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Phase Diagram of Isobutyric Acid and Water in Dilute Silica Gel
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Measurements of the isobutyric acid (IBA) concentration in a dilute silica gel, vs that in an IBA
and water reservoir in equilibrium with the gel, show that first-order phase transitions occur at 15 and
19°C, but not at 23C. The data show that the coexistence curve of thigrgetture system is narrow,
contained within that of the pure mixture, and lies below a broad region of apparent metastability. The
existence of a metastable state above the critical temperature of thmigere 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

The effect of quenched, i.e., spatially fixed, impurities The apparent difference between the behavior of gel
on phase transitions and critical phenomena has proved &ingle-component-fluid samples and felxture samples
be a challenging area. Research topics range from randorm rigid silica gels is puzzling. Single-component fluids
exchange and random-field effects in magnets [1] to thend liquid mixtures belong to the same universality class,
effect of gels (rigid or flexible networks) and porous and in both cases it is very reasonable to model the gel
glasses on the superfluid, gas-liquid, and liquid-liquid transtrands as imposing a spatially localized field conjugate to
sitions. Some intriguing experimental results obtainedhe order parameter. (The silica attracts fluid, and for a
to date include the following. The lambda line Hfle-  mixture, preferentially attracts one species.) Since mix-
“He mixtures becomes detached from the liquid-liquid cotures in gels have been studied almost exclusively by scat-
existence curve when the mixture is in a dilute silica geltering, we have undertaken a preliminary thermodynamic
[2]. The exponent for the superfluid density“dfe is ap-  exploration of a mixture, isobutyric acid (IBA) and wa-
parently changed by such a gel [3,4]. The coexistencéer (W), in dilute -2 vol %) rigid silica gel. Although
curves of single-component fluids in silica gel are drastivery crude, the data serve to reconcile the mixture and
cally narrowed and lie below those of the pure (no gel) fluidsingle-component-fluid behavior to a considerable extent.
[5,6]. Theoretical models capable of reproducing some ofThey show that the géIBAW system exhibits true ther-
these results are now beginning to emerge [7-11]. modynamic phase separation and that, like thésjegle-

The phase behavior of liquid mixtures confined in gelscomponent-fluid system, the coexisting phases define a
is not yet clear. Both flexible [12—14] and rigid [15— narrow coexistence curve lying below that of the pure sys-
17] gels drastically alter the behavior of mixtures neartem, and on the side of the phase rich in the species pref-
their consolute points. Light scattering studies of mixtureserentially attracted by the silica.
in rigid dilute silica gel show that something resembling To detect a first-order phase transition in the/g@AW
phase separation occurs [16] over a broad concentrati®gystem, it is sufficient to vary the chemical potential of
range, in the vicinity of the pure (no gel) mixture’s critical either species, IBA or water, at fixed temperature while
temperature, but no critical point has been located. Inthesmeasuring the equilibrium concentration within the gel.
studies [16], gelmixture samples sufficiently rich in the During such a transition, the concentration must change
species preferentially attracted by the silica [17] changedliscontinuously between the concentrations of the two
behavior markedly at a well defined, but somewhat sampleoexisting phases (IBA-rich and IBA-poor) of the gel
specific, temperaturd’s, when cooled at fixed overall IBAW system. This concentration change must take place
composition. At and below this temperature, the intensitywith no change in the chemical potential of either IBA or
intensity correlation function developed a very slow modewater. Thus if a gel is placed in contact with a one-phase
[16] which appeared when a sample was cooled and whicreservoir of the IBAW mixture, and IBA is progressively
then died away over a period of hours. Samples left belovadded to this system, it must behave as follows. While
T for a day or so took up to days to return to equilibriumthe geJIBAW portion of the system is in its one-phase
when restored to temperatures ab@e This indicates region, the added IBA will enrich both the reservoir and
mass transport over very long length scales, and neutraiie gefmixture portion. However, while the géahixture
scattering [18] has confirmed the presence of domainportion undergoes a first-order phase transition, any IBA
many times larger than the gel correlation length for aadded to the system must be entirely taken up by the
different fluid mixture in similar gels. Although critical gel/mixture portion, with no chemical potential change,
slowing down is clearly evident [16,17] at temperaturesand thus no concentration change, taking place in the
aboveTs, the intervention of this dynamical process hasreservoir.
masked even the location of the true critical point of the To study the phase behavior of IBAW in silica gel
gel/mixture system. we used al0 mm X 10 mm square cross-section glass
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were fitted by a modified [21] Lorentz-Lorenz equation,

%I E € — 1 _ Kipadisa + Kwow (1)
ne(:.s Taw/ — €+ 2 [1 — Figal '
He-e “ eservoir|| Water H to determine the small correctidfiz, as a function of
o, ¢1sa and temperature. Here = n? is the dielectric
@) oo Split Diode constant,k = S5, and ¢ is the volume fraction. We
Detector also measured the gel in pure water, and used Eq. (1)

to obtainF,; = 0.0037, independent of temperature. For

IBAW mixtures in the gel, we used the three component

version of Eq. (1) to relate the measured in@deto ¢ pa,

HoNe S N | approximatingF by Figa + Fy. SinceF = 0.03, any

Laser  Window Window errors should be minor. The results féfgs were then

() used to deduce the weight fraction of IBA in tlikeid

portion of the gelmixture system. In converting to weight

FIG. 1. Schematic diagram of the gel and reservoir in thefraction, the small effect of volume change on mixing was

differential refractometer arrangement. (a) Side view and (b) aneglected.

view from above. The cells and temperature controlling bath Because silica gels preferentially attract water, the mea-

\r/éireecrtri]\(/)c\elled up or down to measure the gel or resenvoirg,rements were begun with a reservoir concentration equal
P V- to that of the IBA-rich phase of the pure mixture at the

temperature being studied. The reservoir concentration

cell in the bottom of which a 4.0 wt% silica gel about was gradually increased by the addition of pure IBA. Af-

2 mm high was grown, as indicated in Fig. 1(a). Ater each addition it took about 4 days to reach equilib-

portion of the space above the gel was occupied by theum. During this time the reservoir was mixed twice a

IBAW reservoir, which contacted the gel over its entireday by tilting and rocking the entire apparatus by hand.

upper surface. The gel was made by polymerization oWhile working at 23C we verified that the same state

tetramethylorthosilicate in water. Samples from the sama&vas reached whether the concentration was increased or

batch were characterized by static light scattering [19] andlecreased.

found to have a correlation length [20] of 326 A. The Ideally one would measure the chemical potential of

res

gel was aged and then washed by exposing it to 3 ml ofvater in the reservoirwy and the weight fractionl of
purified water for 10 days, with the water being replacedBA in the fluid portion of the gelmixture systemi¥iga
twice daily. The water was then replaced by an IBAW[22]. Since we could not measupel;’, we determined
mixture to form the reservoir. the weight fraction of water in the reservairyy® = 1 —
To measure IBA concentration, the cell containing thew |5, instead. Becausey is a monotonically increasing
sample was incorporated in a differential refractometers,ction of Wi, plots of Wi vs WIg;lA' at fixed tem-

as shown in Fig. 1. The two cells could be rotated as &erature, are similar to pressure vs volume isotherms for a
unit about a vertical axis midway between them. Theysingle—component fluid, as shown in Fig. 2.

were usually oriented at 4Swith respect to the He-Ne  poth the 15 and 19C isotherms contain flat portions
I(;';\es”esr &zangez&d \];\l,JanSCtg)r?eﬂa?f p(jrglrg;edlnbtra\;ﬁrirrlgomﬁ/herewlg& changes discontinuously, with no measurable
9 y y éhange inWy"°, indicating a first-order phase transition.

roughly proportional to the difference in refractive index : : L
between the contents of the sample cell and those of th?(%he portions we judged to be flat are indicated by the

: rizontal bars. The 2% isotherm contains no such flat
reference cell. The beam displacement was measurepcg

S . rtion, and thus the géhixture system is thermody-
about 1 m from the exit vvmdow. The beam waist WaSnamically one phase at this temperature, with the critical
about 0.4 mm in diameter in the sample. Both cells wer

: . . epoint presumably lying between 19 and Z3
completely immersed in flowing temperature controlled To relate these results to the phase diagram of pure

(=1 mK) water. The water bath and sample cells COUIdIBAW, we measured the concentrations of the two co-

be trar}slafced vertically. This allowed measurement of th%xisting phases for a pure mixture containing 37.70 wt %
refractive index, and thus IBA concentration, of either theIBA The results are shown in Fig. 3 as open circlles The

IBg\é\::;izggﬂ[]grdtipfiecSl?ln;lfxélijrr:czargglligratin refractive CrOSSeS show data taken with a mixture in equilibrium with
y y 9 the gel, indicating no detectable impurity problems. The

index vs IBA concentration in a gel, we used a two Ster)data for the pure mixture are well fit by a leading singular-
procedure to estimate this relationship. We measured tr]%/ and a single Wegner term of the form

refractive indexn, of pure mixtures of IBA and water '
having accurately known{0.01 wt %) concentrations, for AW/We = BtP(1 + bitz + -+,

the temperatures 21, 25, 30, 35, and°’@Qover the full where AW is the difference in concentration between
concentration range from pure water to pure IBA. The datdhe coexisting phases, and= (T. — T)/T.. The results
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0.44 5 ' ' cloudy, consistent with coexisting phases in the form of do-
o 23.00C mains, while outside that region it was clear. When cooled
g 0438 - ] in the one-phase region the sample immediately became
o cloudy or opaque, but returned to its clear equilibrium state
0.436 | P 1 oy
. within a fev_v days. _ _
0.434 | ) ] As mentioned previously, there is a slow mode onset
temperature, below which gdBAW samples sulfficiently
0.377 ! ' ' ' rich in water and held at fixed composition show evi-
gz @ 19.00C dence of a phase-separation-like process [16]. On cooling,
s '?é,_%._{,_% such samples show marked overshoots in scattered inten-
0.376 1 @ % 5 sity [17] at a small scattering wave vector, consistent with
k3 the formation and collapse of a ring of scattered light, such
l , as is observed in samples undergoing nucleation or spino-
0.375 " )
0332 dal deg:omposmon. To re]ate the onset temperature forth|§
5 behavior to the phase diagram, we prepared seven addi-
0.331 5 15.00€ tional gels from the same batch from which the sample
8= I . used to measure géBAW isotherms was made. These
0.33 - 1 gels were formed in 10 mm inner diameter cylindrical scat-
v tering cells and were-2 mm thick. They were aged and
0.309 L ‘ , . i precleaned by exposure to pure water changed twice daily
0.2 025 03 0.35 0.4 for a week. They were then exposed to IBAW mixtures

iba

at 40°C, with the mixtures replaced twice daily for at

FIG. 2. Plots of the weight fraction of water in the reservoir I€ast 3 days. Removing the mixtures fixed these samples
vs the weight fraction of IBA in the ggimixture portion of the in overall concentration, and they were then studied by
sample at equilibrium for three different temperatures. means of light scattering. The IBA concentration of their
fluid portions ranged from-21 to ~47 wt % IBA, based
are 8 = 0.334, T, = 25.722°C, W, = 0.391, andb, =  ON previous experience. _
—0.15. This fit is shown by the solid line in the figure. Upon cooling, the six lowest concentration samples
Figure 3 also shows, as open diamonds, the concerleveloped the additional very slow transient mode and in-
trations of the two coexisting phases for the @AW  tensity overshoots mentioned above. Consistent with pre-
system estimated from the flat portions of the 15 and/ious work [17], the highest concentration sample, lying
19°C isotherms. The region between these Concentratioﬁﬁ_e” above the critical concentration for the pure mixture,
is a two-phase region for the géBAW system with a did not. The_me_asured sI_ow _mode onset temperatures are
4.0 Wt% gel. Presumably this two-phase region shrink$hown as solid diamonds in Fig. 3. Beld, the samples
continuously in extent with increasing temperature andbegan to scatter very strongly and became opaque upon
somewhere below 2, ends in the critical point of this further cooling. This is consistent with the formation of

system. Within its two-phase region the sample appearegomains of [BA-rich and IBA-poor fluid. It is interesting
to note that our samples developed slow modes only for

temperatures somewhat below the critical temperature of
®rT 3 ] P Coovay, ] the pure mixtureZ?. Previously [16,17] this had been
L 3 ] observed to occur about 06 aboveT!. We attribute
the difference to the extensive precleaning procedure we

22_‘

20}
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FIG. 3. Phase diagram showing the relationship between th
coexistence curve of the pure mixture (open circles, crosses
the narrow two-phase region of the gedixture system, which

0.5 0.6

followed, which was not done in previous work.

In light of the present results, the process signaled
by the slow mode onset cannot correspond to thermody-
namic phase separation. The critical temperature of the
gel/IBAW system is below 23C, based on the measured
isotherms, while the slow mode onset occurs abov&24
Furthermore, the coexistence curve of the/ @AW sys-
tem is so narrow that only samples within a very limited
concentration range would actually enter a true two-phase
region upon being cooled. Instead of signaling phase sepa-
ration, the slow mode onset and overshoots seem to indi-
Eate that the system is entering a metastable state. It is

ot clear that this state is truly metastable in the sense of

lies between the open diamonds, and the slow mode ons&@Vvolving energy barriers or is just very slow to reach equi-

temperature (solid diamonds).

librium. Samples enter this state despite the fact that their
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tem at all times. In the one-phase region of the/ lRAW [2] S.B. Kim, J. Ma, and M. H.W. Chan, Phys. Rev. Létt,

system the equilibrium state is generally transparent, but 2268 (1993).

the “metastable” state is opaque, or nearly so, making thents! I\a/ln(l;JV\é) Clz?heapn;;yK'Flh iurlg’e\?' Seﬁaﬂu{gg%(?ggaa)s Wong,

easy to distinguish. Thus the critical point of the gel e ; : : ' :

IBAW system is located below a broad region of meta- [4] ’;h Mulders, R. Mehrotra, L. S. Goldner, and G. Ahlers,

. : . , : ys. Rev. Lett67, 695 (1991).

stable be_haV|0r. T_he existence of this region expla|.n.s 5] A.P.Y. Wong and M.H.W. Chan, Phys. Rev. Le5,

why previous experiments did not observe complete criti- * * 2567 (1990).

cal slowing down; the samples entered the metastable statg] A.p.Y. Wong, S.B. Kim, J. Ma, W.I. Goldburg, and
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cally possible that the opaque state is actually stable, al{7] A. Maritan, M.R. Swift, M. Cieplak, M.H.W. Chan,
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some limited region of the phase diagram, but we have (1991).
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