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ABSTRACT: Heats of mixing at infinite dilution hmE have been measured at 25 "C in linear and three highly 
branched alkanes in Cg, Clz, and c16 for nine atactic polymers: (A) four polymers made of segments having 
side groups, polypropylene, polyisobutylene, polybutene-1 and poly(dimethylsiloxane), (B) two polymers with 
linear segments, polybutadiene and polypentenamer, and, (C) three copolymers with different proportions 
of linear (ethylene) and branched (propylene) segments. Orientational order in polymers and solutions is 
investigated. haE is larger with the linear alkanes than with the branched alkanes for the type A polymers 
while the hmE are in the opposite order for the type B polymers. Ethylene-rich copolymers of class C have 
an order of heats similar to that of the B type while the propylene-rich copolymer belongs to class A. These 
results are interpreted as indicative of the presence of some orientational order in class B polymers which 
can be preserved in a solution of ordered solvents. Class A polymers are order destroyers of the long alkanes. 
The X12 parameter of the Flory equation of state theory is calculated and found unexpectedly negative for 
eight systems. Interpretation of an exothermic non-free-volume contribution to the heats is given in terms 
of steric hindrance of the very substituted branched c16 or in the case of the n-Clz and n-C16 solutions of increased 
order of the solvent in solution with the low free-volume ordered polymer. 

The early result in polymer solution thermodynamics 
of exothermic heats' in nonpolar systems was puzzling for 
several years. The theoretical work of Prigogine2 was 
instrumental in understanding an important contribution 
to the thermodynamics of polymer-solvent systems, the 
contribution due to the difference of state of expansion 
between the polymer and the solvent. This contribution 
to the heats of mixing is exothermic and can be calculated 
from equation of state theories. In polymer-solvent 
systems where the solvent is similar to the polymer in 
chemical nature, the combination of a large negative heat 
due to free volume differences with a small positive one 
caused by the difference in force field makes the total heats 
negative, a rare occurrence in nonpolymeric, nonpolar 
systems. In order to test quantitatively the free-volume 
theory, Patterson and Delmas3 have measured the heats 
of mixing at  infinite dilution (hmE) of polyisobutylene in 
linear alkanes. In this early work, the parameter char- 
acterizing the alkane consisted of a number of segments 
while in the subsequent Flory theory4 the less ambiguous 
expansion coefficient a, was used. 

A common feature of the hmE values in the series of the 
linear alkanes obtained with different atactic polymers 
(PIB, PDMS) was the regular increase of the heats with 
solvent chain length over the whole range of measurable 
heats at 25 OC, Le., from n-C, to n-C16. The hmE which was 
initially exothermic became endothermic for the longer 
alkanes. However, the slope of the heats vs. the carbon 
atom number was different from one polymer to another. 
The first explanation of this trend was the gradual 
disappearance of the exothermic contribution to the heats 
when the alkane chain became longer, leaving only the 
positive contribution for the longer alkanes. However, a 
quantitative comparison of the dependence of the heats 
on temperature or on the chain length with that calculated 
from the equation of state theories was not very SUC- 
c e s ~ f u l . ~ ~ ~  It was shown too that end effects in the alkane 
could not be responsible for the observed ~ a r i a t i o n . ~  

The next step in the understanding of the heats of the 
atactic polymers in the linear alkanes came from exper- 
imental and theoretical work on mixtures of branched and 
linear alkanes. Patterson et al.7-9 and our group'*13 showed 
that a shape-specific effect was occurring in mixtures of 
long alkanes, namely the destruction of correlation of 
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molecular orientations in the n-alkanes by mixing with a 
nonordered component. Studies of correlations of ori- 
entations in small molecules have been made calorimet- 
rically and by Rayleigh scatterineg on the same systems. 
They indicate that linear alkanes or mixtures of linear 
alkanes have correlations of molecular orientations. 
Branched alkanes or other isotropic globular molecules do 
not have these orientations. The mixing of an ordered 
liquid with a nonordered one destroys the order of the 
ordered liquid, the destruction being accompanied by an 
endothermic heat. 

Analysis of the heats of polybutene-113 in the n-alkane 
series as well as those of poly(dimethylsiloxane)e and 
polyi~obutylene~ shows that these polymers act in the 
alkane solution as order breakers of the alkane. Fur- 
thermore, it was found that very similar heats (or XI2 
values) are obtained with the linear alkane as a second 
component if the order breaker is either polybutene-1 or 
a small molecule such as 3,5-dimethylpentane, whose shape 
is similar to that of the polybutene-1 segment. 

Previous work on heats of mixing of atactic polymers 
was carried out in order to test the theories of free volume 
using the linear alkane series to obtain a range of values 
of the difference (ayp - a,) of the polymer and the solvent 
expansion coefficients. Globular molecules, like the 
branched alkanes, should be more suited for this purpose 
than linear alkanes since little or no heat of disordering 
of the solvent is expected to be added to the negative heat 
due to the free volume difference. 

In part 1, heats have been measured in linear alkanes 
and in three highly branched, nonordered alkanes, 2,- 
2,4-trimethylpentane (br-C8), 2,2,4,6,6-~entamethylheptane 
(br-Clz), and 2,2,4,4,6,8,8-heptamethylnonane (br-C16), as 
solvents. In order to obtain a more complete picture of 
order-disorder relationships, two kinds of atactic polymers 
were chosen. Polymers A comprised the compounds made 
of branched segments, polyisobutylene (PIB), poly- 
propylene (PP), polybutene-1 (PBu-l), poly(dimethy1- 
siloxane) (PDMS), which are expected to be order breakers 
of an ordered solvent. Polymers B consisted of the 
macromolecules made of linear segments of polybutadiene 
(PBD) and polypentenamer (PPmer), which could have 
some degree of order. Polymers C are three copolymers 
of ethylene and propylene which are expected to be order 
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breakers if rich in propylene and to have some order if rich 
in ethylene. In part 2, heats of the same polymers have 
been measured in other alkanes or hydrocarbons known 
to be sterically hindered. 

Experimental  Section 
Heats of Mixing. Apparatus. A tilting Tian-Calvet calo- 

rimeter was used as in previous work.13 The atactic polymer 
deposited as a film (30 to  80 mg) on the surface of a spiral 
container dissolves faster than when it is in the shape of a small 
ball. In this way, the length of time for the complete dissolution 
is quite similar to that of the mixing of two liquids. 

Reproducibility. Three to six runs were made, and the 
experimental values of hmE were averaged. The greatest difference 
between these values varied between 5 and 20% for the smallest 
hmE and 2 to 10% for the largest heats. 

Materials. Polyisobutylene. This sample Bh 505C was 
graciously given to us by Dr. G. J. Wilson of Polysar (Sarnia, 
Ontario, Canada). The molecular weight obtained by viscosity 
was 4500. The heats with this sample were quite comparable with 
those obtained previously on other  sample^.^ 

Polybutene-1 and Polypropylene. The atactic polymer was 
extracted from the isotactic ones according to the procedure 
described in ref 13. The molecular weight was about 20000 for 
PBu-1 and 6000 for PP as measured by intrinsic viscosities. 

Polybutadiene. The cis-1,4-polybutadiene used was a low 
molecular weight fraction obtained as in ref 15. 

Polydimethylsiloxane. The polymer was a commercial 
sample, Dow Corning DC 200, of 20000 molecular weight used 
in previous work.16 

Polypentenamer. The sample M, = 50000 was kindly given 
to us by Dr. Ofstead (Goodyear Tire and Rubber Co., Akron, 
Ohio). 

EthylenePropylene Copolymers. These were three random 
copolymers of the following compositions, 75, 63, and 33%, 
expressed in mole percent of ethylene. The origin of these samples 
is given in ref 17. 

Solvents. The three branched alkanes in Cg, Clz, and c16 and 
the linear alkanes were purchased from the Chemical Sample Co. 
(Columbus, Ohio). They were used without purification. 

Theory. The heats of mixing a t  infinite dilution were obtained 
from the experimental heats, the polymer volume fraction, 4 2, 
and the density, dz, by the relation: 

Table I1 shows haE for the different systems. 

polymer a t  infinite dilution is given by: 
From equation of state theories5J3 the heat of solution of a 

In this equation, O ( n  is the reduced energy, T1 and Tz are 
the reduced temperatures of the two components, and C is the 
configurational heat capacity. P2* is the pressure recfuction 
parameter of the polymer, and uz* is the volume reduction pa- 
rameter. s1 and sz are the surface-to-volume ratios of the 
componentq4 X12, like the parameter v2 used in other expressions, 
is a parameter related to the difference in force field- betwee? 
solvent and polymer. Using the van der Waals model, U = -1/V, 
in eq 2 ,  one obtains: 

where cy1 represents _the thermal expansion coefficient of the 
solvent and T* = T/T. In this simple model applied widely by 
Flory, the reduced volume of a pure component can be calculated 
by D113 = ( 4 / 3 ~ T  + l)/(cuT + 1) and the reduced temperature by 
T = 6-1 (1 - 6-113 ), hile ii2 = u ~ ~ ~ / u ~ * ~ ~  As an example, a(PDMS) 
= 0.887 x K-lso that ii(PDMS) = 1.2240, and u2* = 0.843 
from d(PDMS) = 0.969 cm3 g-l. The symbol hf,v,E will be used 
later as an abbreviation for the second term of the right-hand side 
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Figure 1. Comparison of the heats of a nonordered, order-breaker 
compound (a) in linear (0) and branched (0) alkanes with those 
of an ordered compound (b) in linear (0) and branched (0) 
alkanes. SnBu, (ref 10) and SnLaur, (ref 11) are examples of (a) 
and (b), respectively; n is the atom carbon number of the alkane. 

of eq 3. To obtain the X12 parameter from the experimental heats 
in eq 3, the parameters CY, P, and s are necessary. 

Equation of State Parameters for the Pure Materials. The 
densities, expansion coefficients, and pressure reduction pa- 
rameters can be found in ref 4b for PIB, in ref 13 for PBu-l,  in 
ref 15 for PBD, in ref 6 and 16 for PDMS, and in ref 18 for PP. 
A mole average of the d and P data of PP and PE has been used 
for the E P   copolymer^.'^ 

Solvents. The same data for the linear alkanes and 2,2,4- 
trimethylpentane have been obtained from the literature.20 Values 
of the thermal pressure coefficients needed to obtain P for br-Clz 
and br-CI6 are quoted in ref 21. Physicochemical data for polymers 
and solvents are given in Table 1. 

Calorimetric Test of Order in a Liquid. Measurements of 
heats of mixing of ordered and nonordered liquids have indicated 
that the comparison of HME in branched and linear alkanes (if 
the liquid is soluble in alkanes) gives a clear enough picture of 
the correlation of orientations. In small molecule mixtures, the 
comparison of heats between systems is usually made on HME, 
the maximum value of the heats made over all the concentration 
range. 

Figure 1 is a schematic representation of the heats vs. the 
number of carbon atoms of the alkane. Figure l a  is the profile 
expected if the liquid is an order breaker: (1) the heats are larger 
for the linear alkanes than for the branched alkanes and (2) they 
increase regularly with the chain length of the alkane with linear 
alkanes while they do not depend on the alkane size with branched 
alkanes. For an ordered liquid (Figure lb),  the profile is inversed: 
the heats are smaller in the linear alkane series than in the 
branched due to the fitting of the order of the two components. 
The larger heats with the branched alkanes correspond to the 
disturbance or destruction of the ordered liquid by the nonordered 
branched alkane. 

The purpose of the present work was to make the heat test on 
atactic polymers and to conclude if their order-disorder ability 
was in line with what one could have expected from the shape 
of their segment. 

Results and Discussion 
Table I1 gives the values of hmE, X12 sl, and hf,v,E for all 

the systems. In Figures 2 and 3, h,k has been plotted 
against the carbon atom number of the alkanes. Points 
for the linear alkanes (Figures 2a and 3a) and the branched 
alkanes (Figures 2b and 3b) have been plotted side by side 
to see clearly the differences between isomers of different 
shape. The characteristic features of the results are the 
following: 

(1) For the branched polymers (Figure 2), hmE is larger 
with the linear alkanes than the branched alkanes. 
Furthermore, hmE increases with the chain length of the 
alkane for linear alkanes while it does not depend strongly 
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Figure 2. hmE in J g-' for four atactic branched polymers and 
one ethylene-propylene copolymer in (a) linear and (b) branched 
alkanea vs. the atom number of the alkane: (0) PDMS, (v) PBu-1, 
(w) PP, (0) PIB, and (e) Cop 33% E. 
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Figure 3. hmE in J g-' for two linear polymers and two ethyl- 
enepropylene copolymers in (a) linear and (b) branched alkanes 
vs. the alkane carbon atom number: (v) PBD, (0) PPmer, (e )  
Cop 63% E, and ( 0 )  Cop 75% E. 

on the size of the solvent for branched alkanes. These 
atactic polymers with branched segments act as order 
breakers of the linear alkanes. 

(2) For the two linear homopolymers (Figure 3) PPmer 
and PBD, hmE for the branched alkanes is larger than for 
the linear alkanes, and there is no significant increase of 
hmE for the longer alkanes. This is interpreted as an in- 
dication of some fitting of the orientational order between 
the polymer segments and the solvent. 

(3) The two copolymers rich in ethylene have hmE which 
diminishes very rapidly with alkane chain length. This 
must correspond to a greater facility for the long chains 
to  be ordered. The negative value of hmE (and of Xlgl-' 
on Figure 5) for four systems may be indicative of a 
creation of order in solution. 

X12 Parameter. The X12 parameter of eq 3 corresponds 
to the experimental haE from which the free volume term 
has been deduced. Since the free-volume contribution does 
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Figure 4. X1$il for the branched polymers and Cop 33% E in 
(a) linear and (b) branched alkanes vs. the alkane carbon atom 
number: (0) PDMS, (v) PBu-1, (m) PP, (0) PIB, and (+) Cop 
33% E. The increase of Xlz for more volatile alkanes, particularly 
large for PIB, must be due to an overestimation of the free volume 
term when solvent and polymer have large expansion coefficient 
differences. X12 is negative for PP and Cop 33% E with the 
sterically hindered br-Cls. 
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Figure 5. Xlgl-' for the linear polymers and Cop 63% E and 
Cop 75% E in (a) linear and (b) branched alkanes vs. the alkane 
carbon atom number: (v) PBD, (0) PPmer, (e)  Cop 63% E, and 
(0) Cop 75% E. Xlz is unexpectantly large and negative for the 
copolymers in long alkanes and should correspond to the creation 
of order in solution. 

not vary too much from one system to another except in 
very volatile solvents (not studied here), one would expect 
the trends of X12 to be very similar to those of hmE. Figures 
4 and 5 show that it is indeed the case. For the order- 
breaker polymers, X12 is larger with linear alkanes than 
with branched alkanes and increases with the chain length 
of the linear alkanes. For the linear polymers, the order 
is reversed, while for the copolymers, X12 diminishes with 
linear alkane chain length as does haE. The X12 values for 

n n 
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the PIB system are seen in Figure 4a,b to be larger than 
those for the PP systems and to increase considerably for 
the lower alkanes. As it is not likely to correspond to a 
physical effect, it is believed to be due to the overesti- 
mation of the free-volume term for systems with large 
differences in expansion coefficient (a(P1B) = 0.55 X 
K-’, while it is around 0.7 X for the other polymers). 
For this reason, the points corresponding to X1+yl for the 
PIB systems have been joined by a dotted line. The graphs 
for Xlz have been submitted although they give no more 
information than hmE because it is an accepted way of 
presenting the results. Furthermore, comparison with 
small molecule systems can be carried out on X12 but not 
on hmE. Negative X12 values which appear for eight 
systems will be discussed later. 

Order-Disorder Contribution to the Heats at In- 
finite Dilution. The experimental heats of mixing, hmE, 
are the result of various contributions. These contributions 
are associated with the many ways a solvent and an atactic 
polymer can be dissimilar. The difference in force fields 
gives rise to the positive contribution hchemE, while in the 
expansion coefficient i t  is denoted by the negative term 
hf,v.E. The diversities in “structure” or “order” between 
the polymer and the solvent correspond to the positive hhE 
contribution. In a formal way, one can write the exper- 
imental heat as the sum of these three contributions even 
if it is not proven that they are additive and independent. 

(4) 

In eq 3, the first term with X12 includes both hchemE and 
hdi8E. The difference in heats between two isomers of 
unlike shape can give information on the contribution 
which is sensitive to the shape hdi:. I t  is reasonable to 
assume that the free-volume and force-field contributions 
are very similar in two isomers, one a linear and the other 
a branched alkane, so that: 

hmE = hhemE + hdkE + hf,v,E 

AH = hmE(lin) - hmE(br) hdi: (5) 

In Figure 6, AH has been plotted versus the carbon atom 
number of the solvent for the different polymers. 

A positive sign of the difference AH (i.e., larger heats with 
the linear alkane) is an indication of destruction of ori- 
entational order of the long alkane by the atactic polymer. 
This is the case of five polymers with branched segments 
PP, PBu-1, PDMS, and PIB and the 33% E copolymer 
EP when they are mixed with long alkanes in C12 and C16. 
The extent of the destruction of orientational order ap- 
pears to be different for these five polymers, but it may 
rather be due to other contributions not identical between 
the linear and the branched alkane. This is the case of PIB 
whose large steric hindrance produced by the two methyl 
groups causes special effects (cf. part 2). The disorien- 
tation of the alkane chains may be less extensive in a 
solution of the 33% E copolymer because of the presence 
of the ethylene segments which align themselves partially 
with the solvent. PP and PBu-1 give very similar values 
of the difference as could be expected from their segment 
shape. The positive slope of AH vs. n is in agreement with 
orientational order increasing with the chain length of the 
alkane. PDMS appears to be a less efficient order breaker, 
but again it may be due to the nonvalidity of the as- 
sumptions that eq 5 can be substituted for eq 4. hchemE 
may be different for the branched and linear alkanes 
because of the slightly polar character of the PDMS 
segment. 

A value of AH near 0 means that the disordering con- 
tribution is negligible or that compensation of the different 
terms in eq 4 makes it appear so. AH is near 0 for n-octane 
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Figure 6. AH = kE(lin) - haE(br) for the nine polymers vs. the 
alkane carbon number. A positive AH corresponds to an or- 
der-breaker polymer and a negative AH corresponds to an 
“ordered” polymer. The large negative AH values obtained for 
the copolymers with n-Clz and n-C16 indicate the ordering of the 
solvent by the low free volume copolymers: (+) PBu-1, (w) PP, 
(0) PDMS, (+) PIB, (v) PBD, (0)  PPmer, (0) Cop 33% E, ( 0 )  
Cop 63% E, and ( 0 )  Cop 75% E. 

with the order-breaker polymers PP and PBu-1, since a t  
25 “C orientational order is small for n-octane. 

A negative sign of AH (i.e., larger heats with the branched 
alkane than the linear alkane) is an indication of orien- 
tational order in the polymer being destroyed by the 
globular solvent, the linear solvent fitting its chains with 
those of the polymer. In this category, there are PBD and 
PPmer on the one hand and the two ethylene-rich co- 
polymers on the other. The alignment of the polymer 
segments of PBD and PPmer seems to be easier with short 
chain alkanes like octane. Due to the presence of a double 
bond every four and five bonds in these polymers, one 
would not expect a longer range order. In solutions of 
longer alkanes like hexadecane, PBD and PPmer must act 
partially as order breakers and partially as ordered 
polymers so that the average AH is small. The 63 and 75% 
ethylene copolymers have long ethylene sequences. From 
the large negative values of AH with long chain alkanes, 
it can be reasonably concluded that they fit their long 
chains better with long alkanes than with short ones. It 
is interesting to note that the 33% sample is an order- 
breaker polymer when in solution with a long alkane (AH 
> 0), and it fits the orientations of its ethylene sequences 
when mixed with a short linear alkane (n-C,). This is not 
in contradiction with the finding that there is little ori- 
entational order in short chain alkanes at 25 “C. Ori- 
entational order depends as much on free volume as on 
chain length only. The low free volume of the copolymer 
is favorable to orientational order in solution between the 
short ethylene sequences of the copolymer and the short 
alkanes. 

AH being an experimental quantity does not depend on 
any parameters used to calculate Xl$l-’ or hf.v.E. The 
free-volume term and X1gl-l depend much more on the 
difference of expansion coefficients of the two components 
than on the surface to  volume ratio parameter and the 
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pressure reduction parameter P. The error in comes 
from some incertitude in the expansion coefficient of some 
of the atactic polymers and from the model used. In the 
systems presented here, the differences in hmE from one 
system to another are large enough so that the general 
interpretation does not depend on the exact value of the 
calculated parameters. 

Negative Xlz Parameters  and  Ordering of the  
Solution. A negative value of the Xlz parameter is found 
for eight systems, four with an order-breaker polymer (PP 
and Cop 33%) in solution with br-C16 and n-C8 and four 
with linear alkanes (Cop 63% E and 75%). These negative 
values mean that there is another negative contribution 
to the heats other than that of the free volume, which is 
not explicit in eq 5. In the systems involving br-CI6, this 
contribution must be the steric hindrance contribution 
found to occur in nonpolar systems with alkanes substi- 
tuted on the same carbon atom or on neighboring carbon 
a t o m ~ ~ , ~ ~  and with other compounds.z3 In the case of 
polymer solutions, the calorimetric study of this contri- 
bution is considered in part 2. The negative value of Xlz 
obtained with the two ordered polymers in the n-alkanes 
is quite unexpected and interesting. The origin of these 
values can be understood if one appreciates that two 
factors contribute to the extent of correlation of orien- 
tations, namely the fit of the molecular segments of similar 
shape and the low free volume of the mixture. With small 
molecule mixtures, the effect of the shape has been in- 
vestigated more extensively than the effect of free volume. 
However, it has been found (either by raising the tem- 
perature or by using an order breaker of different vola- 
tility) that orientational order of n-C16 for instance drops 
quite fast when the free volume of the surrounding 
molecules increases. Using a polymer as the second 
component lowers considerably the free volume of the 
solvent. If the polymer and the solvent can fit their 
segments, as is the case with the high ethylene content 
copolymers and the linear alkanes, then the solution will 
indicate an increased order of the ordered alkane as shown 
by negative heats or negative Xlz. The large negative AH 
values for these systems have the same origin. I t  is our 
intention to perform other measurements on the same 
systems such as excess heat capacity and heats a t  higher 
concentrations in order to support this hypothesis. 

The order-disorder contribution could have been dis- 
cussed from data on the Xlz parameter or from differences 
in the X12 parameter between the linear and the branched 
alkanes. The same qualitative results would have been 
obtained. 

Orientational Order  and  Free Energy. Intrinsic 
viscosities [a]  have been measured in linear and branched 
alkanes for the copolymerslg and some  homopolymer^^^ in 
order to know the effect of orientational order and steric 
hindrance on the free energy of mixing or on the quality 
of a solvent. I t  has been found on these systems that a t  
infinite dilution of polymer, correlations of orientations 
between solvent and polymer lower the free energy. Other 
measurementsz4 indicate that, for nonpolymeric systems, 

there is a partial compensation between the enthalpic and 
entropic contributions at the concentration of the maxi- 
mum of GE so that the overall effect is smaller than on the 
heats alone or at infinite dilution. A[,,] values can be 
calculated for the viscosities in a similar way as in eq 5 and 
compared to AH. If the A,,, are very small whatever the 
values of AH, it means that there is an enthalpic-entropic 
compensation in the order-disorder contribution. If A[,,] 
are of the opposite sign of AH, it means that the enthalpic 
term corresponding to orientational order is dominant in 
the free energy (the opposite sign comes from the fact that 
a lower free energy corresponds to a higher intrinsic 
viscosity). This happens in the copolymer systems since 
eight out of nine A[,,] have the opposite sign to AH. I t  is 
not meaningful to compare the variation of A[,,] and AH 
with alkane chain length for all the systems since the 
combinatorial entropy (not necessarily the same for the 
branched and the linear alkane) influences A[,,] and not AH. 
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