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Ultralow interfacial tensions in water—  n-alkane—surfactant systems

T. Sottmann and R. Strey?"?
Max-Planck Institut fu Biophysikalische Chemie, Postfach 2841, D-37018tiGgen, Germany

(Received 6 December 1996; accepted 20 February)1997

The interfacial tensions between water- and oil-rich phases in the presence of microemulsions have
been measured for ternary systems of wateralkanes, and nonionic alkylpolyglycolether
surfactants ((E;). Itis found that the minimum of the interfacial tension curve, which is observed

for each system in conjunction with the well-known phenomenon of phase inversion, depends
sensitively, but systematically, on the chemical nature of the oil and the surfactant. Specifically, the
minimum value of the interfacial tensian,;, decreases by 1 order of magnitude on decreasing either
the carbon number of the alkarkeby 6, or the number of oxyethylene groupsby 3, or by
increasing the number of carbon atoms in the surfactant tayl 2. The numerical values of the
interfacial tensions as a function of temperature are presented along with an empirical description
previously suggestefR. Strey, Colloid and Polymer S@72, 1005(1994)]. From the analysis, in

terms of bending energy one obtains estimates for the bending and saddle-splay constants. The
similar shape of the interfacial tension curves permits a superposition of the data for all 19 systems
in support of a scaling relation recently deri&l Leitao, A. M. Somoza, M. M. Telo da Gama, T.
Sottmann, and R. Strey, J. Chem. Ph¢65 2875 (1996]. Furthermore, we note a striking
coincidence of the numerical values of critical amplitude r&ie oq&,°=0.37 KT in near-critical
systems and the produet,,é?=0.44(+0.10) kT where¢ is the maximum length scale in the
bicontinuous microemulsions. @997 American Institute of Physid$$0021-960627)50820-§

I. INTRODUCTION the pure nonionic alkylpolyglycolethers and temperature as
tuning variable. Schechtest al° noticed the relation be-
The mt_erfaual tension betvyegn a microemulsion and aween solubilization capacity and ultralow tensions for tech-
water- or oil-rich excess phase is, in general, very low. In thenjcal grade surfactant systems. Widdmuggested discrimi-
case where the microemulsion coexists simultaneously withating between microemulsions and simple systems by the
a water- and an oil-rich excess phase, the interfacial tensiogetting properties of the middle-phase microemulsions.
between these latter two phases becomes ultralow. This strilejetcher and colleagubst® performed the first systematic
ing phenomenon is related to the formation and properties Qfariations of oil chain length and surfactant type, including
an extended internal interfacial film within the microemul- honionic alkylpolyglycolethers. Kahlweit al* noticed the
sions. In microemulsions, the surfactant molecules form &qnnection between length scales, properties of the three-

saturated, flexible, almost tensionless interfacial film. Thephase bodies. and the numerical values of the interfacial ten-
surfactant molecules optimize the area occupied within th%ions. Bonkhoffet al® analyzed the interfacial tensions of

film until Iatera] mtgracUgn and screening of dlreF:t Wat_er__o'lsome ternary nonionic systems in terms of critical scaling
contact are minimized-® The curvature of the film within relations
the microemulsion is governed by the geometry of the sur- Recently, one of us proposed a simple empirical interfa-

factant molecules in conjunction with their interaction W|th(jcial tension relation capable of describing the whole tem-

the solvents. Although the details of the interactions, an 6 : . .
. ) ) ) . perature rangt® irrespective of the surfactant being in the
concomitantly the interfacial stress profile, are still unknown, . . .
lower, 2 in the middle, 3, or the upper phase, The idea

their interplay may be phenomenologically summarized by a

few parameters that characterize the bending properties &dvanced was that the film curvature within the microemul-

the film/ The parameter preferred curvatueg, controls the sion differs from that of the flat interfacial film in the mac-
mean c;urvature To what extent the actu'al curvature rer_oscopic interface, and that this free-energy difference shows

sembles the preferred curvature depends on the magnitudeWP as interfacial tension due to the bending elasticity of the
the bending constants, and x. film. More recently, we were able to present evidence that

During the past 15 years a number of experimental inboth the phase.di.agrqﬁﬁsandl interfacial tensiod® show
vestigations were devoted to clarifying the origin of the ul- striking shape similarities, which led us to postulate the ex-
tralow tensions. Cazabat al® focused on the connection of istence of corresponding states for microemulsion systéms.
phase behavior, the critical end-point tensions, and trends€itao et al’® showed that Helfrich’'s bending energy

with salinity. Kunieda and Shinoddor the first time used expressiof needs to be modified if applied to microemul-
sions. The treatmetft'® connects in a simple fashion the

interfacial tension measurements and the bending elastic
3Author to whom correspondence should be addressed. 9

PPermanent address: Institlir fahysikalische Chemie, Universitau Kaln, constgnt& and K. ) i o
Luxemburger Str. 116, D-50939 g Germany. Since the pioneering work of Lang and Widthit is
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nonionic amphiphile (C)

T '6[5

HoO(A) ®) 0 interfacial tension ¢
oil (B

FIG. 1. Schematic phase prism of a water—oil-nonionic amphiphilg;J@ystem. The three test tubes on the left-hand side show the typical variation of the
phase volumes. The microemulsion is shown hatched. The three interfacial tensions on the right-hand side illustrate the origin of the minimum of the water/oil
interfacial tensiorv,;, (Refs. 18 and 21

known that 2 3, 2 phase sequences are accompanied by inknown. In the following we describe the experimental deter-
terfacial tensions that may become ultralow. Interestinglymination of these quantities for 19 different systems.

the interfacial tensions may become ultralow for various rea- The present paper is organized as follows: In the theo-
sons. In all cases, however, the low values of the interfaciatetical section we recall well-known relations for interfacial
tensions are associated by a growing or even divergingensions. We draw attention to the special situation when

length scale in the system. interfacial tensions become ultralow due to amphiphile ad-
Let us consider in Fig. 1 the typical phase behavior ofsorption. In the experimental section we describe the
nonionic microemulsion$.?? spinning-drop interfacial tension experiment, with emphasis

Figure 1 demonstrates the 2, 2phase sequence and its on some indispensable precautions that we developed in or-
link to the low interfacial tensions. With rising temperature, der to minimize experimental errors. The interfacial tension
one observes that af; the lower phase microemulsion
(lower test tubg splits into two phasess andc. The lower
water-rich phased) moves toward the water corner, while
the surfactant-rich middle phase)(moves toward the oil 10° ' ' ' ' ' :
corner of the phase prism. At,, the upper phase micro-
emulsion(upper test tubeis formed by the combination of
the two phases andb. Because for stability reasoris

-

1

Oap<0act Ope, 1) 10"

and o 5.+ o runs through a minimume,, has to have a
minimum as well. In order to sharpen the view for the rela-
tive shape of the individual curves, we redraw them using a
logarithmic scale for the tensions and plot the independent
variable temperature on the abszissa in Fig. 2.

All three interfacial tension curves have occasionally
been determined in literatufé>2° However, no systematic
study has been performed on the location and shape of the
oap-Curves, as they vary with oil and surfactant chain length. 103 ,
Such a study we present here. It is clear from Fig. 2 that, 10
since o, rises from zero afl; and becomes identical with temperature / °C
o,p atT,, and sincer,, rises from zero aT, and becomes
identical with oo, at T;, the relative location of the indi- Fig. 2. schematic shape of the individual interfacial tension curves,
vidual o, and o, -curves is fixed, ifo,,, T) and T, are o, anday, (on a log-scalgas a function of temperature.
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Very close to the critical end point the middle phase still
wets the macroscopia/b interface!! so that for T,<T
<T,, 0ap = 04+ 0pc. Atthe wetting transition temperature
Tw: Cap=0act Tpe, While for T>T,,, 0,,<0 3.t 0pc, and

the interface between the water- and oil-rich excess phase is
not wet by the middle phase. Figure 3 depicts such situation
schematically.

In Fig. 3 we included also the appearance of the cylindrical
drop in the tension meter. The presence of the little
c-phase blisters on the cylindrical drop are essential for pre-
cise measurements in the three-phase region. In the wetting
case the measurements are poorly reproducible and ill-
defined. Such measurements are excluded from the present
study. Experimentally, the gap betwe&pandT,, is very
small, 0.1 K or less for strong surfactaffs® The analog
—— temperature sequence happens near the oil-rich critical end poifit,at

— » interfacial tension

FIG. 3. Behavior of the interfacial tensions in the vicinity of the lower B. Ultralow tensions approaching tricritical points
critical end point temperaturg . ForT,<T=<T,, the middle phased) wets

the macroscopia/b interface, so thabra,= oac+ oy - At the wetting tem- It is evident from Figs. 1 and 2 that by bringifig and
Peraturely, , oap=0act opc, While forT>T, oa < 05 + 0e. Inaddition 1 ‘tggether o, can become very low. The close vicinity of
the appearance of the cylindrical drop in the spinning-drop tension meter Ilfg)th itical d int b hi d by eith h
shown schematically. Note that in the three-phase region the presence of ti] Cr! ICa en F_’O'” S Car_] € achieve y either appro'a.c B
little c-phase blisters are essential for precise measurements. ing a tricritical point, at which the compositions of the criti-
cal end points become identical, or by increasing the effi-
ciency of the surfactant. It has been shown in the past that in
data are given both in graphical and tabulated form. In theyrder to reach a tricritical point in these kinds of systems the
discussion section we perform a tentative evaluation in termstructure has to be weaken®t.’~3° This can be done by

of bending elastic constants. thermal energy, addition of a short-chain alcohol as cosol-
vent, a structure breaking salt, or a less hydrogen-bonding
Il. THEORETICAL CONSIDERATIONS solvent. The other possibility is bringingy, and T, together

i I i hiphiles.
A microemulsion theory consistently explaining phaseby using strongly adsorbing amphiphiles

behavior, microstructure, and interfacial properties is still

lacking® If one is interested only in a semiquantitative un- C- Ultralow tensions due to amphiphile adsorption

derstanding, one may note that microemulsions of length  The mean curvatur&d of the amphiphilic film is a

scale¢ are stable if monotonic function of, and changes dramatically with, tem-
0 anf2=KT, ) perature. It decreases almost linearly from large values at

low temperature$2), passes zero in the middle of the three-

whereo,, is the macroscopic interfacial tension between theyhase regimd,,= (T,+ T,)/2, and becomes negative in the
equilibrium microemulsion and the excess phase. If the mip state, that is to first orded~c(T—T,;).*® The tempera-

croemulsion structure consists of droplets, the length s€ale yre coefficientc is of the order of 103 A 1K1 for all

may be identified with the mean radiusf the droplets. In  gyrfactants studied here, and decreases only slightly with in-

the case of three-phase coexistence, direct contact betwegpsasing surfactant chain length(cf. Table II, below. Then
water- and oil-rich excess phases is observable by removing

most of the microemulsion middle pha&d. Fig. 1). Then Tu=Ti=(H—Hylc, ©)

oap refers to the interface between the water- and oil-richywhereH, andH,, are the mean curvature of the amphiphilic
excess phases, agds to be identified with the domain size fijim at T, and T,. Note thatH,=—H,. The approximate

in the bicontinuous microemulsion. Equati¢®) has been relation Eq. (3) permits rationalizing why an efficient
found to be a good first order descriptitit**°and may  (“good”) surfactant necessarily is associated with and
serve as a rule of thumb for semi-quantitative considerationsy, peing close together. Note that it is a general property of
A. Ultralow tensions approaching critical end points efficient surfactants to stabilize large structufes., small

[HD.

When the three-phase regime is approached from the
phase state, for temperatufBs.T,, o,p= 0. AS the criti-
cal end point is reached, the water-rich microemulsion split
into two phases. Accordingly, the interfacial tension between Based on the observed variation of the mean curvature
them,o,., starts from zero, and varies according to the scalwith temperature, Stré§ gave an empirical description of
ing law o,.=0g,c€”, Where u=1.26 is the critical the interfacial tensions in the water-ectane—G,Es system
exponent™® and e=|T,— T|/T, is the distance froml,.  in terms of bending elastic constants. Leittaal!° realized

sD' Scaling of the interfacial tensions

J. Chem. Phys., Vol. 106, No. 20, 22 May 1997
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that the description could be generalized, and recently gaveraodified dropping funnel and equilibrated at the temperature
scaling description of the interfacial tension curves for fourto be examined. After complete phase separation, an extrac-
systems. In this paper we show that the scaling relation ision of the oil-rich phase is possible without disturbing the
valid for all 19 systems studied up to now. While the readermphase separation by using a syringe with a long needle from
is referred to the quoted papers for details, the equations fdhe top. The water-rich phase is extracted through the outlet
the reduced variables are repeated here. We define a reducaidthe bottom of the dropping funnel.

interfacial tension

0* =035/ Tap (4) C. Density measurements

and temperature _ The. d_ensities_of the coexisting phases were measured
with a digital density metefDMA 60, Anton Paar KG, Graz,
. 2k+ Kk Austria). The accuracy of the density measurements is essen-
=T\ T . 5 tially limited by the stability of the temperature control. With
a compact low-temperature thermosttRM 6, Lauda-
where Konigshofen, Germanya stability of 0.02 °C is reached.

The accuracy of the density measurements is ahbdt

_ K -5 -3
Tab= —= (6) -107> gcm ™.
£
is the minimum interfacial tension, and D. Interfacial tension measurements
o 2 The ultralow interfacial tensions were measured using a
gzﬁ (7)  spinning-drop tension metelSITE 04, Kriss, Hamburp
u— 1l

This type of tension meter, developed by Cayéasl>® and

is the length scale af,,. The temperature scale is reduced subsequently modified by Burkowsky and Mafxpermits

by the height of the three-phase interfig|— T, , measuring interfacial tensions down to Pom Nm™. It
consists of a thermostatable horizontal glass capillary rotat-
2(T—Tm) ) : o )
= ﬁ (8) ing about its long axis with a maximum speed of 10 000 rpm.
u—

In our study the tension meter was modified for small sample

These quantities combine to give a very simple scaling relavolumes. For this purpose two seg¢aft polyethylene disgs

tion are used for sealing the glass capillary. Two syringes

. enD equipped with acute needles, one for injecting and one for

or =(m)"+1, ©) taking up the overflow, are stuck into the respective ends of

which is shown below to describe the data remarkably wellthe capillary. Importantly, the syringe holder on the inlet side

The two free parameters are the bending constaamtd the  was modified to be thermostated. In this fashion, phase sepa-

saddle-splay constant. The other parameters are known ration could be avoided.

from experimental determination$, andT, from the phase For measuring the interfacial tensiery,, the capillary
behavior, and from scattering experiments. was filled usig a 2 ml syringe, taking care that no air
bubbles entered the inlet side. At a relatively slow speed of
1. EXPERIMENT rotation of 1000 rpm, 2 ml of the th_ermostated water-rich
. phase were pushed through the capillary and into the outlet
A. Materials syringe with about 1 ml of the phase remaining in the capil-

All n-alkanes used in this study were purchased fronjary. Hereafter the rotation of the capillary was interrupted in
Merck or Aldrich with a purity>99%. Water was bidis- Order to inject the oil-rich phase with al-syringe (Hamil-
tilled. The n-alkylpolyglycolethers, (E;, were purchased tpn) through th_e inlet side. The injected volum_e of the oil-
from Bachem, Fluka, or Nikko with a purity-98%. The fich phase varied between 0.2 anduB depending on the
solvents and the surfactants were used without further purexpected interfacial tension. Subsequently, the rotation of the
fication. To check the purity of the surfactants and to monitoic@pillary was restarted in order to center the injected oil-rich
any degradation, the cloud points at the critical composition&lrop. To this end the capillary was tilted, letting the drop
of the binary system’s water-E were always measured. slowly move toward the center of the viewing field of the

Standard values provided by Schubetral3-%?were used to ~ Microscope. There its diameter was measured.
judge the purity. It is important to realize that during the filling of the

capillary, problems arise because of temperature gradients
during the transfer of both the water- and the oil-rich phases.
Both phases may phase separate, a process which is irrevers-
For measuring the interfacial tensiary, macroscopic ible inside the capillary. For this reason, thermostating the
phase equilibrium was established. The samples typicallgyringe holder on the inlet side is indispensable. By means of
contained equal volumes of water and oil, and depending othis detachable, thermostatable syringe holder, the pre-
the efficiency of the surfactant, a surfactant concentratiorquilibrated phases could be transferred without phase sepa-
between 1.5 and 5 wt. %. The samples were prepared in m@&tion. This modification allows for sufficiently stable, and

B. Sample preparation

J. Chem. Phys., Vol. 106, No. 20, 22 May 1997
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through the eye piece of a microscope. The grating visible in
the eye piece is calibrated by comparison to the known di-
ameter of a straight, thin wire.

100 F v T T T T T T T 4 T

TT T T

10! E E. Measuring accuracy and errors

] The interfacial tensions in this study are, in general, av-
7 1 erages of at least 20 single measurements. The error of the
.

[ ]

T T T T
[S]

-1

single measurement depends on the magnitude of the inter-
facial tension. It ranges between5% and=*30% for ten-
sions of 1 and 10* m Nm™%, respectively. Systematic errors
may occur due to improper handling of the surfactant. Deg-

: - radation will shift the phase behavior on the temperature
H b scale. Insufficient equilibration outside or inside the mea-

107

C,p / mNm

103

N 1 surement cell is another source of uncertainty.

T R S IV. RESULTS

The primary results are interfacial tensiomg, ranging

over several orders of magnitude as a function of temper-

. . . . ature. In the graphical representations of the data the same
FIG. 4. Interfacial tensions,y, (circles in the water-A-octane—GyE, sys- | il b df Il d In this fashi e
tem as function of temperature. Data obtained by Fletetex. (Ref. 13 scale W.' e .use O_r all data. In t '_s ashion a quantitative
(triangle$ and Kahlweitet al. (Ref. 26 (reversed triangleswith the spin- ~ comparison is possible. The experiments cover the range
ning drop, and by Langeviet al. (Ref. 36 (squarep with surface light ~ 0.000k o,,/m Nm <1 and 0<T/°C<70. The hydrocar-
scattering are shown for comparison. The full line drawn to guide the eye i%on chain Iength of the oilk, the head groupj and the
calculated from the interfacial tension mod&efs. 16 and 19 The test . . ’ ! .
tubes illustrate which interface the measurement refers to. hydrogarbon tail Iength" Qf the Slj'rfaCtan_tS was Va”ed; The

numerical values of the interfacial tensions along with the
temperature of measurement are compiled in Table 1.
o . . Also given is the phase stafg 2, 3, or 2 indicating in
homogenous, drops of the oil-rich phase, which by increaswhich regime the measurement was carried out.
ing speed of rotation deform into well-shaped cylinders. . o
In the three-phase region an additional problem arises i Comparison with literature data

the form of an instability and permanent increase of the drop  In Fig. 4 a comparison with literature data is
diameter. The increase of the drop diameter was found to bgerformed-®25*5The experimental error of our data amounts
caused by an increasing lack of surfactant molecules in they about a symbol width. As is evident, the data fall on a
drop. Apparently, the molecules enrich on heterogeneousmooth curve irrespective of whether they are measured in
surfacegi.e., the walls of the capillary or dust particletue  the 2 3, or 2regime. The test tubes illustrate the respective
to their interfacial activity. This problem could be remedied states. The solid line is the theoretical description following
by enriching the oil-rich phase with minute traces of surfac-below. It should be viewed as a guide to the eye at this stage.
tant. In a series of experiments it was found that such enrich-
ment leads to the formation of the third phase, as is to b@&. Variation of oil chain length,

expected from the phase behavibiThe third phase appears In Fig. 5 the interfacial tensions forgEs, CyEs and

in the form of small blisters on the surface of the cylindrical C,,Es are shown fork=8 to 14. As can be seen, for each

drop._ As long as the surface area covered by the_small b_l'ss'urfactant the minima shift to higher temperature, as do the
ters is below 10% of the total cylinder area, the interfacial

tensi t " tant three-phase bodi€3.The minima become more shallow, in
ens_:_c;]n stays %xac ﬁ con§bag ' it ts of t correspondence to the increasing widif+ T, of the three-
€ procedure described permils measurements o ’Ehase bodies. With increasing oil chain length frkm8 to

;:irop dlatmeter, andf thuso (t)f %eo(':ntef[;ac'?l ten?g.rf\f,. 0\(t§r 4, the minima increase by an order of magnitude. With
Ter:np'erJ;a ;Jre.r?r;ge rom U to | \;V't guf grea\l/ ' 'Cgat',es'increasing surfactant size the minimum tensions become
e interfacial tensions were calculated from Vonnegut's very much lower.

equation. He considered the drop as a cylinder of radius
and lengthl with hemispherical ends. For dropsletr, the = v/ariation of the head group size, j
interfacial tension could be evaluated by

T/°C

The interfacial tensions for the gE; series with
o=Yp1—pr)wr3, (10 j=3,4,5 and octane as oil are shown on the left in Fig. 6.
While the shift of the minimum tensions follows the shift of
wherew is the angular velocity andpg — p,) is the density three-phase bodies on the temperature scale, the absolute
difference of the two phases. In practice, speeds of rotatiomalue of the interfacial tension at the minimum increases
between 2500 and 5500 rpm were used. The radius is olslightly. A somewhat surprising result, if one considers that
tained by measuring the diameter of the cylindrical dropthe molecular length of the amphiphile increases. The

J. Chem. Phys., Vol. 106, No. 20, 22 May 1997
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TABLE I. The numerical values of the oil-water interfacial tensiayy, is given along with the measurement temperature and the phase siaticating in which regime the measurement was carried out.

p TIPC  o,/mNm™? p TPC  o,/mNm™? p TIPC  oup/mNm™? p T°C o, /mNm? p T°C  o,/mNm™? p T°C o, /mNm?
H,0-n-CgH14-CoE» 3 28.0 9.x10 2 3 55.0 1.%10? H,0-n-CyH,6-CyEy 3 64.0 2.x10°? 3 40.5 2.8<10°°
3 1.0 1.3x10°? 2 290 1.1x107? 3 580 7.6<10°2 2 200 221071 3 64.1 1. 1072 2 430 1.9¢1072
3 45 9.9<102 2 325 1.9<10°* 3 610 6.310 2 2 280 7.1x10°2 3 65.5 3.0¢10 2 2 460 5.3<10 2
3 7.4 8.3x10 2 2 34.0 2.3x10°! 3 62.0 5.%10 ? 3 32.0 2.%x10°? 2 50.0 1.2¢10°?
3 100 1.x10°! 3 63.0 461072 3 335 1.6<10°2 H,0-n-CgH,4-C1,E,
2 15.0 2.1x10! H,0-n-Cy,H,¢CqEs 3 65.0 6.0<10 2 3 35.6 1.x10°2 2 7.4 4.3x10°2 H,0-n-C;,H,6-CyE5
Z 20.0 3.x10! 2 17.0 1.6<10°! 3 66.5 9.%10 2 3 37.5 1.410°2 2 9.4 1.8x10°2 2 30.0 1.3x10°?
2 25.0 6.5¢10°! 2 18.0 2.0<10°! 3 68.0 1.%x10°1! 3 39.0 2.6<10 2 3 12.2 9x 10 4 2 33.0 7.%10°2
Z 30.0 1.0 3 21.0 99102 Z 43.0 7.5¢1072 Z 14.4 3.1x10°3 2 36.0 5.6 102
2 350 1.4 3 25.0 6.X10 2 H,0-n-CgH14-C1oE4 2 50.0 2.2%10°? 2 157 59103 2 39.0 2.5¢10°2
2 400 1.9 3 265 451077 2 5.0 4.3<107* 2 164 1.2<1072 3 430 3.0¢<10°3
2 450 2.2 3 28.0 48102 2 8.0 2.8x10°! H,0-n-Cy4H35-CioEs 2 177 2.7 102 3 44.0 2.%x10°°3
2 500 2.8 3 294 48102 2 110 2.0<10°* 2 280 1.3<10°* 2 194 4.1x10°? 3 455 6.8<103
2 55.0 3.2 3 31.0 6.X1072 2 14.0 1.2x10°! 2 32.0 7.5 1072 2 19.7 6.8< 10 2 2 490 3.2x10°2
3 360 1.x%x10°? 2 16.5 8.5¢10 2 3 37.0 2.%K10°2 2 53.0 8.5¢10 2
H,0-n-CgH;4-C4E5 2 39.0 2.1x10°? 2 19.5 4.5¢1072 3 38.5 2.41072 H,0-n-CgH;4-C;,E5
2 7.0 1.3x10°! 2 21.0 2.1x 1072 3 40.0 2.0<1072 2 10.25 41101t H,0-n-CH35-CyEs
2 10.0 8.5x 1072 H,0-n-C,H3-CqEs5 3 23.0 7.%10°3 3 415 231072 2 16.05 2.%1071 2 38.0 1.1x10°!
3 14.3 2.6<10°2 3 23.0 1.%10? 3 24.4 3.x10°8 3 435 2.% 1072 2 20.55 1.x10°% 2 405 6.3<1072
3 15.8 1.5¢1072 3 28.0 1.x10°? 3 25.0 2.%10°8 3 480 9.%10°2 2 24.25 6.4<10°2 2 425 3.9<1072
3 16.5 1.6<10°2 3 32.0 1.x10°! 3 25.6 3.<10°3 2 52.0 1.5¢10°! 2 25.25 4.3 2 3 475 7.%10°3
3 173 1.9<10°? 3 336 1.0<10°" 3 270 6.310°3 2 2825 1%X10°? 3 490 471073
3 190 3.6<10° 2 3 35.0 1.x10°! 2 285 3.210°2 H,0-n-CgH14-C1oFs 3 32.15 2.%10°8 3 505 7.x10°3
2 22.0 8.7 10 2 3 38.0 1.%x10°1 2 30.0 5.1X10 2 2 30.0 2.210°1 3 32.85 5104 2 55.5 6.6<10 2
2 250 14101 2 450 30101 2 320  7.4x10°2 2 350 1K107? 3 3325  &10°* 2 570  8.Ix1072
2 300 2.6<10°! 2 340 1.3x10°? 2 39.0 3.9X10°2 3 3335 1.x10°3
2 350 4.0x10°1 H,0-n-CgH,5-C4E4 2 380 2.1x10°! 3 435 1.0<10°2 2 36.25 1.5¢10°2 H,0-n-CgH14-Cy5Es
2 400 6.6<10°* 2 270 2.6<10°* 2 400 2.8<10°! 3 455 4.%10°3 2 3825 341072 2 400 6.8<10 2
2 450 9.3<10°* 2 300 1.9<10°* 2 420 3.6<10°* 3 465 1.0¢<10°2 2 4025  5%10°? 2 430 3.3<10°2
2 500 1.2 2 350 7.9¢10°2 2 460 5.2¢10°* 2 500 6.1X102 2 4325  1x10? 2 450 1.4<10°2
2 550 1.6 3 400 4%10°? 2 500 6.7<10°* 2 540 1.2<10°* 2 4725  2x101 3 475 2.0<10°3
2 60.0 2.2 3 417 281072 2 58.0 241071 2 5025 3.x10? 3 48.0 2.&10°°
3 425 3.1x1072 H,0-n-C;gH,-C1E4 2 54.25 4.%10? 3 48.4 1.8<10°3
H,0-n-C;gH,-CqE; 3 434 4.4¢10°? 2 20.0 1.0<10°! H,0-n-CgH;4-C1Es 3 495 3.x10°3
2 10.0 1.9<10°! 2 500 1.5¢10°! 2 26.0 3.0x10°2 2 46.5 2.5¢10°? H,0-n-C;oH,-C;,Es 2 530 2.610°2
2 15.0 8.4< 1072 2 57.0 3.%<10°? 3 29.0 1.1 1072 2 51.5 1.2<10°t 2 28.0 1.1x107t 2 55.0 5.0< 1072
3 18.0 5.410 2 3 30.5 5%10 3 3 56.5 49102 2 315 4.5¢10°2
3 20.0 3.5¢10°? H,0-n-CgH;5-C4Es 3 320 8.41073 3 58.0 4.%10°? 2 34.0 2.8<10°2
3 22.1 3.310 2 2 44.0 4.1x10°1 2 35.0 3.410°2 3 60.5 1.410°2 3 38.6 1.%x10°3
3 24.0 4.%10°? 2 51.0 1.8x10°! 2 420 1.6x10°! 3 61.5 1.x10°2 3 39.4 9x 1074
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FIG. 5. Variation of the interfacial tension curves as a function of the oil chain lendth the GE;, C,¢Es, and G.Es-systems. Note that for each system
the minimum of the curves increases with increadirgnd shifts to a higher temperature.
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Cy0F; series, presented in Fig. 6, center, wjith4,5,6 shows fore we turn to the scaling of the tensions, let us consider the
the same trends as th%E} However, the increase in the original expression for the interfacial tension based on
hydrophobic chain leads to an overall lowering of the inter-simple bending energy arguments?

fa_cia! tensions_by an order of magnitL_Jde. ThQ_E; series, *(T,—T))2c? 2k+ K [2(T=T,)]?

with j =4,5,6, finally shows lower tensions again by another  o4,=— 7 - — T T +1;.
order of magnitudéFig. 6, righ. K um 1)
D. Variation of surfactant chain length, i After measuringg by SANS® and determining: according

While already implicitly present in Figs. 5 and 6, the 10 Eq.(7), Eq.(11) contains only two free parametersand

comparatively strong chain length dependence is borne out’ ForT=Tp,, « is directly obtained from the minimum of
P y 9 9 P {he interfacial tensionsc is then determined by adjusting the

for G E“ and GEs Wlth.I=8,10.,12 in Fig. 7. This comparison opening angles of the V-shaped interfacial tension curves.
also illustrates the increasing deepness of the V-shapei:f]e necessary parameters from auxiliary measureniets

curves with increasing. T,, and ¢ are given in Table Il. In the procedure of fitting
V. INTERPRETATION AND DISCUSSION eachaab_curve, the bending eIa;tic cqnstants for each system
are obtained. These are also given in Table Il

Systematic trends in the variations of the interfacial ten-  Since all interfacial tension curves follow the same func-
sions withi, j, andk are observed. The interpretation of the tional form, one may try to scale them. This is done by the
actual numerical values and their variation with temperaturgyrocedure discussed in the theoretical section. The result is
is not trivial and presumably not unique. For that reason weshown in Fig. 8. The solid line is calculated from HS),
have given the numerical values in Table | to be used byand it describes the data within experimental error. Figure 8
other workers. is an extension and confirmation of our previous findtfig$

In the following, we present a tentative interpretationfor a few selected systems.
based on bending energy consideratihs:*" As we The interesting question is, what are the trends of the
showed in a previous papétthe minimum of the tension elastic constants? The variation of the elastic constants with
curves is associated with the mean curvature of the amne maximum length scalgis shown in Fig. 9. The bending
phiphilic film in the microemulsions passing through zero.constant « ranges between 0.59 and k3, while the
The minima and passing through zero are qualitatively simisaqgle-splay constanic  ranges between—0.31 and
lar both for long- and short-chain surfactants. Langevin and_g 7 kT. Building the average ratio over all systerfex-
co-workerg® have shown that the persistence length of shortzjyding the highest and lowest valjesve find
chain surfactants is smaller than that of long-chain surfac- _
tants. The idea, originally expressed by De Gennes and K= —2.06x. (12)
Taupin® is that the long-chain surfactants are able to solubiqncluding all data, the prefactor in Eq12) becomes 2.14.
lize more of the solvents due to the increased rigidity. This inFor liquid films one would expett k= —2«.
turn leads to longer length scales in the microemulsions. Be-
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FIG. 8. Reduced oil-water interfacial tensio#i as a function of reduced ~FIG. 9. Variation of the elastic parametessand « as a function of the
temperaturer* (see text for definitionsfor all 19 systems. The full line is  maximum length scalg. Note that with increasing the bending constamt
calculated fronw* = (7*)2 + 1. increases, while the absolute value of the saddle-splay constedtreases.
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TABLE II. The systems are characterized by the surfactant chain léngtie head group sizg and the oil chain lengtk. For each system the upper and
lower critical end point temperatureB, andT;, the experimental value of the oil-water interfacial tension at the mininatyy, the maximum length scale,
¢, the temperature coefficient of the mean curvatareand the elastic parametessand «, are given.

i j k T,/°C T,/°C Tap/mNmt ¢lA c/(A Kt kIKT ®IKT
6 2 8 -0.80 13.65 0.0830 51.9 0.0027 0.59 -0.58
8 3 8 11.17 21.32 0.0149 103 0.0019 0.70  —0.40
8 3 10 15.58 28.68 0.0332 83.2 0.0018 075 —0.57
8 3 12 19.40 36.08 0.0460 66.1 0.0018 072  —0.49
8 3 14 22.50 43.40 0.1000 54.3 0.0018 077  -0.70
8 4 8 35.25 47.95 0.0320 83.5 0.0019 073  —052
8 5 8 54.30 70.12 0.0540 69.7 0.0018 071  —057
10 4 8 21.50 27.90 0.0028 231 0.0014 098  —0.37
10 4 10 26.50 34.82 0.0059 168 0.0014 0.84  —0.40
10 4 12 30.43 41.65 0.0114 127 0.0014 0.82  —0.44
10 4 14 33.50 48.05 0.0201 101 0.0014 0.83  -0.47
10 5 8 40.75 49.75 0.0049 165 0.0013 090 -0.31
10 6 8 56.50 67.22 0.0116 124 0.0015 0.80  —0.39
12 4 8 12.20 14.00 (0.00012 (1000 0.0011 1.25 -0.28
12 5 8 31.25 34.45 0.0005 550 0.0011 1.00 -0.36
12 5 10 36.67 41.00 0.0009 387 0.0012 094 -0.32
12 5 12 40.95 47.40 0.0023 267 0.0012 1.00 -0.38
12 5 14 44.60 54.10 0.0047 193 0.0011 113 —0.40
12 6 8 46.68 51.40 0.0018 335 0.0013 1.00 —0.46

A number of difficult to answer questions arise. What isVI. CONCLUSIONS
the nature of the elastic constants dedu@dede or renormal- . . . . .
The simple description of interfacial tensions over the

ized, i.e., length scale dependgit How to take renormal- .
o . . whole temperature range by an analytical form suggested
ization, translational entropy, entropy of fluctuations, and . 6 : .

reviously® is shown to be valid for all 19 systems. From

. T - . all
polydispersity into account? A theoretical treatment of th the analysis the bending constartandx are obtained. The

seemingly simple droplet case has recently been given b . . - ;
0 oo ) easured data points are described within experimental er-
Palmer and Mors& In our tentative interpretation we have . . : L
ror. The scaling version of this description recently

made a number of simplifying assumptions, and we have

neglected entropy considerations. It is still surprising thatsuggestejd’ needs the upper and lower critical end point tem-

such a simple description seems to suffice perature, and the maximum length scale for the symmetrical
Recentlp Gradziglskiet al*1%2 found .b analvzin microemulsion as input data. All these parameters have been
y ) S Y yzing .determined. Plotting the reduced interfacial tensiot
SANS and interfacial tension measurements for droplet mi- ~ .
. . : . against a reduced temperatui®, all data fall on the simple
croemulsions in terms of bending elastic constants for th?’naster curve given by* = ()24 1
sum 2«+ k, comparable, but slightly larger values due to 9 y '
inclusion of a translational entropy term.
One might wonder how closely the rule of thumb in Eq. ACKNOWLEDGMENTS

(2) is valid. According to Eq(6) — k= o 4,&2. Building the .
average value for aIEI] systgms examir?gg one findgs K44 Part of the measurementg were perfprmed in the .depart-
with a standard deviation of 0.10. This means that the rule nguentocr);‘irf’rc;fheessve(r)rl\k/l. \l/f/aehg}l::. thwailf r_? 'Eicéib;g? ;Z;'STa;%;
thumb[Eqg. (2)] is not only fulfilled to the order of magni- PP 9 L '

tude, but almost within a factor of 2. with the interfacial measurements. Also acknowledged

Another observation possibly deserves attention. In criti-> fruitful interaction with D. Langevin and M. M. Telo da

cal phenomena, scaling descriptions have beeroguefor Gama within the frame of the program “Human Capital and

the last 30 years. In near-critical systems a universal ratic')vIOb'“ty (ERB4001GT9314183
R has been found from the critical scaling laf¥#$; with

experiments and theory now agreeing ffizt° 1P, A. Winsor, Solvent Properties of Amphiphilic Compoun¢Butter-
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R= 0'05(2): 0.371+0.03kT. (13 3L. M. Prince, MicroemulsiongAcademic, New York, 1977
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edited by K. W. Mittal(Plenum, New York, 197/ p. 713.
We wonder whether there is a deeper meaning to theZP. G. De Gennes and C. Taupin, J. Phys. Ch&8n2294(1982.
coincidence ofR with the numerical value Obab§220-44 A. Ben-Shaul, L. Szleifer, and W. M. Gelbart, Fhysics of Amphiphiles
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