PHYSICAL REVIEW E VOLUME 62, NUMBER 2 AUGUST 2000

Order parameter and interfacial tension of a colloid-polymer system
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The order parameter and interfacial tension of a colloid-polymer system consisting of grafted silica particles
in cyclohexane in the presence of the soluble polymer polydimethylsiloxane are determined experimentally in
the entire liquid-liquid coexistence region, from the liquid-solid boundary to the critical point. The renormal-
ized critical exponents of the order parameter and interfacial tension are found to be, respegively,
=0.371+0.026 andu* =1.30+0.08, and are discussed in the light of theoretical predictions.

PACS numbsefs): 82.70.Dd, 64.60.Fr, 68.16m, 68.10.Cr

INTRODUCTION rich and the other lean in colloidal particles, they are sepa-
rated by an interface to which is associated a free energy, the
Colloidal systems are ubiquitous and fascinating and, irinterfacial tension. When both phases are liquid, the interfa-
spite of the complexity of their interactiof4], share many cial tension is expected to decrease as the critical point is
features with simpler atomic or molecular systems. In parapproached, ultimately vanishing at the critical point itself.
ticular, they exhibit, under suitable conditions, solid, liquid, In colloid-polymer systems, the interfacial tension is more-
and vaporlike phasd2]. over expected to be very low, even far from any critical
While the liquid-solid phase transition has been and refoint. This is confirmed by an approximate calculation and a
mains actively studied at a fundamental level, in particular tapreliminary measuremeft 2].
shed light on the remarkable features of two-dimensional For common systems such as simple fluids or uniaxial
ordering[3], the liquid-liquid phase transition is more subtle ferromagnets, which have a scalane-dimensionalorder
and remains poorly understood. parameter, theory predicf&3] not only the critical behavior
A necessary but not sufficient conditip4] for the occur- ~ of the order parametdrespectively equal to the magnetiza-
rence of a liquid-liquid phase transition is the presence of afion and the difference between the compositions of the co-
attractive force. A well-knowr{5] way to provide for it in  existing fluid phases, which is proportional to that between
colloidal systems is by adding a soluble polymer that, if con-their densitieg14]), but also the critical behavior of the in-
centrated enough, will induce a short-ranged depletion forcéerfacial tensiorf15].
between the colloidal particles, provided the size of the poly- In contrast to that of such simpler systems, the critical
mer is sufficiently large compared to that of the colloidal behavior of colloidal systems is not known experimentally. It
particle, so that no polymer can lie between two colloidalis the purpose of this paper to report on the order parameter
particles if the latter are close enough to each oteee Fig. and interfacial tension of a well-defined colloid-polymer sys-
1). While the depletion force was predicted many years agdem consisting of silica particles grafted with stearyl alcohol
[5], it is only recently that it has been measured, by laserin cyclohexane, in presence of the soluble polymer polydim-
radiation pressure, a surface force apparatus, atomic-foraghylsiloxane(PDMS).
microscopy, and other optical microscopy technigi&s
Liquid-liquid phase equilibrium has been found in some
colloid-polymer systems in an aquedd§ or organic solvent
[8]. Approximate statistical mechanical calculations for ef- Aqueous silica(Ludox TMA colloidal silica, 34 wt %,
fective one-component models predi@] that for three- DuPon} and polydimethylsiloxane 200 fluidmolecular
dimensional colloid-polymer systems, liquid-liquid phase co-
existence occurs foa<3ry, wherea is the radius of the
colloidal particle and 4 is the gyration radius of the polymer @' @ @
(see Fig. 1, confirming the experimental observations of
Sperry[10]. More recently, the partitioning of polymer be-
tween the coexisting phases has also been taken into accour@
in theoretical calculationgl1].
When two colloidal phases coexist at equilibrium, one
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weight 92 000, Dow Corningwere purchased from Aldrich.
The diameter of the silica particles is 26.2.6 nm, deter-
mined by transmission electron microscopy. Stearyl alcohol
(n-C,gOH) with a purity of 99% was obtained from TCI
America, and cyclohexane from Fisher Chemicals.

Neutral organophilic silica particles are prepared by graft-
ing stearyl chains onto the silica surface according to the
method described by llgr16] and van Helden, Jansen, and
Vrij [17]. Colloidal silica tends to aggregate by forming si-
loxane bridges in the presence of wdtes,18. Water is also
the by-product of the esterification of silica and stearyl alco-
hol, and its presence would greatly retard esterificaltich.

It is thus critical to remove water in the grafting procedure.
With Ludox TMA patrticles, it is necessary to initially lower
the pH of the aqueous dispersion below 2 during the removal

of the water by azeot_ropic distillation_ with addition of 5 5 Photograph of sample containing 34.4 wt% grafted
1-propanokFisher Chemica)s 1-Propanol is chosen because jjica and 1.10 wt% PDMS in cyclohexane showing liquid-liquid
it is miscible with both water and stearyl alcohol, and formsypase separation. The sample vial is tilted to exhibit the high mo-

an azeotrope with water at 87 °C. With addition of stearylpjjity of the interface.
alcohol to silica alcosol, the system is then heated and esteri-

fied at 180-200°C for 3 h under nitrogen atmosphere, aftefyeen the densities of the two liquids is the speed of
evaporation of 1-propanol and excess water at 120 °C. Thgytation, andr is the equatorial radius of the dropcannot
grafted silica is then purified from excess stearyl alcohol by)o measured directly. The apparent radius of the droplet is
ultracentrifuging the dispersions in cyclohexane at 16 50Qneasured, with an optical magnification factor to compen-
rpm (42200 g for 2 h and discarding the supernatant. Thegate for the cylindrical lens effect of the sample t(D#,22.
procedure is repeated three times. The grafted silica is thefijs factor equals the refractive index of the fluid surround-
dried at 80 °C for at least 24 h. _ ing the droplet[22], and is independent of the refractive
Phase separation is investigated at fixed temperature, asfex and wall thickness of the sample tui2a].
function of polymer concentration. The entire liquid-liquid  \ye yse a spinning-drop tensiometer “University of Texas
coexistence region, from the liquid-solid phase boundary tQ; austin Model 300.” All measurements are made with a
the critical point, is found to be very narrow. The critical cyjingrical glass tube of 1.9 mm internal diameter and 76.2
composition is determined by measuring the volumes of the,, length, cleaned thoroughly by rinsing with cyclohexane.

colloid-rich and the colloid-poor phases after phase separgynce dried, the tube is filled with the denser fluid, followed
tion. As the critical point is neared, both phases have equ%y injection of a drop of less than 0 of the less dense

volumes. A series of mixtures were prepared in cyclohexan@y,iq. The tube is then very quickly mounted in the housing
with different contents of PDMS and fixed amount of silica, of the tensiometer and spinning is initiated. Elapsed time is
which was set equal to that at the critical point. All sampleSigcorded from injection of the drop. Temperature is main-
are equilibrated at 24 °C for a period of at least 7 days, untifaineq at 24 °C. The rotation speed is about 1800 rpm and the
both phases appear translucent and the interface betwegtyyih-to-diameter ratios are much greater than four, so that

them is very sharp and mobile, confirming the liquid rathergq “(1) applies. The measured radius is corrected with the
than solid nature of the denser phase. Both phases are thggiica| magnification factor prior to the calculation of inter-

carefully separated with syringes and 21-G needles ang:ig| tension. At least four independent measurements of
transferred to different vials for interfacial tension and de”'drop diameters are taken after the spinning droplets reach
Sity measurements. _ their equilibrium shape.

_ The spinning-drop method is one of the most accurate and The densities are measured separately at the same tem-
dlrgct methods to measure low interfacial tensifi2G]. In'a perature with a pycnometer of 1 rifhomas Scientificand
typical spinning-drop tensiometer, a droplet of the lightery, analytical balancéMettler H51AR) that provides resolu-
phase is injected into an optically transparent glass tube fillegl, of 10 ug. The refractive indices are measured with a

with the denser phase, which is rotated at high speed. Thg;,,sch and Lomb Abbe-3L refractometer at 24 °C.
droplet of the lighter phase becomes elongated along the axis

of rotation and the equilibrium shape, mainly determined by
two antagonistic forces, the centrifugal force and that due to RESULTS AND DISCUSSION

interfacial tension, is characterized, from which the interfa- The critical composition is found to be 34.4 wt % grafted
cial tension is calculated. If the length of an elongated droRjjica and 0.91 wt % PDMS in cyclohexane. A sample having
e.xce(.ads.four times its equatorial diameter, its interfacial teng 4 4\t 94 grafted silica and 0.912 wt% PDMS in cyclohex-
sion is given by{20] ane has colloid-rich and colloid-lean phases of equal volume.
5 3 However, a sample with the same composition of grafted
®TAp (1) silica but 0.906 wt % PDMS in cyclohexane exhibits a single
4 cloudy phase after a period of 7 days. Figure 2 is a photo-
graph showing liquid-liquid phase separation for 34.4 wt%

where ¢ is the interfacial tensiondp is the difference be- grafted silica and 1.10 wt% PDMS in cyclohexane. The

o=
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! spinning drop from gyrostatic equilibrium, due to gravity and
vibration from the drive and bearings of the appard2.

The theoretical description of phase transitions at critical
points is most simply and conveniently given by expressing
the singular thermodynamic quantities in terms of field vari-
ables, which assume identical values in distinct coexisting
phases. Typical of these is the temperature, and critical ex-
ponents are thus defined in terms of distance of the tempera-
ture from its critical value. However when, as is the case
here, the critical point is approached at fixed temperature,
upon variation of a densitghere the polymer concentratipn
rather than a field variable, the critical exponents change and

01 - are said to be renormaliz¢@4]. Fisher[24] has shown that

0.01 0.1 1 the ordinary critical exponents of the specific heat and of the
X-x, [Wi%] order parametery and 3, respectively, become renormalized
to the valueso* = — a/(1— ) and B* = B8/(1— «a), respec-

FIG. 3. Log-log plot of density difference as a function of the tively. Note that no change occurs in mean-field theory or,
difference between the overall PDMS concentratioand its criti-  equivalently, in systems with very long-ranged interactions,
cal valuex . where a=0. For three-dimensional systems with short-

ranged interactions such as the one investigated here,
sample vial is tilted deliberately to exhibit the high mobility ~0.11[13], so that the values of the renormalized critical
of the interface separating the liquid phases. exponents are about 10% larger than the corresponding un-

The difference between the densities of the coexistingenormalized values. Thus, using the best current value of
phases is plotted as a function of the difference between thg=0.325, the critical exponent of the order parameter renor-
overall PDMS concentratiorx and its critical valuex,,  malizes tos* =0.365.
shown as Fig. 3. A log-log plot yields a slope of 0.371  The critical exponent of the interfacial tensiqn,satisfies
+0.026, equal to the exponept in Ap~(x—x.)?". The the Widom scaling relatiofi15] x=(d—1) v, with d the
error arises mainly from the separation procedure of the codimension of space and the critical exponent of the corre-
existing phases described above. lation length so that, in view of the Kadanoff hyperscaling

The tension of the interface between the coexisting col+elation[13] dv=2—a and the above expression fef, we
loid phases is also plotted as a function of the differencdind v*=v/(1—a) from which we obtain the following
between the overall PDMS concentration and its criticalrenormalized value of::
value, shown as Fig. 4 in a log-log plot. The slope is found to
be equal to 1.3 0.08, giving the exponenit* in o=~ (X w*=ul(1—a)

—xc)"*. The main errors consist of an extrinsic one due to
measurement and an intrinsic one due to the spinning-drop
tensiometer itself. The deviations of the interfacial tension
are mostly within 6% around their mean value. An errorwhich equals 2* in three-dimensional space. Using the
analysis based on E¢l) indicates that much of the extrinsic value »=0.63[13], we thus get from Eq(2) u* =1.41.
error originates from the radius measurement. The intrinsic Comparison of these theoretical estimates with the present
error, approximately 6%, arises from the departure of theexperimental results reveals excellent agreement for the criti-
cal exponent of the order parameter, whereas that of the in-
0.1 terfacial tension is less satisfactory. In fact, the critical expo-
nent of the interfacial tension is seen to be closer to its ideal,
unrenormalized valug.=1.26 [15] than to its fully renor-
malized valueu* =1.41.

It must be emphasized, however, as stressef®4n25,
that the fully renormalized critical exponents are predicted to
be visible only very close to the critical point, a crossover
occurring from the ideal unrenormalized value to the fully
renormalized one. Therefore, in the light of these theoretical
predictions, the exponet* determined in this study should
be regarded as an effective exponent, assuming a value in-
termediate between those of the unrenormalized and fully
0.0001 . renormalized exponents, whereas the exponehtdeter-

0.01 01 1 mined here should rather be compared to the unrenormalized
exponentu, since the critical point could not be approached
very closely in the interfacial tension measurements.

FIG. 4. Log-log plot of interfacial tension as a function of the ~ We note finally that the critical volume fraction of poly-
difference between the overall PDMS concentratioend its criti- ~ mer (0.0088 is much lower than that of colloid€.2038,
cal valuex. and the liquid-liquid coexistence region is very narrow in
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polymer-concentration spagabout 0.3 vol% or 0.3 wt%  ing role played by polymer in the interfacial tension, and for
so that the density difference is largely dominated by thethe fact that its critical exponent departs more from its theo-
colloids, their density being in addition about 60% largerretical value than that of the order parameter.

than that of the polymer. On the other hand, a small change
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