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Measurement of ultralow interfacial tension with a laser interface manipulation technique
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The liquid surface or interface is deformed slightly by a laser beam passing through it. Based on this
principle, a method to measure the liquid-liquid interfacial tension is developed. The interfacial tension is
determined from the deformation, of which the displacement is measured with another probe laser in a
noncontact manner. The measurements were available in two different senses: the constant displacement under
continuous laser irradiation gives the static value, and the frequency response spectrum of the displacement
under modulated excitation gives the dynamic value. To demonstrate the usefulness of this method, a series of
experiments were conducted in the interface between heptane and water containing aerosol OT as a surfactant.
The interfacial tension was controlled by the concentration of added NaCl, and measurements were made over
the range from 1uN/m to 100 mN/m of the tension. The results were in good agreement with the previous
works. This method would be a new tool for the studies of various interfacial phenomena.
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[. INTRODUCTION such as the dynamic interfacial tension and the interfacial
elasticity. Secondly, the tension is obtained by measuring the
Many experiments have been done recently on the mixinterface deformation given by the external force. In Wil-
tures of oil and water containing some surfactants. ThesBelmy's method, for example, the tension is obtained as the
systems have an interesting property: the interface betweefrce to pull down the plate. Hence, the lower the tension is,
oil and water has very low tension less than 1 mN/m, Wh|chthe less accurate the measurement is. In the LIM method, on
causes the appearance of various phases such as emu|sim other hand, the deformation of the interface is |arger
microemu|sion’ or bicontinuous phase. They are quite imporWhen the tension is lower. The lower the tension iS, the more
tant materials from a viewpoint of physical interest as well asiccurate the measurement is. We can adjust the power of the
industrial applications. For instance, studies have been dorIMp laser beam to obtain a suitable displacement for mea-
actively on the relation between the microstructure and théuring. The third advantage is the noncontact operation as
intermolecular force in microemulsions, and the develop-mentioned above. In a contact method such as Wilhelmy's, it
ments of new medicines are made with emulsions. It is nec"@y happen that the interface is polluted by the probe con-
essary, therefore, that the interfacial tension be measured prict. The contact method also induces a seriously large de-
cisely. Methods to measure the interfacial tension havédormation of the interface, which might change the condition
already been established. One is Wilhelmy’s hanging plat®f the interfacial molecular layer. _ _
method. While this is a relatively easy technique, itis hard to The principle of the technique was already introduced in
measure low tensions because the tension is obtained IHr previous work on liquid surfacdg]. We measured the
measuring the pulling force of the plate. In addition, the platesurface tension of a myristic acid monolayer with the laser-
is in direct contact with the interface and may bring the in-induced surface deformation technicéSD). However, the
terface some undesirab'e effect if the interface has Soméurfa.ce tension was obtained as a relative value with reSpeCt
fragile structures such as an adsorbed molecular layer. A0 water and the accuracy was less than sufficient. The LISD
other one is the spinning-drop method: a thin tube containingeéchnique has also been used in other wggs], in which
water with an oil droplet is rotated and the change in thethe large deformations were excited in the liquid-liquid sys-
shape of the droplet gives the interfacial tension. ThougHems and the relation between the displacement of the inter-
useful for ultralow tension, the spinning-drop method is notface and the pump laser intensity was studied. Their purpose
effective for systems including a microemulsifih2]. was, however, to make the giant deformation, and not to
We developed a noncontact interfacial tension meter usestudy the interfacial properties. In this paper, we introduce a
ful over a wide range of tension, especially down to ultralowmeasurement system made to give the surface or interfacial
tension. Two focused laser beams are used in our methoégnsions more accurately.
one with a high intensity excites and deforms the interface
[3] and the deformation is detected by the other one with a
lower intensity. This technique can easily be understood in
an analogy to the laser trapping technique, which is a non- In our previous work, we discussed the surface properties
contact manipulating tool of very small particles, so we callof liquid under the approximation of high surface tension
our method the laser interface manipulation techniquehat simplifies the dispersion relation of the liquid surface
(LIM). The LIM has three advantages over other measuringvave. In a system with low tension, such as the liquid-liquid
methods. First, the interfacial wave is generated by modulatinterface, this approximation loses validity. Hence, we redis-
ing the pump laser beam. The spectroscopy of the interfacialuss the theory for the interface here.
wave brings us various physical properties of the interface, The light propagates with the momentum, which is in-
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versely proportional to the light wavelength in the medium. 300
When the light travels from one medium with the index

and the density, to the other withn, andp,, discontinuity

of the momentum at the interface applies the radiation pres- 200
sure to the interface. Here, we adopt the condiiiqer po;

this means that the light passes through the interface upward
from the bottom. The equation of the momentum conserva-
tion is written with the radiation pressum@ which has a
positive value in the upward direction:
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wherei is the' thlcal mtensny per unit area aml '23 the FIG. 1. Calculated curves of interface displacement under pump
energzy reflectivity O_f the light glven bR:(,nl_nZ) /(ng laser withh\ =532 nm,w=30 um, andl;=400 mW. The liquids
+n,)<. In the experiment, the light source is the laser beam, . ofn,=1.332,n,=1.385, and\ p=0.32 g/cni. The insets rep-

and the intensity has a spatial distribution given by resent the shape around the center of the deformation in an ex-

anded axis.
2, p( 2r2) P

i(r)= 2eX 2 2 A. Static measurement of interface deformation

mTW w

The deformed shape of the interface is uniquely deter-

beam center, and is the width of the laser beam. Then, the the optical conditions. Here, we assume that all of these pa-

radiation pressure at the positionis written as rameters are given and kept constant except the interfacial
ol or? tension, and the interface deformation is thus a unique func-

o(r) = — —° (n,— nl)( 1- Na—Ny exp( _ L) tion of . We can, therefore, determine the interfacial tension
crw? n,+n, na by measuring only one characteristic value of the deformed

(3) interface, such a$) the absolute value of the peak height
) o £(0), (i) the curvature of the interface at the center
According to Eq.(3), the radiation pressure works to push 92£(0)/ar2, or (ii) the maximum gradient of the deformed
the interface into the material with a smaller refractive indexinterface which appears at aroune w, as shown in Fig. 1.
regardless of the propagation direction. At the interface, thigye have actually tried to measure these values. Each of them
force is balanced with gravity and the Laplace force. Thes shown to have both advantages and disadvantages.
interface displacemeni(r) is given by While the absolute peak height can be accurately mea-
P _ sured by the optical interference, the signal is very sensitive
P(r) = Apgé(r) +yV7&(r)=0, “) to the myechani?:al noise of vibration. In gddition, thye method
where¢ has a positive value in the vertical upsidep rep- is gomplicated when th_e displacement exceeds half of the
resents the difference in density A9 =|p,—p,|, g is the optical wavelengthz as in the present case. As for the mea-
gravity constant, and is the interfacial tension. From Eqgs. Surement of the interface curvature, which we actually
(3) and (4), the displacement of the interface is representedd0Pted in our previous work, the detected signal is easily

as analyzable in terms of the simple expression of the coaxial
optics of the pump and probe laser beams. However, we have

WP, [=kJo(kr)exp —w2k?/8) to carry out some complicated calculations to relate the de-

&(r)= 7 > dk. (5)  tected signal to the absolute value of the interface curvature.

0 yk“+Apg The coaxial configuration has some experimental problems

when applied to the light absorbable materials. The probe

laser passed the same way, as the pump suffers from a seri-

by ous thermal lens effect.
The interface gradient is, within the first approximation,

_ (6) the most intuitive measure obtained by the optical technique
since the deflection angle of the reflected light directly gives
twice the surface gradient. Therefore, we tried this method in

Figure 1 shows the curves é(r) calculated for the different the present experiment, though other methods are also useful

values ofy. As is easily understood with the principle of the for different conditions.

optical deformation, the interface in the radiated areay, Of course, we have to accurately calculate the beam de-

is convex, while the outer area is concave showing the meflection and distortion after the penetration of the deformed

niscus to the flat interface. The measuremeng(@) brings  interface since the probe and pump laser have finite and com-
us the interfacial tension with two possible approachigs: parable beam size. The calculation of the far-field profile of
the static measurement afig) the spectroscopic one. the probe laser was carried out as follows: The probe laser is

Here,J, is the zeroth-order Bessel function aRg is given

Ny—nNy
n,+n,

21
P0=_ 0

2(”2‘”1)(1_
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an ideal Gaussian beam convergent almost normally to themeniscus. The typical and finest structure of the deformation
interface where the beam has its waist. While the flat interis thus restricted by the pump beam width. The wave number
face works as a flat mirror, the interface suffering from theof the excited interfacial wave under the periodic modulation
deformation modulates the phase of the incident probe bearof the pump laser power is also restricted to abdut
We consider approximately that the probe laser is normally- /2w, which gives the characteristic form of the frequency
incident to the interface and suffers from the phase #if)  spectrum of the interface deformation. The amplitude of the
dependent on the position on the interfacand related t0  interface vibration decreases rapidly at around the character-
the interface displacemedir) to ¢(r) =2ky&(r), kprbeing  istic frequencyf,, which is roughly estimated to 2f,
the wave number of the probe laser in the medium 1. The\,(,y/p)lIZ(W/zW)yzl The observation of the characteristic
far-field pattern of the probe laser beam after reflection isrequency then leads to the absolute value of the interfacial
given by the Fourier transformation of the modulated beamgnsjon. This is the principle of the dynamic measurement.
pattern as In the experiment of the dynamic measurement, we do not
have to obtain the absolute value of the interface displace-
'r,)r(rl):J (1) expli p(r)kexp(iKr ")dr, (7) ment, buF only to get the frequency spectrum of the dynar_nic
deformation. Therefore, we measured the interface gradient
instead of the absolute displacement by the same method
described above. The signal is proportional to the inclination
of the interface at =w, which is given by

where 1, is the incident probe profile andK

= (ko Sin 6 cose, ky, sinfsing), 6 is the deflection angle
taken from the normal, ang is the azimuth angle. The
change in the beam profile is calculated with the actual ex-

perimental conditions and shown later in Sec. Ill. In the ex- 3 5 o
periment, we do not have to observe the whole shape of the (o) fook Jy(kw)exp( —k“w*/8) dk 10
far-field pattern but measure a portion of the pattern at an w0l w*’ '

appropriate fixed point. The above calculation gives all the
information to relate the optical power cut by a pinhole to the

absolute interface displacement and thus the interfacial tenfo pe precise, the term of the phase retardation due to the
sion. wave propagation in the distaneeis neglected. Equation
(10) approximately gives the correct spectrum, as long as we
B. Response spectroscopy of the interface note only the amplitude of the signal in the present case. At
the low-frequency limitS(w) gives the static valu§, lead-

By modulating the intensity of the pump light, the inter- . . .
face is oscillated and the interfacial wave is excited and"9 © the a_ctual displaceme(0). The s*|gnal decrea_\ses
ith increasing frequency at arouna~|w*|. We redefine

ropagates. The response of the interface to the pump lighY = .
propag P ! pump 19 here the characteristic frequenay. as that gives a half-

brings us the dynamic interfacial tension of the materials. . _ ; :
Measuring the frequency response spectrum of the interfacd9nal intensity 0fS, andS(w.) = S,/2 for the further discus-

is quite important in the LIM method. In this technique, the sion. h . he f hat the | .
time-dependent displacement of the interface is given as the_HE'e, We have to pay attention to the fact that the interfa-
summation of the propagating or damping waves with differ-c1&! 1ten5|on60f the present experiment ranges widely from
ent wave numbers. When the pump laser intensity is modutQ ™t 10" N/m. The typical characteristic frequenay,

lated with the frequency, the interface displacement is rep- of the interfacg mqtion Is dete.rmined by th_e condition that
resented af4] the sum of the inertia and the viscous force is balanced to the

capillary force of the curved interface. By assuming that the
WZPOJ’wszO(kr) p(—Wzk

2 interface region ofwXw has the displacemer# and the
7 T, &X 8 )exp(iwt)dk. stress reaches the depthwf the inertia and viscous force
00" —w are roughly estimated to bew?&/T? and ywé/T, respec-
) tively, T being the characteristic time constant of the motion.

. . By comparing them to the capillary forcgs, we can know
Here, k is the wave number*of the propagatmg_ wave. Thewhich factor plays the major role in the interface motion. As
complex angular frequency®, whose real and imaginary for the water surface, for example with=0.07 N/m, w
parts represent the frequency and damping constant, respec-o-4 p=1C° kg/;,ng and»=10"2 Ns/n?, the typ’ical
tively, has the relation withk given by time constant required to be equal to the capillary force is

&(r.t)=

) 5 12 T=0.12 ms for inertia and’=1.4 urms for the viscous
x| Y3 Ap 47 4 lpw term. This means that the inertia is dominant. On the other
iw*+2—k°| +=k’+—gk=4—k"| 1+ , .

p p p p? 7k? hand, as for the surface gf=1 wN/m, the time constants

(99 are 30 and 100 ms for the inertia and viscous term, respec-
tively. These two factors are comparable and the approxi-
where n= 7, + 7, is the total viscosity of the two materials, mate expression of the dispersion relation used in Réfis
andp=p;+ p, is the total density7]. no longer correct. We therefore employed the strict form of
As shown in Fig. 1, the deformed interface has a convesxhe dispersion equation representing the relation between the
peak in the laser-illuminating region with a broad skirt of the complex eigenfrequency and the wave number as(#q.
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FIG. 2. Experimental setup of the LIM technique. The pump T
laser beam hak,=190 mW at the interface. w
r (mm)
Ill. EXPERIMENTAL SETUP FIG. 3. Intensity profiles of a reflected probe laser beam for

. . . different values of£(0). The grayed area shows the position de-
Though the basic concept is the same as our previougieq through the pinhole.

study[4], the target in this study is on the interface of two
liquids and there are some improvements in the present megample container would be advantageous in industrial appli-
surement system. The experimental setup is schematicalbations.
shown in Fig. 2. Deformation of the interface is excited by a Under the experimental conditions described above, we
frequency-doubled cw-Nd:YAG laser with maximum output calculated the beam profile of the probe laser light after re-
power 400 mW and wavelength 532 nm. The beam diameteftection and distortion by the deformed interface with Eq.
at the output is 2.2 mm. The pump laser beam is focused7), which is shown in Fig. 3. Here, we assumed that the
onto the liquid interface by a lens with the focal length 200power of the pump laser is kept constdnt=190 mW, and
mm upward through the bottom of the sample cell. The fo-the interfacial tension is swept to bring about the change in
cused diameter of the pump laser beam is 6. The rea- the absolute peak heiglf(0). We can see thdistortion of
son for irradiating from the backside is that the thermal exthe beam profile from the Gaussian, as well as the shift in the
pansion of water by pump laser is only 1/5 that of oil andP€ak position. The peak shift &0)=210 nm is about 0.36
may do less harm to the undesirable thermal deformation. MM, which is in the same order of the rough estimation of
To detect the displacement of the excited interface, wéhe interface gradienk ~ £(0)/w~6x10"° rad and the fo-
used a He-Ne laser with output power 40 mW and 1.7 mnfal lengthL =150 mm to6~2LA~1.0 mm. The discrep-
beam diameter as a probe. The probe light is focused by @ncy is probably due to the fact that the interface is concave
lens with the focal length 150 mm to a spot with 7am  atr=w and the reflection is suppressed.
diameter on the excited area of the interface near the pump In the experiments, we set a pinhole to pick up the portion
light, and reflected to the detector. To measure the maximur@if the reflected light to convert the distortion of the beam
interface gradient, the position of the probe light giving theprofile to the change in the optical intensity. The optical in-
maximum signal is found by sweeping the probe laser. Thédensity |, picked up by a pinhole is represented as shadows
deformed interface works as a curved mirror. When thdn Fig. 3. Figure 4 shows the theoretical curve to relte)
pump light is on and the interface is deformed, the reflectedo the change in the optical intensityug— I o)/l at, 11iac DE-
probe light goes to a different direction. We switched on andng the intensity without the optical deformation ag¢0)
off the YAG laser with the acousto-optic modulat@OM) =0. Since the excess deformation may lead to signal satura-
and detected the intensity of the reflected probe light throughion, as shown in Fig. 4, we adjusted the pump laser intensity
a pinhole with 100 m diameter. In this experiment, the

observation distance was the length between the lens and the 0.8

interface, which is equal to the focal length and 150 mm. The i

signal is detected by a lock-in amplifier to which the refer- 06

ence is given by the modulation signal. To avoid a trouble- = -

some reflection at the air-oil interface on the top, we placed E 04}

a glass block above the interface so that the bottom face B L

made a slight tilt to the horizon. This glass block has another = ook

effect to stabilize the interface; without it, the liquid-liquid |

interface may sway, influenced by the air-oil vibration. 0 , , ,
In this work, we used the sample cell with an optically flat 0 100 200 300

glass window that is commercially available. An important £(0) (nm)

point required of the sample cell is that the pump and probe
laser beam arrive at the interface of liquid without any dis-  FIG. 4. The relation betweeg(0) and (pa— )/l e COrre-
tortion of the beam profile. This modest requirement of thesponding to the pump laser shown in Fig. 1.
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with an ND filter to keepl /I, at an optimum range in
which the relation betwee&(0) and (a1 o)/l i has lin- 200
earity.

To summarize the procedure of the analysis, we first cal-

(b) 0.05 mol/l

culate the interface deformation at each interfacial tension g () 0.03 mol/l
with known optical conditions. The far-field pattern is then 2 100k
given numerically through Ed7), which is finally related to v I

the signal intensity. (c) 0.1 mol/l
In the measurement of the dynamic response of the inter-
face under the periodical modulation by the pump laser in-

tensity, we do not require absolute information on the inter- 05 """'1 = """'2 e 3 .
face deformation but the characteristic frequency where the 10 10 10 10 10
signal decreases to 1/2 of the static value. Frequency (Hz)

FIG. 5. Typical examples of the spectra obtained in the heptane-
IV. RESULTS AND DISCUSSIONS water-AOT systems with NaCl concentration @j 0.03 mol/l, (b)

] o . ~0.05 mol/l, and(c) 0.1 mol/l. The dashed lines represent the cutoff
To confirm the validity of the LIM method in measuring frequencies which coincide betweés and (c).

the interfacial tensions, we made the experiments with the
actual sample of a free surface of oil and an oil/water interof heptane, water, and sodium(2tethylhexy) sulfosucci-
face. The materials were 1-Octanol as the oil and distillechate, generally referred to as aerosol OT, with different con-
water. The refractive indexes and the densities of the sampleentrated NaCl of 0.01-0.1 %, which is the same condition
liquids were measured by the Abbe refractometer and thas in Ref.[10]. The concentration of AOT to water was
density meter, respectively. 2.47x 103 mol/l, which is a little lower than the CMC of
First, we carried out the static experiment of the surfaceAOT of 2.5x 102 mol/l, and there were no micelle in pure
tension of Octanol by measuring the absolute valuelgf (  water. This interface is known to show drastic change in the
—lp)/l4a- The result for the air/Octanol interface is 24.5 interfacial tension with a small amount of added NaCl. In our
mN/m at 27°C while the value is 26.9 mN/m in the previousmethod, the interface is required to be flat as a mirror, so the
work [8]. This shows that the LIM method is useful for the water with AOT and NaCl was first poured into the sample
measurement of the surface tension even in the region oveell, and then heptane was poured onto the water gently. We
10 mN/m. The reason for a slight disagreement between thiegan the measurenteh h after the sample preparation. In
present and the previous work is that in the LIM method thethe appearance of the microemulsion in the 0.05 mol/l NaCl
surface with large tension is difficult to deform by the pumpsystem, the reflected probe light was partly scattered and
light and the error in the observed displacement may inweakened. While the static measurement lost accuracy in
crease. We also carried out the dynamic measurement for tteeich a situation, the response spectrum of the interface was
same surface and obtained the dynamic surface tension tibtained without any serious problems.
25.6 mN/m by fitting the theoretical spectrum of Eg0) to Figure 5 shows typical examples of the frequency re-
the experimental result. As for the difference between thesponse spectra of the interface in systems with different salt
static and the dynamic values, the experimental error is attoncentrations. The vertical axis is normalized so that the
tributed to the static measurement that is subject to the mdew-frequency limits of the dynamic response signal agree
chanical vibration. Both experiments are carried out also fowith the absolute values of the interface deformatigf)
the liquid/liquid interface of the water/Octanol system. Themeasured by the static measurement. The solid lines are the
result is 8.55 mN/m(statio and 8.62 mN/m(dynamig at  spectra of Eq(10) fitted with y as the running parameter. As
25°C, which agreed well with the value 8.4 mN/m in the shown in the figure, the amplitude gradually decreases as
other work[9]. These results show that the interfacial ten-frequency increases, suggesting that the interface is reluctant
sions, not only the surface, can be measured precisely witto quick motions and that the wave would have an upper
our method. limit in the wave number. Experimental points are in good
To apply the LIM method to observe the interfacial prop- agreement with the theoretical curves, and the cutoff fre-
erties, we made a series of experiments for the interface iquency corresponding to the limiting wave number is shown
which the tension changes with the ion concentrations. Thevith dashed lines. As shown in the figure, the cutoff fre-
ionic surfactant, AOT for instance, changes its affinity toquency and the limiting amplitude at lower frequency de-
water or to oil depending on the concentration of salt. Therepend on the salt concentration. The spectr(bh has the
fore, the interfacial tension in the system of oil and waterlowest cutoff frequency of the threes.~30 Hz in (b),
with an ionic surfactant often makes a drastic change with avhile w,~200 Hz in(a) and(c). This means, as mentioned
minimum value[10]. The range of the tension is lowered in Sec. Il, that the interfacial tension @) is the lowest of
from 1 mN/m to JuN/m. In the previous works, the experi- the three. The largest amplitude @) also supports this fact.
ments have been made with the spinning-drop and the light seems that the interfacial tension @ is nearly equal to
scattering method, which are good to measure the low intetthat of (c) in spite of the difference in the NaCl concentra-
facial tensions but have some difficulty in the operation. Wetion.
made a series of experiments and obtaiyed the systems The static and dynamic interfacial tensions obtained from

031604-5



SHUJIRO MITANI AND KEIJI SAKAI PHYSICAL REVIEW E 66, 031604 (2002

1000

Q increases, the ionization of AOT decreases gradually because
\9\ ionization is suppressed by the counterions of" NAt the
100 \ .. 6/3-" salt concentration of 0.05 mol/l, the balance between the
ﬁa O hydrophilic and hydrophobic nature gives the lowest interfa-
B \® /CJQ cial tension. With more salt, the nonionized AOT molecules
Z 10 Qe %0 increase and the AOT becomes too hydrophobic gnid
2 e high.
< gL 5% In conclusion, we summarize the advantages of this laser-
\f interface manipulation method as a new technique for mea-
01 7. . suring the interfacial tension. It is useful over a wide dy-
000 0.05 010 namic range from D mN/m down to 10° mN/m
NaCl concentration (mol/I) providing us with a sufficient accuracy up t©0.2%. The

key point is in the laser manipulation: We can adjust the
FIG. 6. Observed interfacial tension vs the salt concentrationsdriving power depending on the interfacial tension of the

The open and closed circles represent the dynamic and the statgpecimen under study, and make the ideal deformation for

tensions, respectively. The dashed line shows the result of the prerccurate measurement. Further, the simple handling and the

vious work by Aveyardet al. noncontact operation of this system have a great advantage
in the measurements of very delicate interfaces appearing,

the spectra are shown in Fig. 6. In this figure, the dashed linfor instance, in the critical consolute phenomenon, or fluids

represents the previous result obtained with the spinnind the medical production lines that strongly resist being con-

drop method 10]. Both the static and dynamic results are in taminated. This technique has the potential to meet the de-

good agreement with the previous work. It is also found thafnands of fundamental scientific studies, as well as industrial

the interfacial tension depends on the concentration of Nacgvaluation technology.

and has a minimum at about 0.05 mol/l. In the oil-water-

surf_actant system, the intgrfgcia{ tension between oil and wa- ACKNOWLEDGMENT
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