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Coexistence curve exponent of a binary mixture with a high molecular weight polymer
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Institute of Physics, Academia Sinica, Taipei, Taiwan 115, Republic of China

~Received 21 September 2000; published 23 January 2001!

We studied the effects of a high molecular weight polymer~polyacrylic acid, PAA,Mw57.53105) on the
coexistence curve of a binary liquid mixture~2,6-lutidine1 water, LW!. A high precision refractometer was
built to measure the temperature dependence of the refractive indexes of the two coexisting phases of phase
separated LW samples containing less than 1 mg/cc of PAA. From the refractive indexes we mapped out the
coexistence curve and obtained the refractive index differencenn between the two coexisting phases. At
temperatureT close to the critical temperatureTc , the critical exponentb such thatnn}(T2Tc)

b was found
to be 0.4160.02 which is higher than (0.3160.01) that of pure LW.
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Binary liquid mixture at its critical point has been one
the model systems for studying critical phenomena in wh
composition fluctuation plays an important role. When
third component is added, the ternary mixture may be trea
as a binary mixture if the amount of the third componen
small. However, the third component, which can be cons
ered as impurity, may couple to the composition fluctuat
and may affect the critical behavior of the binary mixtur
For example, quenched impurities such as a gel network
binary mixture may act like a random field@1# to the binary
mixture. In this case, frozen dynamics and suppression
phase transition have been observed@2,3#. If the impurities
are small molecules, the local fluctuations of the impur
concentration may shift the critical temperature as well as
critical concentration, and may even modify the critical e
ponents@4,5#. For mobile impurities consist of macromo
ecules that dissolve in a binary solvent approaching its c
cal point, when the size of the macromolecules
comparable to the correlation length of the solvent@6#, the
correlation length critical exponentsn has been found to be
0.44 which is smaller than the three-dimensional~3D! Ising
value~0.60! measured in the pure binary solvent. So far th
is no theoretical explanation for the measuredn which is
even smaller than the mean-field value~0.5! observed in bi-
nary mixture of polymer blends@7#. Hence, it is possible tha
a binary liquid mixture with dissolved macromolecules m
belong to a new universality class with a different set
critical exponents from those predicted by 3D Ising mode
mean-field model.

To check if the other critical exponents are indeed
fected by the presence of the macromolecules, we bu
precision refractometer to measure the coexistence curv
the binary liquid mixture~2,6-lutidine1water, LW! with
minute amount~less than 1 mg/cc! of dissolved high molecu-
lar weight polymer~polyacrylic acid, PAA! @6#. We found
that when we approached the critical point of LW, the cr
cal exponentb was indeed changed from the Ising value
0.31 to 0.41 due to the presence of PAA.

Polyacrylic acid ~PAA! of molecular weight Mw
57.53105 with polydispersity 1.4 and 2,6-lutidine of 9
1%purity were purchased from Aldrich. They were used
received. LW sample of critical composition~30% lutidine
volume fraction! and aqueous PAA solution in 1 mg/cc co
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centration was prepared using deionized water from a Ba
stead NANOpure II purification system. We added approp
ate amount of pure water and 2,6-lutidine to the aque
PAA solution to obtain a near critical LW/PAA sample i
which the PAA concentration was 0.70 mg/cc. Then a s
ond LW/PAA sample of 0.35 mg/cc PAA was obtained b
diluting the first sample using pure LW mixture.

We put 2 cc of the LW/PAA sample together with a sm
teflon coated magnetic bar in a quartz couette cell~QC! of
1 cm2 square cross section. The cell was then sealed
secured in a sample holder with a water submersible m
netic stirrer ~MS! installed right below the quartz cell a
shown in Fig. 1~a!. The sample holder was placed in a tem
perature controlled water bath~WB! made of 2 cm thick
transparent plexiglass with internal dimension
36 cm336 cm336 cm. We mounted the sample hold
such that it could be rotated about the vertical axis throu
the center of the couette cell. The bath temperature
sensed by a quartz probe~P! of a precision thermomete
~HP2804A! with an IEEE488 bus connected to a person
computer~PC!. The PC read the temperature and sent b
the appropriate heat to the water bath through a comp
controlled power supply~PS! and an electric heater (H). A
stirrer ~S! was used to circulate the water in the bath to
duce the temperature gradient. With this setup the temp
ture of the water bath could be set as a designated v
within 60.0005 °C.

Note that LW has a lower critical temperatureTc
'33.7 °C. Hence our experiments were performed at te
peratures above 33 °C when our samples had comple
phase separated. At the beginning of an experiment, the m
netic stirrer was turned on for at least 30 minutes to th
oughly mix the two coexisting phases inside the quartz c
Then the magnetic stirrer was turned off and the sample
let undisturbed until the two coexisting phases complet
separated before the refractive indexes were measured.

In order to measure simultaneousely the refractive
dexes of both the water-rich phase and the lutidine-r
phase in the phase separated sample, a vertical laser s
obtained by a He–Ne laser beam passing through a line
erator~LG!, was directed to the sample cell as shown sc
matically in Fig. 1. Because of the difference in refracti
index between the sample in the cell and the water in
©2001 The American Physical Society08-1
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bath, the laser sheet was deviated by an anglef when it
emerged from the sample cell. The laser sheet was fur
deviated tof8 after refraction at the wall of the water bat
Finally it was intercepted by a screen placed at a dista
L2536.5 cm from the water bath. We rotated the sam
holder until the deviation of the laser sheet was minima
which f5fm and then measured the location (L1) where
the laser striked the screen. With a known value of the d
tance (h59 cm) between the cell and the wall of the wat
bath, we can obtain the minumum angle of deviationfm by
solving the following geometrical relations numerically:

L12d

L2
5tanf8,

d5h tanfm ,

sinf85nw sinfm ,

Herenw51.330 is the refractive of water in the bath andd is
the distance between the locations where the refracted b

FIG. 1. Experimental setup:~a! schematic diagram of the prec
sion refractometer and~b! schematic diagram showing the geom
eterical relations of the setup.
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and the undeviated laser emerge from the bath as illustr
in Fig. 1~b!. Then the refractive index of the sample is

n5A2nw sinS fm

2
145°D .

When the sample phase separated, the laser sheet p
through the coexisting phases of the sample so that the
fractive indexes (n1 and n2) of both the coexisting phase
~water-rich and lutidine-rich, respectively! could be mea-
sured simultaneously. Since part of the laser sheet did
pass through the sample cell at all, the reference point wh
the undeviated laser beam hit the screen could also be m
sured at the same time. Such arrangement reduced the
tematic error due to the fact that the cross section of
couette may not be perfectly square@8#. We checked that the
sensitivity of the refractometer on the change in refract
index was6531024.

Note that the refractive indexn is a function of tempera-
ture T, the volume fraction of lutidinec and the concentra
tion of PAA in the sample. Nevertheless, we found that
change inn due to increasing the concentration of PAA by
mg/cc is smaller than the sensitivity of our refractomet
Therefore we may considern to be independent of the poly
mer concentration in our experiments. On the other hanc
depends onT also. Hence, the variation inn can be written as

dn5
]n

]c
dc1

]n

]T
dT5S ]n

]c

dc

dT
1

]n

]TD dT.

We found that when no phase transition occurred, i.e.,c re-
mained constant, the temperature dependence ofn was very
weak and]n/]T,1023 °C as shown in the inset of Fig. 2
On the other hand, the refractive index measuremen
Fig. 2 gives ]n/]c'0.2. Furthermore, the temperatu
dependence of composition isdc/dT}(T2Tc)

b21 which

FIG. 2. The refractive indexn for LW/PAA samples~approx-
mately 1 mg/cc PAA! with different lutidine volume fractionc at
T533.19 °C (s), 34.19 °C (1), 34.69 °C (3), and 35.19 °C
(n). For clarity,n for 34.19 °C, 34.69 °C, and 35.19 °C are shifte
up by 0.002, 0.004, and 0.006, respectively. The inset shows
temperature dependence for samples withc50.06 (h); c50.09
(¹); c50.17 (s). The lines in this figure are guide to the eye
only.
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diverges towards the critical temperature becauseb21,0.
Hence (]n/]c)(dc/dT)@(]n/]T) so that dn
5(]n/]c)(dc/dT)dT. Therefore, the refractive indexn can
be taken as a direct measure of the compositionc and the
coexistence curve of our samples can be obtained by m
suring the refractive indexes of the coexisting phases.

Let n1 ,n2, and c1 ,c2 be the refractive indexes and th
lutidine volume fractions of the lutidine-rich phase and t
water-rich phase, respectively. Then the composition c
strastc12c2 will be proportional to the refractive index con
trast n12n2. To check the validity of the above argumen
we used the refractometer to measure the coexistence c
of a pure LW sample. From the temperature variation of
refractive index contrast between the coexisting phases
found the coexistence curve exponentb to be 0.3160.01
which is consistent to the 3D Ising value. Hence, the refr
tometer indeed measures the temperature dependence
composition for our samples.

Figure 3 summarizes the results of our experiments
the LW samples with 0.70 mg/cc and 0.35 mg/cc PAA. T
figure shows the refractive indexes of the two coexist
phases of the LW/PAA sample. The data for the pure L
sample~i.e., 0 mg/cc PAA! measured by the same appara
were also included for comparison. To see the difference
refractive indexes among samples of different PAA conc
trations, we plotted the same data in a finer scale as show
the inset of Fig. 3. From this figure, one can clearly see t
the critical temperature of LW was shifted down appro
mately by 0.03 °C and 0.1 °C by adding 0.35 mg/cc and 0
mg/cc PAA, respectively. In addition, the critical compos
tion cc of LW was changed as indicated by the shift of t
minima of the coexistence curves toward smallern when
PAA was added. Since the refractive index of water~1.330!
is smaller than that~1.497! of 2,6-lutidine, the addition of
PAA causescc to shift towards higher water fraction. Pre
sumably, a water-rich wetting layer is formed close to t
PAA molecules because water is a better solvent of P
than lutidine. This would reduce the amount of water th

FIG. 3. Temperature dependence of the refraction indexes o
coexisting phases for pure LW (s); LW/PAA with 0.35 mg/cc
PAA (3); and LW/PAA with 0.70 mg/cc (1). The inset shows the
data close to the critical point in a finer scale. The lines in the in
are guide to the eyes only.
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take part in the phase separation of LW and hence, wo
explain the shift incc towards higher water fraction. Never
theless, the shift incc by adding 0.35 mg/cc PAA was only
of the order dn(]n/]c)21;0.002/0.2;0.01. Such small
shift in cc andTc was an indirect evidence that the amount
PAA added to LW was only small perturbation so that t
LW/PAA samples in our experiments can be regarded
binary mixtures instead of a ternary mixtures.

When we plotted the refractive index differencenn[n1
2n2 between the two coexisting phases with respect to
distance from the critical temperaturenT[T2Tc , we
found nn}nTb with b50.3160.01 for pure LW as men-
tioned before. On the other hand, when PAA is added,
sees a crossover atnT'1 °C whereb changes from 0.31 to
0.4160.02 as shown in Fig. 4. Note that when the salt g
dolinium nitrate is added to the binary mixture isobutyr
acid1water, not only the critical temperature and the critic
composition are shifted, the critical exponentb is also
changed to 0.36@5#. This is consistent with the Fisher reno
malization@4# which predictsb to be increased by the facto
1/(12a). Herea50.11 is the specific heat exponent. How
ever, in our sample the increase inb due to Fisher renormal
ization is not large enough to explain the 33% increase in
critical exponentb of our high molecular weight LW/PAA
sample. In order to confirm that the change inb is really due
to the large molecular size of PAA, we repeated our exp
ment using LW/PAA sample containing the same amo
~0.7 mg/cc! of PAA of smaller molecular weight (Mw
52000). The results are also plotted in Fig. 4 for compa
son. We found thatb for this sample with smaller molecula
weight PAA is the same as that for the pure LW sample.

The crossover temperature atDT'1 °C can be under-
stood if we consider the PAA molecules as fluctuations
the composition of LW. Then the length scale of such co

he

t

FIG. 4. Change of refractive index differencenn between the
two coexisting phases with respect to the distance from the crit
temperaturenT for pure LW (s); LW/PAA with 0.35 mg/cc PAA
of Mw57.53105 (3); LW/PAA with 0.70 mg/cc PAA ofMw

57.53105 (1); and LW/PAA with 0.70 mg/cc PAA ofMw

523103 (n). The slopes of the straight lines in the plot are 0.
and 0.41, respectively. The inset~data obtained from Ref.@6#!
shows the correlation lengthj measured in LW with 0.7 mg/cc
PAA. The slopes of the straight lines in this inset are 0.44 and 0
respectively.
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position fluctuation should be the same order of the mole
lar size ~the hydrodynamic radius,Rh) of the PAA mol-
ecules. In fact. To and Choi@6# have already pointed out tha
it is the coupling between the critical composition fluctuati
~with correlation lengthj) of LW to the PAA molecules tha
lead to the change in the critical exponentn as shown in the
inset of Fig. 4. Therefore, the effect will be most significa
whenj is comparable toRh . Their work on the same system
revealed thatj;Rh whenTc2T;1 °C. This is consistent to
our observation that a different value of the critical expon
b for the LW/PAA samples was obtained from data me
sured at temperature less than 1 °C from the critical temp
ture. For temperatures farther away fromTc , the refractive
index differences of the two coexisting phases are the s
for LW samples with and without PAA as shown in Fig. 4

It is worth comparing the phase separation of o
LW/PAA sample to that of polymer blends. In a study of t
coexistence curve of polystyrene/poly~2-chlorostyrene!
blends, Chuet al. @7# found thatb50.5 which is the mean-
field value. Intuitively a high molecular weight molecul
because of its large spatial extent, may be able to inte
with a significant number of other molecules in a polym
blend. Such a mean-field-type interaction may be expecte
give rise to the mean-field-type critical exponents. In t
renormalization group theory, the Ising model will becom
mean-field type when the spatial dimension is 4 or high
This can be interpreted as higher connectivity in higher
s.

h,
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mension so that a molecule can interact with a large num
of other molecules even with nearest neighbor interacti
On the other hand, the large PAA molecules in our LW/PA
sample may induce an indirect interaction between the w
molecules and the lutidine molecules. Because of the la
spatial extend of the macromolecules, such an indirect in
action will enable a water or a lutidine molecule to intera
with a large number of other water and lutidine molecul
Hence,b increases towards the mean-field value when m
romolecules~PAA! are added to the binary mixture~LW!.
Since a universality class in critical phenomenon is char
terized by a set of critcal exponents, different values ofb
and n implies that the binary mixture LW with dissolve
macromolecules PAA may belong to a different universa
class than that~3D Ising! of the pure LW. Hence, furthe
works should be done towards this direction.

To summarize, we report our experimental studies on
critical exponentb of the coexistence curve for a binar
liquid mixture ~2,6-lutidine and water, LW! in the presence
of dissolved macromolecules~polyacrylic acid, PAA!. We
found that the critical exponentb of LW changes from 0.31
to 0.41 when PAA ofMw57.53105 was added.
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