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Abstract. The free liquid surface of the binary system C10E4 + water has been studied by
reflection ellipsometry in the temperature range below and near the upper miscibility gap. The
ellipticity ρ̄ of samples of concentrations below and above the critical compositionwc was
measured as a function of temperatureT and compared with calculations ofρ̄ based on model
refractive-index profiles. The pronounced increase ofρ̄ with T at concentrationsw > wc is
consistent with a model profile that entails there being a water-enriched layer just below the
surface. The thickness of this water-rich layer increases as one approaches the phase-separation
temperature, as is to be expected for preferential wetting of the surface of the concentrated
micellar solution by the coexistent dilute micellar solution.

1. Introduction

Amphiphilic compounds such as straight-chain oxyethylene monoalkyl ethers, with the
formula CnH2n+1(OCH2CH2)mOH (abbreviated as CmEn), tend to form an adsorbed
monolayer at the surface of their aqueous solutions, oriented with the hydrophobic chains
toward the gas phase and the hydrophilic oligo(oxyethylene) chain toward the aqueous
phase. Aqueous systems of CmEn amphiphiles commonly exhibit incomplete miscibility
at temperatures above a lower critical solution temperatureTc, due to the hydrophobic
aggregation of the amphiphilic molecules in the solution. For higher members of the
CmEn family, like C10E4, this hydrophobic aggregation leads to micelles of spherical and/or
ellipsoidal shape. It is of interest to study how the adsorption and aggregation of the
amphiphile affects the global structure of the surface of these systems. Pertinent information
can be derived from ellipsometric measurements [1].

The ellipticity ρ̄ of light reflected from a flat interface is a measure of the widthd of the
inhomogeneous region and, to first order ind/λ, it can be estimated by the approximated
Drude equation [2]:

ρ̄i =
π
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Here, nb is the refractive index of the bulk liquid (z → +∞) at the given wavelengthλ
of light (incident through the gas phase,ng = 1), andnz ≡ n(z) is the refractive-index
profile. For a monotonic profile, 16 nz 6 nb, equation (1) yields apositiveρ̄i-value. On
the other hand, ifn(z) passes through a maximum in the inhomogeneous surface region,

0953-8984/96/479541+06$19.50c© 1996 IOP Publishing Ltd 9541



9542 A Hirtz and G H Findenegg

such thatnz > nb for z0 < z < +∞, this inner region of the interface will cause anegative
contribution to the Drude integral. Such a situation is expected in systems exhibiting
multilayer adsorption of an organic solute at the surface of aqueous solutions, if the solute
has a higher refractive index than water.

Formation of multilayer adsorbed films may occur, generally, at interfaces between
phasesα and γ when the system approaches a point at whichα and γ coexist with a
third phaseβ. In the present context,α andβ represent the coexistent liquid phases of the
CmEn + water system, andγ is the gas phase. In the regime of complete wetting of the
α/γ interface by phaseβ one expects a film ofβ-like composition at the surface of the
(weakly undersaturated)α-like phase, growing in thickness as bulk coexistence ofα andβ

is approached. At bulk coexistence, the interfacial tensionsσij between the three constituent
phases (i, j = α, β, γ ) are interrelated by the general relationσαγ 6 σαβ + σβγ , where the
equality applies to the case of complete wetting and the inequality to incomplete wetting.
If α is defined as the phase with higher surface tension (σαγ > σβγ ), multilayer adsorption
(incipient formation of aβ-phase) will occur at the surface of phaseα in the region
near bulk coexistence ofα and β. Now, for aqueous systems of amphiphilic compounds
one anticipates that the amphiphile tends to lower the surface tension. Accordingly, the
amphiphile-rich phase is expected to have a lower surface tension than the water-rich phase
and, therefore, should wet the water-rich phase. This behaviour has indeed been observed
in the case of a weak amphiphile (sec/tert-butanol+ water): in this system a pronounced
decrease of the ellipticitȳρ of the water-rich phase was observed as theαβ-coexistence
curve was approached, indicating the formation of an alcohol-rich layer at the surface of
the water-rich phase [1]. However, the opposite behaviour, i.e. a pronouncedincreaseof ρ̄

for the surface of the amphiphile-rich phase on approaching liquid/liquid coexistence, was
observed in the case of the stronger amphiphile C4E1. On the basis of equation (1), this
finding hints at the formation of a water-rich layer (i.e. a layer having a lower refractive
index than the bulk phase) at the surface of concentrated solutions of the amphiphile [1].

This paper presents an ellipsometric study of the surface of aqueous solutions of the
surfactant C10E4 in a temperature range below (and up to) the upper miscibility gap. The
ellipticity data are analysed in terms of refractive-index profiles based on a theoretical
model for the order parameter profile of semicritical interfaces, and anad hocmodel for the
incipient β-phase. Such an analysis requires complementary data on the refractive indexn

and correlation lengthξ as a function of temperature and composition. These data were also
measured or derived from measured quantities in this work. A review of the underlying
theories and preliminary results have been presented elsewhere [1].

2. Results

Ellipsometric measurements were made using the phase-modulation technique. Sample cells
with glass windows (0.3 mm) were placed in a three-stage thermostat. The temperature could
be controlled to within±3 mK [3]. Figure 1(a) shows results for the ellipticitȳρ of the
free surface of aqueous solutions of C10E4 for a series of fixed concentrations in the range
from 0.1 wt% to 4.2 wt% C10E4, i.e. from concentrations just above the critical micelle
concentration (cmc= 0.05 wt% at 25◦C) up to about twice the critical concentration
(wc = 2.3 wt%). In the single-phase region up to nearlyTc (Tc = 293.53 K) the ellipticity
increases with temperature. At low concentrations (w < wc) this temperature dependence
is rather weak; at higher concentrations (w > wc), however, a pronounced increase ofρ̄

with T is seen near the corresponding phase separation temperatureTb (which is close to
Tc for all samples except that with 0.1 wt%). For these samplesρ̄ exhibits a maximum just
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(a) (b)

Figure 1. (a) The temperature dependence of the ellipticityρ̄ for samples of increasing
concentration (0.1, 1.0, 2.2, 2.9 and 4.2 wt% C10E4): experimental data (◦, •) and results
of calculations based on model refractive-index profiles plus the capillary-wave contribution
(curves). The vertical line marks the critical temperatureTc. (b) Model refractive-index profiles
for the samples with 1.0 wt% C10E4 (1), 2.2 wt% C10E4 (2) and 4.2 wt% C10E4 (3) at a
temperatureTc − T = 2 K. Note the region of thicknessa in curve (3) corresponding to the
incipient β-phase. The dashed curve in (a) markedα is obtained if this region is omitted in the
model refractive-index profile.

below Tb and falls off steeply beyond the maximum. The ellipticity data for the two-phase
region aboveTc pertain to the surface of the surfactant-rich phase (which has a somewhat
lower mass density than the water-rich phase and thus forms theupper phase); here, the
ρ̄-values for samples of different compositions must join a common curve, as is indeed
observed within experimental accuracy. In the two-phase region, a slow upward drift ofρ̄

was generally observed for the thermostated samples over periods of days, from the values
given in figure 1(a) toward less negative values. Gentle shaking causedρ̄ to return to
the original value, and small droplets were seen to form just below the free surface and
falling through the upper phase. Similar phenomena have been observed previously for a
different system (cyclohexane+ methanol) by Beaglehole [4] and by Bonnet al [5]. These
observations indicate that a macroscopically thick layer of the water-rich phase is forming
at the surface of the surfactant-rich phase, as is to be expected if the surfactant-rich phase
has a higher surface tension than the water-rich phase. In this case a water-rich film (the
incipientβ-phase) of mesoscopic thicknessa will form at the surface of the undersaturated
surfactant-rich solution on approaching bulk coexistence (T → Tb). This conjecture is
supported by model calculations forρ̄ based on model refractive-index profilesn(z) of the
surface region, as outlined below.

The refractive-index profile is modelled by assuming a surfactant monolayer at the outer
surface, followed by a water-enriched region which decays slowly to the composition of the
bulk phase (see figure 1(b)). For near-critical compositions nearTc one expects that this
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slow decay will scale withξ , the correlation length of the critical fluctuations in the bulk
phase. The following model profile was chosen for the liquid side of the interface (z > 0):

n(z) = nb − (nb − nw) exp(−z/ξ) (2)

where nw is the refractive index of water. The correlation lengthξ = ξ(T , w) was
derived from complementary measurements of the turbidity in the relevant temperature
and concentration range. At the critical composition forT < Tc the turbidity data were
analysed using the formalism given by Calmetteset al [6], which is based on the power
law

ξ(t) = ξ+
0 t−ν (3)

with t = (Tc − T )/Tc and ν = 0.63. This analysis yieldsξ+
0 = 1.03 ± 0.05 nm, in

agreement with the value 1.07 ± 0.05 nm reported by Hamanoet al [7]. Values of ξ

at non-critical compositions (whereξ remains finite forT → Tb) were also derived from
turbidity measurements and are given elsewhere [3]. Due to the slow decay of the refractive-
index profile (2) near the critical point, the approximated Drude equation (1) is no longer
applicable in this regime. A numerical algorithm for calculatingρ̄i for arbitrary refractive-
index profiles based on the full optical theory has been used [8]. The appearance of a
maximum inρ̄ belowTc at near-critical and supercritical concentrationsw (see figure 1(a))
is a signature of such a slow decay ofn(z) for z → ∞ in the critical region, as is̄ρi

being no longer a linear function of the width of the inhomogeneous region when the width
d of the interface approaches the wavelength of light (d/λ → 1). The outer region of
the liquid/gas interface (z < 0) with the oriented monolayer of C10E4 was modelled by a
refractive-index profile exhibiting a step fromn(z) = 1 at z 6 −zm to a ‘box’ consisting of
a hydrocarbon-like layer (thicknesslC = 0.6 nm, refractive indexnC = 1.405) and an inner
layer (lE = 1.50 nm, nE = 1.374) accounting for the hydrated oligo(oxyethylene) chains
(lC + lE = |zm|). Furthermore, it was assumed that the ellipticity of the interface is a sum
of the termρ̄i resulting from the intrinsic profile and a capillary-wave contributionρ̄cw [9]:

ρ̄cw = 3πkT (n2
b − 1)

8λ(n2
b + 1)1/2

1√
σK

(4)

where σ is the surface tension andK the bending elastic modulus of the surfactant
monolayer; both quantities were taken to be independent of composition:σ/mN m−1 =
32.3 − 0.172(T /K − 273), K = 0.76 kT [10].

Results for the calculated ellipticitȳρ = ρ̄i + ρ̄cw are shown in figure 1(a) (full and
dashed curves). Note that all relevant temperature-dependent and concentration-dependent
quantities needed in the calculation ofρ̄ (namely, the correlation lengthξ and the refractive
indices of the bulk phases) were already known from complementary measurements. The
parameters needed to model the (nearly) constant background (ρ̄cw and the short-range part
of ρ̄) are based on reasonable estimates and only a single parameter (nE) was adjusted
to obtain a good fit of the experimental ellipticity for the most dilute solution (w = 0.1
wt% C10E4) at a temperature well belowTb. On this basis a reasonably good fit of the
experimental ellipticities at higher concentrations including the critical concentrations is
achieved, as is to be seen in figure 1(a). However, the very pronounced temperature
dependence of̄ρ at the highest concentration (w = 4.2 wt%) nearTb is underestimated by
this model (the dashed curve markedα). As outlined in the introduction, it is this region
in which one expects a water-rich film of growing thicknessa to form asT approachesTb.
This incipient β-phasewas modelled by assuming a layer of refractive indexnw = 1.333
and a temperature-dependent thicknessa:

a = a0 exp[2(Tb − T )1/2] (5)
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with a0 = 25 nm. With thisad hocassumption a good fit of thēρ-data for the concentrated
sample is achieved (the full curve markedβ in figure 1(a)).

3. Discussion

A remarkable qualitative result of this study emerges immediately from the observation of
a positive temperature dependence ofρ̄. This finding can be traced back to the appearance
of a water-enriched layer near the surface of the surfactant solution, growing in thickness
as temperature increases. We conjecture that this water-enriched layer is induced by an
autophobic effectcaused by the oriented monolayer of surfactant molecules at the surface,
which makes the inner side of this monolayer strongly hydrophilic. This autophobic effect
is expected to prevail generally for surfactant monolayers at the water surface. However, in
the proximity to a liquid/liquid phase separation of the surfactant solution it will be amplified
by the generic features of wetting phenomena. Generally one expects at compositions and
temperatures near the coexistence of two liquid phases (α and β) that aβ-like layer will
grow at the surface of theα-like phase, whenα has a higher surface tension thanβ. In the
present case we have identifiedα as the surfactant-rich phase andβ as the water-rich phase,
and the pronounced temperature dependence ofρ̄ on the surfactant-rich side is shown to
be a signature of the growing thickness of theβ-like layer at the surface of theα-phase
asT approachesTb. This interpretation of the ellipticity data in the one-phase region near
the two-phase coexistence is consistent with direct observations of the wetting behaviour
reported by Kahlweit and Busse [11] who studied the system C8E3 + water and observed
wetting of the surface of the surfactant-rich phase by the water-rich phase at two-phase
coexistence. Such a behaviour implies a positive relative adsorption of water and thus
a negative relative surface excess amount of the surfactant (0

(1)

2 < 0) at the surface of
surfactant-rich solutions, which means that the positive surface excess arising from the
surfactant monolayer must be outweighed by the surfactant depletion in the water-rich layer
underneath the monolayer. This situation arises generally as the thickness of the water-
rich layer increases on approaching bulk coexistence of the surfactant-rich phase with the
water-rich phase.

The present work also shows that the ellipticity data can be fitted quantitatively by
modelling ρ̄ as a sum of a nearly temperature-independent and concentration-independent
background terms (accounting for surface roughness and the surfactant monolayer) and a
term accounting for the slow decay of the refractive-index profile on the liquid side of the
interface. This long-ranged tail of the profile is shown to scale with the correlation lengthξ

and can be represented by equation (2) without adjustable parameters. The ellipticity data
ρ̄(T ) at near-critical compositions are also consistent with a profile function based on the
Liu–Fisher scaling function for critical adsorption [12, 13],P(x) = (x−1 + c)β/ν exp(−x),
with x = z/ξ . However, a good fit of the experimental data with this profile function is
achieved only when one adopts an unreasonably large value of thec-parameter (c ≈ 10),
which suppresses the algebraicz−β/ν-dependence of the profile which is a signature of
critical adsorption. Thus the present analysis suggests that the slowly decaying part of the
composition profile in samples of near-critical composition is dominated by effects other
than critical adsorption, possibly due to the existence of micellar aggregates [14]. The very
pronounced increase of̄ρ seen at concentrationsw > wc for T → Tb is compatible with
the expected formation of a water-rich layer. This has been shown in anad hocmanner by
inserting into the model refractive-index profile a layer of constant refractive indexn = nw

and thicknessa which is an increasing function ofTb − T . For the pure wetting regime
well away from the critical composition, one expects the thickness of the wetting layer to
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grow as (Tb − T )−1/3, asTb − T is proportional to the distance from two-phase coexistence
in terms of the chemical potential difference of the two species [15]. Further measurements
are required to gain a better understanding of the crossover region from critical adsorption,
where the interface width is determined by the correlation lengthξ , to the pure wetting
regime.
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