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Abstract

We investigated the surface dilational viscoelasticities of aqueous solutions of dihexanoyl-phosphastidylcholine (DC¢PC) and
dioctanoyl-phosphastidylcholine (DCgPC), dodecyltrimethylammonium bromide (DTABr) and DTABr and sodium bromide
(NaBr), dodecyltrimethylammonium tetrafluoroborate (DTABF,) and bisdodecyltrimethylammonium sulfate (DTA,SO,), and
nonionic surfactants with oxyethylene units (C;oEs). We measured surface quasi-clastic light scattering (SQELS) spectra and
analyzed the solutions by both surface rheological and phenomenological fitting approaches. For the DCsPC-DCgPC mixture,
the electrocapillary wave (ECW) method was also applied. The molecular interactions between DCgPC and DC¢PC in the
adsorbed film clearly influenced the relaxation process on the order of several milliseconds (ECW). However, the effects were
less influential on the order of several hundreds of microseconds (SQELS). The characteristic frequencies for relaxation owing to
the staggered structure formation likely occurred in the range from 150 to 300 Hz. The dilational elasticity at 250-400 kHz of
DTABTr suggested that the main relaxation process influencing the dilational properties was neither diffusion of surfactants from
the bulk phase to the subsurface nor an adsorption-desorption of surfactant ions between the adsorbed layer and subsurface.
However, the diffusion of counterions between the Stern and diffuse layers occurred on a time scale of several microseconds.
Studies of C;oE5 suggested that the relaxation process captured by the SQELS studies was neither related to surfactant diffusion
nor surfactant reorientation, but rather was likely to be a relaxation process where distortion of the hydration sphere and/or
hydration-dehydration to/from the hydration sphere was caused by diffusion of water molecules.

Keywords Surface tension - Surfactants - Adsorption - Dilational elasticity - Relaxation - Light scattering

This manuscript reports that the surface quasi-elastic light scattering
(SQELS) incorporated with both surface rheological and phenomenolog-
ical fitting approaches was applied to determine the surface dilational
viscoelasticities of aqueous solutions of DC6PC+DC8PC, DTABT,
DTABr +NaBr, DTABF4, DTA2S04, and C10E5.The effects of salt
concentration (electrical double layer) and counter ion on the dilational
viscoelasticity were carefully determined and demonstrated. It is interest-
ing to be further verified that the negative values of surface dilational
viscosity were somehow closely related to the resonance between the

Introduction

Surface viscoelasticity represents the rigidity and fluidity of
surface layers and is defined as the restoring force, which
works against deformation of the surface layer. This topic
has been well reviewed [1-7] because of its theoretical and
practical importance. For example, interfacial rheology often

transversal and dilational waves. The manuscript is well organized and
prepared. These experimental data are new and important to explore the
physical insight of surface dilational viscoelasticity. This manuscript is
suitable to be published in the Colloid and Polymer Science.
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plays an important role in understanding the dynamics of sur-
factant layers that are related to emulsion stability [8], collapse
of foam films [9], plate coating [10], and membrane systems
[11]. The interfacial rheology of polymer films has been in-
tensively researched in recent years [4, 12, 13], because of its
practical importance for industrial applications; however, fur-
ther studies of the rheology of films of adsorbed surfactants
over a wide range of frequencies of surface perturbation are
required to consolidate the basic concepts of interfacial rheol-
ogy and the applicability of certain proposed models.
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There are shear and dilational parameters for surface vis-
coelastic properties. However, the magnitude of the former is
typically smaller than that of the latter by several orders [14];
thus, we focus our investigation on the dilational properties.
For adsorbed films of soluble surfactants, the dilational visco-
elastic properties are strongly dependent on the perturbation
frequency, and thus, several experimental methods have been
used to clarify surface dilational properties at different fre-
quencies: the combination of oscillating drops and bubbles
can be used to access data in a frequency range between
107 and 100 Hz. The capillary wave damping method can
be used to study frequencies up to 1000 Hz and the surface
quasi-elastic light scattering (SQELS) method can be used to
assess to those up to approximately 1 MHz [6]. The oscillating
drop method enabled the surface viscoelasticity of aqueous
solutions of surfactants to be studied at low frequencies by
Miller et al. [6, 15, 16], from which information was obtained
on slower dynamic processes, such as bulk diffusion and ad-
sorption barriers. The electrocapillary wave (ECW) method
has been used for studies at intermediate frequency regions
(~kHz) for cationic surfactants, and the viscoelastic coeffi-
cients have been determined by applying dispersion equations
and models describing the adsorption state and processes [17,
18]. Furthermore, surface light scattering techniques at higher
frequencies (between 5 and several hundred kHz) have been
applied to different kinds of surfactants and revealed that neg-
ative surface dilational viscosities are often evaluated [17,
19-21].

In this study, we focus on the dilational viscoelasticity of
adsorption layers in the high frequency region with the use of
the surface quasi-elastic light scattering (SQELS) method.
SQELS is based on ripplons generated by the thermal motion
of constituent molecules at the surface and is thus advanta-
geous as non-perturbative and non-contact method. The
SQELS method features certain experimental peculiarities,
in that the spectrum of scattered light features considerable
instrumental broadening and becomes less applicable for ex-
tremely large surface viscoelasticities. However, these issues
are respectively resolved by calibrating the SQELS equipment
with pure water and choosing an appropriate accessible region
of the surface viscoelastic parameters from the SQELS [12].
The other difficulty of the SQELS method is the theoretical
complexity of air/aqueous solution surfaces. The dilational
parameters should be derived from analysis of the experimen-
tally detected transversal waves (capillary waves) through the
dispersion equation, which often provides an unrealistic neg-
ative viscosity. Although there are some theoretical ap-
proaches to resolving the problem of negative viscosity, this
issue has yet to be clarified. For example, Hennenberg et al.
explained the physical reasons for improving the van den
Temple-Lucassen theory by taking into account contributions
from surface deformation [22], and Monroy et al. proposed a
new dispersion equation that accounts for internal coupling
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between capillary and dilational modes, which leads to non-
anomalous dilational viscosities [23].

First, we used SQELS to study the ripplon frequency at
approximately 250 kHz of a short-chain phospholipid mixture
of dihexanoyl-phosphatidylcholine (DC4PC) and dioctanoyl-
phosphatidylcholine (DCgPC). This mixture was chosen be-
cause both storage and loss modulus values at approximately
0.2 kHz by the ECW show a maximum near the surface com-
position of the minimum of the excess Gibbs energy of ad-
sorption, which can be attributed to a staggered arrangement
of the mixed adsorbed film [24]. Thus, the effects of the per-
turbation frequency on the surface viscoelasticity will be ex-
tracted by comparing the SQELS results with those from
ECW. For this purpose, we also performed some ECW exper-
iments on the DC4PC and DCgPC mixtures at different fre-
quencies from 0.2 kHz.

For a better understanding of the surface viscoelasticity
from SQELS, we used aqueous solutions of different types
of surfactant: (A) dodecyltrimethylammonium bromide
(DTABr), (B) DTABEr in the presence of sodium bromide
(NaBr), (C) dodecyltrimethylammonium tetrafluoroborate
(DTABEF,) and bis-dodecyltrimethylammonium sulfate
(DTA,S0O,), and (D) pentaethyleneglycol monodecyl ether
(CyoEs). DTABr was chosen because its equilibrium surface
properties [25, 26] and dilational viscoelastic properties [17,
18, 27, 28] have been relatively well investigated. Comparing
(A) with (B), we might gain information on the effects of the
electrical double layer on the dilational viscoelasticity.
Comparing (A) with (C), we might gain insight into the influ-
ence of the degree of counter ion binding to the surfactant ion
on dilational viscoelasticity because the (A) and (C) systems
contain the same surfactant ions but different counterions.
Previous studies by surface tension [29-32] and total reflec-
tion X-ray absorption fine structure (TRXAFS) [33, 34] mea-
surements have clarified that differences in the dehydration
energy of counterions and their ionic atmosphere affect the
surface density of adsorbed films. Thus, the SQELS measure-
ment is expected to enable examination of how these factors
influence the surface viscoelasticity of adsorbed films.
Furthermore, (D) was chosen because it is nonionic, and its
hydrophilic chain is considerably hydrated; thus, we might
better understand the influence of water molecules on the
dilational viscoelasticity.

This paper is constructed as follows. In the “Materials and
methods” section, the materials and the thermodynamic equa-
tions for the surface tension analysis [35] are described and the
SQELS apparatus is explained. Next, the theoretical back-
ground for evaluating the surface viscoelasticity parameters,
that is, the dispersion relation [36], is presented and the two
analytical methods of analyzing the SQELS spectrum, i.e., the
surface rheological and phenomenological fitting analysis, are
described. In the “Results and discussion” section, first,
SQELS and ECW studies of short-chain phospholipid
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mixtures are presented and then the surface dilational elastic-
ities from the SQELS method are explained and examined,
where the Lucassen and van den Temple model [17, 37-39] is
introduced to understand the adsorption dynamics from the
viewpoint of viscoelasticity. Finally, we briefly mention the
dependence of the damping coefficients on the coupling of
dilational and capillary waves.

Materials and methods
Materials

1,2-Dihexanoyl-sn-glycero-3-phosphocoline (DC¢PC) and
1,2-dioctanoyl-sn-glycero-3-phosphocoline (DCgPC) were
purchased from Avanti Polar Lipids (USA) and used with-
out further purification. DTABr (99%) purchased from
Wako Pure Chemical Industries (Japan) was purified by
recrystallizing it five times from the acetone/ethanol mix-
ture (volume ratio =5/1). NaBr (99.9%) purchased from
Aldrich Chemical Co. Inc. (USA) was used without fur-
ther purification. DTABF, was synthesized by exchanging
Br ions for BF, ions by adding an equimolar amount of
sodium tetrafluoroborate (NaBF,) into an aqueous solu-
tion of DTABT, followed by recrystallization twice from
water. The NaBF, (98%) purchased from Kanto Kagaku
Co., Ltd. (Japan) and was recrystallized once from water
and then baked at 170 °C for 7 h under reduced pressure.
DTA,SO, was synthesized by exchanging Br ions for
SO, ions by adding a half molar amount of Ag,SO,
into an ethanol solution of DTABr. The Ag,SO,4 (99.5%)
was purchased from Wako Pure Chemical Industries and
used without further purification. The ethanol solution
was ultra-sonicated for 9 h and then AgBr precipitates
were removed with 0.2-um pore filters. A white solid salt
was yielded from the filtrates, which was then recrystal-
lized twice from methanol/acetone mixtures (volume ra-
tio=1/4) and dried at 90 °C under reduced pressure. The
final product contained a small amount of water, which
was estimated to be about 1 wt% with a Kahl-Fischer
moisture meter and taken into account in the sample prep-
aration. C;¢oEs was purchased from Bachem AG
(Switzerland) and purified by the three-phase extraction
technique [40]; the weight ratio of water/hexane/surfac-
tant was 42.5/42.5/15. Ultrapure MilliQ water was used
to prepare all surfactant solutions.

The purity of these materials was confirmed by observing
that the surface tension of aqueous solutions reached a con-
stant value that agreed with literature values and did not
change over time. Furthermore, for all surfactants, it was con-
firmed that the surface tension vs. molality curves did not
show a minimum around the critical micelle concentrations.

Thermodynamic equations for surface tension
analysis

The surface tension was analyzed as follows. Let us consider a
system composed of air and aqueous solution of DTABr and
NaBr. The total differential of the surface tension -« is
expressed as a function of temperature 7, pressure p, and the
the electrochemical potential of the ions «, f,
(o = DTA",Na*,Br ) by

dy = =stdr
+ VHdP_F Ew diipra+—1 Eﬁ dfing+—I" gr’d:a’Br” (1)

where s, V1, and FZI are respectively the surface excess en-
tropy, volume, and surface density of ion o, which are defined
with respect to the two dividing planes making the excess
numbers of moles of air and water zero simultaneously [35,
41]. Introducing the electrochemical potential gives

flo = Ho + 2aF, (2)

where 1, is the chemical potential of ion «, F is the Faraday
constant, ¢ is the electrical potential, and z,, is the valence of
ion .. The electroneutrality condition in the adsorbed film is

‘Z—‘ETAJr + FEa* = Fgr ) (3)
which when inserted into Eq. 1 gives
dy=-I Ew dppra—I E;ﬁ dpg =1 Igr*d/v‘lar*- (4)

at a given T'and p. Assuming that the bulk solution is ideally
dilute as in the present case, Eq. 4 can be rewritten as a func-
tion of the molality of DTABr m; and NaBr m, as

1 1 !
e -l (L N pa———
Y [ DTA (ml + m +m2) T (ml +mz)}r,pmz

1 ! !
dm=RT [T (———— ) + Ty (= -
my I: DTA (ml +m2> + Na <m2 + mq +m2>:| T.p,m "

(5)

The surface density of DTA™ is evaluated from the depen-
dence of v on m; and m, with the use of
/2RT,

0 0
(1+X,) i X (=
alnml T.p,m;y alan T.p,m
(6)

where X; = my/(m; + m,). In the absence of added salt, Eq. 6 is
reduced to

%8
FH + = _—ml - .
DTA 2RT <6m1)T’p (7)

H I
Ippe =
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Surface quasi-elastic light scattering method

The SQELS apparatus was constructed based on that reported
by Sakai et al. [42-44] as schematically illustrated in Fig. 1.
The surface wave “ripplon” that was naturally excited by
thermal motion of constituent molecules was detected and
analyzed. The principles and details of the SQELS method
have been described elsewhere [36, 42].

The incident ray of YAG (Y3Al50,,) laser light (532 nm,
200 mW) was diffracted by the periodic surface displacement
owing to the ripplon. The wavenumber £ of the ripplon to be
detected was determined by the scattering angle through the
Bragg’s condition (see Fig. 2):

k = Ksinf), (8)

where K denotes the wavenumber of incident light and 6 is the
scattering angle. To gain sufficient signal intensity, we used
the heterodyne method [42, 43]. A cell of the sample solutions
was placed at the measurement point shown in Fig. 1 and
covered with a thermostatic stage fitted with Peltier devices
for temperature control. The difference of the frequencies be-
tween the incident and the scattered light was monitored in the
form of a power spectrum (frequency domain) with the use of
a spectrum analyzer. Note that the frequency of the reference
light was shifted by 85 kHz by an acoustic optic (AO) mod-
ulator before it met the incident light, as shown in Fig. 1. This
shift was introduced to remove the signal noise within the low
frequency region. The apparatus set up here resulted in three
peaks in the power spectrum; the central peak was related to
the instruments and the two side peaks originated from the
ripplon with £ satisfying Eq. 8.

The main parts of the SQELS apparatus were as follows:
YAG laser (Verdi-V5, Coherent), Acoustic Optic Modulator
(TEM-85-2-532, Brimrose), Photomultiplier (C5331-11,
Hamamatsu), and Spectrum Analyzer (MS2661C, Anritsu).
The SQELS measurements were performed under atmospher-
ic pressure for the respective systems as follows: (A), (C), and

e = i (I_ Detector
H Measurement |
ND filter Fomnt Spectrum
1 Analyzer
” i Incidentlight ~— ——
AO i Reference light seeeeee
Modulator |
532 nm, 200 mW
Splitter H YAG Laser

Fig. 1 Optical arrangement of the surface quasi-elastic light scattering
(SQELS) device. Solid and dashed lines represent incident and reference
lights, respectively
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Bragg’s condition: k., =~ Ksin 6

Incident Light Reference Light

(Frequency: 2 + wpg)

|
1
1
v
1
1
(Frequency: ) I
1
|
1

Ripplon Doppler shift
Frequency: wyp
Heterodyne signal Scattered light

(Frequency: wpo t wrip) (Frequency: 2 + wyp )

Fig. 2 Image of the light scattering from ripplon at the solution surface.
Solid and dashed lines represent incident and reference lights,
respectively

(D); at 298.15 K as a function of m;, (B); at 298.15 and m,/
mmol kg ' = 5 and 10 as a function of m;.

Dispersion relation for air/water interface

A liquid surface is always fluctuating owing to thermal motion
of its constituent molecules. The vertical displacement of a
given point of the surface r at a time ¢ can be written as [36]:
u(r,t) = Y u(k)expli(kr—w(k)?)], 9)
K

which is a sum of Fourier components at all wave vectors K.
Taking account of that the surface tension +y is considered to be
the main restoring force for surface transversal displacement
and surface dilational viscoelasticity €*(w) works against the
surface longitudinal displacement, where w is the real angular
frequency of the surface wave. We obtain the following dis-
persion relation for an air/water interface in which both the
density and viscosity of air are negligible [36, 45];

D(k,w) = L(e"k,w) x T(v;k,w) +C(n,p) =0,  (10)
where

L(%k,w) = €k + iwn(k + p), (11)
(ko) = A + il + 102 (1)
and

C(n, p) = [iwn(k—p)), (13)

respectively. Here, C(, p) depends on density p and viscosity
n of the aqueous phase and couples with the longitudinal
quantity L(™; k, w) given by Eq. 11 and the transverse one
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T(v; k,w) given by Eq. 12. Here, p is the reciprocal of the keT . [L(";k,w)

. . Pr(kyw) = KoL o [HE sRe)] (18)
penetration depth of the surface velocity field defined by Tw D(k,w)

p* =k + iwp/n. (14)

In the classical dispersion relation, transversal waves are
coupled with longitudinal ones and propagation characteristics
of both waves depend on £*(w), although the dependence of
transversal wave is much weaker than that of longitudinal ones.
It is known that the coupling between transversal and dilational
waves becomes more effective at resonance for which the fre-
quencies of two modes are close to each other, which generally
occurs when the ratio /7~ 0.16 [23]. As shown later in Fig. 19,
&/~ changed from approximately 0.05 to 0.45, and good coupling
[4] was observed at e/ values where the damping coefficient
became a maximum.

Furthermore, £*(w) is related to the variation of surface tension
&y with surface area dA and is defined as follows:

w0y
e (w)=A S (15)
Because of the dissipative effect within the adsorbed film,
€"(w) can be written as a complex number " (w) =e(w) +
iwk(w), where e(w) and x(w) are the surface dilational elasticity
and viscosity, respectively. The complex modulus £*(w) contains
two-dimensional isotropic compression (dilation), in-plane share
and out-of-plane (transversal) share contributions. Because the
order of the wavelength is sufficiently large compared with that
of the amplitude of the surface wave of the surfactant aqueous
solution, the out-of-plane share contribution is negligible [4, 36,
45]. Furthermore, the in-plane share contribution is also much
smaller than the dilational one and negligible when the adsorbed
film is fluid-like, such as a gaseous or an expanded film state.
For pure liquids without surface active substances, the surface
dilational viscoelasticity term also disappears (¢ = x=0) and
when the complex frequency of the transversal wave is expressed
as w+il, we obtain two limiting solutions of the dispersion
equation at a wavenumber of k; one is Kelvin’s law for the
frequency

2.7 .3
w==K’. 16
( )

and the other is Stokes’ law for the damping caused by the
viscous friction with the bulk liquid:

r=21p. (17)
P

Surface rheological fitting analysis

The spectrum obtained from SQELS method was compared with
the theoretical power spectrum equation of Kramer [46] for trans-
versal wave in the presence of air given by

where kg is the Boltzmann constant. Equation 18 corresponds to
the inverse Fourier transform of the auto correlation function of
the surface wave. Because side peaks originating in a ripplon are
generally broadened owing to instrumental considerations in the
SQELS technique [12], some calibration processes are required.
In our case, we determined the wavenumber of the ripplon A,
and the instrumental resolution 3 on the basis of the SQELS
results and the reference values of pure water. The spectrum from
a pure water surface should be free from surface viscoelasticity,
and thus, instrumental parameters such as ki, and 3 can be de-
termined. The reference values of fitting parameters of pure water
at 7=298.15 K were p=997.047 kg m73, 7=0.89 mPa s, and
4=71.96 mN m™"', respectively. The SQELS spectrum from
pure water provided a larger width than that theoretically calcu-
lated from Eq. 17 and it was fitted by &, and Bwithe=r=01in
Eq. 18. Hence, the frequency w and damping coefficient I si-
multaneously satisfied Kelvin’s law of Eq. 16 and Stokes’ law of
Eq. 17, respectively, for the various wavenumbers k., from 70 to
320em .

Because the instrumental resolution was dependent on the
wavenumber, the uncertainty of the wavenumber 6k, was
taken into account by the following equations [47]:

Pexp(k,w) = Alp (k, k’)PT (k’, w) dK, (19)
and
p(k *k) = \/:?ﬂ exp | — (k;c) . (20)

where A is an arbitrary constant and [ is the uncertainty of
wavenumber of ripplon 0k,i,. Equations 19 and 20 imply that
the experimentally obtained spectrum Py, (k, w) is a convolu-
tion of a theoretical function and a Gaussian function of
wavenumber.

In principle, the surface rheological fitting analysis
by Egs. 10 to 14 and Eqgs. 18 to 20 yields the surface
dilational viscoelasticity £"(w) of the surfactant aqueous
solutions. However, to determine the surface dilational
viscoelasticity more accurately, the equilibrium surface
tension y of the aqueous solutions measured separately
from the SQELS studies was used as a fixed parameter
in Eq. 18. Thus, the surface dilational elasticity ¢ and
viscosity  were determined as the main and sub fitting
parameters in Eq. 18, respectively. Furthermore, Cicuta
et al. [12] indicated that this treatment provides a gen-
eral justification for the correct recent practice of
SQELS experiments, which is very different from earlier
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ones where the four quantities of surface dilational elas-
ticity, surface dilational viscosity, transverse share elas-
ticity (surface tension), and transverse share viscosity
were usually chosen as physical parameters [20, 48,
49]. The surface rheological fitting analysis was per-
formed by a fitting program coded in FORTRAN that
was constructed with support from Ohmasa et al. [47].
The values of ¢ and x were respectively determined to
be in the range of 0<e(w)<100 mN m ' and
—1000 < k(w) < 1000 nNs m"". This is because the shape
of the power spectrum of scattered light tends to be-
come independent of the surface dilational viscoelastic-
ity as it becomes larger [12].

The SQELS measurements were performed at fixed
wavenumbers for all surfactant solutions: kyjp=
200 cm ' and Okiip =20 cm ', which were determined
from the SQELS measurements of pure water.

Phenomenological fitting analysis

From the phenomenological fitting analysis of the
SQELS spectrum, both the angular frequency w and
damping coefficient I, w+il, of ripplons were evaluat-
ed. In our experimental setup, the central peak and two
side peaks could be accurately described by a Gaussian
function and by a Voigt function, respectively. The ex-
perimentally obtained spectrum Pey,(w) is a convolution
of Lorentzian function and Gaussian function of fre-
quency given by

Pexp(w) = Alp (w—wl)Pp (k, (.«.)/)dw/7 (21)

where Pp(k,w) is the phenomenological power spectrum
equation:

, 1 |
Polk,w) =T 7
P( w> { [(@-wao) + ‘*’rip}z +1? ! [(W,*WAO)*wrip}z + Fz}
(22)

and

p(w—wl) = F.T. [exp{—%” , (23)

where wao is the frequency shift introduced by the AO
modulator and F.T. means Fourier transformation. In Eq.
23, the resolution 3 was the value of dw,, calculated
using Ok, by

3 s
Oy = 5 \/%kripiakﬂp. (24)

Equation 24 is derived from Kelvin’s law given by Eq. 16.
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Results and discussion

SQELS and ECW studies of short-chain phospholipid
mixtures (DCgPC+DCsPC)

The aqueous lipid solutions were used to form monolayers be-
cause both lipids have short chains and are thus soluble in water.
Their surface tension was measured as a function of the total
concentration of the two lipids at fixed mixing ratios and the
surface concentrations were evaluated by thermodynamic equa-
tions as described in our recent paper [24]. Figure 3a shows the
SQELS spectrum at given surface mole fractions of DCgPC,
defined by X% = I'bgpe/ (Ihospe + Iicspe) at 35 mNm™.
As mentioned in the experimental section, the angle of the inci-
dent light was fixed and accordingly the wavenumber of the
detected transversal wave was fixed, which means that the
ripplon frequency is proportional to the ripplon wave velocity.
Figure 3b shows that the ripplon (angular) frequency wii, = 2711
was approximately 250 kHz and decreased by 35% compared
with that of pure water surface owing to the adsorption of the
lipid mixtures at approximately 2.8 pmol m 2 and =

35 mNm ' [24]. Conversely, the damping coefficient of the
adsorbed film was almost the same as that of pure water surface
(dotted line), as shown in Fig. 3c.

The dilational elasticity at approximately 250 kHz from the
SQELS is plotted against X} together with that at 0.2 kHz
from the ECW in Fig. 4, where we note the following points.
The former seems to pass through a very shallow minimum;
however, the latter evidently passes through a maximum [24].
There exists a clear difference in the dilatational elasticity
between the longer and shorter chain lipids at 0.2 kHz; how-
ever, this difference almost disappears at approximately
250 kHz. Moreover, the maximum, which appeared at
0.2 kHz was not observed at 250 kHz. The van der Waals
interactions among the hydrophobic chains in the oriented
adsorbed layer were stronger for DCgPC than for DCsPC
and a staggered structure of the adsorbed film was indicated
by examination of the minimum of the excess Gibbs energy of
adsorption g™ ¥ (dashed curve in Fig. 4) around X =03
[24]. Hence, molecular interactions in the adsorbed films
clearly influenced the relaxation process on the order of sev-
eral milliseconds (ECW); however, these interactions were
less influential on the order of several hundreds of microsec-
onds (SQELS).

We next examined whether the relaxation processes owing
to the staggered structure formation was of the order of milli-
seconds or not. The dilational viscoelasticity was determined
as a function of frequency by ECW. The storage and loss
modulus, € and wk, are plotted against the frequency at four
surface mole fractions in Fig. 5a. The storage modulus in-
creased with increasing frequency; however, the loss modulus
showed a maximum from 150 to 300 Hz. When the frequency
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Fig. 3 SQELS results of the 20 @ 63 ©)
DC¢PC-DCyPC mixtures at a o L ; i v
surface tension of 35 mNm . a ; Y4 ater
SQELS spectra at X} = (1) 0, (2) 5 20 t ; = =
0.1, (3) 0.2, (4) 0.3, (5) 0.6, (6) 3 3 ~ 44
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fraction of DCgPC X = -80 f N
? "'N/\; Z 65 5008 NS
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Frequency Shift Af/ kHz xi

of surface deformation is comparable to the time scale of the
dynamic process, the storage modulus curve has an inflection
and the loss modulus has a maximum around the characteristic
frequencies, as schematically illustrated in Fig. 5b [3, 4].
Therefore, we confirmed that the characteristic frequencies
for the mixed adsorbed films of the DCgPC+DCgPC system
likely lie in the range from 150 to 300 Hz. At 200 Hz, i.e., the
maximum of the storage modulus, which appears at X! = 0.5
in Fig. 4, is between 150 and 300 Hz. This surface mole
fraction is closed to that at the minimum excess Gibbs energy
attributable to the staggered structure of the adsorbed film. We
concluded that the characteristic frequency of the staggered
structure formation is of the order of a few hundred Hz and the
characteristic time scale for the relaxation of the staggered
structure is of the order of milliseconds. Ravera et al. demon-
strated that the storage modulus owing to diffusion of mole-
cules between the bulk and surface shows an inflection and the
corresponding loss modulus shows a maximum at a very low
frequency of the order of 10~% Hz [3]. Conversely, relaxations
such as surfactant reorientation and aggregation in the surface
have much higher characteristic frequencies. For example, for
adsorption of tetraethylene glycol monodecyl ether (C;¢Ey,),

=
o

5
plow /gy 6

'
Y
[¢)]

DC4PC XxH DCgPC
Fig. 4 Comparison between the results of SQELS and ECW for the
DC4PC-DCgPC mixtures. Dilational elasticity ¢ vs. XZH at surface
tension of 35 mN m . 1 (kHz)=40 (SQELS, o) and 0.2 (ECW, e).
Dashed curve represents excess Gibbs energy of adsorption g™ ©

the characteristic frequency for diffusion was approximately
0.4 Hz, while that for surfactant reorientation was suggested to
be 800 Hz. Judging from these observations, the staggered
structure formation was minimally influential on the dilational
elasticity at 250 kHz, which is in accord with our observations
in Fig. 4 that the dilational elasticity does not change greatly
with the surface composition at 250 kHz.

Diffusion of small chemical species might show a much
faster relaxation process, compared with diffusion of surfac-
tant molecules between the bulk and surface, and surfactant
reorientation and aggregation at the surface. Hence, counter-
ions of ionic surfactants are appropriate candidates because of
their typically small size. Furthermore, these molecules move
back and forth between the Stern layer and diffuse layer re-
gions in the electrical double layer. Another candidate is water
molecules because these undergo cycles of hydration and de-
hydration around the hydrophilic groups of surfactants. For
this purpose, nonionic surfactants with ethylene oxide units
are appropriate. On the basis of these ideas, the SQELS meth-
od was applied to cationic surfactants with different counter
ions and nonionic ones with ethylene oxide units.

SQELS studies of cationic surfactants with different
counterions

Now, let us show the dilational elasticity of aqueous solutions
of (A) DTAB;, (B) DTABEr in the presence of NaBr, and (C)
DTABF, and DTA,SO,. Studies on (A) and (B) provide in-
formation about what kind of relaxation processes influence
dilational elasticity at high frequencies of a few hundred kHz.
The Lucassen and van den Temple (LT) and modified LT
(MLT) models for the dilational viscoelasticity [17, 37—39]
are introduced and used to investigate the kind of information
that can be derived from the models. Studies on system (C)
offer information about whether the degree of counter ion
binding to the surfactant ion is influential or not on dilational
viscoelasticity, because BF, is more hydrophobic than Br-
and SOf[ is divalent. Furthermore, the distribution of Br in
the electrical double layer of the adsorbed monolayers has

@ Springer



788

Colloid Polym Sci (2018) 296:781-798

(b)

Fig. 5 Frequency dependency of 40
dilational elasticity (storage . (a)
modulus) € and loss modulus. a = 30F
experimental results of the Z ool
DC¢PC-DCxPC mixtures at X1 = E
0(0),0.2(e),0.5(2),and 1 (A). w 10|
b schematic curves [Ref. 4]
0 |
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=)
Z »
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~
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been investigated by means of the total reflection XAFS meth-
od in our studies [33, 34].

Dodecyltrimethylammonium bromide

The surface tension « vs surfactant concentration m; curves
are displayed up to the concentrations just below the critical
micelle concentrations in Fig. 6, and the corresponding curves
of the surface density of surfactant ions FgT A+ are given in
Fig. 7. Break points on the surface tension curve and corre-
sponding discontinuous changes on the surface density curve
observed in the absence of NaBr are often found for various
kinds of surfactants and have been attributed to a phase tran-
sition of adsorbed films from a gaseous to an expanded state
[25, 26].

The SQELS spectra of DTABr at various concentrations
are shown in Fig. 8. All the spectra were symmetrical with
respect to the top of the central peak at a frequency shift Af=0
and their shape changed regularly with surfactant

75
70
65
60
55
50
45
40

35 1 1 1
0 5 10 15 20

m, / mmol kg-!

y/ mN m!

Fig. 6 Surface tension v vs. molality m; curves of the DTABr-NaBr
mixtures at 1, (mmol kgﬁl) =0(0),5 (e),and 10 (2)

@ Springer

200 300 400

w / Hz

concentration. The angular wave frequency of the side
peaks w and the damping coefficients I" of ripplon were eval-
uated by phenomenological fitting with Eq. 22 and the ratio w/
Wyater ANd T'/T acer are plotted against concentration together
with those in the presence of NaBr in Fig. 9. The value of w/
wywater clearly changed continuously but showed a break at a
concentration (mtl’r), which almost coincided with the phase
transition concentration determined from the surface tension
measurements in the absence of NaBr. In the presence of
NaBr, although a break was not observed on the surface ten-
sion curves, the w/wyaeer curves showed a break, which sug-
gests that the surface wave properties were more influenced
by the phase transition compared with surface tension [50].
Furthermore, T'/T'y, 4 values pass through a maximum at a
concentration m™ slightly above m®"; the combinations of
(m%"/mmol kg™, m™ /mmol kg ') are roughly (2.0, 2.5),
(0.75, 1.0), (0.30, 0.50) for DTABr, DTABr+NaBr (m,/
mmol kgf1 =5) and DTABr + NaBr (m,/mmol kgfl =10),
respectively.

5

N

/ umol m2
w

N

H
FDTA+

0 1 1 1
0 5 10 15 20

m, / mmol kg!

+ vs. molality m, curves of the DTABr-NaBr

Fig.7 Surface density FgT A
)=0(0), 5 (e), and 10 (»)

mixtures at m, (mmol kg~
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Fig. 8 SQELS spectra of DTABr at m; (mmol kg71)= (1) 0.25, (2) 0.5,
(3)0.75, (4) 1.0, (5)1.25, (6) 1.5, (7) 1.5, (8) 1.75, (9) 2.0, (10) 2.5, (11)
3.0, (12) 5.0, (13) 7.0, (14) 9.0, (15) 11, (16) 13, and (17) 15

Although it is clear from the experiments that the breaks on
the W/iwyaer curves plotted against surfactant concentration or
temperature are attributable to phase transitions of the interfacial
films, it remains unclear whether the maximum of I'/T" 4 Stems
from such a phase transition or from coupling between the in-
plane (dilational and shear) and out-of-plane (capillary) waves.
Kizling et al. studied the viscoelastic properties of adsorbed
monolayers of dodecylammonium chloride and identified such
a break on the w curve and a maximum on the I curve just above
mtl’r [51], which was essentially the same as our observations for

w /wwater

F/Fwater

0 5 10 15
-1
m, / mmol kg
Fig. 9 (a) Ripplon frequency w/wyer and (b) damping coefficient 17/

L yater from phenomenological fitting of the DTABr-NaBr mixtures
plotted against molality m; at m, (mmol kgf') =0(0), 5 (e),and 10 (2)

DTABEr. They claimed that w is strongly affected by changes of
surface tension and although there is a very small discontinuous
change of I" at the phase transition point, the peak of I" is obvi-
ously rather closely related to the phase transition. Monroy et al.
also reported capillary waves of the dodecylammonium chloride
solution that the change of slope observed for the w vs concen-
tration curves followed the variation of equilibrium surface ten-
sion; thus, the break on the w curve corresponds to the surface
phase transition [23]. Furthermore, they demonstrated that two
maxima appear on the I" curve at very low concentration and at a
concentration slightly above m® corresponding to resonance be-
tween the capillary and dilational modes [23]. With respect to the
Langmuir monolayer of hydrophobin, Aumaitre et al. showed
that w decreases with increasing surface concentration and forms
a plateau between surface concentrations of 1.6 and 1.8 mg m ™=,
This finding could indicate the coexistence of condensed and
liquid domains, whereas the surface pressure remained null up
to around 2.2 mg m 2 [50]. On the basis of these findings, they
emphasized that a decrease in w does not necessarily indicate an
increase of surface pressure but could also be a signature of an
increase in the dilational modulus. Furthermore, they described
that the damping coefficient I" presents a peak at a concentration
of the coexistence region, which corresponds to the maximum
coupling between the in-plane and out-of-plane waves, that is,
(e/y) ~0.16 [20, 23, 36, 52, 53]. Munoz et al. observed a break of
w and T, rather than a maximum at the temperature of the 2D
liquid-solid phase transition for 1-dodecanol monolayers [54].
Considering our observation that the concentrations m{™ are dif-
ferent from those at the phase transition m%" and the dilational
elasticity to surface tension ratio (¢/y) is 0.15-0.16 for DTABr at
my™ (see Fig. 19), the maximum of I" can be attributed to cou-
pling of the in-plane and out-of-plane waves [36].

The surface dilational viscoelasticity *(w) = e(w) + iwr(w)
was calculated by surface rheological fitting analysis with Eq.
18. Figure 10a shows the dilational elasticity (w) and the ripplon

30 400
a
25 (a)
- 350
'E 20 e
Z 15 ¢ 300 =
jan)
~ 10 N
® 250
5
P - : : o 200
£ opapbaa et
~ S S
2 - 1 1
£ -10
0 5 10 15 20

m, / mmol kg!

Fig. 10 Dilational viscoelastic properties of DTABr. (a) dilational
elasticity (storage modulus) £ (o), ripplon frequency w (e), and (b)
dilational loss modulus wk plotted against molality 1,
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angular frequency w and Fig. 10b shows the dilational loss
modulus wk(w). The value of e(w) increased from zero for pure
water surface to be in the range of 45 mN m ' and became
steady in the gaseous state. In the expanded state, the value
initially increased steeply in response to a steep increase in the
surface density, then passed through a maximum and decreased
gradually despite the continuous increase in surface density. The
absolute value of wr(w) was 0-10 mN m ! and its contribution
to £"(w) was non-negligible compared with the elasticity e(w).
Because the dilational viscosity has unrealistic negative values,
which have been discussed from consideration of the adsorption
barrier and applicability of the dispersion equation generally
employed [20, 23], the dilational elasticity will be the main focus
of this paper.

The change of dilational elasticity with bulk concentration
has been examined in terms of diffusion of surfactant mole-
cules between the monolayer and the underlying aqueous
phase with the use of the Lucassen and van den Tempel (LT)
model [37, 55, 56]. Molecules in the adsorbed films on the
aqueous surfactant solutions are dissolved or adsorbed upon
compression or expansion to restore the equilibrium surface
concentration. Because the shear coefficients are reasonably
assumed to be negligible compared with the dilational coeffi-
cients, the complex dilational viscoelasticity " is defined as
the fluctuation of local surface tension 7; accompanied by a
change of surface area A, described by

* el Al
: _A<a> - (m) (25)

When any relaxation process is either much faster or much
slower than the time scale of experiments ey, =w ! (in the
SQELS study, this is the time scale of detected ripplon), the
variation of surface tension accompanied by the surface ex-
pansion and contraction is instantaneous, and thus, the sur-
faces behave as if they are purely elastic. Let us designate
£"(w) =e(w) =g in such purely elastic cases.

Purely elastic cases are realized when two conditions are ful-
filled. The first condition is that reorientation of constituent mol-
ecules in the monolayer is completed on a time scale of the order
Of Texp = w ', and thus, the equilibrium between the local surface
tension and the surface density " should be very quickly
established. The other is that diffusional exchange between the
surface and bulk is negligible, and thus, the total amount of
adsorbed molecules does not change on a time scale of the order
of Texp = w 1, ie., even a soluble monolayer behaves as if it is an

insoluble one with respect to this time scale. Therefore, £, can be
written as

0= (aﬁW> - (aﬁ?ﬂ) (26)

and evaluated using the equilibrium relation between the surface

tension vs surface density 7°* (= I'}! in this paper, I'}' denotes

@ Springer

IHoar or I oes in the following discussion). The variable
€o 1s commonly known as the Gibbs elasticity. There is a well-
known procedure based on the Frumkin equation of state for
calculating €y and it often satisfactorily describes the variation
of surface pressure with the bulk concentration. When the
Frumkin equation was applied to the DTAB system, Stenvot
et al. reported &, values of 280 mNm ' at 10 mM [18], which
is comparable to the highest values for DTAB near CMC in our
calculations, as shown later in Fig. 11. Now, let us rewrite Eq. 25
as

C a’yl ah’lF )i
S <5lnfl> (511114 )7 27
and assume that the equilibrium between the local surface tension
and the surface density I is rapidly established as

( cal )z< cal ) Whether this assumption is appropriate or not

Al Al
is another important issue, particularly for high-frequency exper-
iments like SQELS. With this assumption, we obtain

e =—¢ ( A ) (28)

When the reorientation processes of constituent mol-
ecules in the monolayer is completed within a time
scale of the order of w™', barriers against both adsorp-
tion and desorption are absent, and the molecular ex-

change is controlled solely by diffusion between the

olnl’;
OlnA

derived from the first and second laws of Fick to give

subsurface and bulk solution. The factor ( ) can be

300

250
"= 200
% 150
~ 100
w
50
0
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15 |
10 |
5 -
O 1 1 1 1 1 1 1
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m, / mmol kg!

(a)

&/ mNm!

Fig. 11 (a) Comparisons among the dilational elasticities obtained from
experiments and models for DTABr and (b) enlarged view. ¢ from
experiments (o), Gibbs elasticity €, (), LT model e;1 (A ), MLT model
emrt (2), effective LT model epr. o (%)
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the dilational elasticity e;r and viscosity kit from the
LT model as

1+7

— e 2
ELT 601—&—27—1—2727 (29)
and

1
WKLT = (30)

Eol+27'+27'2'

Here, 7 is a dimensionless parameter given by

7= /D/2w(dm, /dI'), (31)

where D represents the diffusion coefficient of surfac-
tant in the bulk solution [37]. This is the equation of
the LT model. Because the characteristic frequency of
diffusion wy;r and thus the characteristic diffusion time
Tair are given by [23]

Wdif = Tdif71 = (D/Z) (dml/dfll{)z, (32)

where 7 expresses the ratio of the time scale of the
relevant experiment w ' to that of the diffusion of sur-
factant molecule wgir = as

T = \/wiit/w = \/ Texp/ Tdi - (33)

Furthermore, when an adsorption barrier is taken into ac-
count in the LT model (the modified LT model, MLT), Eq. 29
is converted to

1+ (14 20)7 + 20272
"T4+2(1 + a)7 +2(1 + )72’

EMLT = € (34)
where o = w/ (kq/T"}") and kq is the rate constant of desorp-
tion in the presence of adsorption-desorption barriers [17].

Summarizing the limiting properties of e; 1 and ey 1, we
obtain

Case 1: Diftfusion requires a much longer time than the
experiment time scale (74ir> Texp) OF the experiment fre-
quency is much higher than diffusion (w » wg;p): T— 0,

ELr — €o
Case 2: The opposite of case 1, (Tgir < Texp) OF (W < wyip):

T—large, ep1—0

Case 3: The adsorption barrier is very low [ (kq/I'}!) »w]:

(“)—’Oa EMLTELT

Case 4: The experimental frequency is very high |
(ka/T) <w :

x—large, emrr—¢0.

Now, let us examine whether the LT and MLT models
can describe the dilational elasticity given in Fig. 10a.
Figure 11 shows the € and g, vs concentration curves,
where €) was evaluated from the equilibrium surface pres-
sure vs mean area curve. Because ¢ is slightly larger than
€o in the low concentration range (see Fig. 11b), neither 11
nor eyt can trace € entirely in principle. Nevertheless, we
tried to apply Egs. 29 and 34 to the experimental € vs
concentration data using the diffusion coefficients of the
surfactant in the aqueous phase D=6x 10 ""'m* s™' and
the rate constant of desorption kq=1.68 x 10 *mol m *s™"
[57-59]. The results are also given in Fig. 11; e p was
lower than £, and became close to . Thus, there may be
some contributions from surfactant ion diffusion from the
bulk to the subsurface on the dilational elastic properties.
However, et remained much higher than € and could not
follow the e values even in the high concentration
region, where the effects of diffusion are expected to be
more influential. Furthermore, the eyt values were
almost equal to €9 and the presence of a barrier to the
adsorption-desorption process of surfactant ions has little
influence on the dilational elastic behavior (i.e., case 4).
These findings indicate that at the higher ripplon frequency
detected by the present SQELS method, that is, w of 200-
400 kHz (see Fig. 10), the relaxation processes that influ-
ence the dilational properties are neither diffusion of sur-
factant from the bulk phase to the subsurface nor an
adsorption-desorption of surfactant ions between the
adsorbed layer and subsurface. The actual relaxation pro-
cesses occur at the interfacial region.

Because the chemical structure of surfactants and counter-
ions is very simple, relaxation caused by conformational
changes is unlikely. Furthermore, the lateral diffusion of sur-
factant molecules in a monolayer is known to be very slow,
e.g., the diffusion coefficient is of the order of 10" m*s ™' [1].
Thus, let us assume some other possible diffusion processes
are related to the counterions with an effective diffusion con-
stant Dg within the scheme of the LT model as

1+ Teff
ELTeff = €0 1+ 27ep + 272 (35)
where
Teft = 4/ Wif eft /W, (36)
and
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Wi eft = Taiterr | = (Dg/2) (dml/dflf)z- (37)

In this case, Dg is likely related to the diffusion processes of
chemical species other than surfactant ions. These processes do
not occur between the subsurface and bulk, but rather within the
interfacial region. It is clear in Fig. 11 that the value of e1,
traces the experimental value of € more closely than those of €,
errand ep 1. However, there is a small deviation of ey 1, g from
€ at lower concentrations. The Dg value of the best fit was
7.12x 10" ¥ m? s~ ", It should be noted that this value is almost
hundred times as high as D and comparatively close to the
diffusion coefficient of bromide ions in aqueous solution
2.1x10° m*s ' and water 2.30 x 10 m* s ™' [60].

In our previous studies on the solvation structure of bro-
mide ions in adsorbed DTABr monolayers by means of the
total reflection XAFS, we demonstrated that there are essen-
tially two kinds of bromide ions; ions of one group are hydrat-
ed by six water molecules (designated as free-Br), which exist
in the diffuse layer. The second group includes those that are
dehydrated by approximately three water molecules from
free-Br and form ion pairs with cationic head groups of the
surfactant monolayer (designated as bound-Br) existing in the
Stern layer. In addition, the ratio of bound-Br defined by x =
bound-Br/(free-Br + bound-Br) can be approximated by x
= 0.27FPDITA+ in the expanded film of DTABr for pure
DTABr and also in the presence of added NaBr of
10 mmol kg ' [61]. The lateral diffusion of surfactant mole-
cules in the monolayer is very slow compared with the time
scale of detecting ripplons of w ™' [1]. Thus, the surface dila-
tion by capillary waves continually produces regions with a
higher local surface density (HLSD) of a lower local surface
tension and regions with a lower surface density (LLSD) of a
higher local surface tension, relative to the average surface
density FgT A+ The counter ions in the LLSD regions prefer
to migrate into the diffuse layer; those in the diffuse layer

25

N
o
T

0 1 1 1 1 1 1
05 1 156 2 25 3 35 4

FD},{FA», / umol m?

Fig. 12 Dilational elasticity vs. surface density FgT A+ Of DTABr. € at m;
(mmol kg ™")=0(e), 5 (A),and 10 (m). e1. o at m, (mmol kg ') =0 (x),
5 (*), and 10 (+). Solid curves represent a guide to the eyes for €11, o
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diffuse onto the surfactant cationic head groups in the HLSD
region. This effect may enhance the diffusion of counterions
in the electrical double layer and raise the Dg value from the
usual value of 2.1 x 10°° m? s™' to the observed value of
7.12x10°% m® s”!. Therefore, it is likely that a kind of
Marangoni effect is taking place in the interfacial region on
a very short time scale, which is different from the two typical
types of mechanism related to the Marangoni effect (namely,
adsorption/desorption of surfactants from/to bulk solution and
the lateral diffusion within the adsorbed layer).

Let us investigate whether the addition of inorganic electrolyte
influences the dilational elasticity and the diffusion coefficient. The
dilational elasticity € and the best fit of &1y, o using Eq. 35 are
plotted against the surface density in Fig. 12. Some distinctive
features should be noted. First, the D values for the best fit of
eur e Were 7.12x 108 m? 571, 1.06x 10 m* ', and 1.9 x
108m?s ' at my/mmol kgﬂ: 0, 5, and 10, respectively. Second,
thee vs FET 4+ curve shifted to the right as the NaBr concentration

was increased. Third, the maximum values of € are very close to
H,max

each other but the surface density at the maximum ¢, FDT A+

increases as m, increases.

Figure 12 also shows that e11, o fits € very well at m,/
mmol kg '= 10 but the deviation of | 1. o from & becomes larger
with decreasing m,. Assuming that diffusion of counterions (e,
o) and the barrier against the diffusion of counterions (€11, par)
mainly contributes to ¢, that is, e =1, e+ ELT, ban Fig. 12 sug-
gests that at a given value of €, €11, ¢a(0) < €11 e(5) < €L, (10),
and thus €11 pa(0) > €Lt bar(5) > €11, bar(10). At a given €, the
values of I‘gT A+ increase with increasing m,, the counterion
binding x goes up according to x = 0.27FgT ++» and thus, the
surface charge density goes down. This effect leads to a decrease
of the adsorption-desorption barrier against diffusion of counter
ions. Therefore, it is likely that 11, b (0) > €11 par(5) > €11, bar(10)
and Dg(0) > Dg(5) & Dg(10), although a quantitative analysis
was not realized. To understand this feature, the w vs F]}JIT A+
and ¢ vs w relations were constructed and are shown in Fig.
13a, b. Figure 13b shows that all the dilational elasticity vs
I‘ET A+ curves, the adsorption-desorption barrier, and the diffu-
sion coefficients were dependent on the concentration of the
added salt. However, the value of the dilational elasticity itself
was primarily determined by the ripplon frequency for a given
surfactant DTABTr even in the presence of added inorganic salt, at
least, up to m,/mmol kg '= 10.

In Fig. 14, 7 defined by Eq. 36 is plotted against I‘}DIT A+t

H,max
DTA™”?

where ¢ passes through a maximum, for all cases of m,/
mmol kg71= 0, 5, and 10. When t.=1, the characteristic
frequency of the counterion diffusion in the surface region
wait. ofr 18 equal to the ripplon frequency w. Therefore, it can
be said that because the ripplon frequency at the maximum ¢ is
approximately 300 kHz from Fig. 13b, the diffusion of

goes through unity at around the surface density of T’
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Fig. 13 aRipplon frequency w vs. surface density gT 4+ and b dilational
elasticity ¢ vs. the ripplon frequency w of DTABr at m, (mmol kg ') =0
(©), 5 (e), and 10 (2)

counterions between the Stern and diffuse layers takes place
on a time scale of 3.3 us.

Dodecyltrimethylammonium ions with Br~, BF,, and SOf[

The €, €, €Lr, e VS FgT 4+ curves are shown for DTABF, in
Fig. 15a and DTA,SO, in Fig. 15b. For BF,, the value of ¢,
ofr deviates from ¢ at the lower FgT A+ Tegion, as was observed
for Br (see Fig. 12). However, for SO?", the value of ELT, off
was larger than that of € at both lower and higher values of

H . . . H
I'pra+ and was smaller in the intermediate I',+ range.

10.00
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Fig. 14 7. vs. surface density FgTA+ at m, (mmol kg_l) =0(0), 5 (o),
and 10 (&)
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Fig. 15 Dilational elasticity vs. surface density FgTA’ curves of a
DTABF,, b DTA,SO,. € from experiments (o), Gibbs elasticity gy (),
and effective LT model €1, .+ (A). Solid curves are guide to the eyes for
ELT, off

The Dp/m?s™' values were 4.8x107°(S03)
< 712 x 107%(Br") < 4.4 x 107 (BF}). Because the Dg
value is very different for different counterions, even for the
same DTA™ cation, and remains much higher than the diffu-
sion coefficient of the DTA" ion, 6 x 10 '°m? s™!, we con-
clude that the present SQELS study at high ripplon frequen-
cies of 200-400 kHz provides information on both surfactant
and counterion diffusion.

The € vs FST A+ curves are compared with each other in Fig.
16. It is clear that the maximum value of €, €™, and the value of

H max H,max
Iprar at e, FDTA+,

BF, > Br > SOﬁ_. This order is the opposite to ordering of
the magnitude of the dehydration free energy [62], i.e., AqehyaG/
kJ mol™" is: 190 (BF,) < 315(Br’) < 1080(SO3 ). The
counterion binding to the surfactant ions generally becomes
stronger as AgenydG decreases; hence, the tendency to escape
from the Stern layer to the diffuse layer is accompanied by mono-
layer compression and this tendency is expected to become
small. This expectation agrees with the findings in Fig. 16 that
BF, gives the highest ¢™ and that Dy increases in the order: 4
8x107(S0;7) < 7.12x 10°%(Br") < 4.4 x 107 (BF,),
as evaluated from the err. o fitting. Fig. 17a indicates that the
dependence of € on w is clearly different for the different coun-
terions. Conversely, the dependence is almost the same for

increased in the order of
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Fig. 16 Dilational elasticity € vs surface density Fl,{ curves of DTA,SO4
(o), DTABr (A), DTABF, (©), CioEs (m)

Br even in the presence of added salt, as shown in Fig. 13b. This
finding confirms that the dilational elasticity estimated by
SQELS at 200400 kHz reflects the diffusion of counterions in
the interfacial region and is determined not only by the perturba-
tion (ripplon) frequency but also by the strength of binding of the
counterion to the surfactant ion. The Ty vs FET A+ CUrves given

in Fig. 17b show that at Fg’ﬁaf, Te passes through unity, and
thus, the characteristic frequency of the diffusion wy;s o is equal
to the ripplon frequency w. The results in Fig. 17a, give wgi ofr
values of approximately 300 kHz (Br~), 310 kHz (BF,)
,320 kHz (8O3 ). Thus, the time scale of counterion diffusion

is estimated to be in the range of 3.3 —3.1 pus.

SQELS studies of nonionic surfactants
with oxyethylene units (C;¢Es)

In the above section with respect to cationic surfactants, we
demonstrated that relaxation processes relevant to high fre-
quency ripplons are not related to diffusion of surfactant ions
but rather to diffusion of counter ions in the interfacial region.
Although the transfer of counterions between the Stern layer
and diffuse layer generally accompanies hydration-
dehydration of counterions, it is practically impossible to treat
the influence of counterions and water on dilational elasticity
separately. To know how water molecules influence the
dilational elasticity in the high frequency regions, the
SQELS studies were adapted to the adsorbed mono-
layers of nonionic surfactants with oxyethylene units,
CH;(CH,)o(OCH,CH,)sOH, abbreviated as C(Es.

The € vs FEIOES plot of this system shows a notable differ-
ence from those of the ionic surfactants, as shown in Fig. 16.
For example, I‘gg}i’( is approximately 1 wmol m 2 and much
smaller than the saturation adsorption (~3.3 pmol m ?).

Additionally, the value of ¢ decreases slowly over a wide

range of T above I'H"™™ as compared with the behavior
C]()Es C]UES
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Fig. 17 a Dilational elasticity vs ripplon frequency and b 7. vs surface
density for DTA,SO, (o), DTABr (A), and DTABF, (©)

of the ionic surfactants, suggesting a different relaxation
mechanism for the C(Es surfactants. The ¢ values are plotted
against I‘ngs together with curves of EO,ELT, emr and et efr
in Fig. 18, where D/m*s ' =4.30 x 10™'* and kg/molm s ' =
425 x 10" were used [56, 57]. It should be noted that &1
based on the diffusion coefficient of C(E5 in aqueous solution
D is almost equal to £y and does not trace € even at higher
surface densities where the diffusion of surfactant molecules is
expected to be influential. The ey values calculated from
Eq. 34 coincide with g, perfectly as expected at high frequen-
cies for case 4. These observations derive from the conclusion
that the relaxation affecting the dilational elasticity is not at-
tributable to diffusion of C;yEs molecules but to some pro-
cesses relevant to the water molecules.

Because even er, o largely deviates from ¢ over a wide
range of I‘ISIUES, the examination on the basis of the diffusion
models is not realistic. As a possible qualitative explanation,
the cross-sectional area of even a non-hydrated hydrophilic
group is approximately 0.23 nm” and considerably larger than
that of a hydrocarbon chain (0.18 nm?). Thus, the hydrated
hydrophilic groups are expected to be sitting closer to each
other than the hydrophobic chains even for small I‘ngs.
When regions with a higher local surface density (HLSD) of
lower local surface tension and those with a lower surface
density (LLSD) of higher local surface tension, relative to
the equilibrium situation, are created by the capillary wave,
the possible relaxation processes include distortion of the hy-
dration sphere and/or hydration-dehydration of the hydration
sphere caused by diffusion of water molecules. It seems prob-
able that at a lower I'(, . , only the distortion responds to

ripplon perturbation. However, at a higher Pngs’ the results
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Fig. 18 Comparisons among the dilational elasticities obtained from
experiments and models for CioEs. ¢ from experiments (o), Gibbs
elasticity £, (@), LT model e+ (A), MLT model ey 1 (2), effective LT
model e, o (%)

suggest that the hydrophilic part of the monolayer is
dehydrated to some extent [63], hydration-dehydration pro-
cesses are essential for inducing perturbations in ripplons.
Assuming that the ripplon frequency at the surface density
Flc{l&af giving ™ corresponds to the characteristic frequency
for diffusion of water, wgir o as is the case for an ionic
surfactant, the frequency is estimated to be approximately
310 kHz. Because the ripplon frequency above FSI:EX de-
creases to approximately 210 kHz at the saturated adsorption,
we expected that the dehydration-hydration caused by diffu-
sion of water molecules has a strong influence on . This
expectation is consistent with the fact that €1 . becomes
comparatively close to € at high FgwEs.

There have been some reports on the dilational elasticity of
CiE; surfactants. Ravera et al. demonstrated that for C;¢E4
surfactant adsorption, the characteristic frequency for diffu-
sion is approximately 0.4 Hz, while that for surfactant reori-
entation is approximately 800 Hz [3]. This result supports our
finding that the relaxation process captured by SQELS at
ripplon frequencies of several hundred kHz is neither related
to surfactant diffusion nor to surfactant reorientation. Sharpe
and Eastoe [21] reported a dilational elasticity in the range of
20-30 mN m ' as a function of ripplon frequency from 30 to
90 kHz for C,oEg and C,,Es, which roughly coincides with
™™ of the present study.

Damping coefficients

The damping coefficient evaluated from phenomenological
fitting is plotted against £/ for DTABr at m,/mmol kg '= 0,
5, and 10 in Fig. 19, which clearly demonstrates that T'/T"™**
has a maximum in the range of ¢/y~0.15—0.2. Because wk
was shown to take a negative value at approximately /7~0.1,
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Fig. 19 Loss modulus wx and damping coefficients 171, plotted
against €/ for the DTABr-NaBr mixtures at 1, (mmol kgﬁl) =0(0), 5
(e), and 10 ()

such a negative viscosity closely correlates with resonance
between the transversal and dilational waves [64].

Eastoe et al. measured the surface dilational viscoelasticity
of aqueous solutions of hexadecyltrimethylammonium bro-
mide (HTABr) with and without dodecane (C12) by the
SQELS method and found that the sign of x switched from
negative to positive through the addition of C12 [27]. Monroy
et al. also found negative dilational viscosities for HTABr
from the ECW experiments [17] and reported that such nega-
tive dilational viscosities arise from deficiencies in the hydro-
dynamic description of the interface and an appropriate dis-
persion equation of interface is absolutely necessary [23]. The
amplitude of the capillary wave T estimated by
<12 = (kT/(yq2 + pg) was 0.2-0.5 nm at a surface ten-
sion y of the aqueous DTAB solution. Conversely, the inter-
face thickness (Debye length) estimated from the Gouy—
Chapmann distribution was 8-2.5 nm in the absence of
NaBr and 3-2 nm at a NaBr concentration of 10 mM for the
aqueous DTAB solutions. Furthermore, the thickness of the
counterion distribution, including the surface roughness, was
estimated to be approximately 1.1 nm from X-ray reflectivity
measurements [65]. Therefore, although the amplitude of the
capillary wave might be somewhat smaller than the interface
thickness, there is every possibility that the capillary deforma-
tion of the interface brings the monolayer into contact with the
bulk region. In those cases, an additional coupling term should
be incorporated into the dispersion equation as described by
Monroy et al. [23], Thominent et al. [28], and Hennenberg
et al. [22]. Furthermore, the model proposed by Bonfillon
and Langevin is likely more sophisticated than the usual
MLT model for charged surfactants [19].

To improve our understanding of these systems further the-
oretical and experimental studies are needed. In particular, we
need more experiments on ionic surfactants in the presence of
added inorganic salts at higher concentrations than those used
in the present study. Furthermore, mixtures of different ionic
surfactants with hydrocarbons and different types of nonionic
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compounds of the form C;E; should be investigated and ana-
lyzed using different useful models. Our future SQELS stud-
ies will focus on these aspects.

Conclusions

The surface dilational viscoelasticities of aqueous solutions of
short chain lipid mixtures, cationic surfactants with different
counterions, and nonionic surfactants with oxyethylene units
were investigated by measuring SQELS spectra and analyzing
these data by both surface rheological and phenomenological
fitting. The evaluated dilational elasticities were examined by
the Lucassen-van den Temple model and its analogues.

From the ECW and SQELS studies on the lipid mixtures,
we demonstrated that the molecular interaction between
DCgPC and DC¢PC in the adsorbed film clearly influenced
the relaxation process on the order of milliseconds (ECW);
however, these interactions were not so influential on relaxa-
tion of the order of microseconds (SQELS). The frequency
dependence of the dilational viscoelasticity with the use of
ECW suggested that the characteristic frequencies for relaxa-
tion from staggered structure formation were likely in the
range from 150 to 300 Hz. Thus, the time scale was of the
order of milliseconds.

The dilational elasticity of cationic surfactants with differ-
ent counterions were evaluated from SQELS studies at 250—
400 kHz and examined using the LT, modified LT, and effec-
tive LT models. Examination of the DTABr adsorbed film
suggested that the main influential relaxation processes on
the dilational property at this high frequency were neither
related to diffusion of surfactant from the bulk phase to the
subsurface nor an adsorption-desorption of surfactant ions be-
tween the adsorbed layer and subsurface. Rather, the most
influential factors related to diffusion of counter ions taking
place in the interfacial region owing to capillary wave dilation.
This was confirmed from studies on the DTABr and NaBr
system, which showed that the value of dilational elasticity
itself was primarily determined by the ripplon frequency for
a given surfactant, DTABr. This case was true even in the
presence of added inorganic salt and the diffusion of counter-
ions between the Stern and diffuse layers takes place on a time
scale of 3.3 us. Moreover, investigations on the DTABF, and
DTA,SO, systems revealed that the order of the change in
magnitude of the diffusion coefficient in the interfacial region
coincided with the degree of counterion binding to surfactant
cation and dehydration energy. This result confirms the sug-
gestion that the most influential relaxation processes on the
dilational property were related to counterion diffusion in the
interfacial region.

The SQELS studies of nonionic surfactants with
oxyethylene units (C;oEs) showed that neither the LT, modi-
fied LT, nor effective LT models could completely follow the

@ Springer

experimental dilational elasticity. However, it was suggested
that the relaxation process captured by the SQELS studies at
ripplon frequencies of several hundred kHz were neither re-
lated to surfactant diffusion nor to surfactant reorientation.
Rather, the possible relaxation processes were related to dis-
tortion of the hydration sphere and/or hydration-dehydration
to/from hydration sphere caused by diffusion of water
molecules.

Finally, negative values of surface dilational viscosity were
also found. We concluded that T/T"™* has a maximum at
approximately €/~ 0.15~0.2 and wk starts to take a negative
value around e/7~0.1. Therefore, such negative viscosity
might be closely related to the resonance between the trans-
versal and dilational waves.

The present SQELS studies could provide information on
the diffusion of counterions and water molecules in the inter-
facial region. The conclusions given above should be exam-
ined further using other types of ionic and nonionic surfac-
tants, surfactant mixtures. Nevertheless, we showed that
SQELS studies are capable of capturing useful and interesting
information, which other methods at lower frequencies do not
provide.
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