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Simple views on critical binary liquid mixtures in porous glass
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A simple scenario, different from previous attempts, is proposed to resolve the problem of the slow phase
separation dynamics of binary liquid mixtures confined in porous Vycor glass. We demonstrate that simply
mutual diffusion, renormalized by critical composition fluctuations and geometrical hindrance of the porous
glass, accounts for the slow phase separation kinetics. Capillary invasion studies of porous Vycor glass by the
critical isobutyric acid—water mixture, close to the consolute solution temperature, corroborate our analysis.

PACS numbgs): 64.70.Ja, 05.70.Fh, 47.55.Mh, 64.60.Ht

Despite diligent efforts through a variety of experimental, Porous Vycor glas§20] is characterized by an intercon-
theoretical, and numerical work, no general concensus hasected porous network with a typical pore diamég&rof 7
emerged concerning the phase separation behavior of binanym. Clearly, phase separation of a liquid mixture in such a
liquid mixtures confined in porous Vycor glass, except thatconfined environment cannot proceed through mechanisms
such processes appear extremely slow compared to the bulkvolving macroscopic features such as distinct interfaces,
[1-18. Two different approaches, the random field Isinghydrodynamic flows, and domain sedimentation. Neverthe-
model [1,2] and the single pore picturg7], attempted to less, both the random field Ising and single pore scenarios,
account for these observations. In the random field Isingvhich evolved from the interpretation of light-scattering
model, pinning of composition fluctuations is assumed tostudies[3-6,8,12, assumed the presence of domains with
occur when the coherence length of the fluctuations becomesell-defined compositions and interfaces in the porous me-
larger than the typical pore size; the variations of the chemidium [1-16]. In contrast, nuclear magnetic resonance
cal potential, due to the randomness of the glass over thiNMR) studies[17] showed no evidence for such domain
length scale, would be at the origin of such effect. In thestryctures in Vycor glass. However, some composition varia-
single pore picture, wetting due to confinement would limittions on macroscopic scales were observed with NMR mi-

domain growth to roughly the typical pore size. In this work, croimaging 14 days following the quenching of the tempera-
we propose a simpler scenario in order to elucidate this proby;re [17].

lem. Close to the consolute solution point, simply mutual Thus, of all the liquid-liquid demixing mechanisms ob-

;jr|ferTJ1$|or:r,l Wltirt]i rr?rf]lorTa“tizer? trggstﬁort Coriﬁlc(r:ilenltiir?élrsﬂg served in bull{19], mutual diffusion appears to be the only
om composttion fiuctuations a € geometrica anc hysically plausible process that could survive in the con-

imposed by the random porous network, accounts for th ined environment of porous Vycor glass. Such a sole diffu-

slow phase separation dynamics in porous glass. sive process would bring about material equilibrium, albeit

In bulk, the dynamical evolution of a binary liquid mix- e . SN
ture, following a temperature quench below the critical solu€Sulting in slower phase separation kinetics in absence of
’ ther mechanisms. Moreover, geometrical hindrance im-

tion temperaturd . is governed by a range of successive and®
distinct mechanisms which bring the system to thermodyP0S€d by the random porous network would lead to further
namic equilibrium[19]. For a temperature quench at the reduction of diffusion. _ o
critical composition, the initial stage of phase separation in- TO estimate time scales associated with this simple pro-
volves an unstable state undergoing Spinoda| decompositidi)psal, first consider the mutual diffusion coefficient of com-
triggered by thermal fluctuations of the composition. “Up position fluctuations represented by the Stokes-Einstein rela-
hill” mutual diffusion produces segregation and amplifica- tionship D=kT/57 ¢, wherek is Boltzmann's constanil
tion of spatial modulations of composition. As nonlinear ef-the temperaturey the dynamical viscosity of the liquid, and
fects set in, well-defined domains with almost the final equi-¢ the correlation length of the critical composition fluctua-
librium concentrations and sharp interfaces are progressivelyons. BelowT., é=¢&,(1—-T/T.) ™Y, with & a system de-
formed. Interface-induced flow leads to further coarsening opendent amplitude, and the critical exponent. For the
the domains. A subsequent hydrodynamic instability, arisingsobutyric acid—water (IBA-KO) mixture [21]. T,
from a competition between interfacial and gravitational=26.9 °C, and&,=3.62 A. At 1°C belowT,, with %
stresses, ruptures the interconnected domain structures. The2.35x 10" 2 Poise for this mixture[21,22, and with v
resulting sedimentation of domains due to buoyancy forces=0.625 from renormalization group calculations, one finds
brings the liquid to its stratified two-phase thermodynamicD =8.83x 10 8 cn?/s. Hence, mutual diffusion of composi-
equilibrium structure. tion fluctuations would require 150 days to spread along a
distance of 1.5 cm. This critical slowing down arises from
the renormalization of the transport coefficient by critical
*Present address: Department of Chemistry, McHenry Countomposition fluctuations.
College, Crystal Lake, IL 60012-2716. When a liquid mixture is imbibed in Vycor glass, further
TAuthor to whom correspondence should be addressed. reduction of mutual diffusion would occur due to the tortu-
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osity of the porous network. To evaluate this effect, consider
self-diffusion of a pure liquid confined in such a medium.
For instance, the self-diffusion coefficient of cyclohexane in
porous Vycor glass is decreased by a factor of 3.3 with re-
spect to its bulk valu¢l7]. If such a factor is applicable for
mutual diffusion, then 1.4 year would be required for com-
position fluctuations of IBA/HO described above to diffuse
along a 1.5 cm sample of Vycor glass.

While self-diffusion does not exhibit critical behavior, ad-
ditional lowering of self-diffusion coefficients in a critical
binary mixture in a porous medium is nevertheless observed
[17]. The self-diffusion coefficient of cyclohexane in the
aniline—cyclohexane critical mixture below the bulk in
Vycor glass, is reduced by a factor of 11.8 compared to the
bulk value of cyclohexane. Curtailing mutual diffusion by
this factor, implies that almost five years would be needed o _ ) _
for IBA/H,0 fluctuations to disperse along a Vycor glass rod  FIG- 1. Digitized image of the capillary invasion cell: porous
as sketched above. Vycor glass cylinder imbibed with Ngas aboved) and in(e) the

Thus, mutual diffusion of composition fluctuations can Cfitical mixture (b). The Vycor glass cylinder is held vertically by
account for the slow phase separation dynamics observed psitioning protuberances). The whole cell is immersed in a wa-
porous Vycor glass. To substantiate this simple view, weer path(a) monitored with plat'.num temperature pro@i The
have investigated the capillary flow invasion of the criticalO“.St.mcuor.1 between .the Vyeor cyllnder.dlameter m(zml}and n the .

. . critical mixture (f) arises solely from differences in refractive indi-
!I_BA/ |:|'|t2-12 ri]rqwl\)/(;uszgnmbpe?irrosusre\g(rzrtl)tr)lglrfcses ?:Ogﬁazgdsgnga:?cgs. The invasion lengtR is given by the difference in distances
Cc-* —
since both processes involve transport properties to achie\(/ze &2

material eq_umbrlum N a porous meghum. . . Five independent runs of invasion were performed at each
Our capillary .ﬂOW invasion experiments involve the .d.|s- temperature. The temperature was monitored with a platinum
placement of nitrogen gas in Vycor glass by the criticalyone and controlled with a Haake F3 bath and Lakeshore
IBA/H,0 binary mixture. The invasion lengR of a liquid — ppc_g3ca temperature controller to within5 mK over a
in a porous glass at timpis given_by a modification of the 54 i period. Porous Vycor glass rot&6 mm diameter
Washburn-Rideal equatid23,24, i.e., were obtained from Corning, thoroughly cleaned according
to their procedur¢20], and washed with copious amounts of
RzzrVCOS{ e)t (1)  Water to remove all acid.,
2qp Figure 2 shows the kinetics of some typical invasion pro-
files for IBA, H,O, and the critical mixturédCM) at 31 °C.
wherer is the typical pore radiusy the surface tensiothe  The solid lines represent the initial behaviorRf as calcu-
contact angle, and a dimensionless factor to take into ac- |ated from Eq.(1) with 6,4, 0=0°, 6,ga=53.1°, andfcy
count the tortuosity of the porous netwoid:=2.43 for po- 5
rous Vycor glasg24]. The invasion diffusion coefficient,
D,, was measured for IBA and- @ individually, and for the
mixture at the critical composition of 0.396 weight fraction
of IBA, as a function of temperature. The experimental val-
ues ofD, were compared to those calculated from Eq.by
measuringy with the bubble pressure meth2b], with the

=31.8°. These contact angles were kept fixed for all calcu-
lations of D, at all temperatures. The deviations from linear-
ity observed with increasing time in Fig. 2 can be ascribed to
dimensionality and surface tension effects. Figure 3 displays
the temperature dependence of the experimebtaldata

temperature dependence »f21,22,26, known values foq 30 a
[24] andr [9,20], and usingd as an adjustable parameter. 25 | voon . 0
The experimental protocol involved dropping a clean po- . o0 e

rous Vycor glass sample, perfused with 8bs, partly into o« 20 o AAA

the liquid which consisted of either,B, IBA, or the critical E 15 DDDD &

mixture. Nitrogen plays a passive role in the experiments; o s

Vycor samples dried under vacuum produced identical re- X 10 59> 58>

sults. The invasion process was filmed with a video camera. 05

Due to the difference in refractive index of Vycor imbibed ' 7o

with N, or liquid, R could be easily measured from a video 0.0 . .

monitor (see Fig. 1 Spectroscopic grade IBA was obtained 0 200 400 600
from Aldrich Chemical, verified with gas chromatography time (s)

mass spectrometry, and used without further purification.
Water was deionized to 18.0 Mcm with a Barnstead Nan- FIG. 2. Kinetics of invasion profiles of 4O (circles, IBA
opure systemT . was determined visually, before and after (squarej and the critical mixturétriangles with the corresponding
each run of invasion, by slowly reducing the temperature andalculated initial profilegsolid lineg from Eq. (1) as described in
observing for phase separation of the bulk critical mixture.the text.
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i . ) FIG. 4. Temperature dependengeduced temperaturg,) of
FIG. 3. Temperature dependence of the experimental invasiog, experimental invasion diffusion coefficient®) for the

diffusion. coefficients for O (cirpleg) and IBA (squaresand cor- IBA/H O critical mixture(data points where the typical error bars

respond_lnghcalculated valugsolid lines based on Eq(1) as de- represent one standard deviajiand the calculated valugsolid

scribed in the text. line) based on Eq1) as described in the text. Also superimposed is
. o the temperature dependence of the bulk correlation lerggthvjth

points and the calculated valugsolid lines from Eq. (1)  the diamond corresponding to=r the typical pore size.

for H,O and IBA. The activation energies are 2.82 N ) .

+0.37 kcal/mole for HO, and 3.44-0.55 kcal/mole for IBA.  both reflect the presence of critical fluctuations, confirms that
The experimentaldata pointsand calculatedsolid liney ~ Only the renormalization of transport coefficients are re-

D, are shown for the critical mixture of IBA4D as a func- duired to rationalize the data. g

tion of the reduced temperatur&-{ T.)/T, in Fig. 4. Super- Bo_th phas_e separation a_nd capillary invasion of the criti-

imposed is the bulk correlation length of the critical compo—Cal binary mixture IBA/HO in porous Vycor glass can be

sition fluctuations(dashed line, the diamond corresponds toexplamed .S|mply on.the basis Of. 'ghe renorma_lhzatlon of mu-
a . ; tual diffusion by critical composition fluctuations and geo-
&=r). As ¢ grows beyond the typical pore size, the occur-

rence of metastability, as expected from the random fielcﬂetrlcal hindrance imposed by the porous network. Other

i del and the sinal i d bl itical binary mixtures in porous Vycor glass should behave
Ising model and the single pore picture, would presumably;miiarly by appealing to universality. While some aspects of
lead to a decrease or even the vanishin@®pin contrast to

; = ) . critical binary mixtures in porous media might be related to
the b_ehawor_ observed in Fig. 4. Selective invasion by a pr_effeatures advocated by the random field Ising maied] and
erential wetting phase only, for instance waterorawater—ncqhe single pore picturé7], our analysis demonstrates that

phase, should yiel_d diffe_rent calc_ulated valuesDorin Fig- these scenarios are not necessary to explain the slow phase
4 and would be inconsistent with NMR results of binary separation kinetics.

mixtures in porous Vycor glagd7,27. The surface tension

of a binary liquid mixture does not exhibit critical behavior ~ This work was supported by a grant from the Natural
[28]. However, the dynamical viscosity is renormalized by Sciences and Engineering Research Council of Canada. We
critical composition fluctuation§21,22. Thus, the agree- thank Dr. F. Cau and S. Treault for their help during the
ment between the experimental and the calcul@gdwhich  early stages of this work.

[1] F. Brochard and P. G. de Gennes, J. Pliffsance Lett. 44, [8] S. B. Dierker and P. Wiltzius, Phys. Rev. Le@i6, 1185

785 (1983. (1991).
[2] P. G. de Gennes, J. Phys. Che88, 6469(1984. [9] P. Levitz, G. Ehret, S. K. Sinha, and J. M. Drake, J. Chem.
[3] M. C. Goh, W. I. Goldburg, and C. M. Knobler, Phys. Rev. 10 Zh)ésﬁzi’r;bl:r%i(lgsﬂ Rev. Lo, 1548(1992
Lett. 58, 1008(1987). : » FHYS. : -~ :
[4]S. B. Dierker and P. Wiltzius, Phys. Rev. LeG8, 1865 1 (Ll'g'\gg”e“e' A.J.Liu, and G. S. Grest, Phys. Revd#, 7664
(1987?' . . . [12] F. Aliev, W. I. Goldburg, and X. I. Wu, Phys. Rev.4, 3834
[5] P. Wiltzius, F. S. Bates, S. B. Dierker, and G. D. Wignall, (1993.
Phys. Rev. A36, 2991(1987. _ [13] J. C. Lee, Phys. Rev. Leff0, 3599(1993.
[6] P. Wiltzius, S. B. Dierker, and B. S. Dennis, Phys. Rev. Lett.[14] M. Schwartz, J. Villain, Y. Shapir, and T. Natterman, Phys.
62, 804(1989. Rev. B48, 3095(1993.

[7] A. J. Liu, D. J. Durian, E. Herbolzheimer, and S. A. Safran, [15] A. Bhattacharya, M. Rao, and A. Chakrabarti, Phys. Re49E
Phys. Rev. Lett65, 1897(1990. 524 (1994.



PRE 61 SIMPLE VIEWS ON CRITICAL BINARY LIQUID . .. 659

[16] M. Y. Lin et al, Phys. Rev. Lett72, 2207(1994). [22] T. R. Barber and J. V. Champion, Phys. L&®A, 622(1969.

[17] S. Lacelle, L. Tremblay, Y. Busgie, F. Cau, and C. G. Fry, [23] Y. Hirama, T. Takahashi, M. Hino, and T. Sato, J. Colloid
Phys. Rev. Lett74, 5228(1995. Interface Scil84, 349(1988.

[18] W. I. Goldburg, F. Aliev, and X. I. Wu, Physica 213 61 [24] Y. W. Yang, G. Zografi, and E. E. Miller, J. Colloid Interface
(1995. Sci. 122 35(1988.

[19] J. D. Gunton, M. San Miguel, and P. S. SahniPinase Tran-  [25] J. Giguee, Méthodes de la Chimie Physiqu@niversite de
sitions and Critical Phenomena&dited by C. Domb and J. L. Sherbrooke, Sherbooke, 199Thap. 7.

Lebowitz (Academic, London, 1983Vol. 8, pp. 207—-482. [26] Handbook of Chemistry and Physiedited by R. C. Weast,
[20] Technical report No. 7930, general information on Vycor glass 64th ed.(CRC Press, Boca Raton, 1984
(unpublisheg, Corning Glass Works, NY. [27] L. Tremblay, M. L. Tremblay, and S. Lacell@npublished
[21] R. F. Berg and M. R. Moldover, J. Chem. Phyg9, 3694 [28] N. Nagarajan, W. W. Webb, and B. Widom, J. Chem. Phys.
(1988. 77,5771(1982.



