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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 (watet,6-
lutidine, LW) near the critical point of LW is studied using dynamic light scattering (DLS) by which the
diffusivities of the polymer molecules and the critical composition fluctuation of the LW are measured.
The DLS measurements, supplemented by viscosity data, show that the PAA molecule in LW shrinks
when approaching the critical point of LW. At temperatfeclose to the critical temperaturg.
when the correlation lengtl¥ of LW is comparable to the intermolecular distance of PAA, we
find that & o« (1 — T/T.)™” with » = 0.44 = 0.03 which is smaller thanv = 0.60 of pure LW.
[S0031-9007(97)05094-1]

PACS numbers: 61.41.+e, 36.20.Ey, 64.60.Fr, 83.20.Hn

At present, the conformation of a flexible linear poly- other hand, if we consider the polymer as a random field
mer chain in a single component solvent can be underf8] acting on the binary mixture, the critical behavior of
stood satisfactorily using the two parameter theory and théhe binary mixture should be affected by the presence
renormalization group theory [1]. However, if the solventof the macromolecules [9,10]. From the DLS measure-
is a binary mixture, one of the components (presumablynent, at temperatur@ close to the critical temperature
the better solvent) may be preferentially adsorbed to th&,. of LW such that the correlation length of LW is
polymer [2]. de Gennes [3] pointed out that such a prefcomparable to the intermolecular distance of PAA, we
erential wetting layer will contribute an indirect attrac- find that¢ o« (1 — T/T.)™* with the critical exponenw
tion among the monomers within the polymer chain, ancchanged from 0.6 for the pure LW to 0.44 due to the
the indirect attraction will reduce the size of the macro-presence of PAA.
molecule. Obviously, the interaction range of this com- In our experiments, samples of polyacrylic acid dis-
position fluctuation driven attraction is the width of the solved in the critical binary mixture 2,6-lutidine water
preferential wetting layer which is the solvent correlationis studied. LW has an inverted coexistence curve with
length. Since the correlation length diverges at the critia lower critical temperature about 33Q at the criti-
cal point of the binary mixture, the polymer molecule cal composition of 28.2% lutidine by weight [11]. PAA
should shrink and collapse when approaching the criticabf molecular weightf,, = 7.5 X 10°> and polydispersity
point of the binary mixture [3]. Although such interest- equal to 1.4 from Aldrich Chemicals is used as purchased.
ing phenomenon has been observed in computer simul@lthough PAA is soluble in water it is insoluble in luti-
tion [4], no experimental confirmation has been reporteddine. We dissolve PAA in critical LW such that the PAA
It is difficult to study the polymer conformation close to concentration in the sample (LYRAA) is 0.7 mg/cn?.
the critical point of the solvent [5] because most polymersThe PAA, being a third component of LW, shifts the criti-
become insoluble due to a diverging interaction parameeal temperature down by O’ below that of the pure
ter [4,6]. Nevertheless, after many trials and much testtW without PAA [12]. The LW/PAA sample is then
ing, we find that the flexible linear polymer polyacrylic sealed in a 1 mm path length cell made of 1.25 mm thick
acid (PAA) remains soluble in 2,6-lutidine water (LW)  quartz. Light scattering experiments are performed in a
even at the critical point of LW. Presumably, close to thetransparent rectangular water bath with a temperature sta-
critical point, because of preferential adsorption, the LWhility of +0.001 °C. We direct a He-Ne laser beam of
concentration inside the PAA molecule is shifted with re-wavelengthA = 633 nm to the sample, and the scattering
spect to that of the bulk LW [7] so that precipitation of of the sample is detected by a photon counting photodi-
PAA can be avoided. ode module (EG&G SPCM-100) at the scattering angle

In this Letter, we report the first dynamic light scat- of # = 90°. This corresponds to a scattering vecjor=
tering (DLS) experiment in which both the conformation (4na/A)sin(6/2) = 1.87 X 10° cm™!, wheren = 1.35
of the polymer and the critical dynamics of the binaryis the refractive index of LW. The signal from the pho-
mixture can be measured simultaneously. The DLS datapdiode is fed to a digital correlator (ALV-5000) for ex-
together with viscosity measurements, show that the sizacting the intensity autocorrelation functigs(r).
of the polymer in a critical binary mixture does decrease For pure LW,g(¢) is a simple exponential decay func-
towards the critical point of the binary mixture. This pro- tion of the following form: g,(r) = 1 + Alg(r)|*> with
vides evidence of the indirect attraction due to the criti-g,(r) = ¢ 1" and Iy = Dq?, where D is the diffusion
cal composition fluctuation of the binary solvent. On theconstant (see the inset of Fig. 1). For the JRAA
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FIG. 1. Intensity autocorrelation functiong,(z) for the § oo b 3
LW/PAA sample at 9.4%C from the critical temperature. fa F ]
The solid line Is the least square fit gf(¢) to the functional g o1f 3
form B + (Aje” T + A,e )2, The inset shows theg,(r) 7 : ]
obtained for the pure LW sample at 8.%5 from the critical e ——
temperature. The solid line in the inset is the fitgafs) to the 065 ¢ A L LA
simple exponential formi + Ae~2To’, 060 F K o 3
fg 0.55 [ 3
sample, g>(z) is no longer single exponential. Never- :E_ 0505_ HOH E
theless, at 9.48C from T,, the shape ofg,(¢) for the - ]
LW/PAA sample (see Fig. 1) suggests two separate re- &' 045 HOH 3
laxation processes. Fittingx(r) to the double exponen- 0405_ FOH E
tial form, g»(r) = B + (Aje 1" + Ase 12%)2, we obtain U oy
B =1.00, A =039, A, =042, '}, =194 ms!, and 035 e L L L
I, = 0.30 ms™'. We identifyI'; as the relaxation rate of 0 ! 2 8 4 5 6
the composition fluctuation of LW because the decay rate Q2 [10* nm2]

I'y for the pure LW sample measured at this temperature, - Angular dependence of (a) the fast decay e

is numerically the same ab,. Then, the slower decay () the slow decay raté&,, and (c) the fractiont,/(4, + As)
rateI’; is due to the diffusion of the PAA molecules. for the LW/PAA sample measured at 9.46 from 7.

Since composition fluctuation of LW relaxes via diffu-
sion and the Brownian motion of the PAA moleculesis also ] o ) ]
diffusive, the above interpretation can be checked by théition fluctuation of LW, which isl /(1 + ¢*£?), is practi-
angular dependence of the decay rates. Thus we measf@lly isotropic [13]. In contrast, the scattering by the PAA
(1) at other scattering angleg & 70°, 80°, 90°, 100,  molecules, whichig/(1 + 5 ¢>R?), is stronger at smaller
1107, and 120) and extract the decay rates by fittipg(r) ~ Scattering angles [14].
to the double exponential form. The results, which are For the composition fluctuation of LW to have a
plotted in Fig. 2, confirm the linear dependencd’pfand  significant effect on the conformation of the PAA
I', on¢%. From the slopes, the diffusion constant of LW molecule,§ should be comparable to the average inter-
and that of the PAA molecules af& x 1077 cm?/s and monomer distance within the PAA molfcule. Let the
1.1 X 10~% cm?/s, respectively. The correlation length of volume occupied by a PAA molecule bemR;. Then,
LW is found to be¢ = 1.7 nm, using the Stoke-Einstein r = (% Wm/MW)1/3Rh, where m = 72 is the formula
relation,D = kT /67w n&, wherek, T,andn = 2.3 cPare weight of the monomer. AAT =T, — T = 9.45°C,
the Boltzmann constant, the sample temperature, and th®, = 106 nm so thatr = 7.4 nm. At this temperature,
viscosity of LW, respectively. Similarly, we can calculate ¢ = 1.7 nm is comparable to, but smaller than, To
the hydrodynamic radiuB, = 106 nm of the PAA mole- study the effect of increasing on the PAA conforma-
cule from its diffusion constant. Note that the fractiontion, we perform the light scattering measurement at
A>/(A; + A,), which indicates the contribution of PAA temperatures closer ..
molecules to the scattering intensity, decreases monotoni- Figure 3 shows the variations of the decay rates at’a 90
cally from 0.62 at) = 70° to 0.37 atd = 120° as shown scattering angle with respect to the temperature difference
in Fig. 2(c). This is becausg¢é < 0.04 andgR, > 1 AT. One can divide this figure into three temperature
within this angular range. So the scattering by the comporegimes. In regime (I) wheAT > 1.5 °C, the correlation
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steel ball falling in the sample contained in a 2 cm di-
ameter cylindrical sample cell which is placed in the
water bath used in the light scattering experiment. Equat-
ing the buoyance forceﬁ- wb*Apg to the drag force
67 n;bu® on the falling ball, the shear viscosity of the
sample isn, = 3 Apgh*(u®)~'. Hereb = 0.1 cm is

the radius of the steel balhkp = 7 g/cm?® is the den-
sity difference between steel and the RAA sample,

g = 981 cm/s’ is the acceleration due to gravity, and
® = 1.21 is the correction to the drag force due to the
finite size of the cylindrical cell [15]. Figure 4 shows
the results of the shear viscosity measurement. One can
see thatn, decreases from 570 cP at 10G from T, to

110 cP at 0.08C from 7,.. On the other hand, the vis-
cosity n of pure LW varies from 2.60 to 2.47 cP [11] and

FIG. 3. Variations of the decay rate, (¢) and I', (O)  that of water containing.7 mg/cm® PAA remains con-
with respect taAT = 7. — T. For comparison, the decay rate stant at72 = 5 cP within this temperature range. There-
I’y (A) obtained from the pure LW sample under the sameiore the decrease iy, towardsT. is clearly the result
experimental conditions is also plotted in this figure. of tf’1e shrinking of th‘e PAA molecules induced by the
criticality of LW.
length of LW extracted frong = kTq>/67 9T increases |t should be pointed out that the shear viscosity data for
from 1.6 nm atA7 = 1044°C to 3.9nm atAT =  the LW/PAA sample is very different from those measured
1.94°C. The change of in this temperature range agrees py Staikos and Dondos [10] for polystyrene (PS) and poly-
guantitatively with that of the correlation length Ca|CU|atedethy|ene glycol (PEG) in a critical mixture of cyclohexane-
from I'y measured for the pure LW sample. On themethanol (Ch-MeOH). They observed, instead of a
other hand, the hydrodynamic radius of the PAA moleculejecreasing shear viscosity as in our LRAA sample, an
obtained fromI', decreases from 109 nm to 32.8 nmincreasing shear viscosity towards the critical point of the
when AT decreases from 10.4€ to 1.94°C. As AT pjinary mixture. They claimed that the increase of shear
decreases below 1.9€, I'; starts to deviate fronl's  viscosity was not due to the change in the size of the
while I'; is nearly constant in regime (Il). Presumably, macromolecules. Note that the molecular weights, (=
the presence of the PAA molecules starts to affect thg700 for PS andM, = 6000 for PEG) of their poly-
critical composition fluctuation of LW. There may be mers were much smaller than that,{ = 7.5 X 10°)
very complicated interaction between LW and PAA inof the PAA used in our experiments. The differences
regime (Il), and the physics is unclear at this moment.  jn the molecular weights mean that the molecular sizes
In regime (lll) whenAT < 0.3°C, asT approaches of their polymers are much smaller than that of our
T., Ty fluctuates at about0 ms™', while ', decreases pAA sample. Then, even if there was contraction or
and converges td'y. Therefore, we associaté; and  expansion of the macromolecules, the effect would be

I'; to the critical composition fluctuation of LW and the oo small to significantly affect the shear viscosity of
diffusion of the PAA molecules, respectively. The size
of the PAA molecules estimated from the mean value of

I'; in this regime is about 5 nm, which is less théin jg ' '
times that at 10.44C from 7.. However, it should be 600 o
pointed outtha#i; /(A; + A;) > 0.9 in this regime. Thus 500 o
the observed light scattering is dominated by the critical =z ,, . ©
opalescence of LW, and it is difficult to obtain accurate = o
data for the diffusion of the polymer by fittingy (¢) to the Ele °
double exponential form. This explains the large scattering § °
of the data for['; in this regime. Therefore we need ¢ 2 5 o °
another method to deduce the size of PAA molecules in £
this regime. %

Since the shear viscosity of a polymer solution is an 100—% .
increasing function of the size of the polymer molecule, pod PR A e
we can measure the shear viscosity of the ABKA 01 . T“[‘ZC] 100

sample to check the shrinking of the PAA molecules to-
wards the critical point of LW. Using a video imaging FiG. 4. Variation of the shear viscosity, of the
system, we determine the terminal speedf a small sample with respect to the reduced temperature

LW/PAA
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70 T T

; . . ‘ ture e = AT/T.. Note that¢ for the LW/PAA sample
[ lam) ' which is larger than 25 nm, is comparabledto Thus the

60 ® \ ] enhanced correlation length of LW by the polymer is con-
i © firmed in this regime. In addition, the insetin Fig. 5 shows

sof- 20 ] thaté for the pure LW sample follows the usual scaling be-
1 havior ¢ o« €7 and the critical exponent is found to be

0.6, which agrees with that measured by Guédral. [11].

On the other hand, fitting for the LW/PAA sample to a

power law givesy = 0.44 = 0.03 which is smaller than

v = 0.60 for pure LW. Hence, it is possible that the LW

samples with and without PAA may not belong to the same

universality class. Currently, more detailed investigation

e is being carried out to check this speculation.
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