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Abstract In this contribution the
potential and the limitation of el-
lipsometry and surface second-har-
monic generation (SHG) for the
characterization of adsorption lay-
ers of soluble surfactants are dis-
cussed with the aid of exemplary
measurements carried out with a
SHG-active amphiphile. SHG pro-
vides an intrinsic surface speci®ty
and the analysis of polarization-
dependent SHG measurements
yields the symmetry of the interface
and the number density and the
orientation of the amphiphile. These
data can be used to assess some
peculiar features of adsorption lay-
ers of soluble surfactants. The ex-
perimental work focuses on two
items: the linear range observed in
the r�c� isotherm and the correct
description of ionic amphiphiles. In
the case of our model system major
deviations were found between op-
tical data and data obtained using
the Gibbs model. The observed
discrepancies could be bridged by
the introduction of a coupling be-
tween cation and anion within the
surface layer in the derivation of the
Gibbs equation. The model system
was also used to assess the meaning
of ellipsometric measurements for
the characterization of adsorption
layers of soluble surfactants.
In the ultra-thin-®lm limit an

ellipsometric experiment yields only
a single parameter g. Usually g
is proportional to the amount
adsorbed; however, for adsorption
layers of soluble surfactants (layer
thickness h < 2 nm, dielectric con-
stant � � 2) none of the underlying
assumptions required to establish
the direct proportionality from ®rst
principles (Maxwell's equations) are
met. It is not obvious what g
represents under these conditions.
The comparison between ell-
ipsometric and SHG data showed
that g is not necessarily proportional
to the amount adsorbed. The ell-
ipsometric isotherm even possesses a
maximum at an intermediate bulk
concentration far below the critical
micelle concentration. Hence, we
have to conclude that ellipsometry is
not a suitable alternative to surface
tension measurements, neutron
re¯ectometry or nonlinear optical
investigations for the determination
of the surface excess of soluble
surfactants although it is a conve-
nient and valuable tool to monitor
qualitatively local and temporal
variations of the molecular density
at ¯uid interfaces.
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Introduction

Adsorption layers of soluble amphiphiles determine the
properties of a great variety of objects studied in the ®eld
of colloidal science and are responsible for such diverse
phenomena as foams or micelles [1]. Depending on the
choice of the amphiphile emulsions can be stabilized or
destabilized. In many industrial applications it is crucial
to deliberately control and modify the interfacial
properties of ¯uids. Obviously, this task requires an
understanding of the prevailing interactions and the
static and dynamic properties of adsorption layers at
liquid±liquid or liquid±air interfaces. Good reviews can
be found in Refs. [2, 3].

The experimentalist faces some inherent di�culties.
The properties of the air±water or the oil±water interface
limit the number of analytical techniques which can be
applied and many powerful methods such as X-ray
di�raction or re¯ection or all techniques based on
scattering of charged particles, such as high-resolution
electron energy loss spectroscopy, cannot be used for
obvious reasons. Furthermore, the number density of
the amphiphile within the adsorption layer is fairly low.
Even if a su�ciently high sensitivity is achieved the
conclusion may be of limited value since the interfacial
region and the bulk region contain the very same species
which both contribute to the signal. Hence, besides
submonolayer sensitivity the ideal surface analytical tool
should provide intrinsic discrimination between bulk
and interfacial regions.

Due to these peculiarities many studies have focused
on surface tension measurements. The equilibrium
surface tension is measured as a function of the
concentration of the amphiphile. The isotherm is then
discussed using a suitable thermodynamic model which
yields the area per molecule and the surface excess along
with some thermodynamic quantities, for instance, the
free enthalpy of adsorption or the lateral interaction
parameter. At this point a comparison with insoluble
monolayers might be worthwhile [4]. Langmuir mono-
layers are quasi-two-dimensional systems and the mean
area per molecule is simply given by two experimental
parameters: the total accessible surface area and the
amount of amphiphile spread at the surface; however,
adsorption layers of soluble amphiphiles are formed by
spontaneous adsorption and the prevailing exchange of
amphiphiles between bulk and interfacial areas makes a
comparable calculation impossible. All quantities can
only be obtained by a suitable thermodynamical model
and there is some controversy about the correct equation
of state and the validity of the underlying assumptions
(Frumkin two-state model) [5, 6].

All these equations of state are based on some
modi®cations of the Gibbs equation. The Gibbs
equation can be derived by ®rst principles [1, 7]. It

relates the surface excess, C, to the equilibrium surface
tension, re, of the dilute aqueous surfactant solution.
In the derivation the interfacial region is treated as a
separate phase and the equilibrium conditions for the
chemical potentials of all components in all phases
lead to

C � ÿ1=�mRT � ore

ol

� �
T

� ÿ1=�mRT � dre

d ln a
� ÿ1=�mRT � dre

d ln c
;

�1�

where l is the chemical potential of the solute
component in the bulk solution, m is the number of
independent components, a is the activity of the solute
and c is the corresponding concentration. Usually it is
justi®ed to replace the activity by the bulk concentra-
tion since the concentration range is fairly low [1]. In
the absence of an indi�erent electrolyte the rigorous
thermodynamical treatment requires a factor of m � 2
for a 1:1 ionic surfactant. A factor of m � 2 appears to
be taken for granted in the literature; however, the
corresponding molecular picture makes this question-
able. A value of m � 2 implies the same contribution of
anion and cation to the surface tension, r. In general,
both di�er in size and surface activity. A clari®cation
of this issue requires the measurement of the surface
excess by techniques independent of thermodynamic
considerations.

The adsorption isotherms of many soluble surfact-
ants possess some peculiar features. Many groups report
a linear relation between surface excess and log c. This
was con®rmed for a great variety of chemically di�erent
amphiphiles and seems to be an intrinsic feature of these
systems [8±10]. The reported linear dependence means
that the surface excess remains constant, while there is a
signi®cant decrease in the surface tension. This ®nding
lead to a vivid discussion and some groups suggested the
contribution of the subsurface layer to the surface
tension [11]. The experimental determination of quanti-
ties such as the elasticity requires even higher derivatives
of the isotherm, which leads to a high error in the values
obtained.

Hence, the progress in this area of science requires
methods which directly probe the interfacial architec-
ture. Optical techniques possess appealing features and
good reviews can be found in Refs. [12, 13]. The data
accumulation is fast and can be employed at any
arbitrary re¯ecting interface and even the buried oil±
water interface can be probed. The aim of this contri-
bution is to discuss the potential and limitation of linear
and nonlinear optical techniques, namely ellipsometry
and second-harmonic generation (SHG), for the inves-
tigation of adsorption layers of soluble surfactants at the
¯uid±¯uid and ¯uid±air interface.
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Theory

Linear optics

The most powerful linear optical technique for the
characterization of ultrathin ®lms at ¯uid interfaces is
ellipsometry [14]. It uses the fact that, in general, the
state of polarization is changed upon re¯ection on a
®lm-covered surface. An ellipsometric measurement
yields two quantities, D and W, which are sensitive
to the interfacial architecture. The basic equation of
ellipsometry relates both quantities to the complex
re¯ectivity coe�cients, rp and rs, for p̂ and ŝ polarized
light:

tanWeiD � rp

rs
: �2�

The calculation of re¯ectivity coe�cients of strati®ed
media is straightforward and well documented in the
literature. There are sophisticated algorithms which can
be easily translated in a computer program. A sound
description covering also anisotropic media can be
found in the book of Lekner [15]. The inverse problem,
namely the evaluation of the ®lm parameters such as the
refractive index, n, or the ®lm thickness, h, on the basis
of the measured quantities is not trivial and sometimes
there is not a unique solution: several (n, h) combina-
tions are in agreement with the experimental data. In
favorable cases it is possible to determine n and h to
within 1 AÊ , which is fascinating since the wavelength of
the probe is of the order of 5000 AÊ .

An ellipsometric measurement of monolayers
(h < 2 nm) yields only a single quantity. The presence
of such a monolayer does not change the re¯ectivity jrij2
and hence there are no detectable changes in W. Thus, in
this case the data analysis relies only on D and
unfortunately there is no way to increase the number
of independent quantities. Neither a scan of the angle of
incidence, a, nor spectroscopic ellipsometry provides
independent data sets. A sound treatment of this
problem especially dedicated to monolayers at ¯uid
interfaces is given in Ref. [16].

In the thin-®lm limit (layer thickness h� wavelength
k) it is possible to expand the re¯ectivity coe�cients in a
power series in terms of h=k. The ®rst term of the
expansion provides a complete description of the optical
relectivity properties of monolayers and is known as
Drude's equation [15]. Drude's equation relates g to the
dielectric constant, �, and h. For isotropic media Drude's
equation reads

g �
Z ��ÿ �1���ÿ �2�

�
dz : �3�

A further simpli®cation of Eq. (3) reveals the physical
meaning of g, which is directly proportional to the
ellipsometric response, D. Quite often, for instance in the

case of adsorption of organic compounds onto solid
supports, �2 exceeds � of the monolayer, while � � �1.
Under these conditions Drude's equation can be simpli-
®ed further:

g � �1 ÿ �2
�1

Z
��ÿ �1� dz : �4�

Since a linear relationship between � and the prevailing
concentration, c, of segments is well established [17],

� � �1 � c
d�

dc
; �5�

a direct proportionality between the experimentally
accessible quantity g and the amount adsorbed, C, can
be derived:

g � �1 ÿ �2
�1

d�

dc

Z
c dz � �1 ÿ �2

�1

d�

dc
C : �6�

However, none of these assumptions leading to Eq. (6)
hold for the investigation of adsorption layers at ¯uid
interfaces. Drude's equation cannot be simpli®ed and
the relation between monolayer data and recorded
changes remains obscure. No further simpli®cations
can be achieved on the basis of Fresnel's equations. The
ellipsometric measurements may or may not yield
the surface excess [18] . In the following we provide
experimental evidence that major deviations can occur.

Nonlinear optics

Nonlinear optical techniques combine many of the
desired features for the ideal surface analytical tool for
the investigation of thin ®lms and in the following we
focus on and discuss the potential of surface SHG. SHG
is a nonlinear optical v�2� process: the generation of
frequency-doubled light is the result of the interaction of
an intense laser pulse with matter. It has been used for
decades to extend the frequency range of laser light
sources using noncentrosymmetric crystals. SHG, as
a surface-speci®c tool, exploits the fact that there is no
generation of SHG light in centrosymmetric media
(strictly speaking this is only valid within the dipole
approximation). At the interface of two isotropic media
the centrosymmetry is broken and SHG light is gener-
ated within the transition region of both adjacent media.
Since optical techniques can be applied to any re¯ecting
interface, SHG is a suitable tool for investigating
interfacial order in liquid±air, liquid±liquid or liquid±
solid interfaces [19, 20].

In favorable cases, the analysis of polarization-
dependent SHG measurements allows the determination
of the symmetry of the interface, the number density, N ,
of the amphiphiles and the orientation of the molecules
in the interfacial layer. Depending on the hyperpolari-
zability, b, of the molecules within the adsorption layer,
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a submonolayer sensitivity to within 1=50ÿ1=200 of a
monolayer can be achieved, allowing adsorption layers
at low surface coverage to be studied. Since SHG
provides intrinsic discrimination between the adsorbed
monolayer and the bulk phase, it can be used to assess
the quantities derived using thermodynamic models
[21, 24].

The disadvantage of this technique is that only
certain molecules give rise to a SHG signal and in order
to fully exploit the potential o�ered by SHG it is
necessary to design a suitable model system with a high
hyperpolarizability. The SHG signal is then determined
by the dipolar contribution and combinations of various
components of the macroscopic susceptibility tensor,
v�2�, are measured in re¯ection mode. The relation
between the individual elements of v�2� and the corre-
sponding molecular quantities is provided by the
oriented-gas model [25]:

v�2� /
X
mol

b / Nhbi : �7�

It states that v�2� is the sum of the hyperpolarizabilities
of all molecules. This can also be expressed in terms of
the number density of the SHG-active molecules and
their corresponding orientational average, hbi. A de-
tailed description of SHG theory in re¯ection mode and
the algorithm which we used for analysis of our data can
be found in Ref. [26]. The general equations [27] which
relate the intensity of SHG light to the properties of the
sample are simpli®ed due to our experimental arrange-
ment. In all our experiments the amphiphile adopts an
azimuthal isotropic arrangement within the adsorption
layer. As a result most of the 27 elements of the
susceptibility tensor vanish and only two numerically
independent elements remain. Furthermore we select
molecules whose hyperpolarizability tensor of the SHG-
active headgroup is dominated by its bzzz component,
which leads to further simpli®cation.

For our experimental situation the following relation
between the intensities I2x and Ix can be derived. For an
analyzer setting at p̂ the following equation holds:

I2x � Dj�A cos2 P � C sin2 P �v�2�zxx

� B cos2 Pv�2�zzz j2I�x�2 ; �8�
with

A � �Fz�2x�Fx�x� ÿ 2Fx�2x�Fz�x��Fx�x� cos2 a

B � Fz�2x�F 2
z �x� sin2 a

C � Fz�2x�F 2
y �x�

D � 4
l0

�0

� �3=2

x2 tan2 a ;

where P is the angle denoting the polarization of the
fundamental with respect to the plane of incidence, a is

the angle of incidence, l0 is the permeability constant
and �0 is the permittivity constant. Fi refers to the
Fresnel factor as derived by the boundary conditions at
the interfaces and its value is determined by the dielectric
function of the individual layer and a. The correspond-
ing equation for an analyzer setting at ŝ reads

I2x � DF 2
y �2x�F 2

y �x�F 2
z �x� sin2�2P �jv�2�yzy j2I�2x�2 : �9�

Polarization-dependent measurements yield the un-
known tensor elements and thus the corresponding
molecular arrangement.

Experimental

Materials

The chemical formula of the soluble cationic amphiphile 1-alkyl-4-
dimethylaminopyridinium bromide used in this study is presented
in Fig. 1. The SHG activity is provided by the cationic headgroup
with the dimethylamino group, N(CH3�2, acting as an electron
donor. Details about the synthesis, analysis and various physical
properties can be found in Ref. [28].

Sample preparation

An aqueous solution of the surfactant at a concentration close
to the critical micelle concentration (cmc) was prepared using
bidistilled water. This solution was then puri®ed using a fully
automated device described in Ref. [29]. The applied puri®cation
scheme ensures the complete removal of any surface-active
impurities by repeated cycles of compression of the surface layer,
its removal with the aid of a capillary, dilation to an increased
surface area and the formation of a new adsorption layer. These
cycles are repeated until the equilibrium surface tension, re,
between subsequent cycles remains constant. With this technique
all trace impurities which might have an impact on the measure-
ment are completely removed. Solutions at di�erent concentrations
were prepared by dilution of the stock solution.

Ellipsometry

All relevant design features of the ellipsometer (Multiskop, Optrel)
are discussed in detail in Ref. [30]. We used the ellipsometry
module in a nullellipsometer mode using a laser, polarizer,
compensator, sample, analyzer arrangement. An average of zone
I and III was used for the determination of the ellipsometric angles
[14]. All measurements were carried out at an angle of incidence of
55� and a ®xed wavelength of 632.8 nm. The resolution of the
setting of the rotary stages was better than 1/200 of a degree;
the extinction ratio of the polarizer was better than 10ÿ8. The
corresponding imaging module was used for visualization of the
morphology.

Fig. 1 Chemical structure of the cationic amphiphile used for the
study
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Second harmonic generation

SHG experiments were carried out in re¯ection mode at a ®xed
angle of incidence of 53�. The fundamental (k � 1064 nm) of an
active±passive mode-locked Nd-YAG laser (PY-61, Continuum),
with a pulse width of 30 ps and a repetition rate of 12:5 Hz, was
used as a light source and was focused with a lens on the sample.
All spurious SHG created by the optical components was removed
by a visible cuto� ®lter (RG630, Schott) placed just in front of the
sample. The frequency-doubled light generated at the interface was
separated from the fundamental using an IR cuto� ®lter (BG39,
Schott) in conjunction with a narrow-band interference ®lter (532
BP, Instruments) and was subsequently detected by a photomul-
tiplier (C83068, Burle) with a quantum e�ciency of 15%. The signal
was ampli®ed (V5D, Seefelder Messtechnik) and processed by a
500 MHz, 2Gs/s digitizing oscilloscope (HP 54522A, Hewlett±
Packard). A computer was used to control all vital elements of the
experiment and also to perform the integration of the waveform.
The SHG signal of a quartz crystal was used as a reference in order
to eliminate experimental errors due to intensity ¯uctuations. The
plane of polarization of the incident beam was rotated by a Glan
laser polarizer (extinction ratio 10ÿ6, PGL, Halle) and a low-order
quartz half-wave plate (Dk � 0:001, RLQ, Halle) mounted on a
motor-driven, computer-controlled rotary stage (M-445.21, Physik
Instrumente). The polarization of the re¯ected SHG light was
analyzed using a Glan±Thomson prism (extinction ratio 10ÿ6, Typ
K, Steeg & Reuter).

Results and discussion

Special care was devoted to the preparation of the
samples. Due to the peculiarities of surfactant synthesis,
all surfactants contained trace impurities with a stronger
surface activity than the main component. These trace
impurities have no impact on any of the bulk properties;
however, at the air±water interface they are enriched and
may dominate the properties of the interfacial region.
This was ®rst recognized by Mysels [31] and there is
experimental evidence that some peculiarities, for in-
stance, an increase in the surface tension after micellat-
ion is caused by impurities. Our study requires the
complete removal of all impurities. The equilibrium
surface tension versus the bulk concentration of the
puri®ed system is shown in Fig. 2 and a detailed
discussion can be found in Ref. [21].

The result of the puri®cation is remarkable. Before
puri®cation the isotherm r log c shows a pronounced
linear dependence, while after puri®cation the isotherm
is shifted to lower values and exhibits a steadier increase
in curvature. The very same changes were found for
many other systems and hence some groups suggested
that the quite frequently reported linear regime is simply
an artefact caused by impurities [22]. However, despite
the obvious impact of the puri®cation on the isotherm,
all puri®ed systems can also be approximated just below
the region of micellation by a straight line. The puzzle
remains that a signi®cant decrease in the surface tension
of about 10 mN/m is observed in a range where the
surface excess remains nearly constant. Further insight
can be expected from dynamic experiments [23]. The

relaxation of a nonequilibrium state should clarify if the
subsurface layer contributes to the surface tension.
Experiments which combine the technique of the
oscillating bubble with SHG are currently in progress.

The adsorption layer was further characterized by
imaging ellipsometry, which combines the high vertical
sensitivity of ellipsometry with the lateral resolution of a
light microscope. At all concentrations a homogeneous
layer was found. Our model system behaves in all
respects as other classical soluble amphiphiles do and
also shows micellation. The system was then character-
ized by SHG. The most accurate determination of the
susceptibility elements is obtained by polarization-de-
pendent measurements. The plane of polarization of the
linearly polarized fundamental beam is continuously
rotated and the SHG response is measured at a ®xed
setting of the analyzer. A representative measurement of
the SHG intensity I2x of an aqueous surfactant solution
of concentration 4:16� 10ÿ3 mol/l is shown in Fig. 3.
The squares represent the SHG data as measured and
the solid lines refer to a ®t, with the unknown elements
of the susceptibility tensor being the ®t parameter.

Figure 3a refers to an analyzer setting of A � ŝ. The
absence of ŝ-polarized SHG light irrespective of incident
ŝ or p̂ polarization of the fundamental is in agreement
with an isotropic azimuthal distribution of the mole-
cules. Figure 3b shows the corresponding data together
with the model ®t for an analyzer setting at p̂ polariza-
tion. All measurements at di�erent bulk concentrations
possess the same features and the analysis reveals
unambiguously that the orientation of the headgroup
remains nearly constant for all bulk concentrations. This
implies that the orientation of the headgroup is deter-
mined by the local environment and is, therefore, fairly
independent of the packing of the aliphatic tails. The tilt
angle, h, was determined to be 49�, being de®ned in a
way that h � 0 denotes an orientation parallel to the
surface normal. A careful error analysis suggests an

Fig. 2 The equilibrium surface tension, re, of a puri®ed aqueous
solution of N -dodecyl-4-dimethylaminopyridinium bromide as a
function of the bulk concentration, c
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accuracy to within �2�. A constant tilt angle over a wide
range of surface concentrations appears to be peculiar
but has also been reported for other soluble [32] as well
as for some insoluble monolayers [33]. The experimental
fact that there is no change in the orientational order
simpli®es the determination of the number density, N , of
the surfactant within the adsorbed layer. SHG measure-
ments with an analyzer setting at A � ŝ depend only on
the tensor element vyzy as can be seen from Eq. (9). vyzy is
related to N and the orientational average of the hyper-
polarizability of the adsorbed molecules by the oriented-
gas model Eq. (7). Since the orientation remains con-
stant at all bulk concentrations the intensity reading at
a selected polarization setting is proportional to the
number density:

����������������������������������������������
I2x�P � 45�; A � 90��p / vyzy / N .

The absolute determination of N requires a proper
calibration of the SHG intensity. A calibration is
desirable since it is di�cult to account for local ®eld
e�ects and can be achieved using Langmuir layers of a
related insoluble compound with a longer alkyl tail.
Both molecules possess the same headgroup which is
responsible for the generation of SHG light. The
electronic states of the headgroup are not altered by
the length of the alkyl group and the local environment
consisting of hydrated ions is comparable for both
components as well. The selection of the right chain
length turned out to be tricky. The C22 compound
showed the formation of needles with compression and
could not be used for calibration purposes; however, the
p±A isotherm of the subsequently synthesized C20

compound possesses only a ¯uid expanded phase and
imaging ellipsometry reveals a uniform and homoge-
neous ®lm on a mesoscopic length scale. The corre-
sponding isotherm is shown in Fig. 4 and the inset

represents the SHG intensity
����������������������������������������������
I2x�P � 45�; A � 90��p

in
the particular range of interest. To make this calibration
more sound and avoid misleading interpretations the
calibration was repeated using a solution of the soluble
surfactant as a subphase. A concentration just below the
cmc was chosen and the signal recorded was identical
within experimental accuracy. Consequently only the
topmost monolayer contributes to the signal, which
illustrates the high surface speci®ty of this technique.

The calibrated signal was then used to calculate
the absolute number density of the soluble surfactant.
The same quantity is determined by the analysis of the
isotherm according to the Gibbs model and hence both
approaches should lead to similar results. In Fig. 5 the
slope of the isotherm is plotted versus the absolute
number density as determined by the SHG measure-
ments. Within experimental accuracy a linear relation is
found. The factor m was used as a parameter in a least-
squares ®t and was found to be 1.28. Obviously this is
closer to 1 rather than 2. This implies that the actual

Fig. 3a, b Polar diagrams of the second-harmonic generation (SHG)
intensity, I2x, versus the plane of polarization of the linearly polarized
fundamental beam. The squares represent the SHG data as measured
and the solid lines refer to a model ®t according to Eqs. (8) and (9)
yielding the unknown elements of the susceptibility tensor. a was
measured at a ®xed analyzer setting of A � ŝ and b shows the
corresponding measurement for an analyzer setting of A � p̂. The
concentration of the solution was 4:16� 10ÿ3 mol/l

Fig. 4 p±A isotherm of N -eicosyl-4-dimethylaminopyridinium bro-
mide (C20). The inset shows the SHG intensity which was required for
calibration purposes

Fig. 5 The slope of the r(ln c) isotherm is plotted versus the absolute
surface excess as retrieved from the calibrated SHG signal. Both
experiments determine the same quantity and can be used to
determine the parameter m for a 1:1 electrolyte in the Gibbs equation.
The factor m was determined to be 1.28. Also shown is a straight line
which would hold if the factor were 2
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m factor should not be taken for granted and thus
depends on the nature of the ions involved.

The experimental ®ndings can be explained by a
modi®ed Gibbs model. In the following we derive the
Gibbs equation on the basis of a volume model. Our
model takes into account the prevailing distributions of
the ions within the surface phase, which leads to some
modi®cations of the Gibbs equation. The interfacial
phase possesses a thickness, h, and includes a Stern layer
(inner and outer Helmholtz plane) with ions of a
negative surfactant and counterions and an adjacent
di�usion layer [34, 35]. The following notations are used
in the analysis.

Cs
0: contribution of the Stern layer to the surface

concentration of the solvent,
C0: complete surface concentration of the solvent

within the volume model,
Cv
ÿ: surface concentration of the surfactant ions within

the volume model,
Cs : contribution of the Stern layer to the surface

concentration of the surfactant ions,
Cÿ: surface concentration of the surfactant ions

according to the Gibbs equation,
Cv
�: surface concentration of the counterions within

the volume model,
Cc : contribution of the Stern layer to the surface

concentration of the counterions,
C�: surface concentration of the counterions according

to the Gibbs equation,
c0 : volume concentration of the solvent,
cb : volume concentration of the surfactant,
csÿ � cÿ�h�, cs� � c��h�: subsurface concentration of

ions and counterions,
n0 � c0=�c0 � 2cb�: molnumber of the solvent,
n � n� � nÿ � cb=�c0 � 2cb�: molnumber of the surfact-

ant ions and counterions.

The relations between the di�erent surface concentra-
tions are given by

C0 � Cs � hc0 � hc0 �10�

Cÿ � Cs �
Z h

0

�cÿ�x� ÿ cb�dx �11�

Cv
ÿ � Cs �

Z h

0

cÿ�x�dx �12�

C� � Cc �
Z h

0

�c� ÿ cb�dx �13�

Cv
� � Cc �

Z h

0

cÿ�x�dx : �14�

With these notations the Gibbs±Duhem equation of a
completely dissociated bulk solution (T = constant)

n0dl0 � nÿdlÿ � n�dl� � 0 �15�

leads to

ol0

ocb
� ÿ n

n0

olÿ
ocb
� ol�

ocb

� �
�16�

and, therefore, considering c0�nÿ=n0� � cb and
c0�n�=n0� � cb, the total di�erential of the surface
tension (T = constant, electrical ®eld vanishing for
x � h) is of the form

ÿdr � C0dl0 � Cv
ÿdlÿ � Cv

�dl�

� ÿc0h
nÿ
n0
� Cs �

Z h

0

cÿ�x�dx
� �

dlÿ

� ÿc0h
n�
n0
� Cc �

Z h

0

c��x�dx
� �

dl�

� Cs �
Z h

0

�cÿ ÿ cb�dx
� �

dlÿ

� Cc �
Z h

0

�c� ÿ cb�dx
� �

dl� : �17�

The (electro)chemical potential is independent of the
thickness of the surface layer. Only the surface concen-
tration, Cv

�, and the chemical standard potential of the
surface layer are changed. The thickness of the interfa-
cial layer should include the di�use layer. With the
electroneutrality condition and dlÿ � dl� � d ln cb,
Eq. (17) leads to the Gibbs adsorption equation for
ionic solutions:

Cÿ � ÿ 1

2RT
dr

d ln cb
�18�

which is invariant in the chosen thickness. The factor
m � 2 in the Gibbs equation can be attributed to an
increase in the osmotic pressure in the bulk phase as a
result of the increase in number density due to the
dissociation of the ions. These assumptions hold at low
bulk concentration for our model system. Within a SHG
measurement only Cs is measured; this exceeds Cÿ due
to the potential in the di�usion sublayer. However, an
estimation reveals that this is insu�cient to account for
the experimentally determined factor (Cÿ ÿ Cs � 1% of
Cÿ).

However, it is by no means obvious that all ions and
counterions within the interfacial region can be consid-
ered as free particles. If some are coupled an additional
term, Cg dlg, has to be introduced in Eq. (17) to describe
the in¯uence of these pairs on the surface tension.
Equation (17) then reads

ÿdr � C0dl0 � Cv
ÿdlÿ � Cv

�dl� � Cgdlg

� 2Cÿ � Cg

olg

olÿ

� �
dlÿ : �19�

Here we have assumed that an equilibrium state exists
between Cÿ � C� and nÿ � n� and in addition between
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Cÿ;C� and Cg. This means that lÿ � l� and l0 have the
same value in the bulk phase and in the interfacial phase,
whereas Cg is only a function of the surface concentra-
tion Cÿ � C�. Due to the prevailing molecular exchange
between the bulk phase and the surface phase the
derivative olg=olÿ cannot easily be determined; how-
ever, the electrostatic repulsion in the Stern layer is
reduced by coupling of ion and counterion. This in turn
means that a greater number of headgroups are required
to obtain the decrease in the surface tension (negative
sign of olg=olÿ). As a consequence the factor in the
Gibbs adsorption equation is reduced with trend to our
experimental ®ndings.

Our model system can also be used to determine the
meaning of the ellipsometric quantity D and the result is
shown in Fig. 6. As pointed out the square root of the
SHG signal recorded at a polarizer setting of P � 45�
and an analyzer setting of A � 90� is directly propor-
tional to the number density of the amphiphile within
the adsorption layer; it can therefore be used for an
assessment of the meaning of D. If, as commonly
assumed, the di�erence in D between the bare and the
®lm-covered surface is directly proportional to the
amount adsorbed a plot of jDÿ D0j versus vyzy should
yield a straight line and the corresponding isotherms
should possess similar features.

However, the analysis reveals major deviations
between the two quantities. Figure 6 shows the ell-
ipsometric signal jDÿ D0j versus the bulk concentration
together with the SHG signal

����������������������������������������������
I2x�P � 45�; A � 90��p

.
The concentration of all the solutions is below the cmc
and at least two independent runs were carried out for

all measurements. The SHG response is proportional to
the amount adsorbed and increases monotonously with
the bulk concentration in accordance with the Gibbs
model. The ellipsometric quantity jDÿ D0j increases at
low surface coverage with the bulk concentration. At
an intermediate bulk concentration jDÿ D0j�c� shows a
maximum. A decrease in jDÿ D0j is observed even
though there is a continuous increase in the surface
excess, C. This clearly reveals that the ellipsometric
quantity is not necessarily proportional to the amount
adsorbed. Signi®cant deviations may occur as shown for
adsorption layers of soluble surfactants at the air±water
interface. The model system is a typical representative of
soluble amphiphiles and, therefore, we anticipate that
these ®ndings will hold on a more general basis.

There are two remarkable features of the ell-
ipsometric measurements. First, there are already signi-
®cant changes in D at very low bulk concentrations.
Even submonolayer coverage causes pronounced chan-
ges in the optical properties. The surface excess at a bulk
concentration of 2:5� 10ÿ4 is approximately 0:1 C1, as
determined by SHG. Nevertheless Dÿ D0 amounts for
three-®fths of D1 ÿ Dmax. The relation between C and
Dÿ D0 is nonlinear and is very sensitive to the presence
of amphiphiles. One of the best models for an optical
description of submonolayer coverage is given by the
e�ective-medium approximation [36]. This model yields
the refractive index, which is, in our case, basically given
by the volume fraction of the amphiphile within the
adsorption layer. The observed changes in D are much
bigger than predicted by this model. The water mole-
cules in the interfacial area are di�erently bonded and
oriented compared to those in the bulk phase. The
transition layer accounts for a nonvanishing D value for
the neat air±water interface. The presence of amp-
hiphiles modi®es the structure of the transition layer and
leads to a speci®c ion distribution within the interfacial
area; this in¯uences the ellipsometric angle, D. A further
quanti®cation of this e�ect by adding an indi�erent
electrolyte was not possible since the electrolyte also
changes the prevailing surface coverage and the struc-
ture of the monolayer.

The second surprising peculiarity of the system is a
maximum in jDÿ D0j at an intermediate concentration
far below the cmc. First, jDÿ D0j increases with bulk
concentration and then decreases at an intermediate
concentration. This observation can be understood
semiquantitatively in terms of anisotropy e�ects. The
molecules within the adsorption layer possess orienta-
tional order and polarization-dependent SHG measure-
ments reveal a C1v arrangement of the amphiphiles'
heads (and therefore most probably of the tails as well)
within the adsorption layer. A proper optical model is
provided by a uniaxial layer on an isotropic ¯uid. The
complex re¯ectivity coe�cient can again be expanded
in a power series in terms of h=k and the following

Fig. 6 Characterization of the equilibrium properties of the adsorp-
tion layer by ellipsometry and SHG. The SHG signal����������������������������������������������

I2x�P � 45�; A � 90��p
(circles) is proportional to the surface

excess and increases monotonously with the bulk concentration.
The ellipsometric quantity jDÿ D0j (triangles) increases at low surface
coverage with the concentration of the solution and shows a
maximum at an intermediate concentration far below the critical
micelle concentration
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analytical expression for the change in D can be retrieved
[37].

Dÿ D0 � ÿ 4ph
k

� �
sin/0 tan/0n0

1ÿ �n0=n2�2 tan2 /0

� n2? ÿ n22
n20 ÿ n2

2

ÿ n2
0

n2
k

n2k ÿ n2
2

n20 ÿ n2
2

 !" #
:

�20�

The linear optical properties of the adsorption layer are
mainly determined by the aliphatic tail of the amphi-
phile. The ratio of n?=nk depends on the orientation of
the aliphatic tails. Simulations, using a set of reasonable
optical constants, reveal that a change in the tilt of an
aliphatic tail may account for the observed trend in
jDÿ D0CCj. However, the observed changes are far
bigger than e�ects which might be based on anisotropy
e�ects. Further complications in the optical description
of adsorption layers arise from the prevailing anisotropy
within the surface layer. Slight changes in the orienta-
tional order lead to signi®cant changes in D. A more
quantitative analysis requires a reduction of the number
of unknown parameters by independent means.

Summary and conclusion

The potential of ellipsometry and SHG for the charac-
terization of adsorption layers of a soluble surfactant
was discussed. SHG provides an intrinsic surface
speci®city and monitors only the state of the topmost
monolayer. Data derived from SHG measurements were
used for an assessment of thermodynamic models and
our experiment required some modi®cation of the
underlying assumptions made in the Gibbs model.
Limitations of optical techniques were also discussed.
It was demonstrated that ellipsometry cannot be used
for a precise determination of the surface excess.
Nevertheless, it is still valuable to monitor qualitatively
local and temporal variations of the molecular density at
¯uid interfaces. Our further research will be directed
towards the dynamic aspect of monolayers and a
combination of SHG with the technique of an oscillating
bubble should provide insight into molecular transport
mechanisms and help to understand aspects such as
foam stability.
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