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ABSTRACT The polymer reference interaction site model (PRISM) theory is applied to the study of tacticity 
effects in blends of poly(viny1 chloride) (PVC) and poly(methy1 methacrylate) (PMMA). The single-chain 
structure factors required as input to the theory are computed using Monte Carlo simulations based on 
rotational isomeric state (RIS) statistical weights. The PRISM results agree with the observed experimental 
trends for the systems where data are available. The observed and predicted trends appear to arise from 
a competition between effects due to local conformations and those due to overall chain stiffness. 

Introduction 
Blending or alloying of polymers is a method of 

producing desirable materials without the effort of devising 
new syntheses. Discovering miscible blends can be dif- 
ficult, however, for two reasons: (1) unlike small molecules, 
polymers tend not to mix, and (2) whether two polymers 
do mix is determined by a subtle balance of competing 
factors. Even a slight modification of one polymer in a 
miscible pair may render the pair immiscible. Conse- 
quently, the search for new blends often involves a great 
deal of trial and error, due to the difficulty of treating 
such subtle effects theoretically. This paper describes an 
approach for modeling one of the these effects: the 
influence of tacticity. 

It is known experimentally that poly(methy1 methacry- 
late) (PMMA) varies greatly in its miscibility with poly- 
(vinyl chloride) (PVC) and related polymers (Saran and 
chlorinated PVC) according to the tacticity of the 
PMMA.1-5 Tacticity effects have also been observed in 
phase diagrams of poly(ethy1 methacrylate) mixed with 
poly(viny1idene fluoride) (PVDF). Blends of PMMA and 
PVDF phase separate a t  high temperatures! but because 
of thermal decomposition of the PMMA it has not been 
possible to directly determined the effect of PMMA 
tacticity on the miscibility of this system. Measurements 
of melting point depression, however, indicate that isotactic 
PMMA (it-PMMA) interacts more strongly with PVDF 
than does syndiotactic PMMA (st-PMMA).’ Tacticity 
effects have been seen in polystyrene/poly(vinyl methyl 
ether) blends as well.* 

These effects have variously been explained as due to 
differences in chain conformation with t a ~ t i c i t y , ~ ~ ~ ~ ~  to 
equation of state contributions,399 to differences in inter- 
action energies,“ and to changes in chain conformation 
upon blending.1° These different explanations are not 
necessarily inconsistent with each other. For example, 
the equation of state theories,ll based on thermodynamics, 
leave open the issue of the microscopic causes of the effects 
they describe. The purpose of this study is to probe the 
molecular origin of tacticity effects on blend miscibility 
using the PRISM theory of polymer blends. The systems 
studied are PVC/PMMA blends, for which unambiguous 
experimental phase data exist. 

The polymer reference interaction site model (PRISM) 
theory is an off-lattice integral equation theory able to 
account for chemical detail in predicting the structural 
and thermodynamic properties of polymer systems in the 
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liquid state.12-15 A PRISM calculation takes as input the 
single-chain structure factor, D(k), of each component of 
the system. This function is the Fourier transform of the 
intramolecular pair distribution function and may be 
computed using Monte Carlo simulations based on 
rotational isomeric state (RIS) theory.16 In using this 
information, PRISM theory is able to capture the effect 
of chain microstructure, including tacticity, on miscibility 
behavior. In this study, it is in the single-chain structure 
factor that the effects of tacticity are directly manifested, 
in that the tacticity of a vinyl chain has a great effect on 
the distribution of conformations that the chain adopts. 

Theory 
PRISM theory is treated extensively el~ewhere1~16 and 

will only be summarized here. In the PRISM picture, a 
polymer molecule is represented as a set of connected 
interaction sites, each site being an atom or small group 
of atoms. The sites are understood to interact with sites 
on other molecules through spherically symmetric po- 
tentials. In this investigation, these are hard core po- 
tentials with Lennard-Jones tails: 

Here, CY and /3 refer to site types; ea@ is the Lennard-Jones 
well depth, and Ua,9 is the hard core diameter. 

The theory is based on the site-site Ornstein-Zernike 
(OZ) equation of Chandler and Andersen17 for molecular 
systems in the liquid state: 

H(r) = Sdr’Sdr’’ Q(lr-r’l) C(Jr’-r’’l)[Q(r”) + H(r”)] (2) 

Here, H(r) is the matrix of intermolecular site-site pair 
correlation functions for all possible pairs of site types; 
C(r) is the corresponding matrix of direct correlation 
functions, and Q(r)  is the matrix of intramolecular site- 
site distribution functions. Note that, because the ele- 
ments of the above equation are matrices, it in general 
represents a set of coupled integral equations. 

In eq 2, the site and molecular densities have been 
adsorbed into the various matrices. The elements of H(r) 
are pap&,&-). The elements of Q(r) are ?io,@@) for sites 
CY and /3 in the same chain (chain i) and zero for a and /3 
in different chains. The elements of C(r )  are simply 
caB(r), the site-site direct correction functions. Here, pa 
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and pp refer to the number densities of sites OL and 8, and 
~ireferstothenumberdensitvofsitesofall twescontained 
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. .  ". 
in chain i. 

It is through the Q(r) matrix that the single-molecule 
structure enters the OZ eauation. The definition of the 
partial intramolecular disirihution functions, w,p(r), is as 
follows: 

Here, the expressions j t (OL) and k e {S) indicate that the 
subscript j is summed over all sites of type a and that k 
is summed over all sites of type 8. Ni is the number of 
sites in chain i, the chain in which sites of type a and 8 
occur. (For a and 8 in different chains, om,&) is zero.) The 
meaning of the term 'site type" is discussed below. The 
angle brackets in eq 3 indicate a Boltzmann average over 
all conformations. A rotational isomeric state (RIS) Monte 
Carlo scheme is used in this study to perform this average. 

In PRISM theory, two sites are equivalent (of the same 
type) if their direct correlation functions with all other 
sites are equal to each other. That is, sites j and k are 
equivalent ifcjdr) = c d r )  forallsites 1. Foralinearpolymer 
chain whose degree of polymerization (or number of sites) 
is N ,  there are N/Z chemically distinct sites and thus in 
principle N / 2  site types. Treating these sites as distinct 
within theOZequation wouldmake theequationinsoluble 
for practical purposes-it would require solving of order 
Wcoupled integral equations. However, in a long polymer 
chain, sites away from the ends experience environments 
very similartoeachother andmay be treatedasequivalent. 
If explicit end effects are neglected, the number of site 
types may be greatly reduced, down to the number of 
locally chemically distinct sites in the body of the chain.l' 
This is the approximation that renders PRISM theory 
tractable and has been shown empirically-hy comparison 
to simulations and experiments-to he a good one.18 

While the OZ equation may be regarded as exact, as 
definingthe site-site direct correlation functions, by itself 
it is a single equation with two unknowns (H(r) and C(r)). 
(On an element-by-element basis, it represents n(n + 1)/2 
equations with 2n(n + 1)/2 unknowns, where n is the 
number of site types.) An additional closure relation is 
required to solve the OZ equation in an approximate 
manner. The mean spherical approximation (MSA) 
closure is used here: 

ha,&) = -1, r < map (4a) 

cap(r) = -u&)lkBT, r > amp (4h) 

This closure, used in most early PRISM work,'s'6*"' 
appears to treat packing effects well in systems with hard 
spheresitesite interactionsJ8 (For such systems, the MSA 
isequivalent to the Percus-Yevick closure.) When treating 
blend systems with soft potential tails, the MSA is known 
to have deficiencies. In particular, it is qualitativelywrong 
in its predictions of the effect of molecular weight on 
miscibility and therefore quantitatively incorrect for 
predicting miscibility of model systems a t  any particular 
molecular However, the MSA was deemed 
adequate for this study for two reasons: (1) This study is 
concerned with trends as tacticity is changed at fixed 
molecularweightrather thanwith obtainingquantitatively 
accurate phase diagrams. (2) The effects studied here are 
essentially packing effects, which are dominated by hard 
core interactions, for which the MSA is suitable. More 

- -..- 

Figure 1. Segment of a PVC chain illustrating the site 
representation used in this study. The sites are centered at the 
e-carbon atoms and have a hard core diameter of 4.93 A, 88 
illustrated by the large spheres in the figure. 

sophisticated closures have been derived and have been 
showntobemoreaccurate thantheMSAformodelsystems 
displaying upper critical solution temperature (UCST) 
phase diagrams.2' The use of these so-called 'molecular 
closures" requires that the hard core "reference system" 
and the potential tail contributions to the structure he 
treated separately. However, it is unclear whether the 
particular method used in this study to produce phase 
diagrams with lower critical solution temperatures 
(LCSTsP can be used with these more sophisticated 
closures. (The hard-core reference system is phase- 
separated in this case.) 

To solve the 02 equation, it is convenient to work in 
Fourier space, in which theequation is simply an algebraic 
relation: 

(5 )  fW) = h(k) @)[h(k) + fi(k)l 

where 

&k) = d r  exp(-ik.r)A(r) (6) 

with similar definitions for C(k) and h(k). The elements 
of fi(k), &&p(k), are the single-chain particle structure 
factors (multiplied by the density). 

Given&.p(k) functions, potentials, andaclosure, PRISM 
theory can he used to compute blend phase diagrams in 
the form of spinodal curves. Here, the variational method 
of Lowden and Chandler is used to solve the PRISM 
equation~.~3 At  a given system composition, the spinodal 
temperature is the temperature at which the zero wave 
vector partial (site-site) scattering functions diverge. By 
performing calculations over a range of compositions, the 
complete phase diagram (spincdal curve) can be mapped 
out. 

PVCPMMA Model and Parameters 
For the PRISM calculations, each repeat unit on a PVC 

or PMMA chain is treated as a spherically symmetric site 
(Figure 1). Thus, the stereochemistry is not explicitly 
included in the site representation. However, it is taken 
into account in the single-chain RIS conformational 
statistics used as input to the PRISM calculation in that 
chains of differing tacticity have different statistical 
weights. Less coarse-grained site representations are 
possible hut are computationally much more expensive 
than the one used here. 

The amp parameters for the monomer-monomer inter- 
actions are crude estimates based on the mean cross- 
sectional areas of the various repeat units, as computed 
by a group additivity method.% The cap parameters were 
chosen to give a specific attraction between unlike 
monomers. To keep the number of parameters small, the 
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Table 1. Site-Site (Monomer-Monomer) Potential 
Parameters Used in PRISM Calculations* 

interaction U(A) d k g  (K) 
vc-vc 4.93 0 
MMA-MMA 6.92 0 
VC-MMA 6.40 10.0 

a VC, vinyl chloride; MMA, methyl methacrylate. 
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well depths for interactions between like monomers were 
set to zero. The u,@parameter for the interaction between 
unlike monomers was set to a value greater than the mean 
of the Q,, parameters for like monomers. This combination 
of parameters gives rise to phase diagrams of the LCST 
form, as long as a,@ for unlike monomers is sufficiently 
large.22 (For a,@ below a certain value, which is still greater 
than the mean of Q,, values, the system is miscible a t  all 
temperatures.) At  low temperatures, the attractive specific 
interactions dominate, and the system is miscible. At  high 
temperatures, the hard core interactions dominate, leading 
to phase separation. Table 1 lists the values of the 
parameters used. 

Apart from choosing interactions to yield critical 
temperatures in the 200-400 K range for the it-PVC 
systems, no attempt was made to optimize the potentials 
by fitting to experimental data. For this investigation it 
is the trend, not the absolute location of the coexistence 
curves, that is of interest. Once a set of potentials was 
chosen, it was used for all systems studied, irrespective of 
chain tacticity. Thus, there is no bias in the potentials 
themselves that would favor miscibility of one micro- 
structure over another. Limited calculations were done 
for systems with slightly different potentials, yielding 
results qualitatively the same as those reported here. 

For PMMA of all tacticities, a density of 1.19 g/cm3 was 
used; for PVC, 1 .39g /~m~.~’  Volume changes upon mixing 
were neglected. 

For the RIS Monte Carlo calculations of the single- 
chain structure factors,16 statistical weights were taken 
from the l i t e ra t~re .2~9~~ Chains containing 400 bonds each 
were used, corresponding to molecular weights of 12 500 
for PVC and 20 000 for PMMA. Separate Monte Carlo 
calculations were performed for it-PMMA, st-PMMA, it- 
PVC, st-PVC, and at-PVC (50% meso diads). 

In experimental studies, commercial grade PVC has 
typically been used. This PVC is atactic with ap- 
proximately 45% meso diad content.27 Because of its 
statistical nature, such a system is difficult to treat in a 
theory such as PRISM that incorporates chemical detail. 
As an approximation, the structure factors of chains with 
differing microstructure may be averaged together before 
performing PRISM computations, but it is not clear a 
priori the extent to which such “preaveraging” is valid in 
this context. Here, “preaveraging” indicates that the 
single-chain structure factors are averaged together to form 
the structure factor for an “effective atactic chain” before 
the PRISM calculation is performed. (This approximation 
amounts to treating the quenched randomness in the 
chains’ stereosequences as annealed randomness.) 

Alternatively, a separate PRISM calculation may be 
performed for each chain microstructure, but this is also 
an approximation. The real system contains PVC chains 
with many microstructures in equilibrium with stereo- 
regular PMMA chains with a small number (for perfect 
stereoregularity, only one) of microstructures. This is quite 
different from stereoregular PMMA chains in equilibrium 
with “atactic” PVC chains of only a single microstructure, 
which is what this latter approximation represents. 

h 

% 300 . 
c. 

2 0 0 ’ 0 7 “ ”  I 
0.0 0.2 0.4 0.6 0.8 1.0 

QPVC 

Figure 2. PRISM spinodal curves for it-PMI$A and at-PMMA 
blended with at-PVC. Solid lines: at-PVC w ( k )  functionsAare 
averaged over three atactic microstructures. Symbols: w ( k )  
functions are for distinct PVC microstructures. 

For at-PVC, three randomly generated chains of dif- 
fering stereochemical configuration were used. PRISM 
calculations were performed on blends with PMMA of 
each of these chains as well as a blend for which the 
structure factors of these three chains were “preaveraged” 
together and then used as input to the PRISM calculation. 
In a real melt of atactic chains, there are of course many 
more than three different stereochemical sequences, but 
even for only three microstructures, the scatter in the 
computed phase diagrams is not great (Figure 2). Also, 
the qualitative results are insensitive to the way the 
averaging over microstructure is done. 

An implicit assumption in the PRISM calculations 
performed here is that the probable chain conformations 
in the melt do not change greatly when the system is 
blended. Self-consistent versions of PRISM theory have 
been formulated2* that can account for the effect of the 
environment on a chain’s conformation, but all calculations 
reported here use the non-self-consistent version of the 
theory. 

Finally, PRISM theory is a theory of polymer liquids 
and does not itself predict a freezing or glass transition. 
Liquid-liquid spinodal curves calculated with PRISM 
theory may occur a t  temperatures a t  which the experi- 
mental system would be in the solid state. This study 
thus addresses only the issue of liquid-liquid miscibility. 

Results and Discussion 
The most straightforward case to treat computationally 

is that in which both components of the system are 
stereoregular. For this case, the constituent chains of each 
component all have identical stereochemical sequences; 
thus, there is no statistical distribution of sequences over 
which averaging must be done. Phase diagrams for 
stereoregular systems are shown in Figure 3 for it-PVC 
blended with either it-PMMA or st-PMMA and in Figure 
4 for st-PVC blended with stereoregular PMMAs. 

Experimentally, the tacticity of PVC cannot be con- 
trolled to the extent that it can for PMMA, and commodity 
PVC is atactic. Thus, it is Figure 2 for at-PVC that 
corresponds directly to the experimental situation. 

A few general observations can be made concerning the 
phase diagrams in Figures 2-4. They reproduce the 
experimental trend that syndiotactic PMMA is more 
miscible with PVC than is isotactic PMMA. This occurs 
irrespective of the PVC tacticity, but the effect is more 
pronounced for isotactic PVC. Note that isotactic PVC 
is predicted to be more miscible with PMMA of either 
tacticity than is atactic or syndiotactic PVC. This is the 
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Figure 3. PRISM spinodal curves for it-PMMA and st-PMMA 
blended with it-PVC. 
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Figure 4. PRISM spinodal curves for it-PMMA and st-PMMA 
blended with st-PVC. 

opposite of the trend in miscibility with respect to the 
PMMA tacticity. A tentative explanation for these 
opposite trends is given below. The predictions of the 
effect of PVC tacticity on the results cannot yet be 
confirmed or refuted experimentally, due to the current 
inability to synthesize stereoregular PVC. 

The phase diagrams in Figures 2-4 are significantly more 
asymmetric than those seen e~perimental ly ,~,~ even when 
molecular weight effects are taken into account.29 This 
arises a t  least partially from the large difference in the 
monomer diameters for PVC and PMMA that were used 
in this study (Table 1) and indicates that the simple 
method used to estimate them is only qualitatively correct. 
Phase diagrams have also been computed with a less 
asymmetrical (but more ad hoc) set of hard core diameters. 
These are less skewed and do not alter the qualitative 
result that the syndiotactic PMMA is more miscible with 
PVC. 

Figure 5 shows the characteristic ratio (C,) of PVC and 
PMMA chains as a function of temperature, as calculated 
with standard RIS theory.25,26p30 Because all of the chains 
are vinyl chains, the C, values represent the mean square 
end-to-end distances normalized by the same numerical 
factor. No simple rule along the lines of, 'Chains of similar 
C, tend to mix better", is apparent from Figure 5 and the 
PRISM phase diagrams. The same is true if the RIS- 
computed persistence lengths for the various chains are 
compared to each other. The observed trends are due to 
causes more subtle than simple chain size effects. 

I t  is possible to tentatively explain the PRISM results 
in terms of the characteristic ratios by first noting two 
facts. 

(1) In the systems studied here, a specific attraction 
between the two components is present. Other things 
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Figure 5. RIS-computed characteristic ratios (C,) for the 200- 
mer chains used in this study. 

being equal, one expects such a system to be more miscible 
as the number of favorable site-site contacts between the 
two species increases. In the syndiotactic chains, the 
abundance of trans bonds is greater than for isotactic (or 
atactic) chains. This results in conformations that are 
locally more "open" and therefore more able to allow 
contacts with sites on other chains. An abundance of 
gauche states would lead to a more tightly coiled chain, 
with interchain contacts precluded to a large extent by 
interchain contacts. 

(2) Another fact to note is that rigid-rod polymers and 
random coils tend not to be miscible, due to the entropic 
penalty for packing rods and coils together. Generally 
speaking, a greater abundance of trans bonds in a polymer 
backbone means a stiffer, more rodlike chain. However, 
in the case of st-PMMA, the two types of valence angle 
in the chain backbone have very different values (108 and 
124°).26 Consequently, long trans sequences form loops, 
giving rise to C, values for st-PMMA that are smaller 
than or comparable to those for it-PMMA. This phe- 
nomenon does not occur in PVC, and Figure 5 shows that 
st-PVC becomes more and more rodlike at  low tempera- 
tures. (It should be noted, however, that this prediction 
using Mark's% RIS weights for st-PVC has not been 
experimentally verified, due to the unavailability of 
stereoregular PVC.) 

Combining points 1 and 2, we can then explain the 
observed PRISM results as arising from a competition 
between "local openness" and chain stiffness. "Open" (but 
flexible) st-PMMA is more miscible with PVC than is the 
less open it-PMMA. On the other hand, stiff (although 
open) st-PVC is less miscible with PMMA than the more 
flexible it-PVC and at-PVC. 

With respect to the above hypothesis, evidence from 
the pair distribution functions is inconclusive. Figure 6 
shows g v c - m ( r )  for it-PVC blended with it-PMMA and 
st-PMMA at  250 K. Although the first peak in g ( r )  is 
higher for it-PMMA, the second peak is more intense for 
st-PMMA. Integration of g(r)  shows that st-PMMA has 
a greater total number of nearest and next-nearest neighbor 
PVC sites than does it-PMMA, in spite of it-PMMA having 
a greater number of nearest neighbors. This result is 
qualitatively the same at other temperatures. 

Conclusion 
The results of this study can be summarized as follows: 
(1) The known experimental trend is reproduced (st- 

PMMA is more miscible with PVC than is it-PMMA). 
(2) The PRISM calculations predict a more pronounced 

shift in miscibility with PMMA tacticity for blends with 
it-PVC than with at-PVC or at-PVC. 



Macromolecules, Vol. 27, No. 19, 1994 Tacticity Effects on PVC/PMMA Miscibility 5381 

to the entropy of mixing, arising from differences in chain 
conformational statistics. These may also be described 
as free volume effects and presumably form part of the 
microscopic basis for the equation of state effectdl in terms 
of which the experimental observations have been ana- 
lyzed.3 
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Figure 6. Calculated VC-MMA site-site pair distribution 
functions for isotactic PVC blended with isotactic (solid line) 
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(3) The calculations predict that st-PVC is less miscible 
with PMMA than is at-PVC or it-PVC. 
(4) The tacticity effects seen here appear to be due to 

a competition between "local openness" and chain stiffness. 
Thus, stiff st-PVC is less miscible with PMMA, whereas 
"open" st-PMMA is more miscible with PVC. 

(5 )  In the PRISM calculations, the miscibility differences 
with tacticity arise solely from conformational differences 
in the individual chains. 

One of the strengths of PRISM theory is that it 
incorporates the effect of chain conformation on all length 
scales, from the scale of individual bonds up to the size 
of the chain. This means that whatever the important 
length scale(s) for a particular system, PRISM theory is 
able in principle to incorporate its effects. Both short- 
and intermediate-range effects appear to be relevant in 
determining the trends studied here. Other investigators 
have presented explanations of microstructure effects on 
miscibility in terms of local conformations or chain 
fle~ibility.'>3*~*~~ PRISM calculations allow these effects 
to be incorporated in a systematic fashion. 

The model used in this study is admittedly coarse- 
grained. Its justification is primarily a posteriori: the 
level of detail was found adequate to give rise to the 
experimentally observed effect. It is straightforward to 
include more chemical detail in PRISM calculations, but 
this greatly increases the required computer time. (At 
the level of detail used here, a complete phase diagram 
can be calculated in about 2 h of CPT;! time on a Silicon 
Graphics Indigo workstation, once the w ( k )  functions have 
been computed.) The results from this study do not rule 
out factors other than chain conformational statistics 
contributing to tacticity effects in these and other systems. 

PRISM theory accounts for the effects of intramolecular 
conformations on intermolecular structure. The effects 
of chain tacticity studied in this paper are fundamentally 
chain packing effects, or noncombinatorial contributions 
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