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Interactions in mixtures of a microemulsion and a polymer
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We have studied the phase behavior of mixtures of a microemulsion and a nonadsorbing polymer. With a
virial expansion we calculated the phase boundary curve of the mixture using an effective interaction potential,
which includes both the polymer-induced depletion attraction and the square-well attraction between the bare
microemulsion droplets. The calculated phase boundary curve fits the phase measurements well. The fitted
values of the interaction parameters for the square-well attraction are found to be in good agreement with the
previous neutron and light scattering results. The experiment demonstrates the effectiveness of using a polymer
to probe the microscopic interactions in microemulsions and other non-hard-sphere colloidal suspensions.
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PACS numbegp): 82.70.Kj, 82.70.Dd, 65.56-:m, 61.25.Hq.
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ing the phase behavior of various binary mixtures of colloi- .
dal particled 1], surfactant aggregaté2], and polymer mol-
ecules[3]. While the detailed microscopic interactions in
these mixtures may be somewhat different, their phase be,vhereyp is the volume occupied by a polymer chain and
havior nevertheless can be explained generally by a simplg=1+ 2R, /. This potential has been used to calculate the
binary hard sphere modgt]. For mixtures of a colloid and a phase dlagram of the colloid-polymer mixturg,9], and
nonadsorbing polymer, it has been assurfied?] that the  recent phase measurements of several mixtures of colloid
colloidal particles are hard spheres and the polymer moland nonadsorbing polymer have shown qualitative agree-
ecules behave as hard spheres toward the colloidal particlggent with the calculationg3,10,11. A more recent neutron
but can freely interpenetrate with each other. The hardscattering experiment by Yet al.[12,13 directly measured
sphere-like interaction between the colloidal particles and théne colloidal interaction in the mixtures and confirmed the
polymer molecules results in a spherical shell around each afinctional form ofU(r) shown in Eq.(1).
the colloidal particles, within which the center of mass of the  while it is successful in explaining the phase behavior of
polymer molecules is excluded. The free energy of the mixmany binary mixtures, the binary hard-sphere model is nev-
ture can then be reduced by grouping the colloidal particlegrtheless a highly idealized theoretical model. In reality,
together to share the depletion volumes. This gives rise to athere are many Comp“(:ated, non_hard_sphere colloidal mix-
effective attraction between the colloidal partiCles. Thetures_ Even in the Study of the model C0||oid-p0|ymer mix-
depletion attraction controls the phase stability of manyyres, the colloidal particles used in the experiments are not
colloid-polymer mixtures, which are of direct interest to in- strictly hard spheres. These particles are stabilized either by
dustries8]. surface charges or by a layer of surfactant molecules, and
The depletion interaction between the colloidal particleshence the interparticle potential has a weak repulsive tail.
can be expressed in terms of an effective poteritiéf),  The interaction potentials for the surfactant aggregates and
which is the work required to bring the two colloidal par- polymer molecules are probably much softer than those of
ticles from infinity to a distance in a given polymer solu-  the hard spheres. Clearly, a further study of non-hard-sphere
tion. It has been shown th&t(r) has the forn{5,6] colloidal mixtures is needed in order to extend the current
theory to a more general form, so that different non-hard-

In recent years there has been a growing interest in study- NERE: 3/ r 1/ r \3
o=ufi55) |- Z o)+ 2l
A1

Uo(r), r<o sphere interactions can be included. In this way, one can
U(r)={ —IIpV(r), o<rso+2R, (1)  critically examine the current theory for the depletion effect,
0 r>o+2R and prepare model systems to mimic characteristic features
’ 9 of many industrial colloid-polymer mixtures.
whereo is the particle diametel], is the osmotic pressure In this paper we report a phase boundary study of a mix-

of the polymer molecules, arfg, is their radius of gyration. ture of a microemulsion and a nonadsorbing polymer. The

In the above, the bare colloid interaction potentialmicroemulsion used in the experiment contains surfactant-

Ug(r)=+oo for hard spheres. The volume of the overlap-coated spherical water droplets, which are uniformly dis-

ping depletion zones between the two colloidal particles igpersed in an oil-continuous medium. These microemulsion

given by|[5,6] droplets behave as ‘“association colloidal particles,” and
they interact with each other attractivdli4]. Previous neu-
tron and light scattering measurements have shidwn-16

* Author to whom correspondence should be addressed. that the bare interaction potential between the droplets can be
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described by a hard-core repulsion plus an attractive square TABLE I. Fitted values of the square well width, the depth
well, parametera, and the radius of gyratioRy at different tempera-
tures. Also listed is the measur&y by static light scattering.

+ o0, r<so—w .
Fitted Measured
Ug(r)=9 —ekgT, o-WSIso ©) T (°O w (A) a (A7 Ry (A) Ry (A)
0, r>a, 15 2.99 0.041 87.4 89
20 2.98 0.040 93.1 97
where the square well widtv=3 A and the well deptle is 25 298 0.043 98.5 93
proportional to the core size of the microemulsion droplets.  3g 298 0.042 108.2 108
Lemaireet al. [15,17] have proposed that the attractive in- 35 299 0.044 114.9 110

teraction between the droplets arises from the mutual inter=
penetration of the surfactant tails. It should be mentioned

that while it is suc_ces_sful in fitting the s_catt(_ar_ing data, thetwo steps. First, the microemulsion samples were prepared
square well potential is nevertheless a simplified model poby dissolving AOT inn-decane, and then adding an appro-

':jentla!bAt:ﬁmpttst, hat\_/e b_e(ten m?de tt()) tuse Ot?ﬁr pof[entlals It8riate amount of water into the solution. To continuously add
escribe e attractive interaction between th€ mICroemuly, o pip jnto the microemulsion, we first dissolved the PIP in

sion dropletd18]. In the experiment to be described below, decane with a concentration 0.06 ginThe PIP solution

we vv.|II'use the square we!l poten'FlaI S0 that we can comparg,as then gradually added into the microemulsion while the
our fitting results for the interaction parameters with thosesample was under thorough mixing. After each addition, the
obtained from the previous scattering experiments. With I:qumixture sample was weighed and its polymer concentrétion
(1) and (3), we have the total droplet interaction potential was computed according to the added amount of the polymer

U(r)=Uo(r) —1I,V(r). Note thatU(r) consists of three in the titration solution and the total volume of the mixture

parts: a hard core repulsion, an attractive square well, and a&lmple. All the mixture samples were kept in a thermostat,

additional depletion attraction. In the experiment to be de—Which has a temperature stability better thaf.05 °C.

s:crib_ed below, we will show that when the depletion attrac- = 1, microemulsion-polymer mixture samples are found to
tion is known, one can use the polymer to probe the bar‘Become turbid(i.e., phase separation occuryashen their

interaction between the microemulsion droplets. : o = 3
0polymer concentration exceeds a critical valDg (g/cm”).

The microemulsion chosen for the study consisted of s To obtain the ph boundary of the mixture. we brepared
dium di-2-ethylhexylsulfosaccinate (AOT  surfactany, 0 obtain the phase bounadary of the mixture, we prepared a
series of microemulsion samples in which the droplet vol-

n-decane(oil), and water. Both the AOT surfactafftluka . ) 0
Chemica) and n-decane(Aldrich) were used as received. ume fract'lon¢d was f_|xed at 30%, but the water-to-AOT
olar ration was varied from 10 to 40. For each of the

Water used for the microemulsion samples was first distilled” ) : 3
and then deionized. Because the microemulsion is a ternafjicroemulsion samples with a fixed the value ofC, was
system, one has two control parameters for the system: t termlned_by carrying out the ab0\_/e described titration pro-
volume fractiong, of the dropletdwater+ AOT surfactany ~ c€dure until a cloud point was visually observed in the
and the water to surfactant molar ratioThe microemulsion Sample. The experimental uncertainties for the measured
samples used in the experiment had a fixeg=30%, but Cp, were less thart 5%. Because the amount of the polymer
their water-to-AOT molar ratim was varied between 10 and Solution added into the microemulsion was very smaliy(

40. For these combinations ¢fy andn, we obtained a ho- Vol %), the droplet volume fractionpy of the mixture
mogeneous and optically clear single-phase microemulsiof@mples is essentially the same as that of the corresponding
at room temperature. The microemulsion has been well chafhicroemulsion samplesd(;=30%). After the titration the
acterized previously using light and neutron scattering techtixture samples remained cloudy for many days and would
niques[19-21], and the system, in many aspects, is analo0t become clear even under rigorous shaking.

gous to a colloidal suspension. It has been sho®d-21] Figure 1 shows the measur€q (circles as a function of
that at moderately lowp, the size of the water droplets is n at the temperatur&=20°C. As mentioned above, the PIP
rather uniform and is linearly proportional to chains are hydrophobic and they cannot adsorb onto the sur-

The polymer used was monodispersed polyisopf@te)  faces of the water droplets. Therefore, the phase separation
with the molecular weightM, =100 000 andM, /M, in the mixture must be induced by the depletion attraction
=1.05. It was purchased from Polysciences. Decane hagetween the droplets. It is seen from Fig. 1 that the amount
been known to be a good solvent for FIP2]. Because it Of the polymer needed to induce a phase separation in the
contains only hydrocarbons and no hydrophilic groups, thenixture depends on the water-to-AOT molar raticand the
PIP chain will not adsorb onto the surfaces of the watermaximum value ofC, is located ah=30. According to Egs.
droplets. To determine the radius of gyratiepfor the poly- (1) and(3), both the bare attraction between the microemul-
mer chains in decane, we measured the scattered light intesion droplets and the polymer-induced depletion attraction
sity of a dilute polymer solutionwith the concentration contribute to the phase separation in the microemulsion-
Cp=5X 103 g/cm®) as a function of the scattering wave polymer mixture. Because the total amount of attraction
numberqg. The value ofR; was then obtained from the needed for the phase separation is fixed, we conclude from
Zimm analysis of the scattering ddt23]. In Table | we list  Fig. 1 that the bare attraction between the droplets also de-
the measured values @&, at different temperatures. The pends upom. It is interesting to note from Fig. 1 that when
microemulsion-polymer mixture samples were prepared byhe depletion attraction is known, the polymer molecules can
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FIG. 1. Measured critical polymer concentratiGy as a func- _
tion of n at T=20°C. The solid curve is a fit by Ed8) with FIG. 2. Measured critical polymer concentratiGy as a func-
w=2.98 A anda=0.04 A1, tion of n at T=15 °C (inverted triangles 25 °C (square} 30 °C

(triangles, and 35 °C(circles. The solid curves are the fits by Eq.
be used to probe the bare interaction between the microemul8), and the dashed curve indicates the fitted phase boundary curve
sion droplets. atT=20°C.
To further characterize the interaction between the micro:

emulsion droplets in the polymer solution, we calculate theifcnorfzzn ?;E;One{)neucliﬁg'spgbyﬁr}l?én?')igree leet’r? ﬂ']t: Cg?éﬁﬂ‘féd
second virial coefficient y large.

(B,)g, 0One can estimate the stability limispinodal condi-
o tion) for the emulsion droplets in the polymer solution. At
(Bz)d=27-rf [1—e Y keT)r2gr, (4)  the limit of stability the system does not resist long-range
0 fluctuations of the droplet concentration, and its reciprocal
osmotic compressibility goes to zero. Using the virial expan-
sion of the osmotic pressure for the droplets, one arrives at
the spinodal conditiof7],

Substituting the potentidlU(r) shown in Egs.(1) and (3)
into Eq. (4), we have

(o 3 B
(Bz>d:(Bz>Hs{1—3(ef—1>[(fw) —1} (By)= — o2Hs, %
e 8dq
(2Rt G—W)6f(s)¢ ©) for small droplet volume fractiorpy (up to the second or-
64Rg’(o—w)3 PI? den. Substituting Eq(5) into Eq.(7), we obtain the critical

polymer concentratio©, for the onset of phase separation:
where B,)ys=(7/6)(c—w)3 is the second virial coeffi-

. . 3
cient for the hard core of the droplets of diameder w, and _ e g
dp=vpN, is the effective volume fraction occupied by the Cp 1+1/(8¢q)= (e~ 1) (U—W) 1
polymer chains wittn, being the polymer number density. cr Flo—w) : ®

The functionf(s) in Eq. (5) has the form
where C*= MW/[(47T/3)R3] is the polymer overlap
6 concentration and F(o—w)=f(s)(2Ry+ o—w)8/
! ©®  [6aR3(0—w)?).

For our mixture samples, the droplet volume fraction was
where s=2(oc—w)/(c—w+2Ry). In getting Eq.(5) we fixed at ¢4=30% and the droplet size- was varied by
have assumed that the polymer osmotic pres§lyen Eq.  changing the water-to-AOT molar ratio. Previous small-
(1) takes the formlI,=n,kgT (ideal gag, and the integra- angle neutron scattering experimep®i] have shown that
tion in Eq. (4) was carried out only up to the first order of o=31.66+2.2tn (A). The square well depth has also been
Np- found to change withr [14,16. Using the light scattering

It is seen from Eq(5) that (B,)4 consists of three terms. technique, Dozieret al. [16] have found thate= a(c/2).
The first two terms represent, respectively, the contribution®ith these experimental results being substituted into Eg.
from the hard-core repulsion and the square well attraction of8), we were able to fit Eq(8) to all the measured phase
the droplets. The third term is the contribution from the boundary curves using only two free parameters: the square
polymer-induced depletion attraction. Because the depletiowell width w and the depth parameter The solid curve in
term increases linearly witth,, phase separation may occur Fig. 1 shows the fit witw=2.98 A anda=0.04 A%, The

f(s)=

1 319+13
S 16> 32°
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fitted values ofv and« compare well with the neutron scat- fitted phase boundary curve, we expect the fitRgdto be
tering resultw=3 A [14] and the light scattering result subjected to experimental uncertainties similar to those for
@=0.05 A" [16]. It should be pointed out that in the above the measure€, . In the experimentC, was determined by
discussion, we have used the radius of gyrafignas the 3 visual observation of the cloud point. Nevertheless, the
effective droplet-polymer interaction range for the depletionsitted values ofR, shown in Table | are in good agreement
potential in Eq(1). Because the value &* is needed in Eq.  \ith the measure®, by static light scattering.

(8), Ry was also involved in the calculation of the critical |, summary, we have studied the phase behavior of a
polymer volume fractiong,=C,/C*. The recent neutron mjcroemulsion-polymer mixture at different temperatures.
scattering experiments by Yetal. [12,13 have indicated \wjth a virial expansion we calculated the phase boundary
that a length scale somewhat smaller thgrshould be used  ¢\,ve of the mixture using an effective interaction potential,

for these purposes. To reduce fitting uncertainties, we treat&gyicp incjudes both the polymer-induced depletion attrac-
Ry in Eq.(8) as a fitting parameter. Note that the main eﬁeCttion and the square-well attraction between the bare micro-

OLRQ inbthe f(ijtting s to ch_?rr]lg(?_;[thedovelrall hefight ?f tthzf.itted emulsion droplets. The calculated phase boundary curve fits
phase boundary curve. The fitted valuesRgfare listed in the phase measurements well. The fitted values of the inter-

Table 1. action parameters for the square-well attraction are found to
We now discuss the measured phase boundary of the P N

microemulsion-polymer mixture at other temperatures. Fig-be in good agreement with the previous neutron and light

: scattering results. The experiment demonstrates the effec-
ure 2 shows the measure, as a function ofn at tiveness of using a polymer to probe the droplet interaction
T=15 °C (inverted triangles 25 °C (squarey 30 °C (tri- g a poly p p

angles, and 35 °C(circles. The solid curves in Fig. 2 are the ‘P the microemulsion. We gxpect this simple polyme_:r titra-
fits by Eq.(8) with w, a, andR, being the fitting parameters. thn methqd .to be gsefu] in the future for measuring f[he
The fitted values of these parameters are listed in Table fnicroscopic mter_actlons n <_)ther_ non-hard-_sphere_ colloidal
The dashed curve shows the fitted functBp vs n for the suspensions, which are of direct interest to industries.
mixture samples aT =20 °C (see Fig. 1 It is seen from This work was supported by the Research Grants Council
Table | that the fitted values af and « remain fairly con- of Hong Kong through a Direct Grant for Research
stant in the temperature range studied, and they compaf@20600470. P.T. was supported by the U.S. National Aero-
well with the previous measuremerit4,16. Because the nautics and Space Administration under Grant No. NAG3-
value of Ry in the fitting controls the overall height of the 1852.
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