectrum.
Under conditions where many different relaxation
times occur, it is convenient to use continuous spectra
for the description of relaxation properties. Thus, an
alternative expression for the relaxation modulus is
given by [9]

400

H()exp(5H)dIn i . (6)
It is often observed, that the relaxation spectrum, H(4),
has a shape rather similar to u”(w) reflected in the
modulus axis. The spectrum itself is not accessible by
direct experiment. It is, however, possible to calculate it
from measurements of p'(w), u”(w) or u(f) by numerical
or graphical differentiation or by use of finite-difference
methods. We shall not go into more details at this point.
Typical results for the temporarily cross-linked
SPAN 65 films are summarized in Fig. 4.

The maximum of H(Z) represents concentration
zones of relaxation times. It is worthwhile mentioning
that the extreme value at 1=0.5 s corresponds to the
intersection point of u’(w) and u”(w) (see Fig. 2). The
experimental values represented in Fig. 4 describe a
broad distribution of different relaxation processes. This
phenomenon is also observed in three-dimensional
temporary networks. These structures have many pos-
sibilities to relax stress by different types of molecular
motions.

It is interesting to note that similar dynamic relax-
ation processes are well known in aqueous three-
dimensional viscoelastic solutions of wormlike micelles.
In these systems, the shear-stress decay is attributed to

u(t) =

—00

50 i as s e —

H(A) [mN/m]

10” 10" 10" 10' 10

T T

Als]

Fig. 4 The relaxation spectrum as a function of the angular frequency
for a SPAN 65 film formed at the interface between dodecane and
water (¢=0.5 mmol/l, 7=20 °C)
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the limited average lifetime of the anisometric aggre-
gates. These phenomena are described by modified
reptation theories, which were recently developed by
Cates and coworkers [10—19].

Ultrathin networks at the water surface

Dynamic networks of SPAN 65 can also be synthesized
at the water—air surface. This is of great advantage
because it allows simpler experiments to be used for the
characterization of these structures. It is interesting to
note that the general rheological behavior of these films
does not change at the pure water surface. Relevant
results concerning the viscoelastic properties are sum-
marized in Fig. 5.

In these experiments, the film was spread from a
107 M solution in chloroform. After evaporation of the
solvent, the rheological properties were measured at a
constant angular frequency until final plateau regimes of
W(w) and u”(w) were reached. Under these conditions,
an intact network structure was formed and the
dynamics features of these structures were evaluated
from frequency-sweep experiments. Comparison with
Fig. 2 reveals that the ultrathin networks, formed at the
water surface, exhibit similar properties as at the
dodecane—water interface. On close inspection, it be-
comes clear that the shape of the curves remains
constant and that only the relaxation time and the
plateau level of y'(w) are changed. This process is shown
in Fig. 6.

3
10" e ——rrrery
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Fig. 5 The two-dimensional storage and loss modulus as a function

of the angular frequency for a SPAN 65 film formed at the water
surface (I, = 12 molecules/nm?, 7= 20 °C)

The behavior under harmonic oscillations of a
Maxwell material can be described by [20]
L 2192
W(w) = Z”éﬁp ' 1&5@? ’ (7)
=1
n
,u"(u)) = Z:u;p : 1:3))5,12 . (8)
i=1

Here, /i, denotes the plateau modulus of the two-
dimensional shear modulus at high frequencies. It is
evident that a master curve can be obtained by plotting
1 (), and p”’(w)/w, against wi. p; describes the
experimentally determined plateau value of u'(w).
Figure 6 shows unambiguously that the rheological data
of the ultrathin SPAN 65 networks prepared at different
interfaces do overlap. This means, at least, that the flow
properties of these structures are very similar. For both
types of membranes, we obtain the typical behavior of a
generalized Maxwell material, showing the presence of
temporarily cross-linked network structures.

Additional measurements concerning the viscoelastic
properties can be obtained from strain-sweep experi-
ments. In these dynamic tests, the deformation is varied
at a constant angular velocity. Relevant results of these
measurements are summarized in Fig. 7.

This experiment measures the stability of the mem-
brane and indicates the critical deformation initiating
film rupture. It is worth mentioning that a linear stress—
strain relationship is only observed at deformations
below 0.1%. Such small values are typical for energy-

1
10} g rrrrm e ——

—a— (o w.)//t'p Air-Water
—— ,u'((u)/,u'p Air-Water
—a— " w)/y'p Oil-Water
—y— (u)/,u’p Qil-Water

10" d—rrrrm—r e

107 10* 10° 10"
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10’ 10 W 10 10*
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Fig. 6 The normalized two-dimensional storage and loss modulus as
a function of the angular frequency for a SPAN 65 film formed at the
water surface (open symbols; I'my = 12 molecules/nm?, T=20 °C) and
the water—dodecane interface (filled symbols; ¢=0.5 mmol/l,
T=20 °C)
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Fig. 7 The two-dimensional storage and loss modulus as a function
of the deformation angular frequency for a SPAN 65 film formed at
the water surface (I'y, = 12 molecules/nm?, T=20 °C, o =0.1 s7")

elastic systems. Ideal rubberlike materials have much
larger threshold values of about 100-500% [21]. On a
molecular scale, the nonlinear regime is due to reversible
structure breakdown and recovery after removal of
stress. In viscoelastic ultrathin membranes, linear prop-
erties are always observed if jwl < 1. Here, § denotes
the amplitude of the shear strain. Under these experi-
mental conditions, shear flow does not affect the
surfactant structure and the system is still in the
quiescent state. The small regime of linear viscoelastic
properties points to the existence of energy-elastic
properties, which are typical for hydrogen bonds or
complex formations. In this case, there is a well-defined
distance between the cross-linked molecules, and the
application of external forces leads to rupture and
breaking processes. For the ultrathin networks of
SPAN 65, the quiescent gel state is then transformed
into a sol state.

At the water surface, it is easy to investigate the
concentration dependence of the rheological properties.
Typical results of these experiments are summarized in
Fig. 8.

In the highly dilute surface concentration regime, the
plateau value rapidly increases. The theory of rubberlike
elasticity predicts [21]

wy = AT kT . )

In this equation, A denotes a front factor, which is
very often of the order of 1. T, describes the number
of elastically effective chains per unit area. Comparing
Eq (9) with Fig. 8 leads to the results, that Ty & 161,.
The assumption that each free electron pair of an oxygen

Monolayer

Multilayer

300

250

2004

150 4

o [mN/]

100 S

50

T T T T T T T
0 5 10 15

I [molecules/m’]

Fig. 8 Plateau value of the two-dimensional storage modulus as a
function of the surface concentration I',. for ultrathin networks of
SPAN 65 at T=20 °C

atom in SPAN 65 can just form one hydrogen bond also
leads to an average number of 16 possible junctions to
neighboring molecules. On the basis of this simple
argument, the measured cross-linking functionality of 16
seems to be realistic and this value explains the striking
viscoelastic properties of these ultrathin networks.

At a surface concentration of about 2.7 molecules/
nm’, Fig. 8 shows a breaking point where different
properties result. This phenomenon coincides very well
with the threshold concentration, where we observe
multilayers in images of ‘“‘Brewster-angle microscopy”
(see Fig. 11). We can, therefore, conclude that this point
describes the transition from monolayers to multilayers.
It is interesting to note that the frequency dependence of
W(w) and p”(w) does not change in the multilayer
concentration regime.

Besides the zero-shear modulus, ,u;, there are other
rheological constants, such as the relaxation time, which
change in the vicinity of saturated monolayers (Fig. 9).
On close inspection, there is also a small breaking point
where the double layer should be transformed into the
multilayer (I'y, ~ 3 molecules/nm?).

These results point to the existence of well-defined
surfactant structures at the water surface.

Brewster-angle microscopy of SPAN 65 films
observed at the water surface

The phase diagram of insoluble surfactant films can be
evaluated from the m—A4 isotherm (Fig. 13). Typical
results of these measurements are summarized in
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Fig. 9 The average relaxation modulus as a function of the surface
concentration for ultrathin networks of SPAN 65 at =20 °C

Fig. 10. Arrows indicate characteristic features in
the diagram. Corresponding Brewster-angle microscope
images are shown in Fig. 11.

The isotherm shows the typical pattern of a con-
densed film. The classification into gaseous- solid- and
liquid-analogous phases used is inapplicable for these
films because the surfactant monolayer consists of a
mixture of different sugar esters. The characterization
took place on the basis of the different experiments we
performed in order to compensate the heterogeneity of

Fig. 11 Brewster-angle micro-
scope images of SPAN 65

Point 3:1 33 1'nu1(:::u|c:r|mz

50
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+— 4
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~_ //
T T Mlﬁwﬁ_ﬁ T
0.6 08

0,0 0,2 0.4

Area A/molecule [nm?*molecule]

Fig. 10 Surface pressure-area (n—A) isotherm for SPAN 65 at
T=20°C

the film. For small values of n the film is still in a gas-
analogous state (1), then it changes into a liquid-
analogous phase (2). At #=28 mN/m a change in the
slope of the isotherm is observed and at higher surface
pressures the film is in a solid-analogous state. Under
these conditions the structure is density packed, corre-
sponding to a disordered solid. If compression increases
the film collapses (4).

The images of the four marked points are shown in
Fig. 11. The picture sequence describes the change in the
film with increasing surface concentration, I';,. At the
beginning of film formation a heterogeneous structure
was observed, characterized by disklike clusters with

Point 4: T}, = 5.5 molecules/nm?
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defects. The dark areas between the clusters represent
the uncovered water surface. On the other hand, areas
are detectable (point 1) where the film is densely packed
(see lower image field). At surface concentrations
of 2 molecules/nm? the free water surface decreases. At
these conditions the SPAN 65 film is nearly closed, but
it still contains some holes of spherical geometry.
At surface concentrations of 3.3 molecules/nm? one
observes a homogenous, densely packed film. Bright
points indicate dust particles. At the collapse the film
breaks and multilayers are formed. This is recognized
by bright strips at surface concentrations of about
5.5 molecules/nm”.

During the relaxation of the film an interesting
phenomenon can be observed: starting from a surface
concentration of T, <3 molecules/nm?> the film tears
off. A different structure which corresponds to a two-di-
mensional foam is formed. With decreasing concentration

Fig. 12 Foam structure of SPAN 65 at expansion; I, = 1.5 mole-
cules/nm?
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40
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Surface pressurez[mN/m]
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Fig. 13 7—A isotherms of SPAN 65 at different temperatures

the uncovered areas become lager. A characteristic picture
of this foam structure is represented in Fig. 12.

The phase diagrams of SPAN 65 in a temperature
range of 10-30 °C are shown in Fig. 13.

One can recognize that variation of temperature does
not significantly influence the distribution of the iso-
therm. At the beginning of compression there is only a
weak slope of surface pressure, then the slope increases.
The inflection point of the solid-analogous state shifts to
smaller values if the temperature increases. This is
significant for increasing dynamic motions of the
molecules.

Conclusions

In the preceding sections we have seen that the self-
association process of SPAN 65 surfactants leads to
the formation of dynamic networks at different types
of fluid interfaces. The cross-linking process of this
structure only becomes evident in the regime of short
time scales. If an experiment is performed at 1 < 4 an
intact network structure is observed. If, on the other
hand, the observation time is very long compared to
the average relaxation time, we mainly detect fluid like
response. The intermediate frequency or time range is
characterized by striking viscoelastic properties. Such
network like features can only result if strong,
attractive interactions between the surfactant mole-
cules lead to two-dimensional self-association pro-
cesses. The experimental data of the concentration
dependence of the surface-shear modulus suggest that
hydrogen bonds may be responsible for this special
behavior. This seems, however, not to be the only
source of cross-linking processes because the surfac-
tant SPAN 60, a similar compound, does not show the
formation of these supermolecular structures. The
difference between these surface-active molecules is
mainly given by the number of paraffin chains:
SPAN 65 has an average value of 3 and SPAN 60
only 1 of these hydrophobic chains. As it is well
known that long paraffin chains also interact by van
der Waals attractions, there might also be a combi-
nation of hydrogen bonds and hydrophobic forces,
which finally leads to the observed dynamic cross-
linking process.

It is worthwhile mentioning that the ultrathin
SPAN 65 networks exhibit interesting rheological prop-
erties. They can, therefore, be used to form stable
emulsions, foams or microcapsules. This might be
interesting for a large number of new technical applica-
tions.
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