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Synopsis 

The possibility of utilizing cloud point titrations for obtaining theta-cosolvent compositions for 
PVC solutions was examined for a range of THF-nonsolvent systems. Hansen’s13 “radii of solubility 
spheres” were calculated for the various solvents and cosolvent solutions and compared with the 
observed solubility behavior. The application of theta-cosolvent solutions for simplifying the de- 
termination of the number-average molecular weight was also examined. 

INTRODUCTION 

There are distinct advantages in measuring certain polymer solution properties 
in theta solvents. “One point” osmotic pressure determinations, utilizing only 
one polymer concentration, would be most desirable to speed up the determi- 
nation of polymer number average molecular weights, for example. The solution 
of a polymer sample directly in a theta solvent might be expected to be difficult 
because, by its very definition, a theta solvent is a poor one. The use of cosolvent 
solutions, on the other hand, appears entirely practical when one of the solvents 
is a good solvent for the particular polymer and the other is essentially a non- 
solvent. Then the polymer may be readily dissolved in the good solvent, and 
the nonsolvent may be added in sufficient quantity to produce a theta-cosolvent 
solution. Such a procedure would require the knowledge of the theta-cosolvent 
composition for the particular polymer. 

One method of finding possible theta-cosolvent mixtures is that of turbidity 
or cloud point tit ration^.^ This procedure involves the preparation of polymer 
solutions of different concentrations and titration with a nonsolvent until the 
first sign of cloudiness. The procedure recommended was the extrapolation on 
a log-log graph of the cloud point concentrations for a number of different 
polymer concentrations to that corresponding to 10096 polymer. This procedure 
is suitable when the cosolvents are composed of a nonsolvent added to a polymer 
dissolved in a good solvent. It has also been reported by Sarkar and Palits that 
theta-cosolvent compositions for polystyrene and poly(methy1 methacrylate) 
were obtained using a combination of two nonsolvents. 

The general topic of polymer solubility is complex, especially for polymers that 
are polar and that have a tendency to form hydrogen bonds in solution. The 
complexity arises because of the difficulty in defining various types of molecular 
interactions which occur in polymer solutions, including possible association or 
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aggregate formation. The use of two-component cosolvent solutions adds yet 
another dimension to the possible complexity. The work of Banks and Praus- 
nitz? Hansen,lP2 and Hansen and Skaarup3 has done much to establish a rational 
approach to miscibility limits for polymers. Dividing the polymer and solvent 
solubility parameters into three components, bd,  a,, and ah, to account for dis- 
persion, polar, and hydrogen-bonding interactions, respectively, Hansen was 
able to construct three-dimensional “solubility spheres” for different poly- 
mer-solvent systems. The radius of each solubility sphere within which the 
solubility characteristics could be defined was determined from 

(1) 

A6i = - &,solvent (2) 

The model utilized a unit length for bd which was twice that of the other two 
solubility parameter components. The three solubility parameter components 
were related to the Hildebrand and Scott7y8 solubility parameter 6 for both 
polymer and solvent: 

(3) 
When applied to cosolvent systems, the component solubility parameters were 
weighted according to the volume fraction of the constituent components. The 
original procedure for evaluating the component parts of the solubility param- 
eters was an extensive trial-and-error one based on experiments with many 
polymer-solvent systems. Tables have been assembled’ and subsequently re- 
vised3 for values of &, &,, and & for a considerable number of solvents. An 
attempt has been made by Cheng to describe polymer-diluent systems according 
to a “solubility circle” using two, zh and bh, instead of three parameters, the first 
concerned with the combined effects of molecular dispersion and polarity and 
the second, as before, with hydrogen bonding. More recently, Koenhen and 
Smolders’O attempted to correlate the solubility parameter vectors with asso- 
ciated properties of solvents such as surface tension, dipole moment, and re- 
fractive index for application to those for polymers. 

The concentration dependence of the osmotic pressure for polymer solutions 
is normally written as 

y = (4A63 + AijE + A6K)1/2 

6 = (6: + 6; + S ~ ) ” 2  

In a theta solvent and at low polymer concentrations, the osmotic pressure is 
essentially independent of polymer concentration; and hence A2, the second virial 
coefficient, becomes negligible. Equation (4) is considered to apply equally well 
for cosolvent ~olutions.~ It is usually found that A2 is relatively large and positive 
in good solvents, and small or even negative in poor solvents or cosolvent solu- 
tions. 

EXPERIMENTAL 

Commercial polymers produced by a suspension polymerization process by 
Imperial Oil Enterprises, Esso grades 353,363, and 373, were used in the cloud 
point and osmometry experiments. Three additional samples of different mo- 
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lecular weights, designated PV-2, PV-3, and PV-4, were supplied by the Pressure 
Chemical Company. The THF solvent was obtained from the Fisher Scientific 
Company and used as received. Previous work with this solventll had indicated 
that the specified levels of impurities, chiefly 0.02 wt % water, were not exceeded 
and the effects of which were therefore considered negligible for this work. The 
nonsolvents ethylene glycol (reagent grade), methanol (99.9 mole % specified), 
and heptane (99.5% min. specified) were also purchased from Fisher Scientific. 
Absolute ethanol was obtained from the Liquor Control Board of Ontario. 
Distilled water was also used as nonsolvent. 

In preparation for the cloud point experiments, a maximum concentration 
in THF solvent corresponding to about 20 g/l. of each polymer was initially 
prepared. These solutions were subsequently diluted to various concentrations 
down to about 1 g/l. In the cloud point determination, a 20-ml aliquot of each 
solution was very slowly titrated dropwise with nonsolvent supplied from a 10-ml 
microburet graduated in 0.02 ml. For this purpose, a flask was arranged with 
a magnetic stirrer, and light was located behind the stirred flask so that the visual 
cloud point could be clearly observed with the addition of one or two drops of 
nonsolvent. The experiments were performed at room temperature (22O f 2OC) 
and were readily reproduced. 

A Hewlett-Packard Model 501 automatic osmometer equipped with a 
Schleicher and Schuell Type 08 (fine) membrane was used for the osmotic 
pressure determinations. For measurements with cosolvent solutions, the 
membranes were initially preconditioned to THF solvent and then to the par- 
ticular cosolvent solution prior to installation in the osmometer. The reference 
chamber and reservoir of the osmometer were also filled with the appropriate 
cosolvent. Polymer solutions for osmotic pressure determinations were prepared 
by dissolving approximately 1 g polymer in THF in a 100-ml volumetric flask. 
Solution was enhanced by heating and stirring. After the solution was cooled 
and made up to exactly 100 ml, aliquots were further diluted. In the preparation 
of cosolvent solutions, only 10-ml portions were further treated since only 2-3 
ml were required in the osmometer. The cosolvent was titrated dropwise into 
the stirred THF solution to the prescribed volume, and care was taken to ensure 
that any slight polymer precipitate which occasionally formed was redissolved 
in the cosolvent solution. Due account was taken in the osmotic pressure de- 
terminations for the reduced polymer concentration and actual density of the 
cosolvent solution. Duplicate analyses were usually reproduced to within f2%. 
The sample preparation procedure and osmotic pressure measurement together 
required less than 2 hr. Certain samples, however, were purposefully aged or 
ultrasonically treated to study these particular effects on polymer gel struc- 
ture. 

A PVC sample of Esso 363 of approximately 25 g was dissolved in THF and 
fractionated into eight fractions by a nonsolvent precipitation method. Of 
possible nonsolvents, water was considered the most effective based on prelim- 
inary experiments. Preliminary experiments also established suitable volumes 
of nonsolvent required to produce appropriate quantities of polymer in each 
fraction. The initial polymer concentration chosen, apparatus, and method of 
fractionation were largely as described by Pezzin et al .I2 The fractionation 
apparatus consisted of a 3-liter jacketed glass vessel supplied with a magnetic 
stirrer and thermostatically controlled circulating water system. After an initial 
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addition of nonsolvent, the volume of which was determined by preliminary 
experiments, distilled water was added slowly at  a rate of 0.5 ml/min using a 
Harvard apparatus syringe pump and a 100-ml syringe. The initial solution 
contained 25 g polymer dissolved to produce 2000 ml solution to which 200 ml 
water was slowly added. 

Subsequent additions of nonsolvent were by syringe pump until a sufficient 
quantity of precipitate was produced. The solution and precipitate were then 
heated to 4OoC and stirred until the polymer redissolved. The solution was then 
allowed to cool slowly and then to stand without stirring for 24 hr during which 
a coacervate or precipitate was formed at  the bottom of the vessel. The super- 
natant solution was removed by syphoning while the polymer fraction was dis- 
solved in THF. The dissolved fraction was reprecipitated in flocculant form 
with an excess of methanol, filtered, washed with hot distilled water, and finally 
with methanol. Successive fractions were similarly separated. The fractions 
were analyzed by osmometry in both THF and THF-methanol cosolvent solu- 
tions. 

RESULTS AND DISCUSSION 

Cloud Points 

The cosolvent concentrations for THF-nonsolvent mixtures at  the cloud point 
are listed in Table I and graphically shown in Figure 1 as a function of the final 
diluted polymer concentration. True mass fractions of components were used 
with consideration for the densities of solvents and polymer. For the sake of 
simplicity, however, it was assumed that there was no volume change on mixing. 
As suggested by Elias,13J4 the cloud point concentrations were found to be a 
linear function of polymer concentration on a logarithmic plot. Further, it was 
suggested by Elias that extrapolation of the cloud point concentrations to a 
composition of 100% polymer would yield the theta-cosolvent composition. For 
the THF-highly polar cosolvent system, in addition to the reference point cor- 
responding to the pure polymer, a second one can be defined. It is that corre- 
sponding to the solubility limit for PVC in the major solvent component, THF. 
A t  this point no nonsolvent is required to cause precipitation. 

Hence, as with certain other phase diagrams, there appear to be two useful 
reference points for the type of polymer-cosolvent systems involving limited 
polymer solubility with the major solvent component. It is estimated that the 
solubility limit for Esso 363 is approximately 30 wt % polymer at 2OOC. The 
solute-free nonsolvent concentration for methanol and heptane estimated from 
Figure 1 for a polymer solubility of 30 gh. corresponds to 40 vol-% and 39 vol-%, 
respectively, which can be favorably compared with experimentally determined 
theta-cosolvent concentrations of 42 vol-% and 43 vol-%. The latter were de- 
termined from osmotic pressure measurements. On the other hand, the 
equivalent theta-cosolvent compositions for methanol and heptane calculated 
for the polymer composition of 100% would be 30 vol-% and 29 vol-%, respectively, 
significantly lower than those experimentally determined. 

It was possible to observe the effect of polymer molecular weight on the cloud 
point concentration for THF-methanol cosolvent solutions. For the polymers 
PV-2 and PV-4, with respectively lower and higher molecular weights than Esso 
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Fig. 1. Cloud points obtained an addition of various nonsolvents to PVC-THF solutions: (0) 
Esso 363; (+) PV4; (0 )  PV2. 

363, it appears significant that the precipitation points are nearly independent 
of the polymer molecular weight. The effect of the polymer molecular weight 
on the theta condition has previously been considered scarcely dete~table .~ It 
would appear that the nature of the polymer-cosolvent interaction affects the 
polymer solubility characteristics much more than a variation in polymer mo- 
lecular weight. 

Hansen “Solubility Spheres” 

The solvent power of several solvents for PVC has been investigated by Moore 
and Hut~hinson’~ who found that the solvent power depended somewhat on the 
criterion used to measure it. They listed an order of solvent power for the sol- 
vents based on osmotic pressure and swelling measurements. Their data, along 
with the cloud point determinations performed in this work, provided a means 
for testing the applicability of the Hansen solubility parameters to PVC-solvent 
systems. It is apparent from eq. (1) that the choice of actual values for the sol- 
ubility parameter vectors would very much influence the size of the solubility 
sphere. Whereas the overall cohesive energy density is relatively well defined 
for most solvents because it is based on readily measurable properties, the allo- 
cation of solubility parameter vectors to polar and hydrogen bonding interactions 
is much more arbitrary. For polymers, all three solubility parameter vectors 
can be evaluated only indirectly. Hansen’s original solubility parameter vectors1 
were evaluated by the application of a homomorph concept jointly with essen- 
tially a trial-and-error adjustment of parameters to satisfy observed polymer 
solubility behavior. Based on additional data for the solubilities of relatively 
low molecular weight solutes such as dyes, nonionic emulsifers, binders, and 
pigments, Hansen and co-worker revised the values for the solubility parameter 
vectors for solvents.2.3 The suggestion was that deviations from the original 
published values were generally insignificant. 
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The two sources of solvent solubility parameter vectors (1 and 3) were com- 
pared by calculating radii of solubility spheres for PVC, y1 and 7 2 ,  as shown in 
Table 11. Three solubility regions may be found in Table I1  soluble region (71 
< 2.0), limiting solubility or cloud point (2.0 < y1 < 2.6), and insoluble region 
(71 >2.6). It is apparent that the numerical values for y1 and y2 are significantly 
different for three of the solvents, morpholine, nitrobenzene, and acetone, which, 
if the 7 2  values were used, would incorrectly describe the observed solubility 
behavior by comparison with solubilities in other solvents or cosolvent mixtures. 
On the other hand, only THF-methanol cosolvent and dioxane fall somewhat 
outside the observed limits of the three solubility regions as defined by the other 
16 solvents. The solubility and reversible gel formation of PVC in dioxane sol- 
vent has been investigated in detail by Haas and MacDonald.16 It may be con- 
sidered that the strong propensity for PVC to form three-dimensional structures 
in dioxane is not fully reflected in the values for the solubility parameter vectors. 
The calculated y1 suggests that PVC might have been soluble in dioxane. 
Hansen2 indicated that deviations for y might be outside the region y f 0.5 in 
about 2.5% of the systems. Such expected inconsistencies may explain the 
slightly high value for y1 for the THF-methanol cosolvent. 

The overall assessment of the use of solubility parameter vectors for PVC 
solutions would be that they describe the observed behavior very well indeed. 
It may also be considered that the parameters based on experiments performed 
with resins and polymers appear to describe solubilities for PVC more consis- 
tently than those partially based on the solubility behavior of low molecular 
weight solutes. Whether this is more generally applicable to other polymer so- 
lutions is yet to be evaluated. It may be eventually shown that two values for 
solubility parameter vectors may be required depending on whether the solute 
is a high molecular weight polymer or a low molecular weight nonionic solute. 
Such an approach appears credible since it is known that solubility is at  least to 
some extent a function of solute molecular weight. It is also significant that the 
cloud point experiments with cosolvent solutions correspond to a relatively 
narrow range for the radii of solubility spheres, largely substantiating the ap- 
plication of solubility parameter vectors for predicting solubilities in cosolvent 
solutions. Such a conclusion was also reached by Nunn17 in dealing with a po- 
tential solvent system for a particular epoxy resin, “Epikote 1001,’’ although one 
anomaly was described. It was found that acetone appeared to be incorrectly 
placed by comparison with the solvent power of other solvents. It is noted, 
however, that by the use of Hansen’s original solubility parameter vectors,l the 
anomaly disappears. 

The solubility parameter vectors for PVC as estimated by Koenhen and 
Smolderslo may be compared with those of Hansenl: 6, = 4.9 (3.51, = 1.5 
(3.5), the values in parentheses being those of Hansen. The former values were 
used to estimate the radii of solubility spheres, y3 and 7 4 ,  based on the two dif- 
ferent sources for solvent solubility parameter vectorslf the results of which are 
listed in Table 11. It is evident from Table I1 that anomalies can be found in the 
order of placement of several solvents. These anomalies incorrectly suggest that 
nitrobenzene is a very good solvent for PVC and that acetone and dioxane are 
also good solvents. It must be concluded that some further modification to the 
predictive methods for polymer solubility parameter vectors is required. 
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t 
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Fig. 2. Osmotic pressures of fractionated Esso 363 in (0) THF and (0 )  methanol-THF cosolvent 
solutions. 

Theta Cosolvent by Osmometry 

PVC is known to form molecular aggregates in THF, particularly in aged so- 
lutions, which can be dispersed by ultrasonic radiation as described by Rudin 
and Benschop-Hendrychova.18 Table I11 lists the apparent number-average 
molecular weights as determined from osmotic pressure measurements for several 
PVC samples dissolved in THF showing the effect of aging as well as ultrasonic 
treatment. As indicated by Rudin and Benschop-Hendrychova, M, values can 
be seen to be somewhat larger for solutions aged up to 36 days at room temper- 
ature, although M,  values would probably have been more affected by aggregate 
formation. Whether or not ultrasonic radiation caused a further breakdown 
of the polymer itself is open to question, but it would appear that the molecular 
aggregates were fully dispersed by it, even after the prolonged aging period. 

The results of osmotic pressure measurements in two concentrations of hep- 
tane-THF cosolvent and methanol-THF cosolvent are listed in Table IV. These 
measurements were performed in an attempt to find a suitable theta cosolvent 
for PVC. The apparent M ,  in heptane-THF cosolvent is extremely high even 
although the solution preparation period was relatively short, suggesting a very 
high degree of aggregation. Furthermore, neither heating to boiling nor ultra- 
sonic radiation just prior to measurement appeared to be able to disperse the 
relatively stable microgel, in both cases making little difference to the apparent 
M,. Hence, one may conclude that although heptane-THF solutions produce 
very low second virial coefficients, they are nonetheless unsuitable as theta co- 
solvents because of the extensive microgel formation that rapidly forms in them. 
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The particular osmometer used was designed for a rapid response to changes in 
polymer concentration; measurements could normally be completed within 30 
min. For heptane-THF cosolvent solutions, however, considerably longer pe- 
riods of time (up to 3 hr) were required to reach a pseudosteady-state condition. 
At first, it was considered that the membrane characteristics were changing in 
the presence of the heptane-containing solution. Even after exposure to the 
heptane-THF solution for several days, the membrane produced osmotic pres- 
sure readings which still required excessively long periods of time. Consequently, 
it was considered that the polymer-solvent characteristics were changing with 
time or that the polymer was agglomerating while in the osmometer. This ex- 
planation would also appear to account for some lack of reproducibility in results 
when using heptane-THF solutions. 

By contrast, M ,  determinations in 42 vol-% methanol-THF cosolvent solutions 
were very similar (within 4%) to those in THF solutions, with no evidence of 
aggregate formation during the normal solution preparation and measurement 
period. In addition, the second virial coefficients were small, indicating that 
the particular cosolvent concentration indeed constituted a theta-cosolvent 
solution for PVC. To determine conclusively whether methanol-THF was 
suitable as a theta cosolvent even for PVC of various molecular weights, M ,  
measurements were made in both THF and methanol-THF solutions for several 
fractions of Esso 363 PVC. 

The M, values, second virial coefficients, and percentage differences in M ,  
from those in THF are listed in Table V. The actual osmotic pressures for those 
determinations are graphically shown in Figure 2. The intercepts for the reduced 
osmotic pressures are almost identical, but the slopes or second virial coefficients 
are much lower for the cosolvent solution. For this comparison, the hydraulic 
head measurements in the cosolvent solutions were converted to equivalent THF 
ones so that comparable reduced osmotic pressures were obtained. It is noted 
also that “single point” osmotic pressures could have been used in determining 
M ,  with success, provided that they were obtained at  the lowest polymer con- 
centration of 1-3 gA. The average deviation for the “one point” osmometry of 
3.2% may be compared with that of 2.3% based on the reduced osmotic pressures 
extrapolated to infinite dilution as shown in Table V. Such deviations approach 
the limit of accuracy for osmotic pressure measurements themselves. 

Trials with other theta-cosolvent combinations indicated that ethanol-THF 
and water-methanol-THF would also produce theta cosolvents which would 
produce a minimum of agglomeration with dissolved PVC. As a result of these 
experiments, it may be concluded that possible theta cosolvents based on sol- 
vent-nonsolvent combinations may be selected by cloud point titrations. For 
the purpose of utilizing theta cosolvents for measuring polymer solution prop- 
erties, however, it is necessary to ensure that polymer agglomeration or microgel 
formation does not interfere with the measurements. 

The authors are indebted to the National Research Council of Canada for financial support in the 
form of an operating grant. 
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