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higher. Such a result has also been obtained for con- 
ventional poly(alky1 a-chloroacrylates) and the corre- 
sponding poly(alky1 methacrylates). This is probably 
due to the strong intermolecular forces introduced by 
the presence of the polar chloride groups. 

An assumption inherent in the theoretical treatment 
is the applicability of the Simha-Boyer relationshipQ 
to the polymers, regardless of tacticity 

T,Aa = 0.113 (4) 

where Aa is the difference in the volume expansion co- 
efficient above and below T,. Values of A a  derived 
from eq 4 are given in Table I1 for the stereoregular 
poly(ethy1 a-chloroacrylates) and the stereoregular 
poly(ethy1 methacrylates). These values have not been 

(9) R. Simha and R. F. Boyer, J .  Chem. Phys., 37,1003 (1962). 

experimentally verified and work is in progress to 
accomplish this. 

Conclusions 

The predictions of the simple model proposed earlier 
regarding the effect of stereoregularity on  the glass 
transitions of disubstituted vinylidene polymers appear 
to have been confirmed in a test case. The reasonably 
satisfactory quantitative agreement lends some support 
to the basic assumptions of the theory. 
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ABSTRACT: Values of the surface tension of polymers as a function of temperature and molecular weight have 
been predicted and compared with experimental values from the literature. The following methods of prediction 
were used: a corresponding states correlation, a modified solubility parameter approach, a relation of Schonhorn,? 
and the parachor. The corresponding states correlation and the parachor are more successful than the other two 
approaches. They give similar, and good results predicting the LeGrand-Gaines M-’I8  dependence of y. The 
parachor is preferred on grounds of simplicity. 

ecent work has yielded a considerable amount of R data on the surface tension of liquid polymers, and 
its variation with temperature1, and themolecular weight 
of the p ~ l y m e r . ~ , ~  The decrease of y with T is less 
rapid than for a low molecular weight substance, imply- 
ing a lower surface entropy, while LeGrand and Gaines3 
have shown that a linear dependence of y on  M-2/s holds 
with remarkable generality 

(1) 

We propose using these data to test three approaches 
which allow polymer surface tensions to be predicted 
from the bulk properties, as follows. 

(1) Correlation with Solubility Parameters. Hilde- 
brand and Scott4& found a correlation of y with the 
solubility parameter (6) of a low molecular weight sub- 
stance. Their relation can be expressed4b as 

y = ym - kM-’/s 

y = 0.03962,30V1/3 (2) 
where V is the molar volume in cm3 of the molecules 
which are assumed to  be spherical, and the units of y 
and 6 are ergs cm-2 and cal”’ ern-"', respectively. The 

* To whom correspondence should be addressed. 
(1) R. J. Roe,J .  Phys. Chem., 72,2013 (1968). 
( 2 )  G. W. Bender and G. L. Gaines, Macromolecules, 3, 128 

f1970). 
~ (3)’D. G. LeGrand and G.  L. Gaines, J .  Colloidlnrerface Sci., 
31, 162 (1969). 

(4) J. H. Hildebrand and R. L. Scott, “Solubilitv of Non- 
electrolytes,” Reinhold Publishing Corp.., New Yoik ,  N. Y., 
1950, (a) p 402; (b) p 43 1. 

solubility parameter is related to the cohesive energy 
density (CED), energy of vaporization (AEv) and in- 
ternal pressure (Pi) through 

6’ = (CED) = AEv/V ‘v Pi/l .  1 ( 3 )  

The factor 1.1 is generally applicable for nonpolar 
 liquid^.^ Hildebrand and Scott point out4” that a 
linear relation between y and the CED would yield 
almost as good a correlation of the data as eq 2. A 
least mean squares analysis of the data4& shows the 
relation to be 

y = 0.07562V’/a (4) 

y = 0.075AEv/V’/3 ( 5 )  

It is clear that the rationale of the form of this ex- 
pression lies in AEv/V’/a being a contact energy between 
molecules expressed per unit area of the molecule, 
which is necessarily spherical. However, Lee6 has 
calculated y for many polymers using eq 2 with V re- 
placed by the volume per mole of a chain element which 
is taken to  be the polymer repeat unit. Theoretical 
work by Schonhorn7 gives a result similar to eq 4 but 
with a different numerical factor and a slightly different 
choice of chain element 

( 5 )  G. Allen, G. Gee, and G. J. Wilson, Polymer, 1, 456 

(6) L. H. Lee, Adam. Chem. Ser., No. 87,106(1968). 
(7) H .  Schonhorn, J .  Chem. Phys., 43,2041 (1965). 

(1960). 
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y = 0.16862(V/n)”3 (6) 

This is eq 17 of ref 7 with the constant 0.310 X 1.1 
changed to give the same units as above to  y and 6 ;  V 
is again the volume per mole of repeat units, and n is 
the number of identical groups in the repeat unit. Thus, 
in polyethylene, Lee takes (CH2)? to be the chain ele- 
ment while Schonhorn takes CH?. 

The choice of a polymer chain element to replace 
the spherical small molecule is crucial. Those made 
by Lee and Schonhorn are convenient, but there seems 
to be no reason why the repeat unit, of significance in 
the synthesis of the polymer, should also determine the 
physical properties. In fact, the rather poor compari- 
son6 between predicted and experimental y values 
appears on inspection to be due in large part to  the 
arbitrary choice of the polymer element. Wu8 has 
obtained a good correlation between the dispersion- 
force contribution to 6 and ye, the critical surface ten- 
sion. The volume of the polymer element, however, 
is taken to be the average atomic volume of the polymer, 
which varies little from polymer to  polymer 
in contrast to the repeat unit volume. It is probable 
that good results would be obtained by defining the 
polymer element as a length of the chain equal to  the 
chain diameter, s’o that it might be considered approxi- 
mately spherical. The surface tension would again 
correspond to a surface energy per unit molecular 
area of the polymer. Such a choice would have the 
disadvantage of requiring a molecular model from 
which to determine the chain diameter, 

(2) The Parachor. Following its use with liquids 
of quasi-spherical molecules the parachor has been 
employed with polymers~~g 

(7) 

Here [PI and V again refer to a mole of polymer repeat 
units. The value of y is unchanged, however, by 
taking the element to  be V/n with Schonhorn. Results 
have been goodg with liquid polymers. The critical 
surface tensions, yE, found with solid polymers6 seem 
to be close to the surface tension of the liquid. The 
poor agreement6 of eq 7 with y values obtained with 
these materials seems due to  the use of the density of 
the solid in the equation instead of that of the liquid. 
The temperature dependence of y from eq 7 is 

y-’dyldT = -4a  (8) 

where a is the thermal expansion coefficient. 
(3) Corresponlding States Correlation with Bulk 

Properties. Values of the surface tension of liquids 
have been correlatedlO,ll with bulk equation of state 
properties through the use of the Prigogine correspond- 
ing states principle.12 This principle has been used 
extensively to deal with properties of liquids of both 
chain and quasi-spherical molecules. Although the 

( 8 )  S .  Wu, J .  Phys. Chem., 72,3332 (1968). 
(9) R .  J. Roe, ibid., 69,2809 (1965). 
(10) R. J. Roe, Prcic. Nut. Acad. Sci. U. S., 56,819 (1966). 
(11) D. Patterson and A. K. Rastogi, J .  Phys. Chem., 74, 1067 

( 1 9 70).  
(12) I .  Prigogine (with A.  Bellemans and V. Mathot), “The 

Molecular Theory of Solutions,” North-Holland Publishing Co., 
Amsterdam, and Interscience, New York, N. Y., 1957, Chapter 
16. 

definition of a chain element is not essential to  the 
treatment of bulk properties, the Prigogine theory12 
divides the chain into quasi-spherical segments of a 
length equal to  the chain diameter. This definition 
is thus the same as suggested above for the treatment 
of surface properties. On the other hand, Roelo has 
assumed that the polymer element is a length of chain 
having three external degrees of motion, in analogy 
with the three external degrees of a spherical molecule. 
The intuitive reasons for this choice of element are 
given by Roe. The volume of 1 mole of such elements 
may be found to be 

molar element volume = RT*/P* (9) 

where P* and T* are the Prigogine reduction parameters 
for pressure and temperature. Since these parameters 
are obtainable from the bulk equation of state proper- 
ties, eq 9 represents a convenient choice for the poly- 
mer element obviating any consideration of a molecular 
model. An empirical correlationll shows that the 
reduced surface tension 

y = = y/k’/3p* ‘/ST* ’ /3  (10) 

is a “universal” function of reduced volume, p, or re- 
duced temperature, p .  These are obtained from the 
molar volume and the temperature through 

B = v / v *  

p = TIT* 

At negligible pressure, and p are related by an equa- 
tion of state such as that recently proposed by Flory 
and colla bornt ors l 3  

The empirical function, y ( p )  is given quite well by a cell 
model,14 also used for the calculation of the bulk 
thermodynamic properties, and may be expressed as” 
jp/8 = 

M - (1 - p-’I3)  In - 0.5)/(8’/3 - 1) (13) 

with M = 0.29. 
Finally, it should be mentioned that the significant 

structures theory has been applied to polymers, giving 
reasonable results for polyethylene. 

Comparison of the Correlations. The functional 
form of eq 13 was found11 to be almost identical with 
9 = 0.247/p4 so that the surface tension is given by 

y = 0 154p* ’IST* 1/3/84 (14) 

where P* is in cal/cm3 and T* in OK. 
1 1 ,  the parachor eq 7 may be rewritten as 

Also, using eq 

i.e., in the same form as eq 14. 
A comparison between corresponding states and the 

solubility parameter correlations is afforded by replac- 
ing V in eq 4 by the volume of the polymer element, as 
given by Roe, i.e., eq 9. Furthermore the AE” taken 

(13) P. J. Flory, R.  A. Orwoll, and A. Vrij, J .  Amer. Chem. 

(14) I. Prigogine and L. Saraga, J .  Chim. Phys., 49,399 (1952). 
(15) C. W. Stewart and C. A. von Frankenberg, J .  Polurn. 

SOC., 86,3515 (1964). 

Sci., Part A - 2 ,  6, 1686 (1968). 
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Figure 1. 0 ,  literature experimental values; dashed line, cor- 
responding states theory (eq 1C-13); dotted line, parachor (eq 7); dot-dash line, solubility parameter (eq 16) for polyethyl- 
eneo,b,b,b (PE), polyisobutylenea~d~d~d (PIB), polystyrenef~~~h~e (PS), and poly(dimethylsiloxane)a,j.j,k (PDMS). The first 
reference gives the experimental data, the second the compressibility or P*, the third the thermal expansion coefficient or T*,  the 
fourth the density for use with the parachor. Parachor values are obtained from the group contributions of 0. R. Quayle, 
Chem Reo., 53,439 (1953). The references are found in the caption to Figure 2. 

The surface tension of polymers as a function of temperature: 

by ref 5 to be inversely proportional to 
P*/P2.1 so that eq 4 becomes 

Most liquids have P ,- 1.2 and hence the modified 
solubility parameter equation (16) is consistent with 
expression 14. The variation with temperature, how- 
ever, would only be half as large 

gives 6 2  = 

(16) = O , O ~ ~ P * ~ / S  T* l/aIPz. 1 

y-'dy/dT = - 2 . 1 ~ ~  (1 7) 
We conclude that the three approaches are very similar, 
as will be seen by the comparison of the theoretical 
expressions with experiment. In each case the depen- 
dence of y on molecular weight and tempera- 
ture is through the free volume, i .e.,  the expansion of 
the liquid above its close-packed volume, represented 
by P. We note that the solubility parameter had its 
origin as a means of evaluating intermolecular forces 
in liquids, making no explicit mention of free volume. 
Its success, however, in treating polymer systems seems 
due in large measure to a dependence of 6 on free 
volume. 16 

Detailed Comparison of Theory and Experiment 
Temperature Dependence of y. Figure 1 shows 

literature values of y ( T )  for liquid high polymers to- 

(16) J. Biros, L. Zeman, and D. Patterson, to be published. 

gether with values predicted from the corresponding 
states theory, eq 10-13, the modified solubility param- 
eter theory, eq 16, and the parachor relation, eq 7. The 
Schonhorn prediction, eq 6, does not give as good 
results; however, there are no adjusted parameters in 
his equation. The values of P* and T* for use in the 
above were obtained using standard techniquesll from 
equation of state data, given as a function of tempera- 
ture except for the compressibility of polystyrene which 
was only obtainable at  a single temperature. The values 
of P* and T* were found to vary slightly with tempera- 
ture, but the curves of Figure 1 would be negligibly 
changed by taking P* and T* to be fixed at  one tem- 
perature. The absolute values of y are given reason- 
ably well by all three correlations, but its temperature 
dependence is too small in the solubility parameter 
theory (cf. eq 8 and 17). It is notable that none of 
these theories introduces any special effect a t  the sur- 
face of a polymer liquid, such as a restriction in the 
number of configurations which would lower the sur- 
face entropy and also dy/dT. The success of the corre- 
sponding states and parachor approaches in predicting 
dy/dT implies that the restriction of polymer configura- 
tions a t  the surface plays a relatively minor role in 
establishing the surface tension, as noted by Roc9 

Molecular Weight Dependence of y. Figure 2 shows 
the experimental dependence of y on molecular weight 
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Figure 2. The surface tension of polymers as a function of molecular weight (the first reference gives the experimental data, the 
second the compressibility or P*, the third the thermal expansion coefficient or T*, the fourth the density for use with the para- 
chor): 0, literature experimental values; dashed line, corresponding states theory (eq 10-13); dotted line parachor (eq 7) for 
oligomers of polyei:hylenea~6~h~h (PE), i.e., n-alkanes at 20", polyisobutylenec,d,e,c (PIB) at 24"; polystyrene/.g,h3e (PS) at 176"; 
poly(dimethylsiloxane)',i,~k (PDMS) at 30"; poly(tetrafluoroethyelene)~~z~m~m (PF) at 20". Parachor values are obtained from 
the group contribut:ions of Quayle (see caption to Figure 1). Curve for the n-alkanes obtained from the solubility parameter equa- 
tion (16) and the Schonhorn equation (6) are indicated by a dot-dash line and 0, respectively: a F. D. Rossini, et ai., "Selected 
Values of Physical and Thermodynamic Properties of Hydrocarbons and Related Compounds," Carnegie Press, Pittsburgh, Pa., 
1953; R. J. Roe,J. Phys. Chem., 72, 2013 (1968). D. G. 
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for the oligomers corresponding to  the polymers of 
Figure 1 plus the perfluoroalkane series. Equation 1 
is seen to be obeyed. The corresponding states, eq 
10-13, have again been used to  calculate y for the 
different series and the correct dependence on M is 
predicted. The value of P* should vary little or not at  
all between members of an  oligomer series. However, 
for the n-alkanes the P* parameter was calculated for 
each member of the series using compressibility data; 
for the other series a constant value of P* was used ob- 
tained from compressibility data of either the high 
polymer or one of the oligomers. Values of T* vary 
considerably as the chain length of the oligomer changes 
and they were obitained for individual oligomers from 

thermal expansion coefficients. The points for the in- 
dividual oligomers are shown in Figure 2. Both the 
corresponding state theory and the parachor give 
straight lines for low molecular weights, which do  not 
extrapolate exactly to the high molecular weight value 
of y. The solubility parameter theory, eq 16, and the 
Schonhorn equation (6) give a curved dependence of 
y on M - 2 / 3  and the results are only shown for the 
n-alkanes. We conclude that both the corresponding 
states theory and the parachor yield satisfactory results 
for the molecular weight dependence of the surface 
tension, although possibly the former is more accurate. 

It is surprising that a general relation should exist 
between the surface tension and the molecular weight 
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which does not have a fundamental structural signifi- 
cance. Both the corresponding states and the parachor 
theories relate the decrease of y with decreasing M to 
an increase of the free volume of the liquid, as repre- 
sented by the reduced volume P or the reduced tem- 
perature p = TIT*.  One would expect a relation to 
exist between the decrease of y from y.;, i.e., y(M)! 
ym - 1 and the decrease of l,’T* from l/T*.;, i.e., 
T*,/T* - 1. We have found that for the polymers 
considered here, y (M) /ym - 1 is directly proportional 
to (T=*/T* - l)*I3.  Elementary arguments stemming 
from the significance of T* show that T.;*/T* - 1 should 
be very close to proportional to M-l, and this has been 
found to be the case for the present systems. Thus 
y(M)/yl .  - 1 is proportional to M-2j’3 which is equiv- 
alent to eq 1 .  

Conclusions 

We draw the following conclusions from this study. 
(1) The solubility parameter relation for y gives 

poor results when V is replaced in eq 4 by the polymer 
repeat unit, but the modified form, eq 16,  gives reason- 

able results. Nevertheless, the temperature dependence 
of y is too small and the Gaines-LeGrand relation, 
eq 1 ,  is not accurately predicted. 

(2) Both the corresponding states and parachor 
theories give satisfactory predictions of the tempera- 
ture and molecular weight dependences of y. I t  is 
probably fair to consider the corresponding states 
approach as a justification of the more empirical 
parachor method, However, the parachor is clearly 
far superior as regards practical utility since it requires 
only density data, whereas the corresponding states 
theory requires thermal expansion coefficients, and 
compressibilities or CED data. We suggest that the 
comparison of the parachor and corresponding states 
theory predictions should be continued as equation 
of state and surface tension data become available for 
more polymers. 
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ABSTRACT: Values of the polymer-solvent interaction parameter, X, are predicted using the solubility parameter 
theory and the corresponding states theory in the form given by Flory and collaborators. The theories predict 
a similar effect on x of changing molecular parameters such as the solvent chain length, polymer and solvent CO- 

hesive energy, and polymer flexibility. Surprisingly similar predictions are also given for the temperature and 
pressure dependence of X. The corresponding states theory treats the changes of volume occurring in polymer 
and solvent during mixing. The simple solubility parameter theory can also take these changes into account, 
although this is not apparent in its derivation. 

ccording to the solubility parameter theory2 A (SPT) the polymer(2)-solvent(l) interaction 
parameter, x, is related to the difference between the 
solubility parameters, 6, of the two components through 

VI 
RT x = - (61 - S?)* + p 

Here AEy  and V are the molar energies of vaporization 
and molar volumes; p is an  empirical constant absent 
in the original theory applied to mixtures of quasi- 
spherical molecules, but found necessary for polymer 
systems. 28. These simple equations have been of great 
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(2) J. H. Hildebrand and R. L. Scott, “Solubility of Non- 
electrolytes,” Reinhold, New York, N .  Y., 1950; (a) Chapter 
20; (b) Chapter 7 ;  (c) Chapter 8. 

utility in predicting polymer solubility and other poly- 
mer properties. The success of the theory is attested 
by its continued deve l~pmen t ,~ ,d  particularly for sys- 
tems with polar and hydrogen-bonded solvents, and 
until recently it was the only theory used extensively. 

In the last few years, however, the corresponding 
states theory (CST) of Prigogine5 has attracted atten- 
tion, particularly in the modified form of Flory and 
collaborators.6a This theory also gives6h the tempera- 
ture and pressure dependence of the x parameter which 
is generally considered to be beyond the powers of the 
SPT, and predicts a concentration dependence for x 
which is completely ignored by the older theory. Fur- 

(3) H. Burrell, Off, Dig. Fed. SOC. Paint Technol., 27, 726 
(1 95 5). 

(4) C. M. Hansen, J .  Pain( Technol., 39, 104, 505 ,  511 (1967), 
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lecular Theory of Solutions,” North-Holland Publishing Co., 
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