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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 number~s!: 64.70.Ja, 05.70.Fh, 47.55.Mh, 64.60.Ht
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Despite diligent efforts through a variety of experiment
theoretical, and numerical work, no general concensus
emerged concerning the phase separation behavior of bi
liquid mixtures confined in porous Vycor glass, except th
such processes appear extremely slow compared to the
@1–18#. Two different approaches, the random field Isi
model @1,2# and the single pore picture@7#, attempted to
account for these observations. In the random field Is
model, pinning of composition fluctuations is assumed
occur when the coherence length of the fluctuations beco
larger than the typical pore size; the variations of the che
cal potential, due to the randomness of the glass over
length scale, would be at the origin of such effect. In t
single pore picture, wetting due to confinement would lim
domain growth to roughly the typical pore size. In this wo
we propose a simpler scenario in order to elucidate this p
lem. Close to the consolute solution point, simply mutu
diffusion, with renormalized transport coefficients arisi
from composition fluctuations and the geometrical hindra
imposed by the random porous network, accounts for
slow phase separation dynamics in porous glass.

In bulk, the dynamical evolution of a binary liquid mix
ture, following a temperature quench below the critical so
tion temperatureTc is governed by a range of successive a
distinct mechanisms which bring the system to thermo
namic equilibrium @19#. For a temperature quench at th
critical composition, the initial stage of phase separation
volves an unstable state undergoing spinodal decompos
triggered by thermal fluctuations of the composition. ‘‘U
hill’’ mutual diffusion produces segregation and amplific
tion of spatial modulations of composition. As nonlinear e
fects set in, well-defined domains with almost the final eq
librium concentrations and sharp interfaces are progressi
formed. Interface-induced flow leads to further coarsening
the domains. A subsequent hydrodynamic instability, aris
from a competition between interfacial and gravitation
stresses, ruptures the interconnected domain structures
resulting sedimentation of domains due to buoyancy for
brings the liquid to its stratified two-phase thermodynam
equilibrium structure.

*Present address: Department of Chemistry, McHenry Cou
College, Crystal Lake, IL 60012-2716.
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Porous Vycor glass@20# is characterized by an intercon
nected porous network with a typical pore diameter@9# of 7
nm. Clearly, phase separation of a liquid mixture in such
confined environment cannot proceed through mechani
involving macroscopic features such as distinct interfac
hydrodynamic flows, and domain sedimentation. Nevert
less, both the random field Ising and single pore scenar
which evolved from the interpretation of light-scatterin
studies@3–6,8,12#, assumed the presence of domains w
well-defined compositions and interfaces in the porous m
dium @1–16#. In contrast, nuclear magnetic resonan
~NMR! studies@17# showed no evidence for such doma
structures in Vycor glass. However, some composition va
tions on macroscopic scales were observed with NMR
croimaging 14 days following the quenching of the tempe
ture @17#.

Thus, of all the liquid-liquid demixing mechanisms ob
served in bulk@19#, mutual diffusion appears to be the on
physically plausible process that could survive in the co
fined environment of porous Vycor glass. Such a sole dif
sive process would bring about material equilibrium, alb
resulting in slower phase separation kinetics in absence
other mechanisms. Moreover, geometrical hindrance
posed by the random porous network would lead to furt
reduction of diffusion.

To estimate time scales associated with this simple p
posal, first consider the mutual diffusion coefficient of com
position fluctuations represented by the Stokes-Einstein r
tionship D5kT/5phj, wherek is Boltzmann’s constant,T
the temperature,h the dynamical viscosity of the liquid, an
j the correlation length of the critical composition fluctu
tions. BelowTc, j5j0(12T/Tc)

2v, with j0 a system de-
pendent amplitude, andv the critical exponent. For the
isobutyric acid–water (IBA-H2O) mixture @21#. Tc
526.9 °C, andj053.62 Å. At 1 °C below Tc, with h
52.3531022 Poise for this mixture@21,22#, and with v
50.625 from renormalization group calculations, one fin
D58.8331028 cm2/s. Hence, mutual diffusion of compos
tion fluctuations would require 150 days to spread alon
distance of 1.5 cm. This critical slowing down arises fro
the renormalization of the transport coefficient by critic
composition fluctuations.

When a liquid mixture is imbibed in Vycor glass, furthe
reduction of mutual diffusion would occur due to the tort

ty
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osity of the porous network. To evaluate this effect, consi
self-diffusion of a pure liquid confined in such a medium
For instance, the self-diffusion coefficient of cyclohexane
porous Vycor glass is decreased by a factor of 3.3 with
spect to its bulk value@17#. If such a factor is applicable fo
mutual diffusion, then 1.4 year would be required for co
position fluctuations of IBA/H2O described above to diffus
along a 1.5 cm sample of Vycor glass.

While self-diffusion does not exhibit critical behavior, a
ditional lowering of self-diffusion coefficients in a critica
binary mixture in a porous medium is nevertheless obser
@17#. The self-diffusion coefficient of cyclohexane in th
aniline–cyclohexane critical mixture below the bulkTc in
Vycor glass, is reduced by a factor of 11.8 compared to
bulk value of cyclohexane. Curtailing mutual diffusion b
this factor, implies that almost five years would be need
for IBA/H2O fluctuations to disperse along a Vycor glass r
as sketched above.

Thus, mutual diffusion of composition fluctuations ca
account for the slow phase separation dynamics observe
porous Vycor glass. To substantiate this simple view,
have investigated the capillary flow invasion of the critic
IBA/H2O mixture in porous Vycor glass above and close
Tc . The invasion bears resemblance to phase separa
since both processes involve transport properties to ach
material equilibrium in a porous medium.

Our capillary flow invasion experiments involve the di
placement of nitrogen gas in Vycor glass by the critic
IBA/H2O binary mixture. The invasion lengthR of a liquid
in a porous glass at timet is given by a modification of the
Washburn-Rideal equation@23,24#, i.e.,

R25
rg cos~u!

2qh
t, ~1!

wherer is the typical pore radius,g the surface tension,u the
contact angle, andq a dimensionless factor to take into a
count the tortuosity of the porous network;q52.43 for po-
rous Vycor glass@24#. The invasion diffusion coefficient
DI , was measured for IBA and H2O individually, and for the
mixture at the critical composition of 0.396 weight fractio
of IBA, as a function of temperature. The experimental v
ues ofDI were compared to those calculated from Eq.~1! by
measuringg with the bubble pressure method@25#, with the
temperature dependence ofh @21,22,26#, known values forq
@24# and r @9,20#, and usingu as an adjustable parameter.

The experimental protocol involved dropping a clean p
rous Vycor glass sample, perfused with N2 gas, partly into
the liquid which consisted of either H2O, IBA, or the critical
mixture. Nitrogen plays a passive role in the experimen
Vycor samples dried under vacuum produced identical
sults. The invasion process was filmed with a video cam
Due to the difference in refractive index of Vycor imbibe
with N2 or liquid, R could be easily measured from a vide
monitor ~see Fig. 1!. Spectroscopic grade IBA was obtaine
from Aldrich Chemical, verified with gas chromatograph
mass spectrometry, and used without further purificati
Water was deionized to 18.0 MV cm with a Barnstead Nan
opure system.Tc was determined visually, before and aft
each run of invasion, by slowly reducing the temperature
observing for phase separation of the bulk critical mixtu
r
.
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Five independent runs of invasion were performed at e
temperature. The temperature was monitored with a platin
probe, and controlled with a Haake F3 bath and Lakesh
DRC-93CA temperature controller to within65 mK over a
20 min. period. Porous Vycor glass rods~3.6 mm diameter!
were obtained from Corning, thoroughly cleaned accord
to their procedure@20#, and washed with copious amounts
water to remove all acid.

Figure 2 shows the kinetics of some typical invasion p
files for IBA, H2O, and the critical mixture~CM! at 31 °C.
The solid lines represent the initial behavior ofR2 as calcu-
lated from Eq.~1! with uH2O50°, u IBA553.1°, anduCM

531.8°. These contact angles were kept fixed for all cal
lations ofDI at all temperatures. The deviations from linea
ity observed with increasing time in Fig. 2 can be ascribed
dimensionality and surface tension effects. Figure 3 displ
the temperature dependence of the experimentalDI ~data

FIG. 1. Digitized image of the capillary invasion cell: porou
Vycor glass cylinder imbibed with N2 gas above~d! and in ~e! the
critical mixture ~b!. The Vycor glass cylinder is held vertically b
positioning protuberances~c!. The whole cell is immersed in a wa
ter bath~a! monitored with a platinum temperature probe~g!. The
distinction between the Vycor cylinder diameter in air~d! and in the
critical mixture~f! arises solely from differences in refractive ind
ces. The invasion lengthR is given by the difference in distance
( f 2e)/2.

FIG. 2. Kinetics of invasion profiles of H2O ~circles!, IBA
~squares!, and the critical mixture~triangles! with the corresponding
calculated initial profiles~solid lines! from Eq. ~1! as described in
the text.
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points! and the calculated values~solid lines! from Eq. ~1!
for H2O and IBA. The activation energies are 2.8
60.37 kcal/mole for H2O, and 3.4460.55 kcal/mole for IBA.

The experimental~data points! and calculated~solid line!
DI are shown for the critical mixture of IBA/H2O as a func-
tion of the reduced temperature (T2Tc)/Tc in Fig. 4. Super-
imposed is the bulk correlation length of the critical comp
sition fluctuations~dashed line, the diamond corresponds
j5r !. As j grows beyond the typical pore size, the occu
rence of metastability, as expected from the random fi
Ising model and the single pore picture, would presuma
lead to a decrease or even the vanishing ofDI in contrast to
the behavior observed in Fig. 4. Selective invasion by a p
erential wetting phase only, for instance water or a water-r
phase, should yield different calculated values forDI in Fig.
4 and would be inconsistent with NMR results of bina
mixtures in porous Vycor glass@17,27#. The surface tension
of a binary liquid mixture does not exhibit critical behavi
@28#. However, the dynamical viscosity is renormalized
critical composition fluctuations@21,22#. Thus, the agree
ment between the experimental and the calculatedDI , which

FIG. 3. Temperature dependence of the experimental inva
diffusion coefficients for H2O ~circles! and IBA ~squares! and cor-
responding calculated values~solid lines! based on Eq.~1! as de-
scribed in the text.
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both reflect the presence of critical fluctuations, confirms t
only the renormalization of transport coefficients are
quired to rationalize the data.

Both phase separation and capillary invasion of the cr
cal binary mixture IBA/H2O in porous Vycor glass can b
explained simply on the basis of the renormalization of m
tual diffusion by critical composition fluctuations and ge
metrical hindrance imposed by the porous network. Ot
critical binary mixtures in porous Vycor glass should beha
similarly by appealing to universality. While some aspects
critical binary mixtures in porous media might be related
features advocated by the random field Ising model@1,2# and
the single pore picture@7#, our analysis demonstrates th
these scenarios are not necessary to explain the slow p
separation kinetics.

This work was supported by a grant from the Natu
Sciences and Engineering Research Council of Canada.
thank Dr. F. Cau and S. Te´treault for their help during the
early stages of this work.

n
FIG. 4. Temperature dependence~reduced temperatureTr! of

the experimental invasion diffusion coefficients~D! for the
IBA/H2O critical mixture~data points where the typical error ba
represent one standard deviation! and the calculated values~solid
line! based on Eq.~1! as described in the text. Also superimposed
the temperature dependence of the bulk correlation length,j, with
the diamond corresponding toj5r the typical pore size.
m.

s.
@1# F. Brochard and P. G. de Gennes, J. Phys.~France! Lett. 44,
785 ~1983!.

@2# P. G. de Gennes, J. Phys. Chem.88, 6469~1984!.
@3# M. C. Goh, W. I. Goldburg, and C. M. Knobler, Phys. Re

Lett. 58, 1008~1987!.
@4# S. B. Dierker and P. Wiltzius, Phys. Rev. Lett.58, 1865

~1987!.
@5# P. Wiltzius, F. S. Bates, S. B. Dierker, and G. D. Wigna

Phys. Rev. A36, 2991~1987!.
@6# P. Wiltzius, S. B. Dierker, and B. S. Dennis, Phys. Rev. Le

62, 804 ~1989!.
@7# A. J. Liu, D. J. Durian, E. Herbolzheimer, and S. A. Safra

Phys. Rev. Lett.65, 1897~1990!.
.

,

@8# S. B. Dierker and P. Wiltzius, Phys. Rev. Lett.66, 1185
~1991!.

@9# P. Levitz, G. Ehret, S. K. Sinha, and J. M. Drake, J. Che
Phys.95, 6151~1991!.

@10# A. Chakrabarti, Phys. Rev. Lett.69, 1548~1992!.
@11# L. Monette, A. J. Liu, and G. S. Grest, Phys. Rev. A46, 7664

~1992!.
@12# F. Aliev, W. I. Goldburg, and X. I. Wu, Phys. Rev. E47, 3834

~1993!.
@13# J. C. Lee, Phys. Rev. Lett.70, 3599~1993!.
@14# M. Schwartz, J. Villain, Y. Shapir, and T. Natterman, Phy

Rev. B48, 3095~1993!.
@15# A. Bhattacharya, M. Rao, and A. Chakrabarti, Phys. Rev. E49,

524 ~1994!.



,

.

s

id

e

ys.

PRE 61 659SIMPLE VIEWS ON CRITICAL BINARY LIQUID . . .
@16# M. Y. Lin et al., Phys. Rev. Lett.72, 2207~1994!.
@17# S. Lacelle, L. Tremblay, Y. Bussie`re, F. Cau, and C. G. Fry

Phys. Rev. Lett.74, 5228~1995!.
@18# W. I. Goldburg, F. Aliev, and X. I. Wu, Physica A213, 61

~1995!.
@19# J. D. Gunton, M. San Miguel, and P. S. Sahni, inPhase Tran-

sitions and Critical Phenomena, edited by C. Domb and J. L
Lebowitz ~Academic, London, 1983!, Vol. 8, pp. 207–482.

@20# Technical report No. 7930, general information on Vycor gla
~unpublished!, Corning Glass Works, NY.

@21# R. F. Berg and M. R. Moldover, J. Chem. Phys.89, 3694
~1988!.
s

@22# T. R. Barber and J. V. Champion, Phys. Lett.29A, 622~1969!.
@23# Y. Hirama, T. Takahashi, M. Hino, and T. Sato, J. Collo

Interface Sci.184, 349 ~1988!.
@24# Y. W. Yang, G. Zografi, and E. E. Miller, J. Colloid Interfac

Sci. 122, 35 ~1988!.
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