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Abstract

The dilatational properties of fluid surfaces and interfaces have tmmprehensively investigated in recent years. For example, an im-
proved oscillating bubble device provided expegntal results that allow for critical tesgjmof established surface models, such as the
Lucassen/van den Tempel (LvdT) model. The comparison of the Imddel with the oscillating bubble experiments demonstrates a mis-
match between the model parameters. For example, near the CMC or the limit of solubility the calculated parameters of surfactant solution:
become unrealistically large. The deviation can be explained by the introduction of more detailed surface models, in particular by the mod-
ification of the effective thickness of the surface layer, its internal structure and the molecular exchange processes between these structure
For the verification of such processes an experimental setup was realized which allows for an independent determination of the instants
neous adsorption state at the surface of aillasng bubble inside a surfactanlsition. The setup utilizes éhSecond Harmonic Generation
(SHG)—effect at the air—solution interface generated by the light of a pulsed LASER. The set-up is described in detail, and the results of a
first experimental series are presented and discussed in this paper. As system, aqueous solutions of the fluortenside F381 were used.
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1. Introduction ments of dynamic surface tension and special models. Some
assumptions of these models are not verified by experiments,
1.1. Aims of the experiments like the concentration within the sublayer.

Typical deformation experiments apply longitudinal and
transversal surface waves or bubble and drop mofi®u4$.
In particular, methods using oscillating bubbles or drops
are suitable to determine dilatational properties of fluid sur-
faces and interfacd$—7]. Their behavior can be described

Various methods for the investigation of equilibrium
properties of fluid surfaces and interfaces are knfw2]. In
addition, the results of equilibrium experiments can be trans-

formed for the interpretation of slow dynamic processes at . ; :
P y b by surface dilatational moduli. These frequency dependent

interfaces. But there is a lack of reliable methods to study curves exhibit various forms, that are caused by different ad-
nonequilibrium states that are caused by faster processes. ' y

A fast deformation of the interface can lead to such states. sorption and molecular_exchange processes at the mterfgce,
. . . and therefore the chemical composition and the deformation
There is up till now no detailed knowledge about the mole-

. . _rates have a decisive influenoa these processes. Several
cular exchange at the surface of a surfactant solution during ; : . .
; : . . . models that describe the dynamic behavior of fluid surfaces
a fast dilatation. All information about the concentration

distributions is the result of indirect methods using measure- are establlshe_d. But experlments in the medium fr_eq_uency
range, e.g., with the oscillating bubble method, exhibit dis-
crepancies to the theoretical modfs-11] The reason is
* Corresponding author. Fax: +49-331-567-9202. probably the assumptions about the structure of the adsorp-
E-mail addresswantke@mpikg-golm.mpg.dé.-D. Wantke). tion layer under dynamic conditns. Therefore, the modi-
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fication of these models requires more detailed information it r= \/@' (4)

about the time behavior of the structure. For this purpose, op- 2w

tical experiments that are based on a small monitoring time The parameters

are essential. By use of a pulsed laser as light source, and by

measurement of surface second harmonic generation (SHG)Ea(¢9) = —dy/dInI" and wg(cs) = D(des/dT)?  (5)

the molecular density of a monolayer can be determined with are functions of the sublayer concentrationand follow

a time resolution much less than 1 ms. For this reason an exfrom derivations of the surface tension isotherm equation

periment was realized which allows the monitoring of the if " anddcs/dI" are determined by the Gibbs adsorption

adsorption state at an oscillating bubble on the basis of theequation. Measured dilatational moduli using the oscillat-

SHG effect. ing bubble method demonstrate that E¢) and (5) in
principle, correctly describes the mechanical behavior of
surfaces of many surfactant solutions. However, there is a

2. Theoretical aspects large difference between the parametgy&s), wg(cs) cal-
culated from the surface tension isotherm, and the fit results
2.1. The surface model em(cs), wm(cs) of our experimental curves in particular near

the CMC or the limit of solubility. In all cases E¢4) can

Interesting problems of surface rheology can be explained pe very well fitted to these experimental results, but, in the
by discussion of the assumptions that lead to the known |ow concentration range, the experimental Gibbs elasticity,
expression of the surface dilatational modulus. Here we con-¢ . (cs), is larger thareg(cs) whereas for higher concentra-
sider only the models desbing oscillating bubbles in sur-  tjon near the CMC or the solution limitm(cs) andwm(cs)
factant solution. After a short time an adsorption state is have too small values. These effects are very often verified
established at the surface of an oscillating bubble wherepy surface rheological measurements with the oscillating
all dynamic properties are functions of the relative change pubble method9,11]. The method allows the determina-
in surface ared\A/A = (|AA|/A) expliot). Therefore, the  tion of the modulus up to a magnitude of 150 piV in
surface dilatational modulus, which is defined by the equa- the frequency range & f < 500 Hz. Therefore, the criti-

tion cal concentrations and frequencies can be tested. This is a
. Ay’ great advantage of the method. However, the comparison

e(f.0)=E(f.c)explig(f.c)) = AU’ 1) with calculated values includes a principle problem due to

obtains with the involved second derivation of the measured surface ten-

sion isotherm curves. It is known from the numerical math-
v =y(lo+ AT(AA)) +k(1/A)(d(AA)/dr) (2) ematics that each derivation of a fit curve increases the error
and therefore, the result of the second derivation may be ill-

the form defined. However, near the CMC or the solubility limit the
e(f,c) = Ay Alnr ik 3) calculated parameters becomnerealistically great, regard-
’ AInT AlnA less of the approximation model and at least in this range the

Herey describes the compositional term of the surface ten- difference betweerm(cs) and eg(cs), respectivelywm(cs)
sion, I" = Fo(cg) + AT'(Acs(AA)) the surface concentra-  andwg(cs), must be considered as verified. The comparison
tion, andc? the mean sublayer concentration. The related dy- of experimental and calculatgparameters was discussed in
namic expressions amy (AA), AT'(AA), andAcs(AA). our previous articles in detdi®,11]. It leads to the conclu-
A more detailed explanation is given later. The first term in sion that for the explanation of the results in critical con-
Egs.(2) and (3)is only a function of the surface concen- centration ranges additionahdependent experiments are
tration I and therefore, some authors have introduced the required. SHG experiments provide such information.
name compositional contribution to the surface tension. For a detailed interpretation of the exchange processes the
represents the intrinsic surface dilatational viscosity. It is in- thickness of the effective surface layer and the surface con-
troduced for formal reasons to @tacterize the influence of  centration” must be defined. Most authors use the Gibbs
dissipative losses within the surface layer on the surface ten-adsorption model with the position of the dividing plane
sion. Experimental results request this t§8n14]. Here we in a real monolayer. Then, the influence of the sublayer is
consider only the compositional effects because the solutionneglected and the surface concentration resulting from the
used shows no influence of an intrinsic surface dilatational Gibbs equation is interpreted as monolayer concentration
viscosity (k = 0). Then, Eq.(1) leads to the LvdT modu-  (I" = I'm). This model should be modified. Fig. 1the ef-
lus if the adsorption is diffusion-controlled. It means that the fective surface layer is splitinto a topmost monolayer and an
isotherm equatioyr = y (I (cs(t))) of the surface tensionis  adjacent sublayer of thickneds Below this layer the sys-
permanently valid. The LvdT modulus redd$-17] tem has pure bulk properties. In an equilibrium state it is
1+¢+4ic reasonable to neglect the influence'of the s.ublayer since its
fgT 553 mfluence C_annot be detec'ged by statlg experiments due to the
1+20+2¢ fixed relations between different defined concentrations in

e(f,o)=E(f,0)exp(ip(f,c)) =
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Fig. 1. Upper part: the slightly modified surface model used in this work and
in previous work. According to this model, the effective surface consists of
a monolayer and a sublayer, and theperties of the surface are partly
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For the estimation of this value we consider the law of
mass conservation, which describes the molecular exchange
between surface layer and bulk phase independently of the
model in the following form:

ldn I'd(A@)  dI

Adi A ar 4

t

Dw dcs
=—14+1i),/ ——AT, 8
(1+1i),/ > ar (8)

wheren is the number of surfactant molecules within the
surface layer an®d the bulk diffusion coefficient. In Eq8)
the solution to the diffusion equation

dc
ax

x=—d

Ac(x,t)=c(x,t) —co

= |Acs|exp((1+ D)k'x + iwt +iB*) 9)

governed by the exchange dynamics between the two layers. Lower part:iS used forx < —d. Herecg represents the bulk concen-

the surfactant molecule F381 used in this work.

tration far from the surfaceg* the phase shift taAA/A,
k' the wave number of the diffusion wave, andthe co-

these cases. However, for the explanation of dynamic experi-Ordinate perpendicular tché surface. The comparison of
ments such details are important. Therefore, we consider theEds-(6) and (9)shows that the parametar’”/ Acs depends
consequence of the extended effective surface layer on the®n d- Ford =0 the expressiom\I"/ Acs can be approxi-
interpretation of the dynamic experiments. In such a model Mated by the derivatiod Im/dcs of the isotherm equation

the surface concentratian is given by
0

=TI+ T'* with F*:/c(x)dx.
—d

(6)

The related surface concentratiby of the solvent is given
by a similar expression. The fictive concentratiBhwhich
fulfills the Gibbs adsorption equati¢h8,19],

c 1 dy
RT dInc’

w =

r=r- @)

c+cw

I'm = I'm(cs), whereas, we obtain faf > 0 the unequation
(AT'/Acs) < dIm/dcs as demonstrated in the following.

The molecular exchange between bulk and the sublayer
is negligible in the high frequency range. Consequently, the
number,n, of molecules within the surface layer remains
constant, which means

An~0 or (wy/20)?AT ~0. (10)

The mark indicates the modification of the parameters due
to the modification ofl". Therefore, the surface tension
isotherm equation cannot be used for the calculation of

adopts the value of the monolayer concentration of the sur-£g(cs) = —dy /dInI" respectivelywy(cs) = D(dcs/d ).

factant,I”’ = Iy, due to the approximations = I'm+c*d,
Ly = cw*xd, and Iy * ¢/(c + cw) = ¢ * d which are valid
for a low concentrated solutiom > ¢, cw, ¢ average con-
centration of the solvenicy) and the surfactani) in the
sublayer). Therefore, in an equilibrium state the valué of

(11)

With the approximation Eq10), Eq.(8) leads to
AT/ =—AA/A, (12)

which is fulfilled for a)é <« w caused by small values of

is invariant against a variation of the layer thickness and we dcg/dI" also for an equilibrium state at the surface. Then,
cannot conclude that the effective surface area is restricted tothe surface dilatational modulus becomes constant with a

a monolayer. According to E§7) the concentratioi”, used

in the parameter definition E@5), cannot be derived from
the Gibbs adsorption equation/if deviates froml"" = Iy,.
This modification has no influence on the form of the mod-
ulus Eqg.(4) but on its parameters. The results of the os-
cillating bubble experiments hint to the introduction of the

proposed modified definition of the effective surface concen-

tration described by™ because the difference between the
concentratiod™” andI” can explain the discrepancy between

zero phase angle. This can be verified by experiments with
the oscillating bubble method where the frequency range is
sufficiently high and large magnitudes are measurable. For
d = 0 the parameters; and wy adopt the theoretical val-
ueseg and wg which can be calculated using, in E(),

the surface tension isotherm equations, sihtceepresents
the monolayer concentratiafi, in this case. The problem

of the verification of the assumption due to the involved sec-
ond derivation is discussed above. Here we consider only the

the calculated and measured parameters of the establishetligher concentration range whergexceeds realistic limits

LvdT model[11]. The calculation of the parameters on the
basis of the isotherm equation remains only correétifis
negligible.

andeg must be replaced byy. Then Eq.(8), respectively
(12), describes only the molecular exchange at the plane
x = —d. In the level range of the modulus this exchange is
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negligible, which is however not the case for the exchange 2.2. Second harmonic generation (SHG)
between monolayer and sublayer. Nevertheless, the modulus
is given by the LvdT model, if the thermodynamic equi- Second order nonlinear optical processes such as SHG
librium between monolayerublayer and adjacent topmost and sum frequency generation can selectively probe inter-
layer of the bulk is instantaneously established. For the re-faces[20-22] The reason is that second order nonlinear
placement otg by e, respectivelywg by wy, in Eq.(4) the optical processes are not stimulated in centrosymmetric me-
thicknessd must be small compared to the wavelength  dia in the electric dipole approximation. Therefore, the bulk
(~1000 nm, for f < 1000 Hz) of the diffusion wave and of a liquid does not contribute to the second order nonlinear
therefore als@l x Acs << AT, optical signal. At the surface, however, the inversion sym-
Then, the amplitude of the oscillation of the bulk con- metry is broken, and generation of, e.g., second harmonics is
centrationAc(x, t) atx = —d can be estimated using the fit allowed. The generation of second harmonic light at the in-

results of the bubble measurements in @d.). That means terface can be described in terms of the polarization induced
at the interface by the incoming light. If the disturbance of

eg=em and wy=owm, (13) the polarization by the incoming light is small, as compared
to the binding forces between the nuclei and the electrons,
the polarization can be expressed in a power series:

Acs=/om/DAT. 14
cs =/ om/ (14) P =eo(x® + x P B¢ +-- ). (18)

This i jon is juified b h i i
chélsre:(r:]ttsrrirz)reestiﬂgnrelz]mc;?eculgfael:(iﬁatn eepbae:g/r\;r:aeetfﬁ;urfacgv here the convention of ation over repeated indices

. g X was adoptedp; is the polarization along a Cartesian coordi-
layer and bulk. The only difference to the standard interpre-

tati f 2 diffusi trolle is th | tof nate axig, &g is the permittivity of free spacd ; the electric
ation ora arfiusion-controllé process IS tne replacement o g4 of the incoming light polarized along, x @ the lin-
the monolayer by an extended layer.

. . ear susceptibility, angt® the second-order susceptibility.
Then, .the contmuny Eq(8), the solution Eq(9), and The subscripts of the susceptibilities denote a particular pro-
Eq.(14)yield the equation

jection depending on the interacting fields. A second order

which leads to the formula

AA D dc 1 nonlinear optical material/surface is characterized by having
A i, )T anonzerg; ®).
A In analogy with the description of the macroscopic polar-
. [em Al ization, the polarizatiop of a molecule is described b
= ((=1+0) 2__1 — (15) ization, the polarizatiop of a molecule is described by
w

for the relation between the relative change in the surface”’ ~ +eo(@ij + Piji i+ ) Ejy (19)

area and the relative change in effective surface concen-Wherei, j, k make up the coordinate system at the molecular
tration for the modified LvdT model. It leads in the high level,u; is the ground state dipole momeat; is the polar-
frequency range, defined by a limit frequengy(cs), to izability, and g;; is the second order polarizability. SHG
Eq. (12). Therefore, the relative change in the effective sur- measurements at the air—wataterface with a surfactant
face concentratiod” is given by this equation if the sur-  that has the same SHG-active group as the surfactant used
face dilatational modulus reaches a constant leyglcs) = in this work have been reported in the literatys3,24]
em(cs) = const. with vanishing phase angle in the range The second order polarizéiby of the chronophore is com-

I > fg(cs). The unequalitym(cs) = eg(cs) < eg(cs) Yields pletely dominated by itg... component, witly being along

the unequality the long chromophore axis. Therefore, the otAezompo-
nents can be neglected, and fhéensor can be treated as a
AT/ > Alm/I'm (16) scalar quantity. This simplifies the analysis a great deal. Un-

der certain simplifying assumptions, the oriented gas model
provides a relation between the effective second-order sus-

(17) ceptibility (Xéﬁ)) andg according to

because of
Ay I Alm . T Alny
- — =eg————.
AINTm AT T~ 9AT I
ilatati i Foc > pocmip)
Therefore, the measured dilatational moduli suggest that theXeff mAR /7

molecules

effective surface concentratidn near the CMC or the limit at surface

of solubility becomes largehan the monolayer concentra-  \herers, is the concentration g-active units in the mono-
tion I'm. The aim of the SHG experimentwas the verification |ayer, and(g) (here (8) = (g...)) is the spatial and orien-
of the inequalit(16). A positive result supports strongly the  tational average of the second order polarizability. The re-
hypothesis of an extended effective surface layer in the casefiected or transmitted second harmonic light inten&l&f),

of higher concentrated solutions. Independent of the mOdEIbeing generated at an interface scaleﬁ@ and the incom-
we can say that a diffusion-controlled response of the sur- ing light intensity (1) in the follc;wing w%y:

face tension is detectable by the frequency behavior of the ) )
surface dilatational modulus. 1% (xéfzf)) (1”)". (21)

Em=

(20)
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By combination of Eq(20) and (21)the relative surfactant  the surfactant solution using a Glan—Thomson prism (extinc-

concentration of the monolayef,, is obtainable by mea-  tion ratio 106, Type K, Steeg & Reuter). The plane of po-

surement of the SHG light intensity2®. larization was rotated 3%rom vertical polarization, where
the SHG apparent molecular tilt angle is independent of the
true distribution mearj25]. Spectral purity of the incom-

3. Experimentals ing light was assured by use of an IR cut-off filter (BG39,
Schott) in conjunction with a narrow-band interference filter
3.1. Materials (532 BP, LOT-Oriel). The frequency-doubled light generated

at the interface was separated from the fundamental light by
Various concentrations of aqueous solutions of the fluo- US€ ©Of a visible cut-off filter (UG5, Schott) and a narrow-
rtenside F381, depicted fig. 1 were studied by tensiom- band interference filter (266 BP5 LOT-Oriel). The SH light
etry and SHG. Measurements were done in the static stateVaS detected by a photomultiplier tube (R1398, Hamamatsu)
on the flat air—solution interface, and in the dynamic state V\{|t.hlaquantum eff|0|?ncy of 15%, and a cathode radiant sen-
in the oscillating bubble configuration. An aqueous solution SitVity of 35 MAW™" at 266 nm. The supply voltage on

of F381 was prepared. This flugremical-based surfactant € Photomultiplier tube was ca. 1850 V (V5D, Seefelder
was prepared by H. Prescher and purified by chromotogra-MeSSteChn'k)' The detected signal was proqessed by an os-
phy with methyl chloride on silica-gel (Merk). Water was cilloscope (54720D, Hewlett—Packard) and integrated by a
purified with a Milli-Q system. Below we discuss the in- computer program.

fluence of impurities on the results. The UV-spectra were
measured in an Agilent 8453 UV-vis spectrophotometer.
The equilibrium surface tensiory (¢)) was measured in a
Kriss tensiometer K11.

3.4. SHG at the flat air—solution interface

In the first SHG setup, the equilibrium surfactant density
was measured on the flat air—solution interface. The surfac-
tant solution was poured into a beaker, and left to stabilize
for a few minutes before measuring. The fundamental light
was focused by a leng’(= 60 mm), and was incident at the
air—solution interface at an angle of incidence of ,6dnd
partly reflected into the dettor. At least 10 measurements
' - g were performed on each concentration, where each measure-
chamber a small hemispherical bubble is produced at the et s the average of the intensity of 100-200 laser-pulses
tip of a capillary. A piezoelectric translator generates a si- o _jight reflected at the surface. The measurements lasted
nusoidal oscillation of the bubdlvolume and consequently approximately 10 min, and no changes in the reflected SH-

produces changes in surfaceamnd radius. This causes Si- jnensity could be detected during this time, indicating that
nusoidal modulations of the pressure in the chamber, which equilibrium prevailed during the measurements.

is measured by a pressure transducer at the bottom of the
chamber. The chosen bubble diamete0(4 mm) and os-
cillation amplitude allowed measurement of harmonic os-

cillations up to approxim.ately 500 'Hz. In thi; range the In the second SHG setup, SHG measurements were car-
pressure response remains linear if the relative deforma-jjeq out on an oscillating bubble. A detailed description

tion [AA/A| remains sm-alle-r than 0.15. We apply normally ¢ the setup is given elsewhefg6]. A closed chamber,
|AA/A]=0.05. The oscillating bubble measurements were gchematically depicted iRig. 2, was filled with the surfac-
carried out on 6 concentrations (200, 150, 100, 60, 30, andant solution. A capillary with inner diameter of ca. 2 mm
10 uM) of aqueous solutions of the fluorchemical-based sur- 45 silanized and broken, leaving the capillary walls hy-

factant F381. Water and decaandicid solutions were used  grophobic and the fracture area hydrophilic. The capillary

3.2. Measurement of the surface dilatational modulus
with the oscillating bubble method

The surface dilatational modulusf, ¢) was determined
with the oscillating bubble methdd,8,9]. Within a closed

3.5. SHG in the oscillating bubble configuration

for calibration of the measurement. was placed in the closedhamber, according tBig. 2, and a
. hemispherical bubble was formed at the end of the capillary.
3.3. SHG experiments A piezoelectric translator (LVPZT, P830.40, Physik Instru-

mente) is connected to the chamber, and generates a sinu-
The SHG measurements were carried out on five concen-soidal deformation of the bubble volume and consequently
trations (150, 60, 30, 15, and 10 uM) of aqueous solutions of the surface area and the bubble radius. The voltage over
of the fluortenside F381, depicted kig. 1, in two differ- the piezoelectric translatos igenerated by a computer and
ent setups. In both setups the SHG measurements were caramplified (LVPZT-amplifier, model E-501.00, Physik Instru-
ried out with the frequency-doubled light at 532 nm of an mente) before reaching the translator. The amplitude of the
active/passive mode-locked Nd:YAG-laser (B.M. Industries sinusoidal voltage over the piezoelectric translator was 30 V.
YAG 502 DPS 7910DP). The laser pulses were 35 ps, and theThe frequencies used were 10, 20, 40, and 60 Hz. For fre-
repetition rate 10 Hz. The light was plane-polarized before quencies above 60 Hz, the shape of the bubble deviates a
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of the bubble was made slightly smaller than a half-sphere,
again so that the bubble was a half-sphere as it was hit by
light. In the case of the phase anglessahd 180 the bub-

ble was a half-sphere both in equilibrium and as it was hit by

Compe light. Consequently, light hit the bubble at exactly the same
266 nm. position and same size of the bubble atyallThe definition
—" 532 0m of ¢ is illustrated inFig. 2
Y]
4. Resultsand discussion
0°, 360° 90° 180° 270°

. T ojg 0op 4.1. Equilibrium properties measured by SHG and

X x x tensiometry

Fig. 2. The chamber with the oscillating bubble used in the nonequilibrium In order to test the SHG analysis method, we want to
SHG experiments. The fundamental lig&82 nm) is focused by a lens onto compare the SHG results (yieldingﬂ) with the results

the oscillating bubble at an angle where total reflection occurs. The funda- f t . t ieldi th d fi isoth
mental and generated second harmonic light is collected by a quarz-lens. rom tensiometry (yle Ing ther (c) adsorption iso erm).

1: surfactant solution. 2: capillary. 3: piezoelectric translator. Bottom: def- 1 hiS can be done by a direct coamson of both quantities.
inition of the phase angle: during bubble oscillation. The dotted curve is ~ The surfactant concentration of the monolaygr= I'’ can
the volume of the bubble in equilibrium, and the full curve is the volume of - he retrieved from ther (c) adsorption isotherm through the
the bubble as itis hit by light. Gibbs adsorption equation (E)). The analysis involves
the differentiation ofy (¢) with respect tac. This differen-
little from the spherical geometry due to the oscillations. tiation is however critically dependent on small fluctuations
Therefore, the reflected light ispread differently, and the  in the y(¢)-curve that are unavoidable due to experimental
comparison of the results is uncertain. inaccuracy. A more appealinggroach in terms of combin-
The computer also triggers the laser, and the trigger sig- ing numerical mathematics with experimental physics is the
nal can be freely chosen during the sinusoidal voltage cycle. integration of/, with respect ta, described below.
The fundamental light was focused by a le#s= 16 mm, SHG was measured in equilibrium at the flat air—liquid
063033, Linos Photonics) attached to an adjustable screw,interface of various concentrations of F381, yielding, by use
and was incident in the total reflection mode at the bottom of Egs. (20) and (21) the I'm(¢) adsorption isotherm de-
of the bubble at an angle of incidence of68he frequency-  picted in Fig. 3. The surface tensiopm(c) was obtained
doubled light generated at the bottom of the bubble was from Eq.(7) by integration of 1 (c) with respect ta:, and by
collected by a quarz-leng”(= 20 mm, 063316000, Linos  |east-square fitting of a proportionality constanyi@) mea-
Photonics) attached to an adjustable screw at the rear end obured by tensiometry. IRig. 3the results are demonstrated
the chamber (seféig. 2). Atleast 10 measurementswere per- as a function of bulk concentration. In comparipg(c)
formed at each phase angle, where each measurement is thgnd  (¢) we must bear in mind that surface SHG detects
average of the intensity of 100-200 laser-pulses of SH-light only the monolayer concentratiafin(c) [27,28] We also
reflected at the bubble surface. assumed that the derivation of the measured surface tension

The shape and size of the oscillating bubble in the SHG 1,,(¢) yields, according to Eq7), the monolayer concentra-
setup was studied by optical means. The image of the bubble

was detected by a CCD-camera (EHDkamPro02, S/N: 0053, 80 l 1
EHD Imaging GmbH) and transferred to a screen. A sharp =
image of the bubble during oscillation was obtained by us- 70T
ing the ps laser pulses as the only light source. According to
these observations, the shape of the bubble was hemispheri-
cal in the studied frequency ran{gs].

We define the phase angleof the bubble during oscilla-
tion as 90, and 270, when the bubble obtains its minimum S0 ]
and maximum volume, respectively. The SHG signal related B
to one adjustment of was measured independently of the 401 1'0 1(‘)0 0
other settings. This allows a small change of the mean vol-
ume of the bubble between the measurements. In the case ¢ (uM)

of a phase angle of = 90°, the mean volume of the bub- Fig. 3. Comparison of the equilibrium surface tension measured by ten-

ble was made slightly Iarger.than a half-sphere, so that thesiometry ¢ (c), ), and calculated from the SHG signakf(c), ®) as a
bubble was a half-sphere as it was hit by light. Analogously, function of bulk concentration of surfactants. The latter was calculated by
in the case of a phase anglewf= 270, the mean volume integration of the adsorption isothermi(c), W).

60

Z/I(“’Z])

y (mN/m)
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tion because of ’(c¢) = I''m(c). The relatively close overlap  Table 1

betv.ve'en;./(c) aqq Ym(c) indicates that the.assumptions are ¢ r ey m g om
realistic in equilibrium. The small deviations between the (mmol/l) (101°Molem™) (mN/m) (MN/m) (s71)  (s7h)
two curves may be ascribed to the different measurementg o7 10 o5 43 29 11
techniques. The relatively cde overlap is further a motiva-  0.030 30 80 445 64 17
tion for comparative tensioatric studies and SHG studies 0.060 51 197 545 176 14
in the oscillating bubble configuration. 0.100 64 695 590 243 33
0.150 64 >500 600 > 1000 44
) ) o i i 0.200 59 >1000 633 >1000 61
4.2. Tensiometry in the oscillating bubble configuration
The surface dilatational modulus £, ¢) of various con- pers[8-11], the experimental results may be explained if the
centrations of F381 in water was measured with the oscil- molecular exchange between the sublayer and the monolayer
lating bubble methodFig. 4 depictse( f, ¢) of six concen- is fast in comparison to the deformation rate. The monolayer,

trations as a function of oscillation frequency. The amount the sublayer and the adjacent topmost layer of the bulk are
of the surface dilatational modulus is largely constant with then in equilibrium during the whole deformation cycle, and
frequency in the frequency range ¥0f < 500 Hz for the model becomes equal to the LvdT model. Parameters
¢ < 150 uM concentrations. The phase angleetween the  of the model were determined by fitting of the oscillating
deformation of the bubble and the measured pressure modububble measurementsy((cs), wm(cs)) and by calculations
lation in the chamber is & ¢ < 5° at and above 20 Hz for ~ using the isotherm measurementg((s), wg(cs)). For the
¢ < 150 uM, and increases with lower frequencies. The large calculations of the parameters the approximation and dif-
phase angles at the lower frequencies are due to bulk diffu-ferentiation procedures of the Origin-software were applied
sion, which depends on the concentration (the phase anglglLorentz fit). It was only the aim to demonstrate that also in
increases more strongly fof — 0 with higher concentra-  the case of the F381 solutions, the isotherm equation leads
tion). The experimental results imply that bulk diffusion is to unacceptable dynamic paramet For other solutions this
comparatively small alreadyt 40 Hz, and negligible at and ~Was demonstrated in previous papf@g1]. The principle
above 20 Hz. The constant valuesofiith frequency and the  problems of such comparison are discussed above.
decrease of down to zero with increasing frequency, are ~ We do not look in detail at the influence of impurity
equivalent to a surface that is purely elastic. Such behaviour,0on the dynamic effects. This influence on the static surface
including the bulk diffusion at the lower frequencies, can be tension is comprehensively discussed in the literafeg,
described by the LvdT modulus (E@)). In the slightly ex- ~ however, reliable information about the dynamic case is not
tended model including a surface consisting of a sublayer available. According to our experience, impurities lead to a
and monolayer described in this paper and in previous pa-shift in the surface tension isotherm. However, in the paral-
lel range of these curves their influence on the dilatational
704 modulus is negligible becaus# the insignificant molecu-
65 lar exchange due to the very low bulk concentration of the
€0 impurity. We could verify this behaviour by comparison of
%] surface dilatational moduli of solutions purified according to
%0 the recommendation if29], with products as received in a

:zz few cases. The used F381 surfactant is a laboratory product,

£ ] which was purified by chromotography. Its dynamic proper-
P4 . I .
E 3. ties are similar to the tested solution and we assume that the
W influence of its impurities on the modulus is also small. In
20 addition, the impurity of the solution cannot be evaluated by
15 the behaviour of the surfadension near the CMC because
10-: the F381 solution has a solubility limit ef= 2.3 x 104 m
5 (y(2.3x 10~*m) = 39.6 mN/m). However, for the compar-

0 T T T T T T T T T T T
0 100 200 300 400 500
Frequency: Hz

ison of rheological experiments with the SHG experiments
it was mainly important that all measurements were done
with the same solution during a short time period.Tax

Fig. 4. Measured magnitud of the surface dilational modulus of aque- ~ Dl€ 1the results of the dilatational experiments are demon-
ous solutions of F381: 200 pMaA( E, additional information: experi- strated. It underlines the known fact that the valagand
mental phase angle:(10 Hz) = 16°, ¢(20 H2 = 6°; 150 uM: @) E, wg calculated on the basic of isotherm measurements, differ
9(10 Hz) = 14, ¢(20 H) = 5° 100 UM: (k) E, ¢(10 Ha) = &, widely from the fit-results of the experiments, and wm.

#(20 H2) = 3°; 60 UM: @) E, ¢(10 Ha =9, ¢(20 H2 = 1% 30 pM: The totally unrealistic values of the calculations in the higher
(V) E, (10 H) = 9°, ¢(20 H2 = 3°; 10 uM: (@) E, ¢(10 H2) = 9°, . .

(20 H2) = 1°; (—): related theoretical curves (LvdT-model) using the pa-  CONcentration range are not documented in the table. SHG
rameters offable 1 experiments should help to understand the effect.
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Fig. 6. SH intensity reflected by the oscillating bubble, as a function of

Fig. 5. UV-spectra of 1 cm of 150 pM F381. phase anglg. (O) ¢ =10 UM, f = 40 Hz; (@) water.
. —_ , . tion
4.3. SHG in the oscillating bubble configuration
AT AA
o == 22)
An important prerequisite for the SHG investigation in ~ I'm A

the oscillating bubble setup described in this paper is demon-we can assume that the monolayer represents the effective
strated inFig. 5, where the UV-spectrum of F381 is shown. surface layer.
The adsorption maximum occurs at about 340 nm, and the  In Fig. 6, one SHG measurement on an oscillating bubble
solution is transparent at 532 nm, and exhibits a dip in ab- at four phase angleg is shown. After calibration against
sorption close to 266 nm. Consequently, the resonance wavewater, the normalised surfactant density of the monolayer
length of the system is close to the given wavelengths of light as a function ofy may be calculated by use of Eq20)
(giving resonance enhancement of SHG), and the absorptiorand (21) giving a AI'm/I'm ratio of 0.21 for the mea-
from the solution is low. These features make the system surement shown ifrig. 6. Several measurements were per-
well suited for SHG measurements in the oscillating bubble formed for each concentration and oscillation frequency. The
configuration where the fundamental light has a wavelength ratio AI't,/I'm was, on average, about 0.18 for the three
of 532 nm. lowest concentrations used in this study, and deviated less
The shape of the bubble was hemispherical and the rel-than 20% from 0.18 for all individual measurements. Con-
ative amplitude(AA/A) of the area of the bubble during sequently, the ratia I'm/ I'm was, within experimental accu-
oscillation was QL8+ 0.04 as studied by optical meaf26]. racy, equivalentte- A A/A, meaning that Eq22) holds for
The value ofAA/A was chosen to give a variation in the the three lowest concentrations. This is realistic for the low
SHG signal with the phase angle that was indisputably ~ concentrated solutions, whereas, near the limit of solubility
larger than the error of the measurements. In addition, theor the CMC, Eq(16) indicates that the quotien It/ I'm|
variation of the square root of the SHG signal is propor- becomes smaller tha\A/A| also in the level area of the
tional to AA/A what in the hemispherical geometry leads modulus(s(f, ¢) = em) Where the molecular exchange with
to an approximately linear response &fm/I'm ~ AA/A the bulk (x < —d) is negligible. This means that the effec-
as the experiments demonstrate. The presented tensiometive surface layer is extended, which corresponds tq ),
ric studies on the oscillating bubble show that kinetic ex- with the unequalitysm < eg. The validity of Eq.(22) for
change processes do not limit the molecular flow at the low concentration and various frequencies, and the validity
surface, meaning that an equilibrium state prevails within of Eq. (16) for concentrations near the limit of solubility of
the surface layer. The measurements further indicate thatF381 will be demonstrated in the two following sections.
the diffusive molecular exchange between the bulk and the
surface is comparatively sithalready at 10 Hz. Accord-  4.4. The frequency dependerun the surfactant density of
ing to the tensiometric studies on the oscillating bubble, we the monolayer during oscillation
therefore expect that the number of molecules at the sur-
face remains constant at all bubble oscillation frequencies In Fig. 7, typical data from SHG measurements in the os-
that are available with the present SHG setup (10-60 Hz). cillating bubble configurationtafour frequencies and four
As mentioned above, Eq8) then leads to the condition phase angleg¢ are shown. A phase-shift 6f180° between
AT'/T"=—AA/A. Here the thickness of the effective sur- the modulations of the SHG-signal and the bubble area is
face layer is not clearly defined, however, it must be small in clearly distinguishable. By use of E20) and (21,)the nor-
comparison to the wavelengthof the diffusion wave. Only ~ malized surfactant density of the monolay&i/I'm, was
if the surfactant density of the monolayer fulfils the condi- calculated, giving a value of 0.17-0.22 for the four frequen-
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Fig. 7. SH intensity reflected by the oscillating bubble, as a function of Fig. 9. Normalized surface density amplitude at the tip of the oscillating
phase angley. Concentration: 30 uM. Oscillation frequenays) 10 Hz, bubble, as measured by SHG.
(T) 20 Hz, ©) 40 Hz, @) 60 Hz; @) water.

3 — . . | SH signal is however smaller at 150 uM than at 30 uM, as
depicted inFig. 8 The reason is that the absorption of SH
B 7 light by the bulk solution increases with bulk concentration

5L % | as well, and for the highest concentration (150 uM) we es-
= timate that 80—90% of the SH light is absorbed by the bulk
3 = ¥ 4 solution. Since absorption plays such an importantrole at the
S higher concentrations, we choose to continue to look only at
Tr cﬁ 7 the normalized surfactant density of the monolayer ampli-

tude(ATIwm/I'm), which is not affected by bulk absorption.
From the data shown iFig. 8, the normalized surfac-
tant density of the monolayer as a function of concentration
%0 180 270 360 was calculated. The result is shownhig. 9 as a function
Phase Angle ¥ of concentration. The three lowest concentrations exhibited
in this set of measurements/l /Iy ratio of 0.15-0.18.
Fig. 8. SH intensity reflected by the oscillating bubble, as a function of bulk Consequently, Eq22)is, within experimental accuracy, ful-
concentration of F381. Concentratiofi}(10 uM, (O) 30 UM, (@) 150 uM. filled for the three lowest concentrations. Taking into ac-
Bubble oscillation frequency: 40 HZR) water. .
count that the phase angp& 1, ¢) of the measured modulus
is approximately zero and the amouklit 1, ¢) is indepen-
CieS ShOWﬂ ||'F|g 7. The Variation betWeen the fourfrequen' dent Of frequency in the frequency range Studied, we may
cies is not significant, but is rather due to experimental inac- conclude that for the concentrations 10, 15, and 30 UM, the
curacy, and changed slightly from one set of measurementsgynamics of the system is described by the high frequency
to another. Consequently, the value/ofn/I'm was, within - jimit of the LvdT model. There, the exchange of the surfac-
experimental accuracy, independent of oscillation frequency tant molecules between the monolayer and the sublayer can
in the range 10-60 Hz. The same holds for all the concentra-pe neglected although the two phases are instantaneously in
tions studied here, i.eAI'm/I'm was (within experimental  equilibrium due to the fast molecular exchange and the small
accuracy) not frequency-depeent in the frequency range  values ofwn. In the case of the higher concentration 60 pM,
10-60 Hz in the concentration regime 10-150 uM. This isin the ratioA I'n/I'm was in general smallefF{g. 9), although
good agreement with the tensietric studies in the oscillat-  the difference tofAA/A| is not far from the limit of the
ing bubble Configuration, as well as with the assumption that experimenta| accuracy. The \dation of the experimenta|
the sublayer and the monolayer are in equilibrium during the result from Eq.(22) becomes however distinct at the high-
whole deformation cycle in the studied frequency range. est concentration (150 uM), where the ratid /I was
0.074+ 0.03 (Figs. 8, 9. The vanishing phase ang}« f, ¢)
4.5. The bulk concentration dependence on surfactant of the measured surface dilatational modulus indicates that
density of the monolayer during oscillation the subsurface and the monolayer are in equilibrium also at
these concentrations, and the constant amauift c) = e
Fig. 8 shows SHG measurements at four phase anggles hints to a very small molecular flux in the butk< —d. That
for three bulk concentrations of F381. The lowest bulk con- meansthatl"/I" = —AA/A =~ 0.18. The decrease in the
centration (10 uM) exhibits the lowest SHG signal, since a ratio AT/ Iy suggests however an increase in the flow of
higher concentration increases the surface coverage and thenolecules from the monolayer towards the sublayer in the
SH signal generated at the tip of the bubble. The measuredsurface compression mode, and a flow back to the monolayer

o
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in the surface expansion mode. That means, the surfactanfAppendix A. Nomenclature

molecules remain located in a small sublayer of thickness

d and the change in concentration in this layer has influ-
ence on the surface tension. Such behaviour was expected\ A
due to the dilatational modulus measurement and the expla-A

nation given by the modified model, but the first results of c(x, 1)

SHG experiments support this hypothesis strongly. It is only

a consequence of the continuity equation and the physicalcq
explanation is not clear yet. Maybe, there is an energy and 2
momentum transfer to the waterolecules if the surfactant

molecules push onto the surface. Cs
. D
5. Conclusions d

The surface rheological properties of surfactant solutions
are decisively influenced by rexular exchange processes
at the surface. In the description of such processes, the mod-2
els of fluid surfaces must be modified. This leads to a few 5,
new questions about the details of the structure of adsorp-
tion layers and their internal dynamics. Although molecular
exchange rates and other parameters can be estimated by fif:
ting of surface rheological measurements, details of dynamic
surface models should be determined also by independenf
experiments. For this reason an experiment was realised thaf9g
allows the monitoring of the adsorption state at an oscillating
bubble using the surface SHG effect. In a first experimental &g
series the setup was successfully tested with solutions of thefm
fluoro surfactant F381. The measurements were done at fre-8*
guencies where bulk-surface diffusion is widely suppressed, ¢
or negligible. The results show that in the low concentra-
tion range the relative change of the surfactant density of the ¢
monolayer,AI'm/I'm, is equal to the negative value of the
relative change in surface area of the bubble, whereas, near”
the limit of solubility, A I'm/I'm becomes smaller. This sup-
ports our hypothesis that at the higher concentrations, the 3
molecules remain located ia sublayer between the bulk A
and the monolayer. This explains the frequently measured 7
difference between the experimental high frequency limit of -«
the surface elasticity, and the calculated Gibbs elasticity in
the higher concentration range. Such new information is im- -
portant for the introduction of detailed models describing
molecular exchanges at a fluid surface, which are required
to explain new results of surface rheological measurements.” "
Already the first SHG measurements under dynamic condi- |,
tion improves the model. 14
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