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Measurements of the isobutyric acid (IBA) concentration in a dilute silica gel, vs that in an
and water reservoir in equilibrium with the gel, show that first-order phase transitions occur at 1
19±C, but not at 23±C. The data show that the coexistence curve of this gelymixture system is narrow
contained within that of the pure mixture, and lies below a broad region of apparent metastability
existence of a metastable state above the critical temperature of the gelymixture system is strikingly
similar to the behavior observed for random-field magnets. [S0031-9007(96)01245-8]

PACS numbers: 64.60.My, 05.70.Jk, 64.70.Ja
es
d
o
th
s
n
e

o
e

c
t
i

l
–
a
e
g
ti
l

e

e
p
l
ty
d
i

lo
m

tr
i

l
e
a
h

el

s
ss,
gel
to

r a
ix-
cat-

ic
-

and
ent.
-

e a
ys-
ref-

of
ile
el.
nge
wo
l
ace
or
ase
ly
ile
e

nd

BA
the
e,
the

el
ss
The effect of quenched, i.e., spatially fixed, impuriti
on phase transitions and critical phenomena has prove
be a challenging area. Research topics range from rand
exchange and random-field effects in magnets [1] to
effect of gels (rigid or flexible networks) and porou
glasses on the superfluid, gas-liquid, and liquid-liquid tra
sitions. Some intriguing experimental results obtain
to date include the following. The lambda line of3He-
4He mixtures becomes detached from the liquid-liquid c
existence curve when the mixture is in a dilute silica g
[2]. The exponent for the superfluid density of4He is ap-
parently changed by such a gel [3,4]. The coexisten
curves of single-component fluids in silica gel are dras
cally narrowed and lie below those of the pure (no gel) flu
[5,6]. Theoretical models capable of reproducing some
these results are now beginning to emerge [7–11].

The phase behavior of liquid mixtures confined in ge
is not yet clear. Both flexible [12–14] and rigid [15
17] gels drastically alter the behavior of mixtures ne
their consolute points. Light scattering studies of mixtur
in rigid dilute silica gel show that something resemblin
phase separation occurs [16] over a broad concentra
range, in the vicinity of the pure (no gel) mixture’s critica
temperature, but no critical point has been located. In th
studies [16], gelymixture samples sufficiently rich in the
species preferentially attracted by the silica [17] chang
behavior markedly at a well defined, but somewhat sam
specific, temperatureTS, when cooled at fixed overal
composition. At and below this temperature, the intensi
intensity correlation function developed a very slow mo
[16] which appeared when a sample was cooled and wh
then died away over a period of hours. Samples left be
TS for a day or so took up to days to return to equilibriu
when restored to temperatures aboveTS. This indicates
mass transport over very long length scales, and neu
scattering [18] has confirmed the presence of doma
many times larger than the gel correlation length for
different fluid mixture in similar gels. Although critica
slowing down is clearly evident [16,17] at temperatur
aboveTS, the intervention of this dynamical process h
masked even the location of the true critical point of t
gelymixture system.
0031-9007y96y77(14)y2969(4)$10.00
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The apparent difference between the behavior of gy
single-component-fluid samples and gelymixture samples
in rigid silica gels is puzzling. Single-component fluid
and liquid mixtures belong to the same universality cla
and in both cases it is very reasonable to model the
strands as imposing a spatially localized field conjugate
the order parameter. (The silica attracts fluid, and fo
mixture, preferentially attracts one species.) Since m
tures in gels have been studied almost exclusively by s
tering, we have undertaken a preliminary thermodynam
exploration of a mixture, isobutyric acid (IBA) and wa
ter (W), in dilute (,2 vol %) rigid silica gel. Although
very crude, the data serve to reconcile the mixture
single-component-fluid behavior to a considerable ext
They show that the gelyIBAW system exhibits true ther
modynamic phase separation and that, like the gelysingle-
component-fluid system, the coexisting phases defin
narrow coexistence curve lying below that of the pure s
tem, and on the side of the phase rich in the species p
erentially attracted by the silica.

To detect a first-order phase transition in the gelyIBAW
system, it is sufficient to vary the chemical potential
either species, IBA or water, at fixed temperature wh
measuring the equilibrium concentration within the g
During such a transition, the concentration must cha
discontinuously between the concentrations of the t
coexisting phases (IBA-rich and IBA-poor) of the gey
IBAW system. This concentration change must take pl
with no change in the chemical potential of either IBA
water. Thus if a gel is placed in contact with a one-ph
reservoir of the IBAW mixture, and IBA is progressive
added to this system, it must behave as follows. Wh
the gelyIBAW portion of the system is in its one-phas
region, the added IBA will enrich both the reservoir a
the gelymixture portion. However, while the gelymixture
portion undergoes a first-order phase transition, any I
added to the system must be entirely taken up by
gelymixture portion, with no chemical potential chang
and thus no concentration change, taking place in
reservoir.

To study the phase behavior of IBAW in silica g
we used a10 mm 3 10 mm square cross-section gla
© 1996 The American Physical Society 2969
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FIG. 1. Schematic diagram of the gel and reservoir in
differential refractometer arrangement. (a) Side view and (b
view from above. The cells and temperature controlling b
were moved up or down to measure the gel or reserv
respectively.

cell in the bottom of which a 4.0 wt % silica gel abo
2 mm high was grown, as indicated in Fig. 1(a).
portion of the space above the gel was occupied by
IBAW reservoir, which contacted the gel over its ent
upper surface. The gel was made by polymerization
tetramethylorthosilicate in water. Samples from the sa
batch were characterized by static light scattering [19]
found to have a correlation length [20] of 326 Å. Th
gel was aged and then washed by exposing it to 3 m
purified water for 10 days, with the water being replac
twice daily. The water was then replaced by an IBA
mixture to form the reservoir.

To measure IBA concentration, the cell containing
sample was incorporated in a differential refractome
as shown in Fig. 1. The two cells could be rotated a
unit about a vertical axis midway between them. Th
were usually oriented at 45± with respect to the He-Ne
laser beam and functioned as prisms. In traversing
cells the beam was angularly deflected by an amo
roughly proportional to the difference in refractive ind
between the contents of the sample cell and those of
reference cell. The beam displacement was meas
about 1 m from the exit window. The beam waist w
about 0.4 mm in diameter in the sample. Both cells w
completely immersed in flowing temperature control
(61 mK) water. The water bath and sample cells co
be translated vertically. This allowed measurement of
refractive index, and thus IBA concentration, of either
IBAW reservoir or the gelymixture sample.

Because of the difficulty of directly calibrating refractiv
index vs IBA concentration in a gel, we used a two s
procedure to estimate this relationship. We measured
refractive indexn, of pure mixtures of IBA and wate
having accurately known (60.01 wt %) concentrations, for
the temperatures 21, 25, 30, 35, and 40±C, over the full
concentration range from pure water to pure IBA. The d
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were fitted by a modified [21] Lorentz-Lorenz equation

e 2 1
e 1 2

­
KIBAfIBA 1 KW fW

f1 2 FIBAg
, (1)

to determine the small correctionFIBA, as a function of
fIBA and temperature. Heree ­ n2 is the dielectric
constant,K ­

e21
e12 , and f is the volume fraction. We

also measured the gel in pure water, and used Eq
to obtainFsi ­ 0.0037, independent of temperature. F
IBAW mixtures in the gel, we used the three compon
version of Eq. (1) to relate the measured indexn to fIBA,
approximatingF by FIBA 1 Fsi . SinceF # 0.03, any
errors should be minor. The results forfIBA were then
used to deduce the weight fraction of IBA in thefluid
portion of the gelymixture system. In converting to weigh
fraction, the small effect of volume change on mixing w
neglected.

Because silica gels preferentially attract water, the m
surements were begun with a reservoir concentration e
to that of the IBA-rich phase of the pure mixture at t
temperature being studied. The reservoir concentra
was gradually increased by the addition of pure IBA. A
ter each addition it took about 4 days to reach equi
rium. During this time the reservoir was mixed twice
day by tilting and rocking the entire apparatus by ha
While working at 23±C we verified that the same sta
was reached whether the concentration was increase
decreased.

Ideally one would measure the chemical potential
water in the reservoirmres

W and the weight fraction o
IBA in the fluid portion of the gelymixture systemW

gel
IBA

[22]. Since we could not measuremres
W , we determined

the weight fraction of water in the reservoirW res
W ­ 1 2

W res
IBA instead. Becausemres

W is a monotonically increasin
function of W res

W , plots of W res
W vs W

gel
IBA, at fixed tem-

perature, are similar to pressure vs volume isotherms f
single-component fluid, as shown in Fig. 2.

Both the 15 and 19±C isotherms contain flat portion
whereW

gel
IBA changes discontinuously, with no measura

change inW res
W , indicating a first-order phase transitio

The portions we judged to be flat are indicated by
horizontal bars. The 23±C isotherm contains no such fl
portion, and thus the gelymixture system is thermody
namically one phase at this temperature, with the crit
point presumably lying between 19 and 23±C.

To relate these results to the phase diagram of p
IBAW, we measured the concentrations of the two
existing phases for a pure mixture containing 37.70 w
IBA. The results are shown in Fig. 3 as open circles. T
crosses show data taken with a mixture in equilibrium w
the gel, indicating no detectable impurity problems. T
data for the pure mixture are well fit by a leading singul
ity and a single Wegner term of the form

DWyWc ­ Btbs1 1 b1t
1

2 1 · · ·d ,

where DW is the difference in concentration betwe
the coexisting phases, andt ; sTc 2 T dyTc. The results
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FIG. 2. Plots of the weight fraction of water in the reservo
vs the weight fraction of IBA in the gelymixture portion of the
sample at equilibrium for three different temperatures.

are b ­ 0.334, Tc ­ 25.722 ±C, Wc ­ 0.391, andb1 ­
20.15. This fit is shown by the solid line in the figure.

Figure 3 also shows, as open diamonds, the conc
trations of the two coexisting phases for the gelyIBAW
system estimated from the flat portions of the 15 a
19±C isotherms. The region between these concentrati
is a two-phase region for the gelyIBAW system with a
4.0 wt % gel. Presumably this two-phase region shrin
continuously in extent with increasing temperature an
somewhere below 23±C, ends in the critical point of this
system. Within its two-phase region the sample appea

FIG. 3. Phase diagram showing the relationship between
coexistence curve of the pure mixture (open circles, cross
the narrow two-phase region of the gelymixture system, which
lies between the open diamonds, and the slow mode on
temperature (solid diamonds).
ir

en-

nd
ons

ks
d,

red

the
s),

set

cloudy, consistent with coexisting phases in the form of d
mains, while outside that region it was clear. When coo
in the one-phase region the sample immediately bec
cloudy or opaque, but returned to its clear equilibrium st
within a few days.

As mentioned previously, there is a slow mode on
temperature, below which gelyIBAW samples sufficiently
rich in water and held at fixed composition show e
dence of a phase-separation-like process [16]. On coo
such samples show marked overshoots in scattered in
sity [17] at a small scattering wave vector, consistent w
the formation and collapse of a ring of scattered light, su
as is observed in samples undergoing nucleation or sp
dal decomposition. To relate the onset temperature for
behavior to the phase diagram, we prepared seven a
tional gels from the same batch from which the sam
used to measure gelyIBAW isotherms was made. Thes
gels were formed in 10 mm inner diameter cylindrical sc
tering cells and were,2 mm thick. They were aged an
precleaned by exposure to pure water changed twice d
for a week. They were then exposed to IBAW mixtur
at 40±C, with the mixtures replaced twice daily for a
least 3 days. Removing the mixtures fixed these sam
in overall concentration, and they were then studied
means of light scattering. The IBA concentration of th
fluid portions ranged from,21 to ,47 wt % IBA, based
on previous experience.

Upon cooling, the six lowest concentration samp
developed the additional very slow transient mode and
tensity overshoots mentioned above. Consistent with p
vious work [17], the highest concentration sample, lyi
well above the critical concentration for the pure mixtu
did not. The measured slow mode onset temperatures
shown as solid diamonds in Fig. 3. BelowTS, the samples
began to scatter very strongly and became opaque u
further cooling. This is consistent with the formation
domains of IBA-rich and IBA-poor fluid. It is interesting
to note that our samples developed slow modes only
temperatures somewhat below the critical temperatur
the pure mixture,T

p
c . Previously [16,17] this had bee

observed to occur about 0.5±C aboveT
p
c . We attribute

the difference to the extensive precleaning procedure
followed, which was not done in previous work.

In light of the present results, the process signa
by the slow mode onset cannot correspond to thermo
namic phase separation. The critical temperature of
gelyIBAW system is below 23±C, based on the measure
isotherms, while the slow mode onset occurs above 24±C.
Furthermore, the coexistence curve of the gelyIBAW sys-
tem is so narrow that only samples within a very limit
concentration range would actually enter a true two-ph
region upon being cooled. Instead of signaling phase s
ration, the slow mode onset and overshoots seem to i
cate that the system is entering a metastable state.
not clear that this state is truly metastable in the sens
involving energy barriers or is just very slow to reach eq
librium. Samples enter this state despite the fact that t
2971
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concentration and temperature history maintains them
what is clearly a one-phase region for the gelyIBAW sys-
tem at all times. In the one-phase region of the gelyIBAW
system the equilibrium state is generally transparent,
the “metastable” state is opaque, or nearly so, making t
easy to distinguish. Thus the critical point of the gey
IBAW system is located below a broad region of me
stable behavior. The existence of this region expla
why previous experiments did not observe complete c
cal slowing down; the samples entered the metastable
instead. Because our observations are limited, it is lo
cally possible that the opaque state is actually stable
though apparently not thermodynamically two phase
some limited region of the phase diagram, but we h
seen no evidence of this.

Although samples at fixed composition enter t
metastable state when cooled, samples in contact
a reservoir of IBA and water reach equilibrium instea
In fact, a sample held for weeks in the metastable s
cleared within hours when accidentally exposed to
thin layer of water. The fluid layer apparently offere
a mechanism to nucleate the equilibrium state at
surface, and this state displaced the metastable state.
interpret this as evidence that the transparent state h
lower free energy than does the opaque metastable s
The existence of this metastable state for the gelymixture
system is reminiscent of the fact that many random-fi
magnets fall out of equilibrium [23] when cooled with th
random field applied, and thus its study may help un
understanding.

This work was supported by NSF Grant No. DMR 9
20726, and one of us (A. G. C.) gratefully acknowledg
support through a MECyFullbright Scholarship. The
authors have benefited from valuable discussions w
Professor Barbara Frisken and Professor Andrea Liu.

*Current address: Rockwell Science Center, 1049
mino Dos Rios, Thousand Oaks, CA 91360.

†Current address: Dpto. de Quimica Fisica I, Universid
Complutense, 28040 Madrid, Spain.

‡To whom correspondence should be addressed.
2972
in

ut
m

-
ns
ti-
tate
i-

al-
in
ve

e
ith
.
te
a

he
We
s a
ate.

ld

fy

-
s

ith

a-

d

[1] For a review, see, for example, D. P. Belanger and A.
Young, J. Magn. Magn. Mater.100, 272 (1991).

[2] S. B. Kim, J. Ma, and M. H. W. Chan, Phys. Rev. Lett.71,
2268 (1993).

[3] M. H. W. Chan, K. I. Blum, S. Q. Murphy, G. K. S. Wong
and J. D. Reppy, Phys. Rev. Lett.61, 1950 (1988).

[4] N. Mulders, R. Mehrotra, L. S. Goldner, and G. Ahler
Phys. Rev. Lett.67, 695 (1991).

[5] A. P. Y. Wong and M. H. W. Chan, Phys. Rev. Lett.65,
2567 (1990).

[6] A. P. Y. Wong, S. B. Kim, J. Ma, W. I. Goldburg, and
M. H. W. Chan, Phys. Rev. Lett.70, 954 (1993).

[7] A. Maritan, M. R. Swift, M. Cieplak, M. H. W. Chan,
M. W. Cole, and J. R. Banavar, Phys. Rev. Lett.67, 1821
(1991).

[8] A. Falicov and A. N. Berker, Phys. Rev. Lett.74, 426
(1995).

[9] E. Pitard, M. L. Rosinberg, G. Stell, and G. Tarjus, Phy
Rev. Lett.74, 4361 (1995).

[10] E. Pitard, M. L. Rosinberg, and G. Tarjus (to be pu
lished).

[11] J. P. Donley and A. J. Liu (to be published).
[12] J. V. Maher, W. I. Goldburg, D. W. Pohl, and M. Lanz

Phys. Rev. Lett.53, 60 (1984).
[13] K.-Q. Xia and J. V. Maher, Phys. Rev. A36, 2432 (1987).
[14] K.-Q. Xia and J. V. Maher, Phys. Rev. A37, 3626 (1988).
[15] B. J. Frisken, F. Ferri, and D. S. Cannell, Phys. Rev. Le

66, 2754 (1991).
[16] B. J. Frisken and D. S. Cannell, Phys. Rev. Lett.69, 632

(1992).
[17] B. J. Frisken, F. Ferri, and D. S. Cannell, Phys. Rev. E51,

5922 (1995).
[18] B. J. Frisken, D. S. Cannell, M. Y. Lin, and S. K. Sinha

Phys. Rev. E51, 5866 (1995).
[19] H. R. Haller, C. Destor, and D. S. Cannell, Rev. Sc

Instrum.54, 973 (1983).
[20] F. Ferri, B. J. Frisken, and D. S. Cannell, Phys. Rev. Le

67, 3626 (1991).
[21] See, for example, R. Gastaud, D. Beysens, and G. Zalc

J. Chem. Phys.93, 3432 (1990).
[22] J. V. Sengers and J. M. H. L. Sengers, inProgress in Liq-

uid Physics,edited by C. A. Croxton (Wiley, Chichester
United Kingdom, 1978), Chap. 4, pp. 103–174.

[23] See, for example, the review article by D. S. Fisher, G.
Grinstein, and A. Khurana, Phys. Today41, No. 12, 56
(1988), and references therein.


