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Very slow relaxation observed in the surface tension of surfactant solutions
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A light scattering study was made on ripplons generated over the surfacgTéBC(n-cetyltrimethyl
ammonium bromidesolutions(in the present case=14 and 16. After preparing the sample solution we
measured its surface tensiorr  h and confirmed that the tension did decrease with time exponentially but
very slowly. The relaxation time depended on the surfactant concentration of solutions and increased sensi-
tively with the progress of dilution, e.g., 3 min at 7mol/l to 80 min at 104 mol/l for C;gTAB. The results
obtained were correlated with surface adsorption densities estimated from the observed surface pressure vs
concentration curves using Langmuir’'s adsorption equation. Two mechanisms were proposed to interpret such
a slow relaxation process: One is a model in which reorientation or redistribution of the surfactant molecules
adsorbed on the solution is considered, while the other is a two-state model that assumes the existence of a high
energy barrier for surfactant molecules between those on the surface and those in the subsurface. A question
still remains as to which of the two is more probable.
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INTRODUCTION laxation times extending from several tens of minutes to
hours. This is to be discussed.
In the early part of the last century Adam and Shute ex-
perimentally studied surface tension of a dilute solution of THEORETICAL BASIS OF EXPERIMENT
cetyltrimethyl bromide and noticed a very slow decrease in o
the tension, a decrease which lasted for hours or s A liquid is never perfectly flat and smooth but always
Their results, however, have not been fully confirmed be microscopically rough because of the thermally generated
cause of a lack of successive studies. density fluctuation of bulk liquid. This surface roughness
Previously we studied the surface elasticity of SB8- forms ripplons, the yertical disturbance.wave.s which propa-
dium dodecyl sulfateagueous solutions and found a relax- gate .and attenugte in .accord with a dlspersmn relation de-
ation effect associated with two-dimensional viscoelasticityPending on the intrinsic surface properties. For the waves
[2]. In the present study we aimed to confirm such a slowVith wave numbek, frequencyw and the temporal attenua-
relaxation process on liquid surfaces as Adam and Shute offlon constaniG, the relation is written as
served and, if verified, to clarify its mechanism. To achieve
this purpose we principally employed a technique termed 2_9 3 _ "
: L X ) . w°=—k® and G=—k*, (1)
ripplon light scattering,” a technique which permits a pre- p p
cise determination of the wavelength of ripplons, i.e., ther-
mally excited surface tension waves propagating on a liquidvherec is the surface tensiop,the liquid density, and; the
surface, in a perfectly noncontact manner. For producing anfiquid viscosity. These equations have been derived from a
measuring surface tension waves at frequencies below I1firict and somewhat complicated dispersion relation under
kHz, we used another techniq{@4]. the approximation ofG<w. Fortunately this simplification
It is the significant feature of surfactant molecules thatholds well at frequencies below 10 MHz. In Ed) only the
they have two kinds of molecular terminations with conflict- surface tension is considered as a restoring force of the
ing natures, i.e., hydrophilic and hydrophobic. When a surwaves, while the gravity term that is significant for waves
factant is dissolved in a solvent, this feature usually helps tavith wavelength longer than 10 mm is ignored,; it should be
reduce the surface tension of the solution. The reductiomoted that the ripplons we studied had wavelength shorter
must be greatly influenced by the solution temperature anthan 1 mm. From Eq(1) one can see that the ripplon mea-
the concentration of the surfactant. In the present studyurement enables us to determine the dynamic values of
hence, we measured the surface tension of surfactant solend # of the liquid on which ripplons with a frequency af
tions as a function of time, temperature, and surfactant corare propagating.
centration. We chose tetradechyl trimethyl ammonium bro-  Since the principle of the rippon light scattering technique
mide (C4TAB) and hexadecyl trimethyl ammonium has been described elsewhpt§ a brief explanation is given
bromide (GgTAB) as surfactants. here: When a light beam irradiates a liquid surface, it is
Our results clearly indicate that very slow relaxations doscattered diffusively by the ripplons traveling on the surface.
occur in the surface tension of surfactant solutions with reThe momentum conservation law holds among three kinds of
waves concerned, i.e., the incident light, the scattered light
and the ripplons. The wave number of ripploksan be
*Also at Department of Basic Science, Graduate School of Artsddetermined from optical wave numbers and the light scatter-
and Sciences, The University of Tokyo, Komaba, Meguro-ku,ing angle.(The angle was fixed at about 1.5° throughout our
Tokyo 153-8902, Japan. experiment, because the value corresponded to ripplons with
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FIG. 2. Surface tension and viscosity of pure water observed by

FIG. 1. Block diagram of the ripplon light scattering system theorlpplon llght scattenng_ technlque_ overa?emperature range frc_)m

o ) . .20 °C to 40 °C. The experimental points are in good agreement with
used in this study. The inset shows detail of the sample trough witty = I .
a movable barrier the literature valueg$5] represented by the solid lines, showing

reliability of the experimental system.

a frequency of 120 kHz, i.e., a frequency in the optimum S o ] ]
range of our system for accuraky. rier of the frame slid sidewise in a pistonlike manner and

The light scattered by ripplons is naturally subjected toSWept the surface so as to produce a clean controlled area on

Doppler shifts and exhibits a doublet spectrum consistingh® sample surface. The trough had a clear transparent
from Stokes and anti-Stokes components. This frequenc§@nopy which served to prevent the sample from both evapo-
shift of the scattered light is equal @, the ripplon fre-  fation and contamination. The sample temperature was con-
quency. The scattered light is detected as successive peaksttlled to +0.1°C. .
spectrum and the line broadening of each peak leads to de- N order to check on the performance of the whole experi-
termineG. From the values ok, w, andG thus obtained, we Mental system, we made a preliminary measurement of vis-
can estimater and » of the surfactant solution using E().  cosity and surface tension of pure water, changing water
To achieve a very high spectroscopic resolution and serifemperature from 15°C to 40°C. The observed values of
sitivity, we employed an optical heterodyne system schemati@nd 7 are shown by the closed and the open circles, respec-
cally shown as the block diagram of Fig. 1. The light sourcefively, in Fig. 2. These data agree well with the previously
is an Nd-YAG (yttrium aluminum garnetlaser with a 100 reported values represented by the solid lines in Figp]2
mW output at 532 nm in the second harmonic generation! NiS agreement, particularly with respect &9 seems to
The laser beam is divided into two paths with an acoustoguarantee the reliability of the light scattering system used in
optic modulator driven at 80 MHz. One, 95% in power, is the present study.
used as an intensive incident light, while the rest as a local
oscillator light for optical heterodyning. The two beams \gry sLOW RELAXATION OF SURFACE TENSION
cross each other on the liquid surface. This intersection de-
termines the scattering area. The local oscillator light and the Before measurement we preparedT&B aqueous solu-
light scattered in the same direction as the former enter intéons (n=14 and 16 in our cagavhich had concentrations
a photodiode. The output current of this photodetector carrie¥arying from 0.008 to 4 mM (10° mol/l). The critical mi-
an optical beat signal having the doublet power spectrungelle concentratiofCMC) was included in this range. It
symmetric with respect to the central frequency of 80 MHz.seems noteworthy here that the carbon chain length is an
The peak and width of the spectrum are processed with Bmportant factor for making TAB molecules either hydro-
spectrum analyzer so as to giweand G, respectively. Be- phobic or hydrophilic: the affinity to water is markedly re-
cause of frequency sweep and data accumulation it requirediced with an increase in
about 1 sec to determine a value @for of %. It should be After filling the trough with a sample solution, we sealed
noted that this delay time is negligibly short in the observa-up the trough except for two very tiny holes, through which
tion of slow phenomena lasting for several tens of minutes othin Teflon threads for pulling the barrier passed. Just before
more. measurement we pulled the barrier very carefully so that a
The metal trough used in the present study for keeping &lean sample surface with no adsorbed surfactant molecules
sample solution is shown in the inset of Fig. 1. It has acould be produced. Then we started measurement immedi-
rectangular 228 100 mn? shape with a pool depth of 20 ately. Whether the sweeped surface area of a sample solution
mm. Since the prevention of sample contamination was eswvas clean or not at the beginning of measurement could be
sential in the present experiment, we covered the trough witkasily checked from the value of surface tension initially
a Teflon film completely. A frame made of a 5@m thick  obtained: If the value was close to that of pure water, i.e.,
Teflon sheet was placed on the sample surface. A Teflon bapr=72.75< 10 3 N/m at 20°C, the sweeped area was re-
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FIG. 4. Dependence of the relaxation time on the concentration.

FIG. 3. The slow decrease observed in the surface tension dhll the open circles and the solid lines in this figure represent the
C,4TAB solutions with different concentrations. The temperature isresults for GgTAB solutions; and the closed circles and the dotted
at 20 °C. The inset figure shows the results in a logarithmic ordidines, for G,TAB. The left-hand curves represent the surface den-
nate. The solid lines in both figures represent the exponential decagity estimated with the Langmuir’s equation of adsorption fitted to
of which the time constant is indicated with the arrows. the experimental data af-c curves shown in Fig. 5. The arrows

indicate the Langmuir parameters whose values foT&B and
garded as initially clean. Otherwise, some of the surfactanisTAB are given in Figs. 4 and 5, respectively.
molecules adsorbed on the dirty surface area were thought to
have leaked out to the sweeped area before measurement. Examining the results shown in Fig. 4, one may realize a

Figure 3 shows slow changes in the surface tension ogubtle contradiction: The longer carbon chain @fX&B im-
C.4TAB solutions of different concentration at 20°C. It plies a more hydrophobic nature of this molecule. Neverthe-
should be pointed out that these curves represent a real-tinkess, 7 of C;sTAB solutions is longer than that of ,¢TAB
observation of equilibrium achievement in the surfactant sosolutions. GsTAB molecules seem to be more reluctant to
lutions used. Let the surface tension at tittee denoted by float up on the sample surface. This paradoxical result has
o(t). Then it is apparent that all of these observed data caRrovided us with a hint in considering the mechanism of

be fitted well with an exponential decay function written as Slow relaxation observed in the present study. The other
curves in Fig. 4 showing the surface density vs concentration

o(t)=0,+(0g— o) exp —t/7), (2 relation will be mentioned in the next section.
where 7 is t_he_ _characteristi_c relaxation time, whitg, gnd ADSORPTION DENSITY
o, are the initial and the final value of surface tension, re- _ _ _ o
spectively. In the case of dilute solutiori8.074 and 0.19 In the case of two-dimensional physics on liquid surface,

mM) the values ofr, obtained from graph fitting seem to be surface pressure is defined as a difference in surface ten-
in good agreement with the one for pure water. In the case d§ion, i.e.,m=op— o in our case. This pressure is known to
a more concentrated solutidd.37 mM), however, the esti- be tightly associated with a quantity defined as the number
mated value ofo is 54x10~2 N/m, which is 20% lower OF mol of the molecules adsorbed on a unit surface area.
than that of pure water. This indicates that a considerabl¥Vhen the molecules are insolublg,is readily determined;
amount of surfactant molecules had leaked out to the cleandfe total amount of adsorbed molecules divided by the total
area through the barrier when the barrier sweeped the surfagélrface area.
of the concentrated solution and hence the sweeped surface Since G4TAB and C¢TAB molecules are solublel’
area was not free from surfactant contamination even at theannot be determined in a straightforward manner. To esti-
time of starting measurements. mateI" for a given concentration of the solution used, we
The characteristic relaxation timeis particularly impor- ~adopted an idea that, for molecular adsorption on a solution,
tant in the present study. This can be determined from logaéquilibrium should be attained between the surface molecu-
rithmic plots of surface tension change with time such adar density and the concentration on the solution underneath.
shown in the inset of Fig. 3. Figure 3 suggests also #hiat  In other words[" should be determined so that a decrease in
affected by the surfactant concentration. Figure 4 shows theurface free energhere ing) can be compensated for by an
concentration dependence of obtained for G,TAB and increase in chemical potential of the solute in the surface
C16TAB solutions. In both cases increases markedly with region. Based on this idea we reached the following Gibbs
dilution, i.e., with a reduction of concentration. No peculiar- €quation of adsorption:
ity is found at or near a point corresponding to CMC, though
the concentration dependencero$eems to be considerably = cdm 3)
lessened at concentrations above CMC. kgddc’
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J r J ' J T solution used. This implies that the premise of E3). does
40 - To=1.6x10 ®mol/m?2 ——=—=&] not hold well in the present study and the above-stated direct
€ & 1.5 @ estimation of" should be abandoned. We therefore fitted
2 i : 2 Egs.(4) and(5) to the experimental points af as shown by
A 30 L o) 1 B the lower solid curve in Fig. 5, estimating, at 1.6
< 1l B X 10" ® mol/m? anda=0.11 mM. Since the carbon chain of
R i s t 10 % C14TAB is shorter than that of gTAB, it is very plausible
W T 7 iy 4 3 that a G,TAB molecule occupies a smaller area when ad-
2 20 g cMc sorbed on the surface, leading to a larger valué'@f The
i1 ; . ™ larger value ofa for C4,TAB can be ascribed to the more
g - 1 32 hydrophilic nature of the molecule. The adsorption curves,
§ 10 / -] 05 3"’ which were obtained using all parameters regarding AB
W ™ ] ;:’ and GgTAB, are shown also in Fig. 4.
B - c=a=0035mM - ~
0 //— b RELAXATION MECHANISM
" 1 " 1 "
0.1 1 10 1000 To account for the slow relaxation of surface tension ob-

served in the present study, we first considered a model
rather commonly employed, i.e., a molecular diffusion pro-

FIG. 5. Dependence of the surface pressure on the concentratidiess in the sample solution. However, the model has proved
observed in GsTAB solutions, and fitted curve of Langmuir's equa- unsuccessful in our case because of the reason stated as fol-
tion of adsorption(solid line). The abscissa is reduced with respect lows:
to a, one of the Langmuir parameters. Also shown are the curves of According to the model, excess surfactant molecules on
surface density calculated by the Langmuir's equation with the pathe sample surface should sink into the solution as deep as
rameters given in the figure. The dashed lines represent the curvelseir diffusion lengthL within a characteristic timd of the
of 7 andI" obtained by the fitting of Frumkin's equation with the system concerned. Note here that is given by L
third parameteb=0.2T. =(DT)Y?, whereD is a diffusion constant, anfl is defined

) _ ) ) as the ripplon period obtained from the spectroscopic studies

temperature, andtg the Boltzmann constant. EquatidB)  surfactant molecules, they should be supplied to the surface
holds only in a very dilute region, wheiléis small enough  from the upper layer of solution with a depth bf This
for adsorbed molecules to be far separated from each othefiffusion model suggests that an equilibrium state of surface
Because the number of adsorption sites is rather limited, adensjon should be attained through an exchange of surfactant
sorption saturation can occur in a region wheie not rather  mojecules between the surface and the solution layer under-
low. Taking this effect into account, Langmuir formerly pre- neath. However, we have realized that this is impossible be-

REDUCED CONCENTRATION C/a

sented his equation of adsorption written as cause the estimated relaxation timé orders of magnitude
shorter than the observed relaxation time of surface tension
7= —kgbl'olog{1—(I'/T'o)} (4 and the estimated thickness of the diffusion layeis too
small to accommodate molecules enough to fill up the sur-
and face. In the case of a 0.1 mM,§TAB solution, for instance,

we roughly estimatea andL to be 0.8 ms and 5 nm, respec-
'ty ¢ (5)  tively, using a value oD =6x 10 8 cné/s which is com-
1-I'r, a’ monly used for surfactant molecules of this kind.

Such a slow relaxation as observed here seems to be in-
wherel'y is the saturation value df anda is a constant terpreted by taking a simultaneous collective motion of many
determined from the adsorption and desorption rates at molecules into consideration. A good example can be found
concentration corresponding to=1"4/2. in the case of the critical slowing-down of a liquid crystal at

Figure 5 shows ther-c relation we obtained for ZTAB  an isotropic phase: When its transition point to a nematic
solutions. Herer represents a decrease in surface tensiophase is approached, the correlation length of collective mo-
from the initial to the final value at each concentration, i.e. tion is increased and the time constant of reorientation relax-
m=09— 0. It should be noted that in Fido a logarithmic  ation is prolonged almost to infinity. Hence our first assump-
scale is used for the abscissa which represents the reduc#édn is that a quasi-two-dimentional group of surfactant
concentratiorc/a. It appears possible from E¢3) to esti-  molecules in a subsurface layer makes a collective motion
matel” using the gradient of the-c curve, at least in a very toward a surface to be adsorbed, though the existence of such
dilute region, since (t)dc=2.303I(logc). The brokenI”  a layer has not been experimentally verified. According to
curve in Fig. 5 shows th& values thus estimated. this assumption, a group of fewer molecules in a dilute so-

We have, however, realized from a simple analysis thatution should move faster and so should have a shorter re-
more than one surfactant molecule must be present on tHaxation time than that of a larger number of molecules in a
surface area of a 4-nm square even in the most dilute sampt®ncentrated solution. Therefore, this assumption apparently
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contradicts the results shown in Fig. 4. CMC, separated surfactant molecules in the solution are
Our second assumption is that there exists a secondaryore closely crowded, which may lower the activation en-

stage of surface adsorption: The surfactant molecules, aftargy for overcoming the barrier by the elevation of the en-

once adsorbed on the surface, form a monolayer that requiresgy bottom of the solution state; the relaxation time de-

a considerable time to reach its equilibrium state. The adereases with an increase in concentration. The two-state

sorbed molecules are thought to experience a reorientation anodel is, thus, in agreement with the results of the present

redistribution process over a macroscopic surface area, unstudy in a qualitative sense.

equilibrium is reached. It seems natural that this process may For a quantitative analysis the activation energy should be

lead to such a long relaxation time as observed. As is sugdetermined through experiments made at different tempera-

gested from Frumkin's equation of adsorption, this processures and the results should be discussed in terms of the

should be accompanied by energy exchange among the anholecular tail length and the concentration of sample solu-

sorbed molecules or, in practice, between the nearest neiglions. We are planning a study in this direction.

bors. According to this model, a longer relaxation time is

expected for a smaller surface density or a solution of lower SUMMARY

concentration, which has been in fact observed in the present

study. A double relaxation phenomenon is assumed in thiae

model, an initial fast adsorption followed by a slow reorien- : : .
tsuccessfully observed very slow relaxations in the tension

tation or redistribution of adsorbed molecules. The first fasafter reparation of sample solutions. The mechanism of the
step is likely to be missed in our measurement, whose ex- | prep di g ; L ith th ‘ d
perimental system had a time resolution too poor to follow'© axgtlon was discussed in association with t e ,Sur ace ad-
phenomena with relaxation times shorter than 1 min, Tosorptlon density, a value estimated from Langmuir’s equation

settle this open question, a careful study of ripplon spectros(-)f adsorption and from ther-c curves experimentally ob-

copy at a kHz or MHz range will be required. This secondtained' TV\.IO possible_mt_achgnisms were proposed: One is that
assumption is, however, not excluded at present. reorlen(tjatlog gr redlstrlbutlr(])n offthe .surfactant molgculesl

The very slow relaxation of surfae tension can be elucigie B2% W IS P S ACE T8 TR e and
dated from a completely different viewpoint. It is known

that, when surfactant molecules are stably present in a Watéc?%sne én t::eeir Ia}ézirti:));;c\),lvﬁﬁme ;L(J;f]t (?tig?ai;h ;hﬁesg;fzciieﬁ'
solution, a caplike structure of water association forms to 9 P P 9

cover the hydrocarbon chain of the surfactant moleci8¢s activation energy required. The energy is tho_ught to arise
The hydrophobic tail of the molecule tends to avoid the di_from the transient exposure of the hydrophobic part of the

rect contact with water monomers so much that the energﬁg\t\‘;":\i?t itn;ggcﬁéfsbetgnﬂ;ittfgg?#?ﬁéngrg,aetﬁtr S?Zlcénoxrﬁfﬁ
for pushing back the surrounding water may surpass the Xt the t\/\;o mechanisms is more b bﬁ To ol y th
cess energy required to build the caplike structure. We con- . probable. fo ciear up the
sider that a surfactant molecule partially covered with assoprOb.lem’ we feel it hecessary fo carry out more quantitative
ciated water molecules will behave as a single hydrophilicStUd'eS on the relaxation time of surfactant molecules with

compound. Before the stable state of adsorption is achieve(‘ii ifferent hydrocarbon lengths over a wide temperature and

: : concentration range.
such compounds in the subsurface region have to remové 9

their water cap and expose their hydrophobic tail to the sur-
rounding water monomers transiently. At this transition the
surfactant molecules have to overcome a great energy barrier Thanks are due to Professor K. Takagi of the University
between a stable state of solution and that of adsorption. Thisf Tokyo for his stimulating advice and suggestions. Profes-
two-state model associated with an energy barrier seems &pr Emeritus S. Hyodo of the same university is also greatly
be consistent with the observed very long relaxation time odcknowledged, who kindly improved the English of our
surface tension, if the barrier is much higher tha®. manuscript. This work was partially supported by a Grant-

In view of this two-state model it seems natural that thein-Aid for Scientific Research from the Ministry of Educa-
longer hydrophobic tail of GTAB yields a higher energy tion, Science and Culture. The experiment was partly per-
barrier, causing a longer relaxation time, than that offormed by S. Oikawa, N. Igarashi, M. Utou, W. Tamura, and
C.4TAB. In the solution with higher concentration, say nearR. Ishii of Japan Women'’s University.

We applied the “ripplon light scattering” technique for
termining the surface tension of surfactant solutions, and
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