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Polymer Conformation near the Critical Point of a Binary Mixture
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Conformation of a flexible linear polymer (polyacrylic acid, PAA) in a binary mixture (water1 2,6-
lutidine, LW) near the critical point of LW is studied using dynamic light scattering (DLS) by which th
diffusivities of the polymer molecules and the critical composition fluctuation of the LW are measur
The DLS measurements, supplemented by viscosity data, show that the PAA molecule in LW sh
when approaching the critical point of LW. At temperatureT close to the critical temperatureTc

when the correlation lengthj of LW is comparable to the intermolecular distance of PAA, we
find that j ~ s1 2 TyTcd2n with n  0.44 6 0.03 which is smaller thann  0.60 of pure LW.
[S0031-9007(97)05094-1]

PACS numbers: 61.41.+e, 36.20.Ey, 64.60.Fr, 83.20.Hn
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At present, the conformation of a flexible linear poly
mer chain in a single component solvent can be und
stood satisfactorily using the two parameter theory and t
renormalization group theory [1]. However, if the solven
is a binary mixture, one of the components (presumab
the better solvent) may be preferentially adsorbed to t
polymer [2]. de Gennes [3] pointed out that such a pre
erential wetting layer will contribute an indirect attrac
tion among the monomers within the polymer chain, an
the indirect attraction will reduce the size of the macro
molecule. Obviously, the interaction range of this com
position fluctuation driven attraction is the width of th
preferential wetting layer which is the solvent correlatio
length. Since the correlation length diverges at the cri
cal point of the binary mixture, the polymer molecul
should shrink and collapse when approaching the critic
point of the binary mixture [3]. Although such interest
ing phenomenon has been observed in computer simu
tion [4], no experimental confirmation has been reporte
It is difficult to study the polymer conformation close to
the critical point of the solvent [5] because most polyme
become insoluble due to a diverging interaction param
ter [4,6]. Nevertheless, after many trials and much te
ing, we find that the flexible linear polymer polyacrylic
acid (PAA) remains soluble in 2,6-lutidine1 water (LW)
even at the critical point of LW. Presumably, close to th
critical point, because of preferential adsorption, the LW
concentration inside the PAA molecule is shifted with re
spect to that of the bulk LW [7] so that precipitation o
PAA can be avoided.

In this Letter, we report the first dynamic light scat
tering (DLS) experiment in which both the conformatio
of the polymer and the critical dynamics of the binar
mixture can be measured simultaneously. The DLS da
together with viscosity measurements, show that the s
of the polymer in a critical binary mixture does decreas
towards the critical point of the binary mixture. This pro
vides evidence of the indirect attraction due to the cri
cal composition fluctuation of the binary solvent. On th
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other hand, if we consider the polymer as a random fie
[8] acting on the binary mixture, the critical behavior o
the binary mixture should be affected by the presen
of the macromolecules [9,10]. From the DLS measur
ment, at temperatureT close to the critical temperature
Tc of LW such that the correlation lengthj of LW is
comparable to the intermolecular distance of PAA, w
find thatj ~ s1 2 TyTcd2n with the critical exponentn
changed from 0.6 for the pure LW to 0.44 due to th
presence of PAA.

In our experiments, samples of polyacrylic acid di
solved in the critical binary mixture 2,6-lutidine1 water
is studied. LW has an inverted coexistence curve w
a lower critical temperature about 33.7±C at the criti-
cal composition of 28.2% lutidine by weight [11]. PAA
of molecular weightMw  7.5 3 105 and polydispersity
equal to 1.4 from Aldrich Chemicals is used as purchas
Although PAA is soluble in water it is insoluble in luti-
dine. We dissolve PAA in critical LW such that the PAA
concentration in the sample (LWyPAA) is 0.7 mgycm3.
The PAA, being a third component of LW, shifts the crit
cal temperature down by 0.2±C below that of the pure
LW without PAA [12]. The LWyPAA sample is then
sealed in a 1 mm path length cell made of 1.25 mm thi
quartz. Light scattering experiments are performed in
transparent rectangular water bath with a temperature
bility of 60.001 ±C. We direct a He-Ne laser beam o
wavelengthl  633 nm to the sample, and the scatterin
of the sample is detected by a photon counting photo
ode module (EG&G SPCM-100) at the scattering ang
of u  90±. This corresponds to a scattering vectorq ;
s4npyld sinsuy2d  1.87 3 105 cm21, where n  1.35
is the refractive index of LW. The signal from the pho
todiode is fed to a digital correlator (ALV-5000) for ex
tracting the intensity autocorrelation functiong2std.

For pure LW,g2std is a simple exponential decay func
tion of the following form: g2std  1 1 Ajg1stdj2 with
g1std  e2G0t and G0  Dq2, whereD is the diffusion
constant (see the inset of Fig. 1). For the LWyPAA
© 1998 The American Physical Society
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FIG. 1. Intensity autocorrelation functiong2std for the
LWyPAA sample at 9.45±C from the critical temperature.
The solid line is the least square fit ofg2std to the functional
form B 1 sA1e2G1t 1 A2e2G2td2. The inset shows theg2std
obtained for the pure LW sample at 8.55±C from the critical
temperature. The solid line in the inset is the fit ofg2std to the
simple exponential form:1 1 Ae22G0t .

sample,g2std is no longer single exponential. Never
theless, at 9.45±C from Tc, the shape ofg2std for the
LWyPAA sample (see Fig. 1) suggests two separate
laxation processes. Fittingg2std to the double exponen-
tial form, g2std  B 1 sA1e2G1t 1 A2e2G2td2, we obtain
B  1.00, A1  0.39, A2  0.42, G1  19.4 ms21, and
G2  0.30 ms21. We identifyG1 as the relaxation rate of
the composition fluctuation of LW because the decay ra
G0 for the pure LW sample measured at this temperatu
is numerically the same asG1. Then, the slower decay
rateG2 is due to the diffusion of the PAA molecules.

Since composition fluctuation of LW relaxes via diffu
sion and the Brownian motion of the PAA molecules is als
diffusive, the above interpretation can be checked by t
angular dependence of the decay rates. Thus we mea
g2std at other scattering angles (u  70±, 80±, 90±, 100±,
110±, and 120±) and extract the decay rates by fittingg2std
to the double exponential form. The results, which a
plotted in Fig. 2, confirm the linear dependence ofG1 and
G2 on q2. From the slopes, the diffusion constant of LW
and that of the PAA molecules are5.2 3 1027 cm2ys and
1.1 3 1028 cm2ys, respectively. The correlation length o
LW is found to bej  1.7 nm, using the Stoke-Einstein
relation,D  kTy6phj, wherek, T , andh  2.3 cP are
the Boltzmann constant, the sample temperature, and
viscosity of LW, respectively. Similarly, we can calculat
the hydrodynamic radiusRh  106 nm of the PAA mole-
cule from its diffusion constant. Note that the fractio
A2ysA1 1 A2d, which indicates the contribution of PAA
molecules to the scattering intensity, decreases monoto
cally from 0.62 atu  70± to 0.37 atu  120± as shown
in Fig. 2(c). This is becauseqj , 0.04 and qRh . 1
within this angular range. So the scattering by the comp
-
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FIG. 2. Angular dependence of (a) the fast decay rateG1,
(b) the slow decay rateG2, and (c) the fractionA2ysA1 1 A2d
for the LWyPAA sample measured at 9.45±C from Tc.

sition fluctuation of LW, which is1ys1 1 q2j2d, is practi-
cally isotropic [13]. In contrast, the scattering by the PA
molecules, which is1ys1 1

1
2 q2R2

hd, is stronger at smaller
scattering angles [14].

For the composition fluctuation of LW to have
significant effect on the conformation of the PAA
molecule,j should be comparable to the average inte
monomer distancer within the PAA molecule. Let the
volume occupied by a PAA molecule be43 pR3

h. Then,
r  s 4

3 pmyMwd1y3Rh, where m  72 is the formula
weight of the monomer. AtDT ; Tc 2 T  9.45 ±C,
Rh  106 nm so thatr  7.4 nm. At this temperature,
j  1.7 nm is comparable to, but smaller than,r. To
study the effect of increasingj on the PAA conforma-
tion, we perform the light scattering measurement
temperatures closer toTc.

Figure 3 shows the variations of the decay rates at a±

scattering angle with respect to the temperature differen
DT . One can divide this figure into three temperatu
regimes. In regime (I) whenDT . 1.5 ±C, the correlation
537
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FIG. 3. Variations of the decay ratesG1 (e) and G2 (s)
with respect toDT ; Tc 2 T . For comparison, the decay rate
G0 snd obtained from the pure LW sample under the sam
experimental conditions is also plotted in this figure.

length of LW extracted fromj  kTq2y6phG1 increases
from 1.6 nm at DT  10.44 ±C to 3.9 nm at DT 
1.94 ±C. The change ofj in this temperature range agree
quantitatively with that of the correlation length calculate
from G0 measured for the pure LW sample. On th
other hand, the hydrodynamic radius of the PAA molecu
obtained fromG2 decreases from 109 nm to 32.8 nm
when DT decreases from 10.44±C to 1.94±C. As DT
decreases below 1.94±C, G1 starts to deviate fromG0

while G2 is nearly constant in regime (II). Presumably
the presence of the PAA molecules starts to affect th
critical composition fluctuation of LW. There may be
very complicated interaction between LW and PAA in
regime (II), and the physics is unclear at this moment.

In regime (III) when DT , 0.3±C, as T approaches
Tc, G1 fluctuates at about10 m s21, while G2 decreases
and converges toG0. Therefore, we associateG1 and
G2 to the critical composition fluctuation of LW and the
diffusion of the PAA molecules, respectively. The siz
of the PAA molecules estimated from the mean value
G1 in this regime is about 5 nm, which is less than1

20
times that at 10.44±C from Tc. However, it should be
pointed out thatA1ysA1 1 A2d . 0.9 in this regime. Thus
the observed light scattering is dominated by the critic
opalescence of LW, and it is difficult to obtain accurat
data for the diffusion of the polymer by fittingg2std to the
double exponential form. This explains the large scatterin
of the data forG1 in this regime. Therefore we need
another method to deduce the size of PAA molecules
this regime.

Since the shear viscosity of a polymer solution is a
increasing function of the size of the polymer molecule
we can measure the shear viscosity of the LWyPAA
sample to check the shrinking of the PAA molecules to
wards the critical point of LW. Using a video imaging
system, we determine the terminal speedu of a small
538
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steel ball falling in the sample contained in a 2 cm d
ameter cylindrical sample cell which is placed in th
water bath used in the light scattering experiment. Equ
ing the buoyance force4

3 pb3Drg to the drag force
6phsbuF on the falling ball, the shear viscosity of the
sample ishs 

2
9 Drgb2suFd21. Here b  0.1 cm is

the radius of the steel ball,Dr  7 gycm3 is the den-
sity difference between steel and the LWyPAA sample,
g  981 cmys2 is the acceleration due to gravity, an
F  1.21 is the correction to the drag force due to th
finite size of the cylindrical cell [15]. Figure 4 shows
the results of the shear viscosity measurement. One
see thaths decreases from 570 cP at 10.5±C from Tc to
110 cP at 0.06±C from Tc. On the other hand, the vis-
cosityh of pure LW varies from 2.60 to 2.47 cP [11] and
that of water containing0.7 mgycm3 PAA remains con-
stant at72 6 5 cP within this temperature range. There
fore, the decrease inhs towardsTc is clearly the result
of the shrinking of the PAA molecules induced by th
criticality of LW.

It should be pointed out that the shear viscosity data f
the LWyPAA sample is very different from those measure
by Staikos and Dondos [10] for polystyrene (PS) and pol
ethylene glycol (PEG) in a critical mixture of cyclohexane
methanol (Ch-MeOH). They observed, instead of
decreasing shear viscosity as in our LWyPAA sample, an
increasing shear viscosity towards the critical point of th
binary mixture. They claimed that the increase of she
viscosity was not due to the change in the size of t
macromolecules. Note that the molecular weights (Mw 
7700 for PS andMw  6000 for PEG) of their poly-
mers were much smaller than that (Mw  7.5 3 105)
of the PAA used in our experiments. The difference
in the molecular weights mean that the molecular siz
of their polymers are much smaller than that of ou
PAA sample. Then, even if there was contraction
expansion of the macromolecules, the effect would
too small to significantly affect the shear viscosity o

FIG. 4. Variation of the shear viscosityhs of the LWyPAA
sample with respect to the reduced temperaturee.
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FIG. 5. Variations of the correlation lengthj of the LWyPAA
sample (s) and the pure LW sample (n) with respect to the
reduced temperaturee. The inset is a log-log plot ofj against
e. The curves (and the corresponding straight lines in th
inset) are the lines of best fit to the power lawj ~ e2n with
n  0.44 and 0.60 for thes and then points, respectively.

their samples. In fact, the difference in shear viscosi
for Ch-MeOH with and without the polymer was less
than 40% in their experiments. In contrast, the she
viscosity increases by more than 250 times when PAA
added to LW at 10.5±C from Tc. Such a large thickening
effect is usually observed in a semidilute solution whe
the macromolecules begin to overlap [14]. This happe
when the size of the polymer is comparable to the inte
molecular distancea of the polymer molecules. In the
LWyPAA sample, withc  0.7 mgycm3 being the con-
centration of PAA andNA being the Avogadro number,
a  scNAyMwd21y3  120 nm which is indeed larger
thanRh at this temperature. Therefore the shear viscosi
hs of the LWyPAA sample becomes very sensitive to th
size of the macromolecules, which shrinks and causeshs

to decrease when approaching the critical point.
Staikos and Dondos explained the increased shear v

cosity of their samples by the increase of the correlatio
length of Ch-MeOH due to the presence of the polyme
Clearly such an effect is most significant when the corr
lation lengthj is comparable to the intermolecular dis
tancea of the polymer. Thus, the effect of a polymer
enhanced correlation length should be observable in t
LWyPAA sample close to the critical point whenj can
be very large. Indeed, in regime (III) in Fig. 3,j cal-
culated from the decay rateG2 of the LWyPAA sample
is larger than that calculated fromG0 of the pure LW
sample. In Fig. 5,j is plotted against the reduced tempera
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ture e ; DTyTc. Note thatj for the LWyPAA sample
which is larger than 25 nm, is comparable toa. Thus the
enhanced correlation length of LW by the polymer is con
firmed in this regime. In addition, the inset in Fig. 5 show
thatj for the pure LW sample follows the usual scaling be
haviorj ~ e2n and the critical exponentn is found to be
0.6, which agrees with that measured by Gulariet al. [11].
On the other hand, fittingj for the LWyPAA sample to a
power law givesn  0.44 6 0.03 which is smaller than
n  0.60 for pure LW. Hence, it is possible that the LW
samples with and without PAA may not belong to the sam
universality class. Currently, more detailed investigatio
is being carried out to check this speculation.
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