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Introduction. Elucidation of the molecular factors 
which control the miscibility of hydrocarbon alloys has 
been of great scientific and commercial interest for many 
years. 1,2 Recently, saturated polyolefin blends have 
been intensively studied experimentally using modern 
synthetic methods and characterization tools such as 
small-angle neutron scattering (SANS).3-7 A variety of 
complex physical phenomena have been uncovered 
including failure of group contribution 
strong deuteration swap  effect^,^!^ failure of mean field 
random copolymer t h e ~ r y , ~ , ~ , ~  unusual temperature 
dependences of the effective  parameter,^-^ and nega- 
tive 2-parameters in special olefin  blend^.^ As discussed 
by the  experimentalist^,^-^ none of these effects appear 
understandable based on the simplest, incompressible 
Flory-Huggins mean field theory. The latter accounts 
only for the “bare” chemical interactions within a 
random mixing, constant volume, lattice model frame- 
work. Moreover, counter to most  experiment^,^-^ this 
simple theory suggests polyolefins should be miscible, 
even at  low temperatures, since the bare enthalpic 
X-parameter is extremely small due to the fact that 
olefin monomers have the same chemical formula. 
Attempts to rationalize the recent blend data based on 
compressible “equation-of-state” theories2 (with empiri- 
cal parameters) have also not been su~cess fu l .~ -~  

Recently, different interpretations of the non-mean- 
field behavior cited above have been advanced, including 
enthalpy-based empirical solubility parameter 
and a nonlocal excess entropic mechanism.6 Incom- 
pressible field theoretic work8 has suggested the prime 
importance of nonlocal excess entropy effects within the 
context of an athermal, quasi-universal description of 
polyolefins. In contrast, liquid state Polymer Reference 
Interaction Site Model (PRISM) theoryg-12 and com- 
puter simulation13J4 studies suggest excess entropic 
effects are small for experimentally relevant models, 
and correlated local enthalpic effects control the excess 
free energy of mixing.gJOJ2J5 

The goal of the present communication is to explore 
these issues using recently developed “melt-calibrated” 
chain models which mimic the behavior of real hydro- 
carbon chains,16J7 combined with the technically sim- 
plest liquid state theory approach. Two fundamental 
questions are addressed. (1) What is the influence of 
conformational and interchain energetic asymmetries 
on blend miscibility? (2) Is there microscopic theoretical 
support for the validity of a solubility parameter ap- 
proach? What are the nature and origin of “irregular 
mixing” behavior which signal the inadequacy of such 
an approach? Our calculations provide a simple frame- 
work to  understand many of the puzzling experimental 
trends as a consequence of competing, nonadditive 
asymmetry effects. New strategies for the rational 
control of compatibility and design of miscible hydro- 
carbon alloys are also suggested. 

Theoretical Approach and Model. Our approach 
to  predicting blend miscibility is to employ PRISM 
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theory for athermal (repulsive hard core) packing cor- 
relations combined with a thermodynamic perturbation 
approximation for the attractive interaction contribu- 
tions to the free energy of mixing. Based on the free 
energy route to the thermodynamics,1°J2J8 and under 
the assumption that the chains remain ideal in the 
mixture (Le., adopt a composition-independent intramo- 
lecular structure), the effective X-parameter follows from 
differentiation of the blend free energy per site aslo 

where $J is the volume fraction of A sites, p is the total 
site number density in the blend, PA = dp, PB = (1 - 
@)p, u M d r )  kMM(r)l are the attractive tail potentials 
[interchain radial distribution functions] between spe- 
cies M and M ,  and Fa is the excess noncombinatorial 
blend free energy associated with the repulsive interac- 
tions (explicit statistical mechanical expressions are 
available1°-13). The second equality defines athermal 
and thermal X-parameters. The spinodal instability 
corresponds t o  the condition X N  = 2 for a q5 = l12 and 
NA = NB N binary mixture. Thermodynamic pertur- 
bation theory, or the so-called high-temperature ap- 
proximation (HTA), has been adopted in eq 1 corre- 
sponding to  the physical assumption that the inter- 
molecular packing is determined entirely by the steric 
repulsive forces.18 This approximation is particularly 
appropriate for high molecular weight polymer blends. 19,20 
In specific applications to experimental systems, the 
athermal g(r)’s depend implicitly on T via the reduced 
density and chain aspect ratios. Prior PRISM and 
computer simulation studies of SFC model mixtures 
have found that the excess entropic xa is small and not 
important for experimentally relevant chain lengths and 
conformational a~ymrnetries.~-l~ Hence, we drop it and 
focus solely on the correlated enthalpy contribution XB. 
Thus, PRISM theory with the Percus-Yevick clo- 
sure18,21 is employed only to compute the pair correlation 
functions associated with local hard core packing, a 
problem for which it provides very accurate predictions 
when compared with exact computer simulations of 
athermal melts16,22 and blends.13J4 

In the specific numerical applications, we employ the 
“melt-calibrated discrete semiflexible chain (SFC) 
model16 discussed in depth elsewhere. l7 We believe this 
is a minimalist model in the sense it captures the 
essential conformational (local and global) and inter- 
molecular attractive energy differences between real 
polymer molecules within a computationally and con- 
ceptually simple intermediate-level de~cripti0n.l~ The 
homopolymer SFC model is characterized by a site hard 
core diameter d,  a nearest neighbor bond length L = 
d12, bond bending energy Eb, and degree of polymeri- 
zation N.  These parameters are chosen so that based 
on PRISM theory the resultant model accurately mimics 
both the single-chain conformational characteristics and 
the average carbon center interchain packing in the 
melt.17 The key conformational parameter is the chain 
aspect ratio defined as r = old, where o2 = 6Rg2IN and 
R, is the radius of gyration. For flexible hydrocarbon 
polymers a rather narrow range of = 0.8-1.4 is 
relevant.1°J7 For simplicity, we consider a 50150 binary 
blend composed of A and B species of identical degrees 
of polymerization. The A and B chains are character- 
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ized by different aspect ratios, r A  and r B ,  which mimic 
the conformational asymmetries associated with differ- 
ences in backbone characteristic ratio and monomer 
structure (e.g., shape, branching). More precise con- 
nections with specific polymers have been discussed 
elsewhere,1°J7 but are not the primary focus of this brief 
communication. For example, r 1.2 for polyethylene 
(PE) and 1.0 for poly(ethylethy1ene) (PEE). A “struc- 
tural asymmetry” variable is defined as AI- = r B  - r A  
or y = r B / r A ;  a mean aspect ratio is Tav = (r.4 + rB)/2. 

Each elementary site of a chain interacts intermo- 
lecularly via a pair-decomposable hard core repulsion 
plus attractive tail potential. The hard core diameters 
of the A and B monomers are taken to  be equal, and 
the tail potentials are given by the shifted Lennard- 
Jones-like form: uMw(r) = ~ ~ ~ t 1 x - l ~  - 2 x 3 ,  where x = 
r/d and E M M  > 0 quantifies the attractive van der Waals 
interaction for sites of type M and M when in contact. 
The energetic or chemical asymmetry between the 
species is characterized by the ratio parameter A2 = EBB/ 
c f i ,  which can be estimated based on group contribu- 
t i ~ n ~ ~  or molar attraction constant24 tables and the 
known monomer structure. For example, ;I 1.04 for 
a PEFEE blend. In principle, the cross energy CAB is 
also an independent, system-specific variable. However, 
in the spirit of considering a minimalist model, we adopt 
the Berthelot estimate CAB = ( E B B E ~ ~ ) ’ ”  = kfi. 

The reduced liquid density is chosen to be pd3 = 1.375, 
which guarantees an experimentally realistic melt 
compres~ibility.~’ For simplicity, we assume the excess 
volume of mixing is zero and the reduced blend density 
is composition-independent. Thus, for fixed N ,  bulk 
density, and blend composition, our minimalist model 
is characterized by two chain structural parameters, A r  
and rav (or equivalently r A  and r B ) ,  and one energetic 
asymmetry parameter A. Temperature enters in a 
dimensionless form as k B T f c f i .  Our present goal is to 
determine the effective X-parameter, and hence the 
spinodal boundary, as a function of the three parameters 
A r ,  Tav, and A. 

Before discussing the numerical results, it is instruc- 
tive to express the thermal %-parameter in terms of two 
distinct contributions 

Communications to the Editor 8693 

where the second term is implicitly defined. Incom- 
pressible Flory theory is recovered if a literal mean field 
approximation is invoked, i.e., gMM(r) = 1, resulting in 
a “bare” xo = (10z/9)pd3/3~fi(A - 112, where /3-l is the 
thermal energy. The first term in eq 2 includes non- 
random packing corrections and arises from. taking 
compositional derivatives only on the factor p ~ p w  in eq 
1. The second term in eq 2 describes enthalpic contri- 
butions associated with composition-dependent changes 
in local blend (athermal) packing. 

Within the above thermodynamic perturbative frame- 
work, to obtain a solubility parameter theory requires 
two additional  approximation^.^^ The “diagonal” M = 
M contributions to XB in eq 1 are computed using the 
pure one-component melt radial distribution functions, 
and the AB cross term is approximated by the geometric 
combining law involving the pure component diagonal 
terms. [This latter approximation does not have the 
same theoretical basis as its microscopic energy analog 
cm = (EBp,€fi)1’2.] Under the above conditions, the 
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Figure 1. Intermolecular site-site pair correlation functions 
for r = 1.0 (F) and 1.2 (S) chains in a 50/50 blend and their 
respective melts (MI. The inset shows the intermolecular 
pairing function defined in the text for four choices of aspect 
ratios. 

second term in eq 2 vanishes, and the first term reduces 
to a “Hildebrand X-parameter” 

where gM,&) denotes the athermal pure melt radial 
distribution function of species M and melt cohesive 
energy parameters have been defined. Note that dif- 
ferences between our computed XB and XH arise solely 
from the consequences of the two additional approxima- 
tions mentioned above. Although XH can never be 
negative, subtle competitions between the conforma- 
tional and energetic asymmetries can occur since local 
chain architecture enters via its influence on the radial 
distribution functions. This point has been analytically 
discussed within an idealized Gaussian thread model 
framework, and qualitative consistency with much of 
the non-mean-field experimental observations has been 
demonstrated.1°J7 However, this prior work does not 
address why a microscopic Hildebrand-like theory should 
work, or its range of validity and the nature of the 
deviations from a multicomponent statistical mechan- 
ical calculation. 

Results and Discussion. We have carried out 
extensive model calculations of blend pair correlations 
and effective X-parameters. Here we present the most 
important results for N = 2000 and 4 = 0.5. A full 
discussion, including many applications to specific 
experiments, will be given elsewhere.26 

Figure 1 presents results for interchain site-site pair 
correlations. There are at least three important fea- 
tures. (1) Locally, g(r) is larger for the higher aspect 
ratio species, as expected based on standard entropic 
packing arguments.16J8,21 (2) Significant changes of the 
melt AA and BB pair correlations can occur upon 
blending. In the example shown, the packing of the 
more flexible chain is enhanced locally, while the stiffer 
chain is much more weakly perturbed. We caution that 
the precise magnitude and direction of the local struc- 
tural changes are nonuniversal.11J2 (3) The tendency 
for clustering of like species can be quantified by the 
function &(r) = gfi(r) + g B B ( r )  - &AB(?-), which is 
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Figure 2. Calculated blend (solid line) and Hildebrand 
(dashed line) %-parameters in units of the reduced thermal 
energy as a function of the chemical asymmetry variable for 
four cases of structural asymmetry. The symbols attached to 
the curves are guides to the eye for identifying the various 
cases. The arrow labeled xo shows the mean field Flory 
prediction (see text) for 1 = 0.9 and 1.1. 

shown in the inset. This function is remarkably small 
in absolute magnitude, but even values of produce 
values of XB which are significant for high polymers 
since the melt cohesive energy is of order kBT. The 
tendency for local clustering increases strongly as the 
stiffness mismatch A r  increases, but is a weak function 
of mean aspect ratio at  fixed Ar.  These athermal 
structural correlations are the key input into our theory 
of the enthalpic X-parameter and blend miscibility. 

In Figure 2 we present representative results for the 
dependence of the blend and Hildebrand X-parameters 
on chain aspect ratios and the energetic asymmetry 
variable A.  Simple Flory theory (as discussed in the 
Introduction) would be a parabola centered about A = 1 
and x = 0. The major trends for XB, and qualitative 
connection to experiments, are as follows. (1) The 
X-parameter is predicted to be a nonadditive, nonmono- 
tonic function of the conformational and energetic 
asymmetry variables. (2) XB is relatively large and 
positive when the structural and energetic asymmetries 
“reinforce”, i.e., y > 1 and A > 1. This situation 
corresponds to the physical statement that the larger 
aspect ratio, “better packing” polymer is also character- 
ized by more attractive van der Waals interaction. 
In polyolefins, chain branching tends to reduce the 
effective aspect ratio and weaken the interchain 
a t t r a c t i ~ n s , l ~ J ~ J ~ ~ ~ ~  so a large fiaction of possible hy- 
drocarbon alloys are in the “reinforcement regime”. 
These features, plus trend (1) above, immediately lead 
to the prediction of a “deuteration swap” e f f e ~ t ; ~ . ~  i.e., 
XB increases when the more flexible chain is deuterated 
(increase of 2 )  and XB decreases when the stiffer chain 
is deuterated (decrease of A). (3) A minimum x-param- 
eter occurs for an optimal value of chemical asymmetry 
which is in the vicinity of the minimum of XH (corre- 
sponding to equality of melt solubility parameters). (4) 
Negative values of XB are predicted when the structural 
and chemical asymmetries are sufficiently large and i f  
the system is in a “compensation regime”, defined as y 
> 1 and 2 < 1, or vice versa. This unexpected result 
suggests novel strategies for achieving miscibility of 
hydrocarbon polymers of significantly different mono- 
mer structures, and may provide a theoretical basis for 
understanding certain polyisobutylene blends5 which 
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Figure 3. Same format as Figure 2, but a comparison of the 
full blend prediction with the first term in eq 2. 

exhibit low T values of x as small as -0.01. (5) In the 
reinforcement regime, the positive X-parameter in- 
creases strongly as AT increases and decreases as mean 
aspect ratio increases at  fixed structural asymmetry. 
The latter trend provides a basis for understanding the 
origin of the failure of random copolymer theory for 
binary blends of PEPEE random copolymers and re- 
lated  system^.^^^,^ (6) Since the factor & is of order 1 
at typical temperatures,1°J7 our predicted absolute 
magnitudes are consistent with experiment~.~1~2~ (7) A 
non-mean-field T-dependence of XB may occur due to 
polymer-specific thermal variations of aspect ratios. 

The second major issue addressed in Figure 2 is the 
relation between the full blend prediction for the en- 
thalpic X-parameter and the microscopic Hildebrand 
solubility parameter calculation. In the asymmetry 
reinforcement region characteristic of most olefin blends 
there is good agreement, which provides theoretical 
support for the validity of the two additional ap- 
proximations required to obtain a solubility parameter 
theory discussed above eq 3. The level of agreement 
between XB and XH tends t o  improve as the structural 
mismatch decreases and/or the mean aspect ratio 
increases. However, significant differences occur as the 
compensation regime is approached and/or entered. The 
“negative” deviations (XB < XH) are generally predicted 
to be larger, which perhaps provides a theoretical basis 
for the observed mixing i r regular i t ie~.~,~ 

The origin of the rich predictions for XB is the two 
terms in eq 3. In Figure 3 the differing behaviors of 
these two contributions are displayed by comparing the 
first term in eq 2 with XB. The first term is an enthalpic 
contribution of a simple mean field exchange energy 
form, but with nonunity pair correlation functions. In 
the asymmetry reinforcement region, this contribution 
is the largest and is qualitatively similar to XH. How- 
ever, near or in the compensation regime the second 
term, AXB, can change sign and become dominant. 
Thus, the physical origin of a XB < 0 is the composition- 
dependent changes in blend packing. 

An attempt to find simple relations, or a data collapse, 
of our numerical results outside the strong asymmetry 
compensation regime is presented in Figure 4. XB 
divided by a measure of the conformational asymmetry 
is plotted versus the mean aspect ratio for several 
choices of the chemical asymmetry variable relevant to 
polyolefins and three experimentally relevant values of 
A r .  The characteristic shape is qualitatively the same 
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Figure 4. Scaled blend X-parameter versus average blend 
aspect ratio for three values of the chemical asymmetry 
variable. Results are shown for three values of AI- = 0.05, 
0.1, and 0.2. At fixed TaV, the value of x$[(BEAJ(A~)~  decreases 
monotonically with AT. 

for all cases, and implies that a t  fixed aspect ratio 
difference XB increases as rav decreases. This trend is 
the origin of the failure of random copolymer theory, 
and is in good accordl0Sz6 with polyolefin  experiment^.^^^ 
Very good superposition is found for the /z = 1 "chemical 
symmetric" case. At fixed /z the quality of the collapse 
of different AT blends decreases with increasing chemi- 
cal asymmetry, but collapse of the I. dependence at  fixed 
Al- improves as the structural asymmetry increases. 
Even in the worse case, well over an order of magnitude 
variation in XB is reduced to a factor of 2-3 variation 
in x$(Ar)z. 

The influence of several physical features on the 
results of our minimalist modeVtheory remain to be 
carefully determined. These include (i) atomistic poly- 
mer structural f e a t u r e ~ ~ ~ J ~ J ~  such as explicit chain 
branching, (ii) mixing volume changes, (iii) nonideal 
conformational perturbations in the blend, and (iv) 
possible T-dependent modifications of local packing 
(beyond HTA).9,zo Detailed, quantitative applications 
to many polyolefin blends are in progress and will be 
reported in the futureeZ6 Preliminary results show 
encouraging agreement between the rich experimental 
behavior and our minimalist theory. However, there 
are cases not well treated which primarily involve 
particular homopolymer/homopolymer blends with small 
positive X-parameters, possibly reflecting highly specific 
local blend packing effects which are not adequately 
captured by a coarse-grained SFC model. Finally, we 
suspect our theory will also be useful for understanding 
the miscibility of polydiene alloysz7 and the local archi- 
tecture dependence of the microphase separation transi- 
tion temperature of block copolymers.6 
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