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Critical behavior of a polydisperse polymer solution as revealed by turbidity
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The critical behaviors were examined for polydisperse polystytdhg/M,=2.8, M,,=23.9< 10%) in cy-
clohexane in the vicinity of the critical mixing point using turbidity measurement. Hdrgand M, are the
weight-averaged and number-averaged molecular weights, respectively. The critical exponents were obtained
as y’'=1.38+0.05 for the osmotic compressibility and=0.72+0.02 for the long-range correlation length
together withéy,=0.46+0.06 nm showing a distinct deviation from the three-dimensional Ising values, and are
in agreement with Fisher’s renormalized exponef$4.063-651X97)02609-3

PACS numbd(s): 61.25.Hq, 64.60.Fr, 61.41e

INTRODUCTION weights, respectively. Critical exponeft for the shape of
the coexistence curve was obtained as 036305, and
Critical behaviors of polymer solutions have been studiectlearly deviates from the three-dimensional Ising model
in terms of the large fluctuations of the order parametervalue of 8=0.326[5,6]. This result is in agreement with
These behaviors are characterized by the critical exponentgisher’s renormalized Ising model prediction with almost a
It has been so far ascertained that the critical behaviors dtll renormalization,8/(1— «)=0.366 with « being 0.110
polymer solutions, composed of a polymer having suffi-[5,6].
ciently narrow molecular weight distribution and a solvent, Experimental studies of the critical phenomena of liquid
belong to the same universality class as the threemixtures have been often performed by use of light scatter-
dimensional Ising model of simple binary liquid mixtures ing techniques. Multiple scattering is a serious problem in
[1-4]. For example, Kojimaet al. carried out the light scat- this method for the mixtures that have large differences in
tering experiments for the mixture of polystyrene and cyclo-the refractive indices of the componen&-11]. It is very
hexane near its critical composition and obtained the criticaflifficult to obtain reliable results for the critical exponenys,
exponent of the isothermal osmotic compressibility 1.24  andv, especially very close to the critical point, and to make
+0.01 and that of the long-range correlation length the difference betweefy andf clear. The mixture of poly-
=0.62+0.02[4]. In fact, these values are consistent with thestyrene and cyclohexane is one of the systems that shows
three-dimensional Ising model valuég=1.24 andvy=0.63  strong multiple scattering near the critical point. The turbid-
[5,6]) and satisfy the scaling relatiop=(2— 7)» with  ity, however, is free in principle from the problem of mul-
being the correction factor for the correlation function. Mosttiple scattering, and turbidity measurement is especially ad-
of the experimental studies were performed using polymergantageous in such cases, because it is the measurement of
that have very narrow molecular weight distributions, andunscatteredtransmitted light intensity [9]. In fact, it has
the theoretical studies were also based on monodisperseen well ascertained that the critical exponents obtained
polymers. However, a molecular weight distribution is intrin- from turbidity measurements are in good agreement with the
sic to polymer systems and its effect should be an importantesults of light scattering studies in a simple binary liquid
subject not only for the polymer chemistry but also for themixture[11], in a cationic surfactant in aqueous salt solution
polymer physics. Unfortunately, few accurate studies of thé12], and in a polymer blen{i13].
critical behaviors of polydisperse polymer systems have been In this paper, we report turbidity measurements of a poly-
done because of the difficultffor examplé in determining  disperse polystyrene solution in cyclohexane near the critical
the critical point. Therefore, it is very interesting and desir-point. We found that the critical behavior of the polydisperse
able to study the critical behaviors of a polydisperse systenpolymer system is characterized by Fisher's renormalized
in which the polydispersity has been well characterized.  Ising model.
Fisher has studied the impurity effect for binary mixtures
near the critical point and found that the critical exponents
are renormalized ak=f/(1— «) by a fluctuation of an im-
purity (third component wheref, and f are the renormal- Polystyrene is Styron 666 obtained from Asahi Chemical
ized and three-dimensional Ising critical exponents, respedndustry Co. Ltd., Tokyo, Japan. Its weight-averaged and
tively, anda is the critical exponent of specific heat for the number-averaged molecular weights dg=23.9< 10* and
corresponding binary systefi7]. In a previous paper, we M,=8.6x10% respectively. The molecular weight distribu-
reported an experimental study of a coexistence curve for thion was characterized by GPC measureméidg, and the
mixture of polydisperse polystyrene in cyclohexane near itshape of the distribution function of the molecular weight is
critical mixing point, which emphasized the characteristicsexpressed well by a Schulz-Zimm-type distribut[db]. Cy-
of a multicomponent systerf8]. Polystyrene has a broad clohexane of reagent grade was distilled twice after being
molecular weight distribution oM,,/M,=2.8, whereM,,  passed through silica gel. No impurity was detected by gas
and M,, are the weight- and number-averaged moleculachromatography.

EXPERIMENT

1063-651X/97/563)/32136)/$10.00 56 3213 © 1997 The American Physical Society



3214 RIO KITA, KENJI KUBOTA, AND TOSHIAKI DOBASHI 56

interfaces of optical partdens, window, and sample cgll

T BS Fiz Pf Pi Pf '17 Pf The sample cell was immersed in a water bath, the tempera-
ET TGHT:]TSDCTHTD: ture of which was monitored by a quartz thermometer and
He-Nelaser 1 & 1V oL B o P2 controlled within £1 mK. Near the critical pointT—T,
P3 —>ie— <0.03 K, the temperature was carefully monitored and con-
‘ﬁ'Pm trolled within =0.2 mK. Water in the bath was thoroughly

cleaned by being circulated through a membrane filter of 0.5

o ) _um, before use, to avoid the unnecessary scattering. After

FIG. 1. Schematic dl_agram of experlmental setup of turb'd'tychanging the temperature, the sample was allowed to accom-
melas_“relm?mpl_'?:h.p'”h_()'e; B|S: legm S_p“tte”'*:l ('je”S;_ P:‘_'I: _plish a thorough equilibrium for at least 1 h. The temperature
g%alr'ze(;'?:b";‘?‘te; tatd', ic' sample cell; ND: neutral density filter; o changed within a few mK near the critical point, and the

an - photodiode. sample was kept at the same temperature for more than 2 h.

For turbidit ¢ | luti fthe criti The turbidity was determined by measuring both the incident
or turbidity measurements, a sample Solution ottne€ Crit-; ., 4 transmittedunscatteredlight intensities. The errors of
cal concentration, which was determined from the intersec

. i . turbidity for the respective data points are tabulated in Table
tion of the coexistence curve and the cloud point cyje vy P P

was prepared in a dry box und_er dry nit_rogen atmosphere Figure 2 shows a schematic phase diagram of the present
and put into a rectangular cell with an optical path length Ofsystem. The critical temperatufig, and the critical volume

5 mm by passing it through a membrane filE€fuoropore, fraction ¢, were obtained a%,=26.23 °C andp.=0.0694,

Oézgje/émﬂ?; cpgu'rfal'SIm aThae cseargpriz dcg I tr\:veazbtheerna{!i:]nteh respectively{8]. Solid and broken curves indicate the coex-
S : riticality was as : y servall tence curve and the cloud point curve, respectively, and the

|tthse|c;]arated Into tt_wo tphases t(vzrltét:a equ}%l \'/:(_)Iumelju.:,]t b(':'I()\'\éiiscrepancy between them is the unique characteristics of a
€ phase separation lempera Wmr). Figure L shows olydisperse polymer solution. The arrow shows the experi-

the experimental setup used in the present study. A He-N ; S
. . ental course in the present turbidity measurements.
laser beam operated at a wavelength of 632.8(imtensity urse P urbicity !

less than 1 mWpassed through pinholes, a beam splitter, a .
convex lens, the sample cell and a neutral density filter, and Turbidity

was detected by a photodioldamamatsu Co. Ltd., S1226 Turbidity 7 is defined as the attenuation of transmitted
The intensity of the incident beam was monitored by anothelight intensity per a unit optical length in the medium. When
photodiode assembly. The pinholes were used to minimizéhe sample does not absorb the incident beam, the turbidity
the effect of unnecessary reflections and to avoid the scatesults from the attenuation due to the scattering. Using the
tered light. Special care was taken so that the transmitte@rnstein-Zernike scattering function in the critical regien,
beam should not be contaminated by the reflections from thean be expressed §8]

TABLE I. Turbidity 7 of polydisperse polystyrene in cyclohexane as a function of the reduced tempera-
ture e. 67 means the experimental error af

€ 7(cm™h 57 (cm™Y € 7(cm™h 57 (cm™Y

2.3x10°© 3.03 0.03 2.907x10 4 1.07 0.03
9.0x10 © 2.64 0.02 3.341x10°* 1.03 0.03
1.44x10°° 2.49 0.03 3.876x10°* 0.95 0.0%
2.91x10°° 2.18 0.02 4.444<10°*4 0.89 0.0%
3.71x10°° 2.05 0.02 5.379x 1074 0.81 0.0
4.11x10°° 2.00 0.02 6.348< 10 * 0.74 0.0%
5.75<10°° 1.84 0.03 7.417x10°* 0.67 0.0%
7.78<10°° 1.70 0.02 8.754x 104 0.57 0.0%
8.79x10°° 1.65 0.02 1.002x10°3 0.52 0.0%
9.56x10°° 1.60 0.02 1.173x10°3 0.46 0.0}
1.002<10 1.59 0.02 1.377x10°3 0.40 0.03
1.136¢1074 1.53 0.02 1.671x10°3 0.34 0.0%
1.303x10°4 1.46 0.02 1.965<10° 3 0.29 0.0%
1.403x10°4 1.42 0.02 2.399x 1073 0.24 0.03
1.570x1074 1.35 0.03 2.880x 1073 0.20 0.0%
1.771x10°* 1.32 0.02 3.421x10°8 0.17 0.0}
1.971x10°* 1.28 0.02 4.126x10°° 0.15 0.0%
2.205<10°4 1.20 0.03 4.948<10° 2 0.12 0.0%
2.606x10°4 1.12 0.03 5.847x 10 2 0.11 0.0%

a5r is estimated from the relation ¢b7|=|45l,/1,|+|68l/1,|, wherel, andl, denote the intensities of the
transmitted and incident beam, respectively. It should be noted that the error of the incident beam includes
effectively the uncertainty of the background correction.
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FIG. 3. Double-logarithmic plot of turbidity as a function of the
FIG. 2. Schematic phase diagram of polydisperse polystyrene ifeduced temperature The solid, dotted, and dashed curves are the
cyclohexane. Solid and broken curves indicate the coexistencgalculated turbidity by Eq(1) for the four-parameter fit, fixed-fit at
curve and cloud point curve, respectivéee Ref[8]). The arrow  |sing values, and fixed fit at fully renormalized values, respectively.
shows the experimental course of the present turbidity measure-

ment.
are tabulated in Table |. Turbidity was large~3 at

=AoTx1G(2), ) e~2x10"®), suggesting a strong multiple scattering. The
critical exponentsy’ andv’ were simultaneously determined

where using a nonlinear least-squares(fitithout weighting factors
G(2)=[(222+ 22+ 1)17°] for the fit)_ to Eq_. (1_) together withAg and&,. No no_ticeable
systematic deviation was observed over the entire tempera-
In(1+22)-2(1+2)/%, (2) ture range (X 10 6<e<6x1073). The resultant values
. 2 are y'=1.36-0.05 and»'=0.71+0.02 together with&,
2=2(q0é)". @ Z047:0.06nm and Agyro=(0.40+0.05)x 1077 (=

A, can be treated as a constant, insensitive to temperatur@eans one standard deviatioThe reduced chi squarg’
x7 is the isothermal osmotic compressibili#yjs the corre- was 0.66. A value ok less than 1 is due to a little overes-
lation length, and g, is the incident wave vector timation of the experimental error of turbidity measurements.
(=2mn/\g). T, N, andn are the temperature, wavelength This &, value is comparable with the reported valgg
of light in vacuum, and refractive index, respectivefy.and  =0.58 nm for the binarymonodispersepolystyrene in cy-

& are expressed by the following scaling equations: clohexane obtained by the light scattering measuref#gnt
These exponent values are definitely larger than the three-

Xt=Xr06 7, (4)  dimensional Ising ones for the binary systems 1.24 and
, v=0.63, and are in good agreement with the theoretical pre-
=&, (5)  dictions of Fisher's(fully) renormalized Ising modely

) , . =y/(1-a)=1.39 andv;=v/(1— a)=0.71 usinga=0.110
where y' and v’ are the critical exponents ofr and {,  [5 6], The turbidity equationg1)—(3) are complicated and
respectively. e is the reduced temperature defined @s jyyolve interdependent parameters. In such cases, the fits on
=(T-T)/Te. o a parameter should be carefully checked to ensure convinc-

The turbidity of polymer solutions includes a backgrounding results. We took an account of the difference of the ex-
part 75 as well as a net singular part due to the critical perimental error of each point and introduced the weighting
phenomena, as demonstrated in several literatlt6sl7.  factors to a fit. The relative deviations from the fitted curve
Thus, we used the value—7g as the turbidity in Eq(1).  are shown in Fig. 3. No systematic deviation was observed
Here, 75 was determined by the measurements of turbidity aggain over the entire temperature range. In this fitting proce-
temperatures far frori (T—T,=25K). The refractive in-  qyre, we tried to use several choices of the initial trial values
dex of the critical solutionn=1.44, was used to calculate for the fitting parameters. Those are tabulated in Table II.
do in Eq. (3). Although all of the values obtained by the respective fitting

are within one standard deviation of each other and the re-

RESULTS AND DISCUSSION sultant values ofy? were essentially the same, a slight de-

Figure 3 shows a double-logarithmic plot of turbidity as apendence on the initial values only for and Ay, were
function of the reduced temperatuee The numerical data
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TABLE IlI. List of the parameters obtained by the least-squares fit. The values in the parentheses are the fixed values in the fitting and
the values in the brackets are the initial trial values in the fittingndicates standard deviation. Thaverage values for the four-parameters
weighted fit are indicated below their respective columns. Finally, we usethtrerage values as the starting values. The results are shown
in the last row.

10"AgxTo (cm *K™) &o (nm) Y v X5
Unweighted fit
4 parameters 0.4900.05 0.47-0.06 1.36-0.05 0.71-0.02 0.66
Ising 1.21+0.07 1.05-0.05 (1.29 (0.63 8.26
Fully renormalized 0.430.02 0.63-0.02 (1.39 (0.7 3.65
Weighted fit
4 parameters 0.380.10 0.44-0.06 1.3%-0.05 0.73:0.02 0.67
Ising 1.13+0.06 1.06-0.04 (1.249 (0.63 7.09
0.77+0.02 0.57-0.02 (1.249 0.66+0.02 0.76
1.14+0.02 0.64-0.02 1.172-0.04 (0.63 0.92
Fully renormalized 0.420.02 0.62-0.02 (1.39 (0.71 2.86
0.33+0.01 0.44-0.02 (1.39 0.73+0.01 0.63
0.41+0.01 0.47-0.02 1.35-0.01 (0.7) 0.64
Weighted fit 0.47-0.14 [1.13] 0.50+0.06 [1.00] 1.33+0.05 [1.24] 0.70+0.02 [0.63] 0.68
0.35+0.11 [1.13] 0.45+0.06 [1.00] 1.38+0.05 [1.39 0.72+0.02 [0.77] 0.65
0.44+0.13 [0.42] 0.48+0.06 [0.62] 1.34+0.05 [1.24] 0.70+0.02 [0.63] 0.67
0.34+0.10 [0.42] 0.45+0.06 [0.62] 1.39+0.05 [1.39 0.72+0.02 [0.77] 0.65
*average 0.400 0.470 1.360 0.710
0.36+0.11 [0.4Q] 0.46+0.06 [0.47) 1.38+0.05 [1.36] 0.72+0.02 [0.7]] 0.65

observed. Therefore, we adopted the averaged values resutenstrained fit for Ising exponents&riangles and for fully
ing from those fitting routines as the final initial trial values. renormalized exponentsquares Then, we tried to analyze
The resultant values are/’=1.38+0.05 and »'=0.72 the data when omitting this point. The resultant parameters
*+0.02 together withé;=0.46+0.06 nm andA,x10=(0.36  were essentially the same as those listed in Table Il. These
+0.11)X 10‘7()(5:0.65). These values agree well with
those by the unweighted fit. 4
Moreover, we tried to use a constrained fit by fixing the
critical exponents at the theoretical values for Ising values
and fully renormalized values. Figure 3 shows systematic o 3
deviations from the fits, for both the constrained fits of Ising I J *
values and fully renormalized values. The deviations were . 0 A
larger and more systematic for Ising values than for fully ¢« Fot - . e o
renormalized values, as shown in Fig. 4. For weighted and
unweighted fits,y2 were 7.09 and 8.26, respectively, with
Ising values, and 2.86 and 3.65, respectively, with fully
renormalized values. The parameters determined by the sta:
tistical analyses were listed in Table Il. Least-squares fits
using fixed values for the exponents showed large systematic
deviations and Iarge(,z,, especially for Ising values. Con-
strained fits(with fixing only one of the critical exponents at
the theoretical valugsor Ising values and fully renormal-
ized values were also examinéske Table Il. The cases of 10 T —
fixi . - 10-6 10-5
ixing for the Ising value are not good, and fixing at the fully
renormalized value gives almost the same result as those of
the four-parameter fit. The four-parameter(fiith no con-

S.tra_'m) shovyed reasonagly smatf, and no systematic de-. FIG. 4. Relative deviations as a function of the reduced tem-
viation. A difference ofy;, between the four-parameters fit peraturee, o,y is the observed turbidity ane is the calculated
and the fixed fit at fully renormalized values is attributable totyrbidity with Eq. (1) using values for the four-parameters (@),

the small difference of the exponents, since the fitting isfixed-fit at Ising exponent&V), and fixed-fit at fully renormalized
significantly affected by the exponent values. In Fig. 4 theexponents((J). §r means the error of turbidity for the respective
deviation of the closest point td, is very large for the points.

<0

( Texpt_ Tcalc )
1
D
T
<1
<
g
<
|

103 10?

i 1

104

€



56 CRITICAL BEHAVIOR OF A POLYDISPERSE POLYMR . .. 3217

analyses clearly show that the critical behavior of the presergxponentsg’, v’, and »’ have been verified for ordinary
system revealed by turbidity is expressed well by the renorternary mixtures, e.g., ethanethloroform+water[25-29.
malized Ising values excluding the Ising values. In bimodal polymer solutions, a large amount of a higher

In our previous paper, we foung’ =0.363t0.005, indi- molecular weight component and a high molecular weight
cating a good consistency with the present values. Theatio of the two polymers were considered to raise the vis-
present results again ascertained that the critical behaviors dfility of the renormalized exponen{d8-2(0. Binary and
a polydisperse polymer solution are expressed well byernary polymer blends also showed the renormalization of
Fisher's fully renormalized Ising model, as well as bimodalthe critical exponent$30,31]. In the former case, it is be-
polymer solutions and ternary mixtures. Moreover, these exlieved that a large amount of free volume change on mixing
ponents satisfy the scaling relations @f=2—dv»'=2-3  may be the cause of the impurity effect, which results in the
X0.72= -0.16-0.04 anda’'+28'y'=—-0.16+2Xx0.363 renormalization of the critical exponert30]. Recently, the
+1.38=1.95+0.10 in agreement with a negative value of evidence for renormalization was also demonstrated in more
a' corresponding tar=0.11[5,6]. complex systems, such as micelles and microemulsions,

Broseta and Leibler studied the critical behavior of a bi-which may be regarded as quasiternary systems, although
modal polymer solution and showed that Fisher’s renormalthere still remains some controversial problefhg,32—-33.
ization becomes visible at the critical vale&<kY®, where  The type of the impurity in the present multicomponent sys-
k is related to the volume fraction of a polymer with a largertem, a polydisperse polymer with a wide molecular weight
molecular weight in the total polymer and to the moleculardistribution in a solvent, is very different from those studied
weight ratio of two polymer componeni{d8]. Because of so far. Agreement of the critical exponents in the present
the large power of X, such a crossover could be realized system with other systems indicates a universality of the im-
even with the addition of a small amount of a higher molecu-urity effect on the critical behaviors of binary fluid mix-
lar weight component. This point has already been experitures.
mentally observed for the system of two homologous Tanaka recently proposed the concept that the topological
polymers in a solvent (polystyrene polystyrenell characteristics of the polymer chain induce a kinetic cou-
+methylcyclohexane]19,20. The interaction that governs pling between the stress field and the order parameter in
the dominant fluctuation relating to the critical behaviors ispolymer solution dynamic$36]. Since this mechanism is
modulated by the coexisting impurity, and critical behaviorsbrought about by the asymmetry in molecular dynamics of
due to such a modulation could be expressed by the universgplymer and solvent, the molecular weight distribution
manner of Fisher's renormalization. According to this view-should give essential effects on this phenomena. It is inter-
point, the critical behaviors of a polydisperse system correesting to study critical dynamics and phase separation in re-
spond to those of a ternary system when its polydispersity i#ting to such a novel concept, using a well characterized
large enough. In the present case, polydispersity works tgolymer as the extension of this work.
modulate the interaction.
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