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ABSTRACT Thermooptical analysis (TOA) provides a simple, rapid, and reliable experimental method to 
determine cloud-point curves of binary polymer/solvent systems. Phase diagrams have been obtained for 
different molecular weights of polystyrene in cyclohexane, methyl acetate, ethyl acetate, and tert-butyl acetate 
and for poly(ethy1ene glycol) in water. Polystyrene solutions exhibit both upper and lower critical solution 
temperatures, while aqueous poly(ethy1ene glycol) solutions give closed-loop phase diagrams. The TOA 
apparatus described here uses very small samples (0.02 cm3); for a binary system, upper and lower cloud-point 
curves can easily be obtained in -8 h. 

Introduction 
This work discusses a simple and efficient thermoop- 

tical analysis apparatus for measuring liquid-liquid equi- 
libria in binary systems containing a solvent and an 
essentially monodisperse polymer. 

Cloud-point curves of many polymer/solvent systems 
have been measured for the past several decades. Poly- 
styrene/cyclohexane is one of the well-known systems that 
has both an upper critical solution temperature (UCST) 
and a lower critical solution temperature (LCST).1-3 
UCST and LCST have been reported for a variety of binary 
systems, e.g., cellulose acetate/acetone,4 polyisobutylene/ 
benzene,s-6 and poly~tyrene/methylcyclohe~ane.~ There 
are many binary systems that show either UCST or LCST, 
e.g., polyethylene/n-pentane,' polymethylene solutions,8 
polyisobutene/isopentane? and polypropylene oxideln- 
pentane.9 Compilations of experimental results are given, 
for example, in refs 10 and 11. 

Immiscibility occurs if the temperature of the polymer 
solution is raised above the LCST or lowered below the 
UCST. Increasing the molecular weight of the polymer 
raises the UCST and lowers the LCST, thus shrinking the 
region of complete miscibility. Both UCST and LCST 
are often observed in polymer solutions.12 

For a polymer in a poor solvent, the typical hourglass 
type of cloud-point curve is often observed, as for example, 
for polystyrene/acetonels and for poly(ethy1ene glycol)/ 
tert-butyl acetate." Poly(ethy1ene glycol)/water has a 
phase diagram of the closed-loop type with both UCST 
and LCST. This kind of phase behavior follows from an 
orientation-dependent interaction (or specific interaction), 
e.g., a hydrogen bond.13 

About two decades ago, pulse-induced critical scattering 
(PICS) was developed to study the onset of phase 
separation in polymer systems.l"l8 PICS is designed to 
measure spinodal and cloud points of polymer solutions. 

While light scattering yields more detailed information, 
we are here concerned only with the measurement of phase 
boundaries. Our work uses a simple, yet precise method 
for measurement of liquid-liquid phase behavior in 
polymer/solvent systems; this method is thermooptical 
analysis (TOA). We describe a particular TOA apparatus 
that yields data rapidly and requires only very small 
samples. 

We report here some experimental phase equilibrium 
data measured with our TOA apparatus. We measure the 
cloud-point curves of polymer solutions because we plan, 
at  a later time, to compare with results obtained from 
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Figure 1. Schematicof the apparatus for thermooptical analysis 
(TOA). 

molecular-thermodynamic models. Consistent with the 
work of others, we observe an UCST for solutions of 
polystyrene in cyclohexane, a LCST for Solutions of 
polystyrene in ethyl acetate and both LCST and UCST 
for solutions of polystyrene in tert-butyl acetate. We 
obtain phase diagrams of the closed-loop type with 
solutions of poly(ethy1ene glycol) in water. All of these 
results were obtained primarily to indicate the reliability 
of our TOA apparatus. 

Experimental Section 
Materials. Poly(ethy1ene glycol) samplea were obtained from 

Union Carbide Corp. for molecular weights 3350 and 8OO0, from 
Polysciences, Inc. for molecular weight 15 OOO, and from Scientific 
Polymer Products, Inc. for molecular weight 100 OOO. Theirpoly- 
dispersity indexes (M,/M.) are shown in Table I. Polystyrene 
samples were obtained from Preseure Chemical Co. and their 
polydispersity indexes are listed in Tables 11-V. In this study, 
HPLC grade solvents were used without further purification. 

Sample Preparation. Samples were prepared in separate 
test tubes. The composition of each sample was precieely 
measured gravimetrically. The weight fraction of polymer ranged 
from 0.005 to 0.55 for the poly(ethy1ene glycol)/water system, 

0 1991 American Chemical Society 



4404 Bae et  al. Macromolecules, Vol. 24, No. 15, 1991 

I 6  16 I 8  

TI'C 

0 *'* \ .1502Y 

8 

-- , . . .  
14.4 1 4 . 6  14.8 1 5 0  15.2 1 5 . 4  

T I T  

Figure 2. (a) Cloud-point determination by TOA for a polymer solution (polystyrene/cyclohexane system; Mw/Mn < 1.06; MW = 
100 OOO) with different cooling rates. Circles, crosses, and squares for 0.1, 0.3, and 0.5 "C/min, respectively. (b) Supercooling in 
cloud-point determination by TOA for a concentrated solution of polystyrene in cyclohexane. (Wz = 0.35; MW = 100 OOO) with a scan 
rate 0.1 "C/min. Circles, cooling; crosses, heating. (c) Supercooling in cloud-point determination by TOA for a dilute solution of 
polystyrene in cyclohexane. (W2 = 0.0045; MW = 100 OOO) with a scan rate 0.1 "C/min. Circles, cooling; crosses, heating. 

Table I 
Experimental Cloud-Point Data for Poly(ethy1ene glycol) in 

Water. 

Table I1 
Experimental Cloud-Point Data for Polystyrene in 

Cyclohexane. 
MW 3350 (Mw/Mn - 1.6) MW = 8OOO (Mw/Mn N 1.6) 
wz TI., "C Tll. "C wz TI.. O C  Tu, "C 

0.049 
0.070 
0.100 
0.150 
0.200 
0.297 
0.399 
0.443 

157.6 
156.2 
155.7 
155.5 
156.6 
158.1 
164.9 
172.3 

240.5 
244.9 
245.4 
246.4 
244.6 
239.8 
228.5 
223.2 

0.012 
0.020 
0.030 
0.049 
0.100 
0.199 
0.300 
0.400 
0.476 
0.550 

132.2 
128.9 
126.7 
124.8 
124.6 
124.8 
128.6 
136.1 
146.2 
166.6 

275.5 
279.0 
280.9 
281.9 
282.5 

278.9 
271.2 

230.0 

MW = 15 OOO ( M w / M n  = 1.2) MW = 100 OOO (Mw/Mn .- 2.0) 
w2 TL,"C Tu, "C w2 TL, "C 

0.002 
0.005 
0.007 
0.010 
0.021 
0.031 
0.050 
0.071 
0.101 
0.202 
0.294 
0.403 
0.501 

135.6 
130.0 
128.4 
125.8 
123.2 
121.7 
120.2 
119.8 
119.5 
120.2 
124.2 
132.9 
146.3 

270.0 0.005 103.7 
277.6 0.007 101.5 
280.2 0.010 102.4 
284.6 0.030 102.6 
287.5 0.050 104.3 

0.070 105.3 
295.1 0.100 106.4 
296.1 
295.9 
295.7 
291.8 
282.6 
266.1 

0 WZ, weight fraction of polymer: TL, lower consolute tempera- 
ture; TU, upper consolute temperature. Uncertainty in Wz, *O.OOO5; 
uncertainty in T, *0.05 OC. 

from 0.005 to 0.4 for the polystyrene/cyclohexane system, from 
0.005 to 0.3 for the polystyreneltert-butyl acetate system, and 
from 0.002 to 0.5 for the polystyrene/ethyl acetate system. Each 
solution was stirred for -3 h. The solution was then transferred 
to a pyrex tube (i.d. = 1 mm and 0.d. = 3 mm). In a conventional 
sealing method, the test tube is usually sealed under dry nitrogen 
gas. 

We used a filling method similar to that described by Malcolm 
and Rowlinson.u The sample tubewas first connected toa vacuum 
pump and evacuated. The tube was then collapsed and sealed 
by a vacuum when one end was heated by a flame while the 
content of the tube was maintained at  subambient temperature 
by liquid nitrogen. A natural gas/oxygen flame was used for 
sealing. Ita temperature was high enough to seal a pyrex tube 
in less than 2 s. Using this method, we avoid volatilization and 

MW = 610 OOO MW=100000 
( M w / M n  = 1.06) (Mw/Mn = 1.06) (Mw/Mn = 1.07) 
MW = 20400 

W2 Tu,"C W2 Tu,"C Wz Tu,"C 
0.005 
0.010 
0.029 
0.048 
0.069 
0.147 
0.204 
0.293 
0.400 

3.1 
4.0 
4.5 
4.9 
6.0 
6.6 
6.6 
5.9 
4.5 

0.005 
0.010 
0.030 
0.049 
0.063 
0.081 
0.103 
0.144 
0.197 
0.300 

a For definitions, see Table 1. 

15.3 0.005 27.3 
16.9 0.010 28.0 
19.8 0.020 28.1 
20.3 0.029 28.3 
20.8 0.049 28.0 
20.8 0.069 27.6 
20.6 
20.5 
19.9 
18.3 

contamination of the sample. The cloud-point curves were 
determined at the saturated vapor pressure of solvent. 

Apparatus. Figure 1 shows the experimental apparatus. It 
consists of a polarizing microscope (Nikon Optiphot-Pol), a 
heating-cooling stage, a photodiode (Mettler FP 82), and a 
microprocessor (Mettler FP 80). An IBM PC was used for data 
acquisition. 

The heating-cooling stage is designed for observation of the 
thermal behavior of a sample under the microscope. Luminosity 
in the observation field is measured by a photodiode and recorded 
on the PC. The temperature program for the given run is entered 
into the microprocessor. This program consists of a startingtem- 
perature, a heating and cooling rate, and an end temperature. 
Results shown on the microprocessor display are connected to 
the PC for data storage. The temperature of the system can be 
varied from -60 to +300 "C with scan rates as low as 0.1 "C/min 
for both heating and cooling. For experiments below room tem- 
perature, the stage coolant inlet is connected to a cooling coil 
immersed in liquid nitrogen. The coolant air passes through the 
inlet to the fan and is blown sideways between the external and 
internal housing of the stage. In the stage, sample temperature 
is controlled by both the upper and lower plates, assuming 
symmetric heat distribution through the sample. In this way, 
equilibrium time can be shortened since the sample cell is directly 
in contact with the heating unit and the amount of sample is only 
-0.02 mL. Temperature, measured by a platinum resistance 
thermometer, is stored on a PC. The observation aperature is 
covered by a heat-protection filter to prevent damage of 
microscope parts and heat loss at high temperatures. The pho- 
todiode quantitatively measures the intensity of the transmitted 
light as a function of temperature; these data are used to 
determine the cloud points of polymer solutions. 
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Table 111 
Experimental Cloud-Point Data for Polystyrene in tert-Butyl Acetate. 

wz TL, O C  Tu, "C wz TL, "C Tu, "C wz TL, "C Tu, "C 
MW = 100 OOO (Mw/M,, = 1.06) MW 233 000 (Mw/Mn = 1.06) MW = 600 000 (Mw/Mn 1.10) 

0.005 165.5 -32.5 0.005 139.9 -12.8 0.005 124.9 -2.7 
0.010 160.0 -28.2 0.010 136.1 -8.6 0.010 121.4 0.4 
0.030 152.5 -22.6 0.031 130.4 -4.1 0.021 118.8 3.9 
0.050 149.8 -20.5 0.051 130.2 -3.7 0.030 118.4 5.5 

0.101 148.9 -18.5 0.102 130.2 -2.6 0.067 118.6 3.5 
0.071 150.0 -19.6 0.071 130.0 -2.9 0.051 117.9 4.2 

0.152 149.3 -17.5 0.151 133.3 -5.9 0.101 121.0 1.7 
0.202 150.1 -20.1 0.191 136.1 
0.300 162.0 -26.1 

a For definitions, see Table I. 

Table IV 
Experimental Cloud-Point Data for Polystyrene in Ethyl 

Acetate 
MW = 100OOO MW = 233000 MW=600000 
(Mw/Mn = 1.06) (Mw/Mn = 1.06) ( M w / M n  = 1.10) 
Wz TL,'C Wz TL,"C wz TL, "C 

0.005 174.5 0.005 159.4 0.002 154.5 
0.007 173.2 0.007 158.5 0.007 150.5 
0.010 171.5 0.010 156.7 0.010 150.2 
0.020 168.0 0.020 154.2 0.020 148.6 
0.049 165.5 0.031 153.5 0.030 147.2 
0.069 164.4 0.051 151.8 0.039 147.5 
0.102 164.6 0.070 152.7 0.050 147.7 
0.149 164.6 0.098 153.3 0.069 148.5 
0.196 166.1 0.149 155.2 
0.299 173.3 0.200 159.0 
0.489 199.2 
0 For definitions, see Table I. 

Table V 
Experimental Cloud-Point Data for Polystyrene/Methyl 

Acetate 
~~~ 

MW 770 000 (Mw/Mn ~1.04) MW = 770 OOO (Mw/Mn 1.04) 
Wz TL,"C Tu,"C Wz TL,"C Tu,"C 

0.003 129.35 28.10 0.039 124.80 32.30 
0.008 125.00 30.45 0.068 125.35 27.00 
0,018 124.55 32.70 0.078 125.80 26.10 
a For definitions, see table I. 

Procedure. A sealed sample tube was placed and centered 
in the microscope heating-cooling stage and the photodiode with 
the light source of the microscope was calibrated for the following 
measurement. To find the range of cloud points of the sample, 
a high scan rate of heating or cooling (5 "C/min) was used. In 
this way, the approximate cloud point of the sample was found. 
The sample was then repeatedly heated or cooled over a tem- 
perature range near the cloud point with a low scan rate (0.1 
"C/min) while the intensity of light was monitored. The pho- 
todiode permitted quantitative determination and recording of 
the light intensity of the field of view as a function of temper- 
ature. Each measurement was repeated at least three times to 
assure reproducibility. 

Figure 2a shows a typical result for cloud-point determination 
of a polystyrene/cyclohexane system by cooling a sample of known 
polymer concentration using three different cooling rates (0.1, 
0.3,and 0.5 OC/min). All three curves show the same cloud point. 
The intensity of transmitted light was determined as a function 
of temperature. Measurements were recorded and stored by the 
TOA and the data acquisition system. The first phase separation 
observed (corresponding to the point of abrupt transition of 
luminosity) was then recorded as the cloud point of the sample 
at  the given concentration. 

Supercooling. It is important to check for possible super- 
cooling in the determination of cloud-point curves. A static 
experiment has been performed according to the following 
procedure. We chose two different concentrations (Wz = 0.0045 
and 0.35) for the polystyrene/cyclohexane system and then the 
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Figure 3. Phase diagrams for several poly(ethy1ene glycol)/ 
water systems showing cloud-point temperatures as functions of 
the weight fraction of poly(ethy1ene glycol). Circles and squares 
are for molecular weights 3.35 X 109 and 8.0 X 109, respectively. 
Triangles and crosses are for molecular weights 15 X 109 and 100 
x 103, respectively. Dark symbols are data from Saeki et al." 
Dark circles, dark squares, and dark triangles are for molecular 
weights 3.29 X 109, 8 X 103, and 14.4 X 109, respectively. 

cloud point of each concentration was examined by cooling (from 
heterogeneous to homogeneous) and heating (from homogeneous 
to heterogeneous) with the same scan rate (0.1 "C/min). At high 
polymer concentration, the deviation was -0.3 "C, while a t  low 
concentration, the deviation was less than 0.1 OC, as shown in 
Figure 2b and 2c. Koningsveld and Stavermads reported that 
their supercooling effect was 0.6 OC with a scan rate of 1.0 "C/h. 
Derham et al.16 showed that PICS was able to minimize the 
supercooling effect. They reported that the supercooling effect 
in the low-temperature region was more serious than that in the 
high-concentration region. 

Advantages of Our TOA Apparatus. In the apparatus 
described here, equilibrium is attained rapidly first, because the 
sample is very small (0.02 cma) and, second, because the sample 
is in direct contact with the heater or cooler. In conventional 
TOA systems, equilibrium is not attained as rapidly because the 
sample is N 1 order of magnitude larger and because heat transfer 
must go through a bath containing the sample. 

Data reduction is fast due to the electronic instrumentation 
shown in Figure 1. Once the apparatus is set up, and aftar the 
operator has obtained some experience, it is easily possible to 
determine the upper and lower cloud-point curves for a binary 
system in an 8-h day. 
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Figure 4. Phase diagrams for three polystyrene/cyclohexane 
systems showing cloud-point temperatures as functions of the 
weight fraction of polystyrene. Squares, circles, and triangles 
are for molecular weights 610 X 109,100 X 109, and 20.4 X 103, 
respectively. Dark squares and dark circles (Saeki et al.9 are for 
molecular weights 670 X 109 and 97 x 109, respectively. Dark 
triangles are from Shultz and Flory' and molecular weight 89 
x 109. 

Results and Discussion 
Tables I-V give experimental results. Figure 3 shows 

phase diagrams for poly(ethy1ene glycol)/water systems 
for molecular weights 3.35 X 103,8 X 103,15 X 103, and 
100 X 103. Typical closed-loop behavior is observed. The 
LCST is lowered and the UCST is raised when polymer 
molecular weight rises. For the highest molecular weight 
sample (100 X 10% only a lower consolute temperature is 
detected, but we expect that an upper consolute temper- 
ature would also exist, provided the poly(ethy1ene glycol) 
(PEG) does not degrade thermally before reaching the 
cloud point. For a monodisperse sample dissolved in a 
single solvent (a binary system), the cloud-point curve 
coincides with the binodal and the maximum cloud point 
is the critical point. However, these features do not hold 
for solutions of most polymers because of polymer poly- 
dispersity. The phase behavior of a mildly polydisperse 
polymer solution is conveniently analyzed as a quasi-binary 
system, as discussed by many researchers.lB-29 Stock- 
mayer2s showed that the critical point of polymer solution 
depends on both weight- (Mw) and z-average molecular 
weights (MJ. However, we do not know the M, of our 
polymer samples. In our study, we are interested in 
essentially monodisperse polymers. Therefore, the ratio 
Mw/Mn is sufficient for our purposes. Although the 
maximum points of the cloud-point curves for poly- 
(ethylene glycol)/water systems deviate slightly from the 
critical points, depending on the polydispersity of the 
samples, the deviation must be small since the samples 
used in this study are nearly monodisperse. We compared 
our data with those of Saeki et al." shown in Figure 3. For 
low molecular weights of PEG, our data show good 
agreement with the earlier results. However, for high mo- 
lecular weights of PEG, there is a deviation, probably 

150 1- 

0.0 0.1 0.2 0.3 4 

Weight fraction of polymer 
Figure 5. Phase diagrams for three polystyrene/tert-butyl 
acetate systems showing cloud-point temperatures as functions 
of the weight fraction of polystyrene. Squares, circles, and 
triangles are for molecular weights 600 X 109,233 X 109, and 100 
X IO3, respectively. 
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Figure 6. Phase diagrams for three polystyrene/ethyl acetate 
systems showing cloud-point temperatures as functions of the 
weight fraction of polystyrene. Squares, circles, and triangles 
are for molecular weights 600 X 103,233 X 103, and 100 X 109, 
respectively. 

because the samples studied by others are different from 
ours (different polydispersity of polymer). TOA was able 
to detect the upper consolute temperatures of higher mo- 
lecular weights of PEG (MW = 8000,15 OOO). The data 
of Malcolm and R0wlineon2~ show a serious deviation from 
both our data and those of Saeki et al.14 
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Figure 6 shows the cloud-point curves of polystyrene in 
ethyl acetate. For this system only an LCST is detected, 
but we expect that an UCST also exists. Figure 7 shows 
both UCST and LCST of polystyrene in methyl acetate. 

140 
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Figure 7. Phase diagram for a polyatyrene/methyl acetate 
ayatem ahowing cloud-point temperatures as functions of the 
weight fraction of polystyrene. Molecular weight of polystyrene 
ia 770 X 108. 

Saeki et al.14 reported that the pressure dependence of 
the cloud points of poly(ethy1ene glycol) /water systems 
is insensitive up to 50 atm. The values of (dT/dP) up to 
50 atm for the LCST were shown to be negligibly small. 
In our study we assume that the system is essentially at 
the saturated vapor pressure of the solvent. 

Figure 3 shows that the width of the closed loop depends 
on the chain length of PEG. Eventually, a cloud-point 
curve will disappear at  low molecular weights of PEG. 
Kjellander and Florin28 reported that, for the PEG/water 
system, this disappearance occurs at a degree of polym- 
erization of -48. 

Figure 4 shows the cloud-point curves for the polysty- 
rene/cyclohexane systems using molecular weights 20.4 X 
1@, 100 X los, and 610 X 109. The UCST rises with 
increasing molecular weight, as expected. 

Figure 4 shows cloud-point curves of polystyrene in cy- 
clohexane. We measured only the upper consolute tem- 
peratures of this system because this "standard" system 
allows us to compare our results with those in the 
literature.'** The cloud-point data of Shultz and Flory 
are slightly higher than ours, while those of Saeki et a1.2 
show very good agreement with ours. A slight disagree- 
ment may occur because the polymers used in each study 
are fractionated differently and have different polydis- 
persities. 

Figure 5 shows the cloud-point curves of polystyrene in 
tert-butyl acetate. This system exhibits both LCST and 
UCST. Figure 5 also shows that the UCST is raised and 
the LCST is lowered with increasing polymer molecular 
weight. For this system, the temperature region of 
complete polymer/solvent miscibility is narrowed as mo- 
lecular weight rises. We do not expect this system to show 
an hourglass shape for the cloud-point curve. If a poor 
solvent is chosen, we expect that an increase in molecular 
weight could cause the UCST and LCST to coalesce, such 
that the two regions of limited miscibility merge to give an 
hourglass shape.13 

Conclusions 
We have used a small-sample TOA apparatus to measure 

cloud-point curves for several polymer solutions. Our TOA 
apparatus provides a simple and rapid method to measure 
both LCST and UCST for polystyrene solutions and 
closed-loop phase diagrams for aqueous solutions of poly- 
(ethylene glycol). The TOA apparatus described here 
provides a convenient experimental technique for the de- 
termination of liquid-liquid equilibria in binary polymer/ 
solvent systems when the polymer is essentially mono- 
disperse. 
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