PHYSICAL REVIEW E VOLUME 57, NUMBER 1 JANUARY 1998

Electric-field effects on a droplet microemulsion
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The Kerr effect in a model three-component microemulsion has been investigated using an improved ex-
perimental setup. These new measurements, which cover a wide range of droplet volume fractions,
0%< ¢$<30%, suggest that the Kerr coefficidftscales ag)? throughout the entire range of concentrations.
This scaling behavior suggests that Kerr effect in the microemulsion is intrinsically a many-body problem
rather than a single-body problem as previously suggested. It remains an intriguing possibility that the micro-
emulsion forms clusters comprising many droplets even in dilute concentrgi®t®63-651X98)01801-1

PACS numbses): 82.70.Kj, 78.20.Fm, 36.46.c

I. INTRODUCTION 100 A in diameter. A peculiar feature of this microemulsion

is observed when it is exposed to an electric figldFor a
Effects of an electric field on complex fluids have beenyjide range of droplet concentrations, the measured Kerr co-
investigated for a long time. One might therefore expect thagfficient K[E(nH_nL)/EZ] is positive for large droplets,
most fundamental issues have been resolved. This is CIearWh”e it becomes negative as the droplet size is reduced be-
not the case even for systems that have been extensivelyy a certain critical value. Here; andn, are indices of

studied. Examples include effects of an electric field on defraction parallel and perpendicular Er Moreover,K in

binary liquid mixture near its consolute poiftt], and the both the positive and the negative regimes scales as the

unusual Kerr effects observed for droplet microemulsions : 2 0
[2]. In both cases controversies abound and have been lipuare of the droplet concentratidfy: 47, for 0< ¢<30%.

. 0 : .
gering for many years. It appears that difficulties in under-It is noted that for¢<1% the microemulsion may not be

standing these systems are due to the presence of Iong—ran@é"’,‘bIe against phase separaf(&j, and the Kerr effect is

anisotropic density correlations resulting from a dipolar in- i ssber;itl?lllytﬁUFtao ths (\)/'I %hisi'i Trhier(re ?r:ersurl:fiif:lfntlreas?r? S
teraction[3]. In the case of a microemulsion, interfacial 0 befieve thal the above benavior IS rather Luniversal, as the

structures due to surfactant monolayers may have to be taker: enomenon has t_)een observed for m|cr<_)emu_I5|ons made of
into account as well. In this paper we illustrate, through ou ifferent oils and different surfactanf§]. This universal be-

o . .
extensive Kerr electro-optical measurements, that currernavIor is encouraging in the sense that the effect is not due to

theory, either based on a single droplet or a pair of dropletg’pecmcS of the molecules used, but rather is caused by a

(dimer) description, is inadequate to explain our experimen—co.mmon physical mechanism, which we seek to clarify in
his experiment.

| results. We conclude, therefore, that a relevant theory wilt . .
tal results. We conclude, therefore, that a relevant theory One of the early attempts to understand the sign change in

have to incorporate many-particle correlations in the pres- . ; ; X
ence of an electric field. K is based on a single-droplet mod&|8]. According to this

The system under investigation is a three-component mi[POdel’ the shape of a microemulsion droplet elongates along

croemulsion made of AOT surfactantsodium di-2- E, giving rise to a positive contribution t. However, the
ethylhexyl sulfosuccinajean aliphatic oil, and water. This is droplet shape deformation causes reorientation of surfactant
a well-studied system with its structure and thermodynamidnolecules on the oil-water interface. This has a negative con-
phases Carefu”y Characterizw_ In particu|ar, in dilute so- tribution tOK, since in this case more surfactants are aligned
lutions water droplets are encapsulated by a monolayer gerpendicular to th& field than parallel to it. As shown in
AOT molecules and dispersed in the oil continuum. The sizeRef. [7], K is dominated by the shape deformation for large
of these droplets is determined by the amount of watedroplets; whereas it is dominated by the surfactant reorienta-
present in the solution, and is typically in the range of 20—tion for small droplets. Despite its partial success, the single-
droplet model is inconsistent with the conspicueifsdepen-
dence as seen in a number of experim¢ai9].
*Present address: Department of Physics, Spelman College, At- The first theoretical calculation which can be reconciled
lanta, GA 30314. with the sign change as well as th# dependence is the
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work of Mayer[10]. In this model Mayer assumed that drop-  TABLE |. Physical parameters for the oils, water, and AOT
lets form pairs or dimers, and that an electron charge cafurfactant.

move freely along the circle where the two droplets merge:

Since the charge is located off the symmetric axis of theName M(g/mo)  p (glcm®)  €(0) n

dimer, it gives rise to a permanent dipole moment. In theC6Hl4 (hexang 86 0.660 1890 1375
presence of ark field, the orientation of the dimer now CaHrg (OCtane 114 0702 1948 1397
depends on two competing effect§) the interaction be- CSHlS (nonan 178 0.718 1'972 1'405
tween the permanent dipole moment and Ehfeld, and(ii) cjonzz (decané 142 0.730 1991 1410
the interaction between the induced dipole moments and th@12H26 (dodecang 170 0.749 2015 1.422

E field. The former tends to orient the dimer perpendicular toH L . ; L
E with a torquercR?; whereas the latter tends to orient the 20 (watey 8 0.99 8 333

dimer parallel toE with 7R3, HenceK switches signs as AOT (surfactant 445 1.305 1.468
the radiusk of the droplets increases. Mayer's model makes
a number of predictions that can be readily checked by ex-

periments. For instance, it predicts th{a} the crossover ra- (number of HO molecules  MH,0 Wor
diusRc is nearly independent of the dielectric constant of the “= (number of AOT moleculés M xor Wrio'
oil continuum, and?2) the value ofR¢ is ~40 A, which is 2
only a function of temperature. Moreover, in order for May-
er's model to be valid it also requires that the total number o
dimers in the solution must be much smaller than that of theg

monomers, which can be easily calculated using the law o 8%, 4%, 4.5%, 5%, 7.5%, 10%, 15%, 20%. 25%. and 30%.

mass conservation. .
. . .For each concentration, more than twenty samples were
To check the validity of these theoretical models and their y P

limitations provides a strong motivation for the ex erimentmaoIe with @ varying from 0 to 36, corresponding @\
P 9 P roughly up to 100 A. This set of measurements allowsdhe

reported here. The paper is organized as follows: In Sec. I&ependence to be found for differeft To accurately deter-

the sample preparations and experimental setup are dreﬁine the ¢ dependence, independent measurements were

scribed. The measurement procedures are also describeda{PSo carried out with two samoles having fixedvalues. 10
the same section. In Sec. Il our recent experimental results P 9 i

) . 0
including Kerr coefficients with different aliphatic oils, will dnd 32, and a starting a concentration §f20%. The

be presented. A comparison of these measurements wi mples were continuously diluted unfil approached zero.

. : ; : . e prepared samples were well mixed using magnetic stir-
Lterggav;’;"igzi?[;esemed in Sec. IV. Finally, in Saca brief ring bars, and by hand shaking. Assuming that all the surfac-

tant molecules stay on the water-oil interface, and the solu-
bility of water in oil is negligible,w measures the volume-

hereM; andW; are the mass and the molecular weight of
pecies. Measurements were carried out using a set of con-
entrations,»=1%, 1.5%, 2%, 2.5%, 3%, 3.25%, 3.5%,

Il. EXPERIMENT to.-surface fatio of the dispe_rsed phase. For a spherical
_ microemulsion, such as ours, is therefore proportional to
A. Sample preparation the average radiuR of the droplets.
The microemulsion used was a mixture of three compo-
nents: AOT(sodium di-2-ethylhexyl sulfosuccinatean ali- B. Apparatus

phatic oil, and water. While most of our experiments were Figure 1 shows the experimental sefdd]. The optical

carried out using decane, a set of measurements Were pefaiy consists of a HeNe lasex €6328 A), a linear polar-
formed using other members of the alkane series, allowing '

the dielectric constant of the oil continuum to be varied sys-
tematically without significantly changing the chemistry of
the samples. Altogether the following oils were used in the
experiment: hexane, octane, nonane, decane, and dodeca

Y
For convenience the relevant physical parameters for th (O) a‘
N\

chemicals involved are listed in Table I. All of the chemicals

were purchased from Aldrich Chemical Company and were (Laser

used without further purification. Double-distilled and deion-

ized water was used, which has a resistivity of 18.2

X 106 QO cm. Electrodes
For a ternary mixture, one needs two independent control

parameters in order to specify its composition uniquely. In

our experiment we choge the dropletdisperse-phageon-

centration

Diode

Polarizer ~  Wave Plate Analyzer

FIG. 1. Experimental setup. Our setup consists of a HeNe laser,
a polarizer, a pair of electrodes, a quarter-wave plate, an analyzer,
and a photodiode detector. The transmitted light couples to the pho-
todiode detector through a multimode fiber optical cable, which is
¢=(Mpor+M HZO)/(MAOT+ M H,0t Mow), not shcA)wn. in the figure. Th.e applied electric fieﬁolis in the hori-
zontal X direction. The optical axes of the polarizer, the quarter-
wave plate, and the analyzer are set, respectivelyf-atr/4,
and(ii) the molar ratio between the water and the surfactanty’ =3=/4, and¢’=37/4— a.
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izer, a sample cell, a quarter-wave plate, an analyzer, and a

fast photodiode detector. The laser beam is weakly focused, :g 4

and its polarization is 45° with respect to the appl%tﬂeld > 5 L

direction, which is set to the horizontal. The optical axis of <

the quarter-wave plate is 90° with respect to the polarizer ‘;’ o }

while the optical axis of the analyzer is set at 9Q% with 2

respect to the polarizer, as shown in Fig. 1. The use of the § -2 r

guarter-wave plate allows the positive and the negative bire- -

fringence to be differentiated, and at the same time increases 24 r

the sensitivity of our apparatus. It can be shddg,13 that, g _g , , , ] .
with the _abo_ve setup, the transmitted light intensity at the = 1000 10 20 30 40 50
detector is given by t (us)

I =losi[mANL/N+ a], , ,
oSiT a] FIG. 2. Kerr electro-optical response. The upper curve is the
wherel , is the incident light intensityl, is the path length of ~Kerr electro-optical response from a sample wift=10% and
the sample cell, andn(zn”_m) is the optical anisotropy. o=30. The signal is digitized from the photodiode detector. The
Note that formAnL/\<a<1, | is proportional taAn rather electric birefringence in this case is positive. For a sample with
than An2. which would be t,he case in the absence of thew<20, a corresponding negative signal can be observed. For com-

quarter-wave plate. The transmitted intensity, in this Caseoarison,we also plot the appli&tfield as a function of time, which
can be written as ' ' is shown by the lower curve.

is of more importance than the Joule heating. In this case, a
large number of pulses was applied, and the transmitted light

Prior to a measurementy was calibrated independently g‘i‘égg‘g '\évas averlaged'tr:llsing Z digljat(ﬂa; oscil)losc(;(ﬁ:fp;]
. e . i . For samples with large droplefisirge w) and hig
for each solution withE=0 (An=0). The transmission in concentrationglarge ¢), the Joule heating is a severe prob-
tensityl was measured as a function ef andl, was then

determined by fitting to the calibration curve using the qua_Iem, since fluid convection could be induced in the sample.

dratic equationl = ,a2. Oncel, was found, a small but Accompanying the convection, the sample turned cloudy,

fixed retardation. tvpically in the range of Lw<6°. was and the transmitted light intensity decreased with time. To
fix ation, typically I 9 @ » W minimize the heating effect, only a small number of pulses,
introduced into the optical path.

with a long delay time, was applied to the sample. Fortu-

Our Sample ce_II IS made of quartz and has a path Iengtﬂately, for microemulsions with largé and w, the optical
L =10 cm, which is ten times longer than our previous setup

. . . signal is often so strong that even a couple of pulses are
[2]. The largeL is needed in order to determine the Kerr sufficient for an accurate determination Kof

coefficients at low droplet concentrations accurately. The The Kerr coefficient in this experiment was determined by

sample cell was carefully anne_al_ed so that strain b'remn'steady-state measurements. The upper curve in Fig. 2 shows
gence on the windows was negligible. We can reliably mea

. ; : variations of the transmitted light intensity| (=1 — a?ly),
fgfﬂfggﬂporﬁ:;h'fts of the order of 9 corresponding which is proportional to the output voltage of the diode, as a

The electrodes are made of two stainless-steel plates sep{ﬁmtion of timet. The measurement was carried out for a
h - - - i i i = 0,
rated by two Teflon spacers. The distance between the elec—ater AOT-decane microemulsion with$=10% and

trodes isd=0.16 cm. and is much smaller than the width @©=30. As a reference, thE field as a function of time is
(W=4 cm) as well as the lengthL(=10 cm of the plates. also plotted as the lower curve in Fig. 2. The light intensity

L Al shows a transient relaxation when the field is applied, and
The electric field between the electrodes, therefore, can bgventually levels off. The steady-state value\dfis positive

considered uniform. We used a Velonex high-voltage powet : - . .
. “Tor this sample. If a similar measurement is carried out for a
supply to generate square pulses. The pulse helghf)

; 5 5 sample withw<20, the steady-state value dfl will be
E;g:g:ggg% \2 dﬁljr:gegulse width (10°<At<3x107% §) negative, indicating a negative Kerr coeffici¢td].

For each sample, measurements such as those shown in
Fig. 2 were repeated for differef values. For all samples,
Al was found to scale &8?, even for fields as large as 10

To calibrate our system, we used nitrobenzene, since it¥/cm. The E? dependence suggests that the measurements
Kerr coefficientk =2.85x10" 8 m?2/V2 is well known at are well within the lineafor Kerr) regime. From the slopes
the HeNe wavelength. The calibration procedure ensuredf the Al vs E2 plots we derive the optical anisotrogyn,
that the measureld is accurate to less than 10%. Two com- which then gives the Kerr coefficielt=An/E?2.
peting effects come into play in the electric birefringence
measurements. On the one hand, one would like to achieve a ll. OBSERVATIONS
better signal-to-noise ratio, which requires a long measure-
ment time; on the other hand, one would also like to mini-
mize the Joule heating due to a conduction current, which
requires a short measurement time. For small drojjetell Our first set of experiments consists of using a series of
w) and low concentrationow ¢), the signal-to-noise ratio samples that have fixed concentratiahsbut with o as an

I=1o(a®+2m7AnaL/N).

C. Measurement procedure

A. Effects of droplet size and concentration
on the Kerr coefficients
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FIG. 4. Scaling plot. The data from Fig. 3 are plotted using
0 10 20 30 40

K* =K(¢=constw)/P(¢), whereP is a scaling factor which is a
constant for a givenp. The horizontal axisw is normalized by
®min, Which is the minimum of the Kerr coefficients. Note that
since the locations of the minimum do not vary appreciably with
wmin IS Set to a constant 9. Despite orders of magnitude change in
K, the data at differens can be collapsed quite satisfactorily, par-
ticularly at largew. Some deviations were seen at the lowest con-
centration forow/ w,y<<2. The solid and dotted lines are polynomial
fits; see text for more details. The inset is a plot«gf vs ¢. For
d>T%, wc(=24) is independent of. However, at low concen-
trationsw¢ decreases a$ decreases.

w

FIG. 3. Kerr coefficientK vs w for different concentratiorp.
The upper figure is for the low concentration regime, covering
»=1% (pluses, 1.5% (open squargs 3% (crossey and 3.5%
(open circles The lower figure is for the high concentration re-
gime, covering¢=7.5% (open triangles 20% (asterisky 25%
(open diamonds and 30%(open stars Despite more than two
orders of magnitude changsee different vertical scales used in the
upper and lower figurgsn K as ¢ varies from 1% to 30%, the
dependence dk on w appears identical. That is, for a givehn K

decreases first, passes through a minimunwg$=9, and then . . .
increases monotonically as increases. which we found that the microemulsion droplets become un-

stable upon dilution fokp below about a percenb].

The similarity in the measured vs o curves for different
suggests that there may be a scaling relationship between
K and¢. For this reason we tried to superimpose all the data
by dividing the measured Kerr coefficients at a fixedy a
scaling factorP(¢), K* =K(¢=constw)/P(¢). Since all

systematically from 1% to 30%. To illustrate consistency
between different sets of measuremegwith different ¢),
all data are plotted together in Fig. 3. The upper figlae

. . o -
shows the low concentration regime £ 49%); whereas the the data show a minimum ai,;,=9, the horizontal axis is

lower figure (b) shows the high concentration  regime rescaled byw,,. The result of the above scaling procedures
0, H _ min *
(¢>7%). Here a markedly strongs dependence is ob is shown in Fig. 4. As can be seen, the quality of the data

served, i.e.K changes by more than three orders of magni- S . .

: : ) collapsing is excellent, particularly for concentrations greater

tude for the concentrations used in the experiment. A con:;

: ; : than 2% and for largew. To see howK depends onp we
spicuous feature of these measurements is that despite orders

. ; e : plot the scaling factoP as a function ofp on a log-log scale
of magnitude change iK, the Kerr coefficient asa fun(_:tlon in Fig. 5. Here a linear relation is found indicating a power
of w appears similar for all different. That is, a typical

curve starts fromK=0 at w=0. becomes progressivel law of the formP~ ¢, where they turns out to be 2.30.2.
o= prog Y The error bars shown in the figure are mainly due to uncer-

morre ;ﬁqgé;ﬂ}/e a@~|gcr§23trast,h?nd rii?c}?eg ai?m,:mlijrw attainties in bringing individual birefringence curves to col-
appro aﬁj.ywm'”_ .ab~624 BS fpoth, . begins 1o K lapse. It is surprising that the quadratic dependence appears
Crease, yielding zero ab=24. by luriher increasing, to persist even at low concentrations, as shown in the inset of

bgcomez ﬁ rap_ldly |ncreﬁs[[ng_ fL.JInCt,Lon iﬂf tTh?] belha_vlolr f Fig. 5, where the data are plotted on a linear scale over the
observed here Is somewhat simriar to electrorneéologica u|"ange 0%< ¢»<5%. The solid line in the inset is a fit using

'gz ;theg.at t;mgemczéﬁgg Tectgagﬁzlllp;ﬁgrtrﬁss ?)ff thztlllipzaqsz, with a being the only adjustable parameter.
: Xnioit ex itvity u w There has been much debate on whether orkhtias a

present in the sample.5]. . . -
Upon close inspection of the data near the regime wherleInear ¢ dependence at low concentratidi#56—8. Such a

K changes sign, we found that, while in the high concentra- . .

tion regime @>7%) wc(=24) is nearly a constant, inde- A”Z’:EL:EE!'h;C;r:i%ifred"c’ ©min, ANAK i for different oils.
pendent of¢, the data show a subtle decrease in the low P >
concentration regime. As shown in the inset of Fig(o#

2N/ 2
Table ll), the crossovemw. changes by~10% in the con- Name “c ©min Kmin (M*/V7)
centration range € ¢<5%. This behavior may not be en- CgHy, (hexang 31x2 8+r1 -2.2x10°%
tirely surprising in that water has a low, but finite, solubility CgH,4 (octane 29+2 10+1 —1.2x10 %0
in oil. The effect becomes more acute for the low concentracgH,, (nonang 27+2 8+1 —1.8x107%
tions, since the actual volume of the dispersed phase is no@, H,, (decang 24+2 8+1 -7.1x10 %0
lower than anticipated. The phenomenon seen here appeats,H,, (dodecang 20+ 2 8+1 —7.9x10°20

to be consistent with our neutron scattering observation, ir
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FIG. 5. The scaling factoP vs ¢. P spans more than three FIG. 7. Kerr coefficienK vs w for different oils. The measure-
decades and appears to be linear on the double logarithmic plot. Aents are for five different oils: hexarn@pen squares octane
linear least square fit givéd~ ¢”, with y=2.3-0.2. The insetisa (open circley nonane(open triangles decane(open diamonds
linear plot for the low concentration data with the solid line calcu- and dodecan€¢open stars For all the measurements, the droplet
lated according td®=aq¢?, wherea is the free adjustable param- concentration is fixed¢=10%. As the hydrocarbon chain length
eter. We note that in order for the single droplet model to be validjncreases, the Kerr effect becomes stronger, and the birefringence
v should be unity at low concentrations, as shown by the dashegwitches sign at smaller values of
line, which is not obviously the case in this experiment. The fact
that y is close to 2 suggests that interactions between the dropleterr coefficientK by ¢, and plotK/¢ vs ¢. The linear¢
are significant. dependence in such a plot will be shown as a nonzero inter-

cept. This is carried out in Fig.(6), and we found the inter-
linear dependence, if it exists, is significant, and may be usedept to be nearly indistinguishable from zero. The uncer-
to determine bending elastic constants of microemulsionainty in the measurements is abott5x 1021 V 2/cm?,
droplets[7,8]. In light of this we performed additional mea- which is a factor of 10-1000 smaller than those previously
surements using samples for whiehwas fixed at a constant reported[7,8]. We speculate that the difference between the
value, but¢ was varied by dilution with decane. This current measurements and those of earlier ones are likely due
method allows more systematic variations ¢#f and was to the significantly improved sensitivity in our experiment.
used by previous investigators to find the linear concentra©ur new measurements indicate that within our instrumental
tion dependencg7,8]. Figure &a) shows two sets of mea- accuracy, the lineayy dependence oK cannot be reliably
surements withw= 10 and 32, which correspond to the nega-measured. The only feature that we observed, throughout the
tive and the positive Kerr responses, respectively. The soliégntire concentration range<Op<30%, is the ¢ depen-
and dashed lines are fits to a quadratic equakichrag?®  dence.
without the linear term. Though is the only adjustable pa-
rameter, reasonably good fits are achieved here. An alterna-g. Effects of different aliphatic oils on the Kerr coefficients

tive method to check the linear dependence is to divide the . .
a dep In an attempt to explore the effects of different oils on the

Kerr coefficients, alkanes of different chain lengths were

g 20 used. The low-frequencysf—0) dielectric constant(0),

£t 10 1 which for oils is essentially the square of the optical index of

= 00 T - ] refractione(0)=n?, increases monotonically as the molecu-

o R SN lar weight increases, as shown in Table I. The measurements

x0T (a) ‘\'\l; were carried out for a set of samples all havipig 10% and

x -2.0 ' ' : ® as a variable. Figure 7 shows the experimental results.

- 00 05 10 15 20 While the general trends are similar to that seen in the

“< 18 g i , samples made of decane, a number of new features emerge.

Tt 9 / First, the locations of the minima ik do not change signifi-

2 cantly for different oils, and these locations are approxi-

'9 0 Rl R ] mately aroundw,,;,=8. Second, the magnitude of the nega-

X -9 L (b e tive part of the birefringence increases remarkably with

S 15 . . . increasing chain length. The minink,,;, change by nearly

X 0 5 10 15 20 an order of magnitude for oils with short chains as compared
0 (%) to those with long chains. The tenfold changeKiris quite

significant, considering that either the low-frequency dielec-
FIG. 6. Concentration dependence. The solid squares are fdfic constante(0) or the refractive indexn of the oils
=10, and the open squares are éor32. In (a) the Kerr coeffi-  changes at most by about 10% as shown in Table I. Finally,
cient is plotted agains# for small concentrations. The solid and it is noted that there is a systematic shift e toward
dashed lines are quadratic fits to the data(dnthe ratioK/¢ is ~ smaller values as the oil chain length increases. The variation
plotted against. Note that both sets of data give nearly zero in- observed in the experiment is about 30% which is greater
tercept, showing the absence of the lingadependence ikK. than that seen in dilute water-AOT-decane microemulsions,
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as discussed above. The measuigg,, Knin, and wc for TABLE 1. Coefficients of polynomial fits.
different oils are listed in Table II. :
Order of polynomials [ C; Cy4 Cs
IV. COMPARISON BETWEEN THEORY Fifth —-3.179 2893 —0.899 0.100
AND EXPERIMENT Fourth -1.196 0.566 —0.046

A. Single droplet model

Within the single-droplet approximatiof, can be calcu- whereC,, are the fitting parameters and are listed in Table
lated using the Clausius-Mossotti equation, taking into ac|l. It is not difficult to see from our data that the zeroth and
count the elastic deformation of the microemulsion dropletsirst order terms are negligible, & exhibits a local maxi-

[7] Though the detailed derivation is tedious, the qualitativemum at the originw/ w,;;=0. The entire curve in Fig. 4 can
result can be easily obtained by simple dimensional argupe adequately mimicked by the given function with four ad-
ments. In the linear response reginke,is proportional to  justable parameters delineated by the solid curve. To appre-
both the low- and high-frequency polarizabilities(0) and  ciate the importance of the fifth order term, the leading term
a(w)] of the fluid, where the low-frequency part couples to for w/w,y,, being large, we attempted to fit our data with only
the applied external electric field while the high-frequencythree parameters;,, C;, andC,. This is shown by the dot-
part couples to the probing electromagnetic waves, the lasggd line in the figure. Here the quality of the fit is poor as
light in this case. It is further assumed that betf0) and indicated by the mismatch of the minimum i and sig-
a(w) are linear combinations of two terms, one from thenificant deviations at large/wy,,. In fact, in this caseC,
water core ) and one from the surfactant layer on the turns out to be negative, as seen in Table IIl, which is against
water-oil interface &s), wherea; represents molecular po- the trend observed in the measurements. The large deviations

larizability of the corresponding componeintThis gives observed in both theb and thew dependences lead us to
believe that the physical origin of the Kerr effect in our mi-
K ~ 4—7TR3A(1 (w)+4md Rﬁ,Aa (m)> croemulsions is due to a collective effect of the microemul-
3 werwW S sion droplets rather than the shape deformation of individual
droplets.

4

X3

R3 ad,(0)+4md Rﬁag(O))p,
B. Dimer model

where R, is the water-core radius of the microemulsion The simplest model that takes into account particle corre-
droplets; d is the interfacial thickness, which is approxi- lation is to assume droplets forming dimers. Mayer's model
mately the length of a surfactant moleculep(w) is the i based on this dimer structure of microemulsigas].

optical polarizability anisotropy; ane* (0) is an effective Generally, the largest polarizability is along the direction of
low-frequency polarizability. Sincep~¢/R3, the above the dimer axis for both the static and optical electric fields.

The Kerr effect would be positive if the dimer axis tends to
be aligned along the field direction. However, if there exists
a large permanent dipole momept perpendicular to the
dimer axis, the external field would rotate the permanent

jpole toward the field direction. Under this condition, the

imer axis tends to be perpendicular to the field direction.
ghis contribution to the Kerr effect is negative. In Mayer’s
model it was assumed that the permanent dipole moment is
due to an electron charge partially trapped in the joint region
between two adjacent droplets. The average polarizability
anisotropy in the electric field is given by

equation predicts thafl) K is linearly proportional tap, at
least at low concentrations, af@) K is a polynomial ofR,,
with the lowest order term being proportional Ry, and the
highest order term- RS’V. For R,>d, and assuming that all
the surfactants stay on the interface, it can be seen th
R,~ w, i.e., the volume-to-surface ratio of the droplet. In
this case we expect that the leading term of the birefringenc
should scale ak~ w? in the limit of large droplets.

Our experimental results deviate significantly from the
above theoretical prediction. If the single-droplet model is
correct, one would expect that the scaling fadishown in
Fig. 5, would deviate from the)?> dependence at low con- 2
centrations. Here instead of seeiRg- ¢?, a linear depen- Sa(w)= 4—5/3E2[Aa(0)—,BM2]Aa(m),
dence is expected. For this reaséw; ¢ is plotted in Fig. 5

using a dashed line. Clearly this scaling behavior is incon-

sistent with our observation. The most convincing evidencdvnereA«(0) andA a(w) are the low-frequency and optical
of the lack of linears scaling is seen in Fig. 6, as the polarizability anisotropy of the dimer in its intrinsic frame of

samples in this plot were better controlled in their concentra—r.eference’ ang=1kgT. If the dimer d¢n3|typd 'Sé propor-
onal to the square of monomer densjty;, the ¢~ scaling

tions than those in Fig. 4. The single-droplet model cannog havi id b i tically built into M , del
explain quantitatively the observegdependence either. Our ehavior wo,u € automatically bullt into viayer's model.
In Mayer's model the number of dimers was not ad-

o 3
lc;a:;a;f;).rﬁ_c:/ ﬁlﬁét?z:t: Tﬁ:’s\mv:lr; er?ovinf ?:ig(?t4ot?1?poci)ynt§)r:1i al dressed, and the magnitude of the electrip birefringence was
fit to the data using the following functional form: treated as an overall factor to fit the experl_mental data. How-
ever, an estimate fqsy shows that the required number den-
5 sity pq is too large. This is because the strength of the dimer-
K*=> Co(wlwmn)™ field interagtion is weak_in corn_parison to the the;rma}l energy,
m=2 and the alignment of dimers in the field direction is small.
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The large Kerr coefficients found in our experiment require assamples. We note that in recent years there have been sys-
large number of dimers. A simple calculation shows fhat tematic studies of the clustering phenomena in microemul-
is at least of the same order of magnitudepas and, for  sions. Such a phenomenon can be seen in electric conductiv-
large concentrations, it is an order of magnitude larger thaity, diffusion coefficients, and shear viscosity measurements
pm- This means that even if the dimer structure dominate$16]. In particular the binding energy for dimerization has
the birefringence, the number of dimers will reach a saturabeen estimated using electric birefringence measurements
tion, andp?, dependence will break down. Therefore, May- similar to the present workl7]. However, Ref[17] did not
er's model is also inconsistent with the concentration depenaddress the issue of the number of dimers nor checked if the
dence found in our experiment. This also implies that othehumbers were consistent with the observed birefringence sig-
theoretical models that stop at the dimer level are perhapgal.
not sufficient to account for the large birefringence signal A conclusion which can be drawn from our observations
seen in the experiment. is that many-body correlations, or particle clustering, must
Another experimental fact is that the crossover paigt ~ be responsible for the phenomenon observed. We conjecture
is independent of when ¢ is sufficiently large. The predic- that the presence of both positive and negative birefringence
tion on the crossover point is also a crucial test for a sucis a direct consequence of such a clustering effect. Similar to
cessful model. For instance, a notable shiftiip was ob-  €arlier theoretical mode[§,10], two competing mechanisms
served in our experiment when different oils were used. Agnust be operating, i.e(i) the internal rearrangements of
shown in Table Il,wc shifts from 31 for hexane to 20 for droplets in a cluster, andi) the overall shape change of the
dodecane. Mayer's model predicts that the crossover poirgluster in the presence of dn field. Moreover, interfacial
wc has nearly no dependence on the dielectric constant aftructures of surfactant monolayers and possibly the sur-
the oil continuum due to the fact thaf0) for water is much rounding oil molecules, which couple to the rearrangements
greater than that of oils. of the droplets, may also need to be taken into consideration.

V. CONCLUSION
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