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Coil-globule transition of poly(methyl methacrylate) in a mixed solvent 

Mitsuo Nakata 
Department of Polymer Science, Faculty of Science, Hokkaido University, Sapporo 060, Japan 

(Received 25 January 1995) 

From light scattering measurements the coil-globule transition has been observed for poly(methyl 
methacrylate) in the mixed solvent water+tert-butyl alcohol with molecular weight M w =2.38X106• 

Since the phase separation occurred very slowly for this system, the mean square radius of gyration (s 2 ) 

and the second virial coefficient A2 were determined reliably even far below the phase-separation tem­
perature. A comparison of the observed (s 2) with a theory for a contracted coil confirmed the coil­
globule transition. The observed second virial coefficient had a minimum in the temperature region 
where (S2) approaches the value for the globule state. 

PACS number(s): 36.20.Ey, 61.25.Hq 

I. INTRODUCTION 

To investigate the collapse of a polymer coil below the 
e temperature, Ptitsyn, Kron, and Eizner first introduced 
a term caused by the third virial coefficient in the Flory 
equation [1] for the expansion factor a as [2] 

(1) 

where y stems from the third virial coefficient and is con­
sidered to be a constant independent of the temperature 
T and the molecular weight M, and x is equal to the ex­
cluded volume parameter z a: rM I/2 except for a numeri­
cal constant. Here, r is given by r= 1-e IT. For T« e 
Eq. (1) gives the asymptotic relation -x a 3 - y, which 
means that the monomer density inside the polymer 
domain is constant independent of M. Thus Eq. (1) pre­
dicts a coil-globule transition similar to the condensation 
of a real gas. This intriguing behavior ofEq. (1) stimulat­
ed many theoretical [3-8] and experimental studies 
[9 -17]. However, in experiments on dilute solutions of 
synthetic polymers the coil-globule transition is obscured 
by the phase separation. In the usual experimental stud­
ies a cloud point due to phase separation appears before 
collapse of the polymer coils because of the same nature 
of the intra- and intermolecular interactions. Therefore 
experiments to detect the coil-globule transition were 
made for peculiar polymers [10,14] or at extreme condi­
tions [11-13]. Otherwise, experimental data were ob­
tained examining the effect of phase separation [9,15-17]. 

The coil-globule transition was first observed for po­
lyacrylamide molecules in acetone + water mixtures by 
varying the composition [10]; a covalently cross-linked 
polyacrylamide network had been known to collapse re­
versibly in the mixtures. A straightforward way to ob­
serve a coil collapse for common polymers is to carry out 
experiments at extremely low concentrations. Tanaka and 
co-workers observed a collapse of polystyrene (PS) coils 
with the molecular weight Mw = 2.7 X 107 in cyclohexane 
at concentrations as low as 10-7 glml [11,12]. Measure­
ments on PS solutions have also been made at higher con­
centrations such as _10-6 or 10-5 glml. Stepanek, 
Konak, and Sedlacek employed the viscous solvent dioc-
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tyl phthalate to suppress the phase separation and ob­
served a collapse for PS coils in the metastable region 
[13]. Chu and co-workers made light scattering measure­
ments in the range from the e temperature to near the 
phase-separation temperature [15-17]. According to the 
data analysis with a scaling law, the transition to a glo­
bule state was suggested to occur at relatively large a, 
and the data observed in a metastable region deviated 
largely from the master curve expected from the scaling 
law [17]. Grosberg and Kuznetsov [18] scrutinized the 
experimental data mentioned above based on their theory 
[8] and obtained the following conclusions. The scaling 
law a - x -113 is not considered as an adequate criterion 
for the globule state in the analysis of experimental data. 
The observation of the globule state made by Swislow and 
co-workers [11,12] is inferred to be made below the 
phase-separation temperature. The globule state depends 
on the value of y and cannot be decided by a general cri­
terion. Thus, for the present, the coil-globule transition 
cannot be concluded to be a universal phenomenon for 
polymer coils from the above sparse experimental studies 
which were made at extreme conditions and gave 
different descriptions of the globule state. 

Birshtein and Pryamitsyn indicated that the Flory 
equation for a cannot be extended to the globule state be­
cause of the different segment distributions about the 
center of mass in expanded and contracted coils [7]. For 
the contracted coil they proposed a novel expression for 
the entropy force and derived an equation for a as 

a3-a-C(a-3_1)=BMI/2r, (2) 

where Band C are constants independent of M and T and 
C is caused by the third virial coefficients. The asymptot­
ic relation of Eq. (2) for a« I also predicts the globule 
state. Equation (2) was shown to agree with the experi­
mental data below the e temperature [12,13]. Both Eqs. 
(1) and (2) have a critical point below which the coil­
globule transition becomes discontinuous. For Eq. (1) the 
critical point appears at y =0.02278 and x = -0.2415, 
while for Eq. (2) it appears at C =0.005 487 and 
BMI12r= -0.4135. The value of a at the critical point is 
different for Eqs. (1) and (2) as 0.6708 and 0.4714, respec-

5770 @ 1995 The American Physical Society 



51 COIL-GLOBULE TRANSITION OF POL Y(METHYL ... 5771 

tively. 
In this work, the coil-globule transition was studied for 

poly(methyl methacrylate) (PMMA) in the mixed solvent 
water+tert-butyl alcohol (BuOH) by light scattering 
measurements. Since phase separation occurred very 
slowly for this system, reliable determinations were made 
for the second virial coefficient A 2 and the mean square 
radius of gyration (s 2) even far below the phase­
separation temperature. The expansion factor observed 
below the () temperature coincided with Eq. (2) and indi­
cated the coil-globule transition. The observed second 
virial coefficient had a minimum near the crossover point 
between the coil and globule regions, and was compared 
with a theoretical calculation [19] and an experimental 
study [9]. 

II. EXPERIMENT AND RESULTS 

PMMA samples were prepared by bulk polymerization 
of the monomer and purified by solution fractionation in 
the same conditions as in a previous work [20]. For the 
present study we used a middle fraction with the weight­
averaged molecular weight Mw = 2. 38 X 106 and the 
molecular weight distribution MwlMn = 1.20. The BuOH 
was fractionally distilled immediately before use. The wa­
ter was purified by a standard method. 

PMMA is completely immiscible with water and par­
tially soluble in BuOH at high temperature. However, 
PMMA becomes miscible with the mixed solvent 
water + BuOH in the composition range 0.65 < u 2 < O. 99, 
where u 2 is the volume fraction of BuOH in the mixed 
solvent [21]. The present study on the coil-globule transi­
tion was performed with the marginal solvent at 
U2 =0.975 by varying the temperature. 

The refractive index of the mixture water + BuOH was 
measured as a function of u 2 and the derivative dn I du 2 

was found to vanish near u 2 =0.975. The refractive in­
dex increment (an lac)u at U2 =0.975 was determined 

2 

by a differential refractometer as 0.0994 + 3. 2 X 10 -4t , 
where c is the polymer concentration in the solution and t 
is the temperature in °e. dn I du 2 was negligibly small 
compared with (an lac)u' Thus the mixed solvent 

2 

behaved as a single solvent in light scattering and the ex-
cess Rayleigh's ratio R 0 from the polymer can be given 
by the usual scattering equation [22] 

(KcIRo)I12=M;;;I12+ A2M~/Zc +t(s2)M;;;IIZqZ (3) 

with K = (211'2n 2 IN A A 4)(an lac)~ and q = (411'n I 
2 

A) sin( () 12), where N A is Avogadro's number and A is the 
wavelength of incident light in vacuum. A2 and (s2) 
were determined by a Zimm plot according to Eq. (3). 

Light scattering measurements were carried out at an­
gular intervals of 15° in the range from 30° to 135° with 
unpolarized incident light (A=435. 8 nm) [22]. Four solu­
tions of different PMMA concentrations (g/ml) near 
c X 104 = 1.2,2.4,3.6, and 4.8 were used for the measure­
ments. For optical clarification each solution was filtered 
twice through a Sartorius membrane filter (SMI16, 0.45 
or 0.8 11m) into an optical cell of 18 mm i.d. with 1 mm 

glass thickness and kept in the dark at a few kelvins 
above the phase-separation temperature Tp. For all the 
solutions Tp was observed between 36.0 and 37.0°C. The 
optical cell was immersed in a cylindrical cell kept at a 
constant temperature within ±O. 0 1 K and the scattered 
intensities were measured at 30 min after the setup of the 
cell for the sake of thermal equilibrium. 

In Fig. 1 the light scattering data at 41.6 and 28.0 0e 
are given by plotting (KcIRo)1/2 against sin2((}12) 

+ 1000c in the form of a Zimm plot. At each tempera­
ture the plot of (KcIRo)1/2 vs sin2((}12) is described by 
parallel straight lines. The filled circles represent the ex­
trapolation to zero angle and are used for the extrapola­
tion to zero concentration. The intercepts at c =0 and 
(}=O of the plots at the two temperatures agree with each 
other within an error of 4%, indicating the correct value 
of Mw' At 28.0 0e further measurements were carried out 
for the solution of c =4.8 X 10-4 at 60 and 90 min after 
the setup of the cell. In Fig. 1 the curves a and b 
represent the data at 60 and 90 min, respectively. The 
gradual increase of scattered intensities with time exhib­
its the onset of phase separation. The straight lines for 
the plots a and b are illustrated to run parallel with those 
of the plots at 30 min. 

In Fig. 2 the light scattering data at 34.00e are given in 
the same way as those at 28.0 0e in Fig. 1. The data at 30 
min are extrapolated to (}=O and to c =0, and the inter-

9.0,---------------------------------~ 

80 

N 

28.0°C 

6.0 

5.0 

o 0.5 10 1.5 

FIG. 1. Zimm plots for the light scattering data obtained at 
the indicated temperatures at 30 min after setup of the solution. 
The filled circles represent extrapolation to zero angle. The 
plots a and b were obtained at 60 and 90 min after setup of the 
solution, respectively. 
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FIG. 2. Zimm plot for the light scattering data obtained at 
34.0°C at 30 min after setup of the solution. Symbols are the 
same as in Fig. 1. 

cept gives the molecular weight correctly as 
M w =2.32X 106• The plots a and b obtained for the data 
at 60 and 90 min, respectively, indicate a considerable in­
crease of scattered intensity with time. However, all the 
plots of (Kc/Re)1/2 vs sin2(o/2) are described by a 
straight line with the same slope. Thus the mean square 
radius of gyration (s 2) can be evaluated reasonably from 
the slope of (Kc/Re)l12 vs sin2(8/2) even below the 
phase-separation temperature. The correct intercept at 
c =0 and 8=0 means that the effect of the phase separa­
tion vanishes on extrapolating to zero concentration. 
The straight lines of the plot of (Kc / R e ) 1 12 vs c at 8 = 0 
suggest that the rate of phase separation decreases linear­
ly with decreasing concentration. The rate was most no­
ticeable near 34.0°C. The solution which had been kept 
below Tp for a time long enough for measurements 
recovered its normal scattering intensity without delay, 

1.0 
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N 0 o 

« 
'<to 
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-2.0 

20 40 60 
T (Oe) 

FIG. 3. Second virial coefficient A2 vs temperature. 

when the temperature was raised up above Tp. 
The data at 60 and at 90 min suggest that the slope of 

the plot (Kc /Re)l12 vs c at 8=0 is affected by the phase 
separation. However, the straight line and the correct in­
tercept of the plot allow us to determine the second virial 
coefficient A 2 by estimating the slope at zero time with 
the data at 60 and 90 min. 

In Table I the obtained data of (S2) and A2 are sum­
marized. Figure 3 shows the plot of A 2 vs temperature 
(OC). The open circles indicate data points and the solid 
line is drawn in accord with the data points by eye. A 2 

vanishes at 41.5 °C and has a minimum near 32.0°C. Fig­
ure 4 shows the plot of (s 2) vs temperature (OC) with the 
open circles as the data points. (s 2) decreases rapidly 
with decreasing temperature with a slow down below 
30°C. The plot for (s 2) does not have a depression as 
observed in the plot for A 2. At 41.5°C (s 2) was evalu­
ated to be 1.46X 10- 11 cm2, which is close to the value 
1. 51 X 10- 11 cm2 determined at the 8 temperature with 
the solvent l-chlorobutane. This agreement means that 
the mixed solvent water + BuOH acts like a single solvent 

TABLE I. Mean square radius of gyration (s 2) and second virial coefficient A2 observed for 
poly(methyl methacrylate) in the mixed solvent water + tert-butyl alcohol. 

Temp. 1011 (S2 ) lOS A2 Temp. 1011 (S2 ) lOS A2 
(Oe) (cm2) (cm3 mol/g2) (OC) (cm2) (cm3 mol/g2) 

55.8 2.35 4.1 35.0 0.57 -11.6 
50.0 2.06 3.5 34.0 0.46 -17.1 
43.8 1.64 0.5 32.0 0.30 -lS.9 
41.6 1.52 0.6 30.0 0.25 -lS.l 
40.0 1.27 -0.4 2S.0 0.20 -15.0 
3S.0 1.05 -3.4 25.0 0.17 -13.9 
37.0 0.91 -6.4 20.0 0.16 -14.5 
36.0 0.70 -S.4 
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FIG. 4. Mean square radius of gyration (S2) or square of ex­
pansion factor a 2 against temperature. The open circles are for 
experimental data. The solid and broken lines are described by 
Eqs. (2) and (1), respectively. The cross indicates a coil-globule 
transition point. 

for PMMA without preferential sorption [22] and the 
temperature 41.5·C can be taken as the e temperature for 
the mixed solvent. Thus the expansion factor 
a 2=(s2)/(s2)o was calculated with the unperturbed di­
mension (s 2) 0 = 1. 46 X 10 -11. In Fig. 4 the axis at the 
right gives a 2• 

III. COMPARISON WITH THEORIES 

The observed behavior of a was compared with Eqs. 
(1) and (2). According to Eq. (2) the plot of 
(a3-a)/(l-a-3) vs 7M I/2 /(l-a- 3) for a < 1 should 
be linear and the slope and the intercept yield Band C, 
respectively. Though Birshtein and Pryamitsyn defined 7 
as (T-e)/e, we use the definition 7=(T-e)/Tbecause 
of a minor difference in this study. Figure 5 shows the 
plot for the present data for a < 1. As expected from Eq. 
(2) the data points fall on a straight line, which gives 
B =0.0160 and C =0.044. In Fig. 4 the solid curve is 
described by Eq. (2) with these values of Band C. In Fig. 
6, -a37M~/2 is plotted against -7M~/2 to observe the 
transition to the globule state corresponding to 
-a37M~/2=C/B =2.75. The solid line gives the calcu­
lation due to Eq. (2) and the open circles represent the ex­
perimental data. The horizontal line at the right indi­
cates the asymptotic value C/B =2.75. The solid curve 
approaches the asymptotic limit closely for -7M~/2> 70. 
Birshtein and Pryamitsyn assigned the crossover point 

0.6~-------------------------------, 

rrl 
'eJ , 
- 0.4 

o 

o 10 40 

FIG. 5. Plot due to Eq. (2). The intercept and slope of the 
straight line give C =0.044 and B =0.0160 for the constants in 
Eq. (2), respectively. 

between the coil and globule regions by the balance of the 
two terms in Eq. (2), i.e., a-a 3=C(a-3-1). For the 
present case of C =0.044 this balance is obtained at 
a 2=0.2256 or 7M~/2= -45.9. In light of the plots in 
Figs. 5 and 6 this crossover point seems to put too much 
weight on the globule state. For the critical value 
C =0.005 487 the crossover point should coincide with 
the critical point at a=0.4714. These values of C and a 
yield C(a- 3-1)/(a-a3)=0.128, which implies that the 
coil-globule transition is caused by a small contribution 
from the third virial coefficient. Therefore it is practical 

o 

5 

o 

o 

o 50 

FIG. 6. Plot of -a3'TM~/2 vs _'TM~/2 below the () tempera­
ture. The open circles are for experimental data. The solid and 
broken lines are for Eqs. (2) and (1), respectively. The dotted 
line represents deviation of the Sanchez theory from Eq. (1). 
The horizontal line at the right indicates the asymptotic limit 
C / B = 2. 75 of Eq. (2). The cross is a crossover point. 
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to specify the crossover point by d 2a k /dp2= co, which is 
one of the critical conditions. Here, k is an integer and 
p =BrM~12. For C =0.044 the crossover point depends 
somewhat on the k value. We estimated the crossover 
point tentatively for k =2 as a 2=0.511 or 
rMl/2= -26.7, which is indicated by the cross in Figs. 4 
and 6. 

According to Eq. (1) the plot of a 8-a6 vs a 3r should 
give a straight line. However, the present data did not 
yield a straight line for the plot. In Figs. 4 and 6 the bro­
ken line depicts Eq. (1) with X =26.0r and y =0.068, 
which were determined by trial and error. For a < I the 
agreement between the data and Eq. (1) is not quantita­
tive. 

The segment volume fraction </1 in the polymer domain 
may be given by 

<fJ=(Mw lp)/{(41T/3)(S2) 312N A J, 

where p is the density of PMMA in the liquid state. At 
25·C </1 is evaluated as 0.36 with the experimental data 
(s2)=0.17X1O- 11 cm2 and p=1.20 g/ml. The use of 
{ f (s 2) J 1/2 for the radius of the globule reduces <fJ to 
</1=0.17. At low temperatures the segment fraction is not 
dilute but concentrated in the polymer domain. 

For a polymer coil of high segment fraction Sanchez 
theory may be better than Eq. (1). The modified Sanchez 
theory [12] can be expressed in the form of Eq. (1) with 
x =(3ra~ 114)o-r and y =(ra~ !7)Y(a~ la3), where r is 
the number of statistical segments, 0- is a thermodynamic 
factor, am is the expansion factor for the totally col­
lapsed state, and Y (a~ 1 a 3 ) has the functional form 

(4) 

Since Y(</1) becomes unity for </1=0, the Sanchez theory 
tends to agree with Eq. (1) for a> 1. With the plausible 
assumption a~ = </1a3, a~ can be estimated to be 0.014l. 
Then we obtain r = 10 - 3M w from the expression for y 
with Y(<fJ)=I, and 0-=3.6 from the expression for x. 
The Sanchez theory deviates from Eq. (1) for small a as 
shown by the dotted line in Fig. 6. The upward trend of 
the dotted line at large -rM~/2 seems to be compatible 
with the trend of the data, though the Sanchez theory 
does not improve Eq. (1) essentially. The present value of 
0- and the relation between rand M ware compared with 
0-=4 and r =9.6X 1O-4M w for polystyrene in cyclohex­
ane [12]. The data point at the lowest temperature devi­
ates from the solid line in Figs. 4 and 6. It is not certain 
whether this deviation is caused by an experimental error 
or the effect of high segment fraction in the polymer 
domain. 

A plot similar to that in Fig. 6 has been made for vari­
ous experimental data of polystyrene in Fig. 11 in Ref. 
[15]. In this plot a peak is observed for the data in cy­
clohexane [11,12] and in dioctyl phthalate [13J. Except 
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for these data the plot appears to be made for data ob­
tained in the coil state. 

In Fig. 3 the plot of A 2 vs temperature has a marked 
depression at 32 ·C. On the lower temperature side of the 
depression A 2 does not seem to increase with decreasing 
temperature. Tanaka [19] made a theoretical study of A2 
below the e temperature to analyze experimental data of 
polystyrene in cyclohexane [9,23J. The theory of A 2' 

which was derived in the form of a scaling law, explained 
the observed molecular independence of A 2 and exhibit­
ed an increase through a minimum in the plot of A 2 vs 
temperature. The theoretical A 2 even became positive 
with further decrease of temperature. Both in the theory 
and in the plot in Fig. 3 the minimum appears near the 
region where the polymer dimension undergoes rapid 
change. This is also the case for polystyrene in cyclohex­
ane [9]. The minimum in Fig. 3 could be compared with 
the theoretical one by using the values of y = O. 068, 
r = 1O- 3M w = 103. 38, and (s2) = 1.46X 10- 11 cm2. The 
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IV. CONCLUSIONS 

Since a dilute solution of PMMA in the mixed solvent 
water+tert-butyl alcohol undergoes very slow phase sep­
aration, the mean square radius (S2) and the second viri­
al coefficient A 2 could be determined below the phase­
separation temperature by the usual light scattering mea­
surements. The expansion factor obtained below the e 
temperature was compared in an analytical way with a 
theory in which different segment distributions were used 
for a> 1 and a < 1. The coil-globule transition was re­
vealed by the fact that a3rM~/2 approached a constant 
with decreasing temperature. The transition point from 
coil to globule could not be determined uniquely because 
of the continuous change of a but the crossover points 
was suggested. In the plot of A 2 vs temperature a 
minimum occurred in the temperature region where the 
globule state began to be predominant. The theoretical 
calculation made by Tanaka also predicts a minimum in 
A 2' The theory and the present data were different in the 
behavior below the temperature where the minimum ap­
peared. Since the mixed solvent water+tert-butyl al­
cohol did not show preferential sorption for the PMMA 
coil, the coil-globule transition of PMMA is also expected 
in a single solvent. The very slow phase separation ob­
served for the present system may be caused primarily by 
the characteristic properties of the PMMA coil, because 
dilute solutions of PMMA in l-chlorobutane also show 
slow phase separation [24J. The rate of the phase separa­
tion, which was most rapid near 34 ·C, should be studied 
in connection with the behavior of A 2 and (s2). 

[3] P. G. DeGennes, J. Phys (Paris) Lett. 36, L55 (1975). 
[4] I. M. Lifshitz, A. Yu. Grosberg, and A. R. Khokhlov, 

Rev. Mod. Phys. 50,683 (1978). 
[5] C. B. Post and B. H. Zimm, Biopolymers 18,1487 (1979). 



51 COIL-GLOBULE TRANSITION OF POL Y(METHYL ... 5775 

[6] I. C. Sanchez, Macromolecules 12,980 (1979). 
[7] T. M. Birshtein and V. A. Pryamitsyn, Macromolecules 

24, 1554 (1991). 
[8] A. Yu. Grosberg and D. V. Kuznetsov, Macromolecules 

25,1970 (1992); 25, 1980 (1992); 25,1991 (1992). 
[9] M. Nierlich, J. P. Cotton, and B. Farnoux, J. Chem. Phys. 

69, 1379 (1978). 
[10] I. Nishio, S. T. Sun, G. Swislow, and T. Tanaka, Nature 

281, 208 (1979). 
[11] G. Swislow, S. T. Sun, I. Nishio, and T. Tanaka, Phys. 

Rev. Lett. 44,796 (1980). 
[12] S. T. Sun, I. Nishio, G. Swislow, and T. Tanaka, J. Chem. 

Phys. 73, 5971 (1980). 
[13] P. Stepanek, C. Konak, and B. Sedlacek, Macromolecules 

15, 1214 (1982). 
[14] K. Kubota, S. Fujishige, and I. Ando, J. Phys. Chem. 94, 

5154 (1990). 
[15] I. H. Park, Q. W. Wang, and B. Chu, Macromolecules 20, 

1965 (1987). 
[16] B. Chu, I. H. Park, Q. W. Wang, and C. Wu, Macro­

molecules 20, 2833 (1987). 
[17] J. Yu, Z. Wang, and B. Chu, Macromolecules 25, 1618 

(1992). 
[18] A. Yu. Grosberg and D. V. Kuznetsov, Macromolecules 

25, 1996 (1992). 
[19] F. Tanaka, J. Chem. Phys. 82, 4707 (1985). 
[20] M. Nakata and N. Numasawa, Macromolecules 18, 1736 

(1985). 
[21] J. M. G. Cowie, M. A. Mohsin, and I. J. McEwen, Poly­

mer 28, 1569 (1987). 
[22] M. Nakata, K. Kawate, and Y. Ishitaka, Macromolecules 

27, 1825 (1994). 
[23] Z. Tong, S. Ohashi, Y. Einaga, and H. Fujita, Polymer J. 

15,835 (1983). 
[24] M. Nakata and K. Kawate, Phys. Rev. Lett. 68, 2176 

(1992). 


