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ABSTRACT: Thermodynamic interactions in binary blends of model polyolefins were investigated by 
small-angle neutron scattering (SANS), cloud-point determinations, and PVT measurements. Results 
for four microstructures-atactic polypropylene, head-to-head polypropylene, and two saturated samples 
of polyisoprenes with reduced 1,4 content-were incorporated into a solubility parameter (SP) scheme 
that  had been developed earlier for various model copolymers of ethylene with propylene and 1-butene. 
Component SP values were assigned, after confirming their uniqueness by various tests of internal 
consistency, with SANS-determined interaction strengths for their blends with other components. As 
found earlier, the SANS-based assignments agree rather well with independent estimates of SP from 
the pure component PVT properties. Several new instances of irregular mixing-blends for which the 
interaction strength departs significantly from the SP prediction-were identified, and some apparent 
patterns were noted. The suggested relationship between interaction strength and mismatch of component 
segment lengths was also examined in some detail. What we find is an interesting global correlation 
between segment length and SP assignment, whether obtained from SANS data or inferred from pure 
component PVT properties, but no connection at all between segment length mismatch in blends and 
either the temperature dependence of interaction strength or the presence of mixing irregularity. 

Introduction 
This paper is one of a series on the thermodynamic 

interactions in melt-state blends of saturated hydrocar- 
bon polymers. The components are model polyolefins, 
made by saturating the double bonds in nearly mono- 
disperse polydienes with either H2 or D2. The small- 
angle neutron scattering (SANS) and light scattering 
procedures we use as described in the first paper of the 
serie5.l Another2 describes the measurement of equa- 
tion-of-state (PVT) properties for individual components. 
Subsequent papers have dealt with effects of deu- 
t e r a t i ~ n , ~ - ~  blend composition,6 and component micro- 
s t r u c t u r e ~ ~ ~ ~  on values of the Flory-Huggins parameter 
x, as obtained by SANS. 

For numerous blends of these polymers-hydrogenated 
polybutadienes (HPB; model statistical copolymers of 
ethylene and 1-butene), hydrogenated 1,4-polyisoprene 
(PEP; a model alternating copolymer of ethylene and 
propylene), and hydrogenated 1,4-poly(ethylbutadiene) 
(PEB; a model alternating copolymer of ethylene and 
1-butenel-we have shown that the values of x can be 
organized in the framework of a regular solution theory, 
expressed in terms of the Hildebrand e q ~ a t i o n : ~  

where uo is the reference volume for x and 61 and 62 are 
empirically-assigned, temperature-dependent solubility 
parameters for species 1 and 2.8 In only one of the 10 
blends investigated was there a clear indication of 
departure in x from internal consistency with unique- 
ness in the assigned values of S(n for each species. We 
have also shown that the differences in component 
solubility parameters deduced from the SANS data are 
in reasonable accord with those inferred independently 
from PVT measurements on the  component^.^,^ Here 
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we report results for 13 new blends that include 
components with four other microstructures-atactic 
polypropylene (PP), atactic head-to-head polypropylene 
(hhPP), and two hydrogenated polyisoprenes with re- 
duced 1,4 content (50SPI and 75SPI). Among these 
blends we find several more in which x clearly departs 
from the solubility parameter formalism. We also 
provide further comparisons of SANS-based and PVT- 
based assignments of the solubility parameter. Finally, 
we explore in some detail the recent suggestion that the 
interactions in polyolefin blends are primarily entropic 
and originate from a mismatch in the component 
statistical segment lengths. 

Experimental Section 
The chemical microstructures of the components in this 

study originate from the various modes of enchainment of 
butadiene (the HPB series), 2-methylpentadiene (PP), 2,3- 
dimethylbutadiene (hhPP), and isoprene (PEP, SOSPI, 75SPI). 
The polydiene precursors were catalytically saturated with 
either Hz or Dz, as described previously.' The fully hydrog- 
enous versions contain the following microstructural units: 

HPB 

PP 

hhPP 

H 7 " 3 H  TH3 

I-(!d-k-k-I 
H H H H  

plus -1% or less of other isomers 
I I I I  

CHs CH3 

7 1 1 7  
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H H H H  
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H HC-CH3 H CH2 
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H97A (D97A) 
H97B (D97B) 
H88 (D88) 
H78 (D78) 
H66 (D66) 
HPEP (DPEP) 
HPEB (DPEB) 
H5OPI (DSOSPI) 
H75PI (D75SPI) 
HhhPPA (DhhPPAP 
HhhPPB (DhhPPB) 
HhhPPC (DhhPPC) 
HPPA (DPPA) 
HPPB (DPPB) 

1600 
865 

1610 
1285 
2040 

855 
550 

1485 
1010 
320 
910 

2045 
130 
705 

4 
4 
4 
4 
4 
5 
5 
5 
5 
6 
6 
6 
6 
6 

Table 1. Molecular Characterization of Blend Components 
degree of carbon atoms per density at 23.0 "C glass transition deuterium atoms 

sample polymn N monomeric unit QH (g/cm3) temp Tg ("C) per monomeric unit 
0.8658 -22 2.79 
0.8651 
0.8642 
0.8630 
0.8635 
0.8539 
0.8636 
0.8630 
0.8878 
0.8726 
0.8736 
0.8726 
0.8504 
0.8629 

-25 
-34 
-45 
-54 
-59 
-55 
-22 
f 1 9  
-24 
-24 
-20 
-1 
+1 

2.69 
2.96 
2.37 
3.25 
4.70 
3.18 
4.66 
4.50 
3.97 
4.10 
5.16 
4.24 
3.88 

a The sample hhPPA was designated hhPP in ref 5. 

Table 2. Selected Component PI" Properties 

HPP 27 
51 
83 

121 
167 

HhhPP 27 
51 
83 

121 
167 

H5OSPI 27 
51 
83 

121 
167 

7.28 
7.55 
7.31 
7.30 
7.52 
6.70 
6.92 
6.81 
7.02 
7.15 
6.89 
7.12 
6.92 
7.10 
7.45 

6.47 18.37 
7.54 18.02 
8.73 17.25 

13.14 15.87 
5.69 18.80 
6.60 18.45 
7.60 17.85 
9.01 17.52 

11.30 16.68 

6.94 18.24 

9.68 17.00 
11.97 16.54 

10.44 16.60 

5.97 18.62 

8.07 17.46 

Following previous conventions,' the microstructure code 
(1OOy for members of the HPB series and PP, PEP, etc., for 
the others) is sandwiched between an initial "H" or "D", 
distinguishing the fully hydrogenous and partially deuterated 
versions, and a final "A", "B", etc., when two or more samples 
with the same microstructure but different molecular weight 
were used. The various saturated polyisoprenes have different 
proportions of monomeric 1,4 bd, 3,4 0121, and 1,2 (y3) 
enchainment-for PEP, y ~ =  0.93, y~ = 0.07, y3 = -0; for BOSPI, 
y1 = 0.50, y2 = 0.50, y3 = -0; and for 75SP1, y1 = -0, yz = 
0.75, y3 = 0.25. Polymers with essentially identical micro- 
structures have been studied in dilute solution (good solvents 
and at the O-condition).lo (The HBOSPI and H75SPI samples 
are H50PI80 and H34PI65 in the earlier study by Mays et al.loa 
From NMR, the sequencing of units is nearly random, and the 
microstructures are atactic. All samples in this study are 
noncrystalline. Their molecular and physical characteristics, 
obtained as described elsewhere,' are listed in Table 1. 

The PVT properties of selected components were measured 
with the Zoller apparatus (Gnomix, Inc.) by procedures that 
are explained elsewhere.2 The data were provided through 
the courtesy of Dr. Gregory T. Dee of Dupont Central Research 
and Development. The low-pressure limits of thermal expan- 
sion coefficient a and isothermal compressibility at several 
temperatures are listed in Table 2. 

"he SANS measurements were made at the NIST Cold 
Neutron Research Facility in Gaithersburg, MD.lJ1 Scattering 
profiles for blends of hydrogenous and deuterated components 
were obtained on the 8-m beamline (NG5). By methods 
explained elsewhere,' the data were analyzed through the 
incompressible random-phase approximation as applied to  the 
Flory-Huggins (FH) expression for mixing free energy. In- 
teraction strength was expressed in terms of the FH interac- 
tion parameter x, defined with respect to the arbitrary 
reference volume uo [u1(13 u~(13ly2,  where U I  and uz are 
volumes per mer for the components. Unless otherwise stated, 
the values of x were obtained in the midrange of blend 

composition: 41 - 4 2  - 0.5, where the &'s are component 
volume fractions. The estimated systematic uncertainties in 
,y are f1.5 x The results for matched pair mixtures' 
provided the radius of gyration R, and the nominal isotopic 
interaction parameter ( x ~ ~ ) ~ ~ ~ ~ t  for each component.' Values 
not already reported elsewhere are listed in Table 3. Interac- 
tion parameters for the blends are listed in Table 4. Results 
obtained with different labeling configurations or molecular 
weights for the same pair of microstructures are grouped 
together. 

Survey of Results 
The miscibility of 50SPI with a wide variety of model 

polyolefin components was surveyed by light scatter- 
ing.12 Single-phase blends were obtained over most of 
the available temperature range (27 "C I T 5 167 "C) 
only with 78, 88, and hhPPA as second components, 
although the 50SPWPB blends were also single phase 
above 100 "C. The SANS data for 50SPI/88 and 5OSPV 
hhPPA (Table 4) are unremarkable, exhibiting UCST 
behavior with x(T) obeying the conventional AfT + B 
form. The interactions in 50SPI/78, on the other hand, 
are extremely weak and insensitive to temperature, as 
shown in Figure 1. Among all the blends we have 
studied, these are the nearest to being ideal mixtures 
over the entire 27-167 "C range. The matched pair 
mixtures have interaction strengths in this range (see 
Table 31, but even ( x H D ) ~ ~ ~ ~ ~ ~ ~ ~  varies more strongly with 
temperature than X78/5OSpI. The negative signs indicate 
a weak attraction between components. There is also 
a label-switching effect3 that we find in nearly all our 
 blend^.^^^ 

The blends of 75SPI and 97 were found to be single 
phase over the entire temperature range. The SANS 
data indicate rather modest interaction strengths (Table 
41, UCST behavior, and conventional x(T) behavior.12 
From light scattering, the three forms of saturated 
polyisoprene (PEP, 50SP1, 75SPI) were mutually im- 
miscible, even far away from the critical composition 
and at high temperatures.12 

The two polypropylene microstructures, PP and hhF'P, 
exhibit markedly different mixing behavior in blends 
with other model polyolefins. Thus, for example, hhPP 
is miscible with PEP, PEB, and 66 up to very high 
molecular weights, while only the lowest molecular 
weight PP (PPA, N = 130) is miscible with PEP. 
(Blends of PPA with PEB and 66 were not investigated.) 
Also, PP is miscible with 97,13 yet hhPP is already 
immiscible even with 90.l2 The blends of PP with hhPP 
have large interaction parameters, as shown in Figure 
2. Again, however, the temperature dependence is 
conventional. 
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Table 3. Chain Dimensions and Apparent Isotopic Inbraction Parameter &om SANS Results for Matched 
Pair Mixtures 

27 "C 51 "C 83 "C 121 "C 167 "C 

H50SPVD50SPI 105.4 -0.5 104.6 -1.1 104.4 -1.5 105.0 -2.1 104.5 -2.4 
H75SPVD75SPI 73.3 2.5 73.9 2.4 74.9 1.7 76.4 0.7 79.2 -0.3 
HhhPPNDhhPPA 55.5 5.7 56.1 4.4 56.1 2.1 56.2 0.1 56.4 -1.4 
HhhPPPB/DhhPPB 94.2 2.5 94.4 2.1 94.1 1.4 94.1 1.0 94.4 0.7 
HhhPPClDhhPPc 139.7 2.7 139.7 1.9 139.2 1.3 139.4 1.0 140.2 0.7 

HPPBiDPPB 78.8 1.9 79.2 1.6 79.6 1.4 79.9 1.2 80.3 0.9 
HPPNDPPA" 35.3 34.5 34.2 34.1 

a The wormlike chain model was used to evaluate R, for PPA, owing to its low molecular weight,12 and (Xm)apparrnt could not be evaluated. 

Table 4. Interaction Parameters vs Temperature for Blends 
x 104 at temp T ("C) 

blenda 27 51 83 98 108 121 138 143 167 

H50SPVDhhPPA 29.4 24.0 19.1 14.1 11 .2  &hPP ' 85OSPI 
D50SPWhhPPA two phases 33.2 29.9 24.1 19.3 
H50SPVD88 two phases two phases 10.3 8.9 8.0 6.8 660SPI > 688 
D50SPW88 11.3 10.0 7.8 6.7 5.8 4.9 
H50SPUD78 -3.6 -3.7 -3.5 -3.5 -3.4 ? 
D50SPW78 -1.0 -1.2 -1.0 -1.2 -1.0 

D75SPW97B 9.0 8.3 7.3 6.6 
D75SPUHPPA 60.6 51.5 44.4 
HhhPPNDPPA 46.5 37.5 29.0 20.0 G W P  > 6PP 
DhhPPA/HPPA 35.5 27.5 22.5 16.0 
HhhPPND78 two phases 24.2 21.2 18.8 6hhpp > 618 
DhhPPA/H78 33.2 28.2 23.1 20.4 17.2 14.8 
HhhPPND66 19.5 11.6 5.6 1.8 0.9 
DhhPPM66 19.9 12.2 6.3 2.4 
DhhPPB/H66 19.1 1 1 . 7  5.4 1.6 0.6 
HPEBDhhPPA 20.7 17.2 13.9 1 1 . 2  10.2 
D P E B W P A  19.4 16.7 13.5 11.1 10.0 ? 
D P E B W P B  18.2 15.7 12.5 10.1 9.0 
HPEP/DWPA 15.4 11.6 9.2 8.4 10.0 
DPEPMhhPPA 6.1 2.6 0.6 1.1 3.2 BPEP > 6 W P  
DPEPMhhPPB 9.1 6.0 3.8 5.1 6.9 
D P E P W P C  9.7 5.9 3.7 5.7 7.6 
HPEP/DhhPPC two phases two phases 15.2 15.8 16.4 
H97NDPPA 42.5 31.5 21.5 12.6 
D97A/HPPA 53.0 40.0 28.5 19.5 dPP > 697 
D97BiHPPAb 50.5 41.6 32.5 22.0 
HPPBiD78 two phases 18.1 11.1 6.2 4.9 678 ' dPP 
DPPB/H78 two phases 20.7 14.7 9.6 7.2 

H75SPYD97B 8.4 7.6 6.9 6.0 5.0 697 > 676SPI(?) 

1.4 ? 

HPEP/DPPAC 49.5 53.0 56.6 56.5 55.5 
DPEP/HPPAd 27.5 32.5 38.5 41.6 42.6 dPEP ' dPP 
DPEPMPPA' 34.5 36.5 41.5 46.0 47.0 

a All blends near the concentration midrange (41 = & = 0.5 k 0.03) unless stated otherwise. q%HPPA) = 0.816; D97A/HPPB (at Q 
0.50) is two-phase up to 200 "C. dDPPA) = 0.693, chosen to be near the critical composition. dHPPA) = 0.701, chosen to be near the 
critical composition. e @(HPPA) = 0.872. 

"0 e x - 1  - 2  ~~ 

- 5  ' " ~ ' , , ' " ' 1 , ' ' I ~ ~ ' ~  -J 
2 . 2  2 . 4  2 . 6  2 . 8  3 . 0  3 . 2  3 . 4  

1/T x Id ( K "  1 

"0 - 
X 

x 

40  t 

3 0  F 
L 

20  i I 

10 
2 . 4  2 . 6  2 . 8  3 . 0  3 . 2  3 . 4  

l /T x Id ( IC') 

The interaction parameter for PEP/hhPPA blends is 
shown in Figure 3. The interaction strength is only 
moderate, and the effect of label-switching is large, but 

the most interesting feature is the temperature depen- 
dence. The intermediate minimum in x(!l'), also ob- 
served for DPEP/"PB, HPEPDhhPPC, and DPEP/ 
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label-switching effecta3p5 Uniqueness for an d p  blend, 
for example, was tested with the results from other 
blends of species a and f i  with, for example, some third 
component y-the d y  and f i ly  blends. Consistency with 
the solubility parameter formalism requires 

(2) 

The lefi side represents the direct tentative value for 
the difference in solubility parameters for species a and 
#I, and the right side represents an indirect tentative 
value. Blends that are consistent with eq 2 (within 
some error bounds) are called regular mixtures. Con- 
firmed values of 6 - 6,f for their components can then 
be obtained by applying eq 2 through a connected 
sequence of regular mixtures to reach the reference 
component. Inconsistency with eq 2 means that one or 
more blends in the connected sequence-dp, d y ,  ply in 
the example-are irregular mixtures. Other closed-loop 
sequences must then be used to identify which of these 
blends mix irregularly and to assign values of 6 - 6,f 
for their components. 

Such procedures work best of course when many 
independent tests of internal consistency are applied 
and when most blends mix regularly. Nine of the ten 
blends in the previous study (omitting isotopic differ- 
ences) displayed regular mixing at all temperatures 
with several cross-checks.8 Only the 66/PEB blends 
were irregular. The indirect tentative values from 
blends of 66 and PEB with various third components 
agreed, but the direct tentative values (from the 66PEB 
blend itsel0 were clearly different. 

Similar procedures for distinguishing regular and 
irregular mixing, and for assigning values of 6 - Bref, 
were applied to the blends in this work. These include 
the blends involving hhPP that had been shown earlier 
to  be qualitatively inconsistent with solubility param- 
eter uniq~eness .~ The last column in Table 4 shows the 
ordering of 6 inferred from the effect of label-switching. 
These orderings are based on the supposition that the 
solubility parameter of any saturated hydrocarbon is 
reduced by deuterium sub~ti tut ion,~ leading to an 
increase in the magnitude of 8 2 4 1  (and therefore 1, 
from eq 1) when the component with the lower solubility 
parameter is deuterated. Switching the deuterium 
labels decreases x, and, for comparable labeling levels, 
fair estimates for the unlabeled and doubly labeled 
versions are averages of singly labeled  value^:^ 

(dB - say = (dB - dry - (6, - 6J 

// 

Pi  
1 / 1  

-21 " " " " " " " " " " " "  
2.2 2.4 2.6 2.8 3.0 3.2 3.4 

1IT x Id (K-') 
Figure 3. Temperature dependence of x for PEP/hhPPA 
blends. The symbols indicate HPEP/DhhPPA (0) and DPEP/ 
W P A  (0). 

3 

Y 

20 b 
2.2 2.4 2.6 2.8 3.0 3.2 3.4 

1/T x 10' (K.') 
Figure 4. Temperature dependence of x for PEPPPA blends. 
The symbols indicate HPEP/DPPA (0) and DPEPMPPA (0). 

HhhF'PC (see Table 4), suggests the possibility of both 
LCST and UCST behavior in PEP/hhPP blends. 

The SANS results for PEPPPA blends are shown in 
Figure 4. The interaction in this case is very large, and 
its temperature dependence suggests LCST behavior. 
Lohse et al.14 recently estimated x p p p ~ p  = 35 x a t  
room temperature from thermal analyses of both diblocks 
and blends of HPP and HPEP. The SANS value a t  27 
"C, corrected for the isotope e f f e ~ t , ~ ! ~  is 38 x lod4. 

Discussion 
A. Effect of Chain Length on Interaction 

Strength. Over the course of this and earlier investi- 
gations we have evaluated x(T) for the same pair of 
microstructures but different component molecular 
weights. Those results, reviewed in Appendix A, indi- 
cate that chain length effects are small and in all cases 
(with the possible exception of the hhF'P/PEP blends) 
within the uncertainties of the data. That conclusion, 
and the agreement noted above in X P P ~ E P  for blends and 
diblocks, supports the supposition that interaction 
strength in blends of saturated hydrocarbon polymers 
is locally determined and therefore insensitive to  the 
global features of structure if the chains are long. 

B. Solubility Parameter Formulation. We have 
found that eq 1 serves as a useful organizing principle 
for the interactions in many blends of saturated hydro- 
carbon polymers. With one of the components as an 
arbitrary reference we found that unique values of 6 - 
8,f could be assigned to PEP, PEB, and several HPB 
components from the values of x for a highly intercon- 
nected set of their blends.8 Uniqueness was established 
in the following way. Tentative values (82 - 81)' were 
calculated from x for each blend and temperature with 
eq 1, its sign being inferred from the direction of the 

(3) 

(4) 
We have used these equations extensively in earlier 
works~7~8 to estimate xu from SANS data for xhd and x&. 

From the orderings of 6 in Table 4 we obtain the 
following relationships over the observed temperature 
range: 

6PEP > 8 W P  > 678 

(5) 
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Table 5. Direct and Indirect Tentative Values 
sequence 27 "C 51 "C 83 "C 121 "C 167 "C 

a. Direct and Indirect Tentative Values of ~ H P E P  - GDWPA and ~ D P E P  - ~ W P A  
(BHPEP - BDWPA)' (MPaY"' 

direct measurement 0.207 0.185 0.171 0.170 
HPEP-D66-H78-DWPA 0.126 0.144 0.165 0.180 
HPEP-DPEP-H78-DhhPPA 0.111 0.127 0.147 0.170 

direct measurement 0.130 0.089 0.039 0.062 
DPEP-H66-D78-HhhPPA 0.0% 0.100 0.117 0.131 
DPEP-HPEB-D78-HhhPPA 0.131 0.136 0.145 0.160 

( ~ D P E P  - BWPJ (MPaY2 

b. Direct and Indirect Tentative Values of 81456 - B ~ h h p p ~  and ~ H P E B  - 8-p~ 
(6H66 - &hbI"hbPAY (MPaP2 

direct measurement 0.25 0.20 0.15 0.09 
66-78-hhPPA; 66-PEP-WPA -0.05 -0.07 -0.08 -0.08 

direct measurement 0.23 0.22 0.20 0.19 
PEB-78-WPA PEB-PEP-WPA -0.07 -0.07 -0.07 -0.05 

( ~ H P E B  - ~ H W P A Y  (MPa)" 

c. Indirect Tentative Values of 678 - 850SPI 

(dH78 - ~HS~SPI) '  or (dD7.8 - ~DSOSPIY (MPa)" 
direct measuremenp 
H78-D88-H50SPI 
D78-H88-D50SPI 
H78-DWPA-H50SPI 
D78-HhhPPA-D50SP 

-0 
0.05 
0.05 

-0.03 
-0.00 

a Values of x for 78/50SPI blends are very small but negative. 

PEP 

Figure 5. Diagram of interconnected blends for evaluating 
the mixing regularity of hhPP with other components. See 
text for an explanation of the solid and dashed lines. 

and an internally consistent set of numerical values of 
6(T) - 697(T) for HPEP, HPEB, and several HPB 
microstructures were assigned in previous ~ o r k . ~ , ~  We 
use d,t(T) = d97(T) throughout. 

In the course of assigning internally consistent values 
of 6 - 6,,f for the PP, hhPP, BOSPI, and 75SPI micro- 
structures, we found several new examples of irregular 
mixing, i.e., inconsistency with eq 2. Figure 5 is a 
diagram of the miscible blends of hhPP with various 
second components. The solid lines connect components 
when the ordering of 6 is clear. The dashed lines 
connect components for which the ordering is ambiguous 
because the label-switching effect is small (indicated by 
the question marks in Table 4, and in Table 3 of ref 5). 
The results of direct and indirect determinations O f  (6pEp 
- Bhhpp)', shown in Table 5a, are typical. Direct tenta- 
tive values were calculated from x for PEP/hhPP blends 
through eq 1. Indirect tentative values were obtained 
from their blends with intermediate components; e.g., 
a sum of direct tentative values, (BHPEP - dD66)' + (6D66 
- dH78)' + (6H78 - ~ D ~ P P ) ) ,  gives an indirect tentative 
value for BHPEP - GDWP. The indirect estimates in 
Table 5a are in reasonable agreement at all tempera- 
tures (numerical consistency for all blends in each 
sequence other than the one involving hhPP itself had 
been established alreadys), but they differ somewhat 

0.193 

0.193 
0.198 

0.110 
0.156 
0.178 

0.07 
-0.06 

0.19 
-0.03 

-0 -0 -0 -0 
0.05 0.06 0.06 0.06 
0.05 0.05 0.05 0.06 

-0.04 -0.04 -0.05 -0.05 
-0.01 -0.00 -0.01 -0.01 

Y 
78- 

\hhp/p' 

Figure 6. Diagram of interconnected blends used for assign- 
ing solubility parameters for the PP, hhPP, and SOSPI micro- 
structures. See text for an explanation of solid, dashed, and 
dotted lines. 

from the direct values-at low temperatures for HPEP/ 
DhhPPA and at intermediate temperatures for the 
DPEPWPA-indicating that either PEP/hhPP or 78/ 
hhPP or both mix irregularly. 

More extreme discrepancies are found for 66/hhPP 
and PEB/hhPP blends (Table 5b). In both cases the 
direct tentative estimates are large and positive, while 
the indirect tentative estimates (the average for four 
sequences for each) are slightly negative. Similar 
discrepancies are found between the direct and indirect 
estimates for blends of PP with various second compo- 
nents.ll However, blends of the connected pairs of 
components shown in Figure 6 appear to mix regularly. 
Again, the solid lines connect pairs with clear 6 order- 
ing, while the dashed line connecting 50SPI and 78 
reflects uncertainty in ordering. Blends of PP and 
BOSPI, indicated by the dotted line, have not been 
studied by SANS, but the critical temperatures for both 
DBOSPVHPPB and H50SPVDPPB were estimated by 
light scattering. 

The values of x for 5OSPV78 blends are very small at 
all temperatures (we ignore their negative signs), sug- 
gesting, in the absence of other information, that (650SPI 
- 678)1 is essentially zero. The indirect tentative Values 
from their blends with hhPP and from their blends with 
88 (Table 5c) are also zero within the errors.8 This 
agreement implies that hhPPl78, hhPP/5OSPI, 88/78, 
and 88/50SPI as well as 78/50SPI mix regularly, Le., in 
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eter formalism, however, associates 6 with the positive 
square root of the cohesive energy density of the pure 
liquid.g The cohesive energy density of a nonpolar liquid 
is related approximately to its internal pressure, which 
can be obtained from PVT measurements. This leads 
a t  low pressure t0l5 

Table 6. Solubility Parameters from SANS 
Measurements Relative to an H97 Reference 

polymer 27 51 83 121 167 
~ ~~~ 

H75SPI - 
H97" 
H88b 
HPP 
H5OSPI 
H78" 
HPEB" 
H66" 
HhhPP 
HPEP" 

-0.17 -0.17 -0.17 -0.16 -0.17 
0 0 0 0 0 
0.23 0.22 0.21 0.20 0.18 
0.23 0.22 0.25 0.26 0.25 
0.44 0.43 0.41 0.39 0.36 
0.49 0.48 0.46 0.44 0.41 
0.72 0.72 0.71 0.69 0.66 
0.73 0.72 0.69 0.66 0.62 
0.82 0.79 0.76 0.72 0.67 
0.92 0.91 0.90 0.89 0.88 

Values assigned in ref 8. Value assigned in ref 7. 

Table 7. Comparison of PW-Based and SANS-Based 
Solubility Parameters Relative to an H97 Reference 

(6 - &,f) (MPam) at  temp T 
27 "C 83 "C 167 "C 

polymer PVT SANS PVT SANS PVT SANS 
HPP 0.20 0.23 0.17 0.25 0.01 0.25 
H5OSPI 0.45 0.44 0.38 0.41 0.68 0.36 
HhhPP 0.63 0.82 0.77 0.76 0.82 0.67 

a manner consistent with solubility parameter unique- 
ness. (We disregard as unlikely the alternative inter- 
pretation that some members of both groups of three 
blends mix irregularly but in such a manner as to 
produce apparent consistency at all temperatures.) 
Thus, confirmed values of ~ W P  - 678 and 650SPI - 678 
are obtained, which can then be translated to the 697 
reference scale with 678 - 897 from ref 8. (Mixing 
regularity for 78/97 is supported by results in ref 1.) The 
values SO obtained for 6 w p  - 6ref and 65osp1 - 6ref are 
given in Table 6. 

The analysis to  obtain internally consistent values for 
PP is similar but now based on comparing critical 
temperatures for PP/5OSPI blends with those predicted 
by Flory-Huggins theory with the direct tentative 
values for dpp - 678 (from xpp/78 via eq 1) and the now- 
assigned values of 678 - 6 5 0 ~ ~ 1 .  Observed and predicted 
T, are 127 f 8 and 100 "C for H50SPUDPPB and 95 f 
10 and 60 "C for DBOSPWPPB. The agreement in both 
cases is within the experimental uncertainties of x(T), 
thus providing evidence for regularity of mixing in PP/ 
78 blends. The resulting values of 6pp  - 6ref are given 
in Table 6. 

SANS data are available for only two blends of 
75SPI-75SPV97B (both labeling configurations) and 
D75SPI/HPPA. The label-switching effect for 75SPU 
97 suggests 697 > 875Sp1, but the effect in this case is 
really too small to be sure. However, the large x for 
D75SPWPPA and the observed immiscibility of 75SPU 
88 blends up to at least 140 "C12 both in fact supporting 
that ordering. Having no other recourse, we assumed 
that 75SPI and 97 mix regularly and used the inferred 
ordering to assign the values of 675SPI - 6ref in Table 6. 
The values of ( 6 ~ p p ~  - 6D75SPI)) turned out to be in 
excellent agreement with the predictions of (8pp - 
6ref)SANS and ( 6 7 5 ~ ~ 1  - &)SANS in Table 6. 

C. Solubility Parameters from PI" Data. The 
values of 6 - 6ref in Table 6 were assigned from SANS 
results on blends without regard for considerations 
beyond their ability to describe the interactions in a 
subset that conform with our definition of regular 
mixing. They are strictly empirical, having been ob- 
tained without appeal to any special molecular signifi- 
cance. The theory that underlies the solubility param- 

(6) 

where a is the thermal expansion coefficient of the liquid 
and f i  its isothermal compressibility. The values so 
obtained for HPP, HhhPP, and H50SPI are listed in 
Table 2. These PVT-based estimates relative to ( 6 9 7 ) a ~ ~ ~ ~  
are compared a t  three temperatures in Table 7 with the 
SANS-based results for HPP, HhhPP, and H50SPI from 
Table 6. Considering the large experimental uncertain- 
ties in (6 - dref)Pw, we regard the overall agreement as 
reasonable and also consistent with the close parallels 
between (6 - Bref)Ms and (6 - S,&w found earlier718 
for other components. The ordering of values for HPP, 
H W P ,  and H50SPI is the same by both methods, 
although there are numerical differences in some cases 
that may be beyond the error bars. The parallels offer 
additional support for our  method of selecting out those 
blends that mix in a regular fashion. 

D. Effect of Segment Length. Bates et al.16 have 
noted a correlation between the phase behavior of 
diblocks and blends and the difference in the statistical 
segment length of the component species, AI = 111 - 121. 
From this they infer the existence of a repulsive 
interaction, entropic in nature, that increases with AZ 
and arises from the conformational adjustments re- 
quired to mix chains having different local length scales. 
They suggest the possibility that this "packing" contri- 
bution Ax dominates the observed x when the underlying 
interactions are weak, i.e., for nearly athermal blends, 
and could thereby explain the phase behavior-length 
mismatch correlation. A theory by Liu and Fredrick- 

based on the quite different mechanism of local 
nematic interaction, suggested the form 

Ax = u,C(AZ/Z)~ (7) 

where 1 is ( I1 + Z2)/2 and C - Vi3. Schweizer has raised 
strong objections to the nematic mechanism.18 On the 
other hand, a recent theory of the conformational 
adjustment contributionlg does not invoke that mecha- 
nism but leads, after some rearranggment, to the same 
form, with C = C,, - (1/6~2(1J2)3/2)(12f12)2 for midrange 
compositions (4 - 0.5) and for the suggested cutoff 
distance Ab1 - (Z112)l/~. 

In an earlier study8 we compared the values of x for 
the previous set o_f blends with estimates of Ax based 
on eq 7 and C = lA3. Component segment lengths were 
defined in terms of a common reference volume,16 Vref 
= 100 A3 for all components and temperatures in our 
case, 

a definition that is also consistent with the stipulation 
that Ax is governed by differences in the Helfand-Sapse 
packing parameter.lg With x and Ax expressed in terms 
of the common reference volume uref we examined the 
magnitudes and trends of x and Ax with length- 
mismatch and temperature for a total of 15 pair 
combinations.8 In order of magnitude and trend with 
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Table 8. Component Statistical Segment Lengths 
Referred to a Fixed Lattice Size 

Macromolecules, Vol. 28, No. 4, 1995 

I (A) at T ("c) 
sample 27 51 83 121 167 

H88 5.69 5.68 5.64 5.59 5.58 

H66 6.44 6.37 6.31 6.25 6.15 
HPEB 6.13 5.97 5.90 5.83 5.74 
HPEP 6.84 6.72 6.59 6.45 6.29 
H5OSPI 5.76 5.67 5.60 5.56 5.44 
H75SPI 4.98 4.96 5.01 5.04 5.15 
HhhPPA 5.98 6.00 5.94 5.86 5.79 
HhhPPB 6.04 6.00 5.91 5.83 5.76 
HhhPPc 5.97 5.92 5.83 5.76 5.70 
HPPA 5.86 5.67 5.56 5.46 
HPPB 5.71 5.58 5.64 5.58 5.51 

H97B 5.02 4.99 4.98 4.96 4.92 

H78 5.76 5.74 5.74 5.76 5.74 

mismatch the parallels were reasonable: the calculated 
values of Ax ranged from to and larger values 
were found in most cases when x was also large. The 
trends with temperature, however, were quite different. 
The variation of Ax with temperature, arising from 
differences in the temperature dependence of segment 
length, was found to bear little resemblance to the 
observed x vs T behavior. 

The values of Ax obtained from eq 7 and C = C,, are 
smaller than those with C = l A 3  by nearly 2 orders of 
magnitude. Thus, the estimates in this case range from 

suggesting that the contribution to  x from 
conformational adjustmentlg is negligible. The pre- 
dicted values of Ax can in fact be forced into the 
observed range for x with a smaller cutoff distance, 
Ab1 - 0.25 (1112)1'2, but that is certainly arbitrary and 
would appear to place the cutoff well inside the segment 
length itself. Nevertheless, it still seemed worthwhile 
to compare the trends predicted by eq 7 with the results 
for the 13 new microstructural pairings presented here. 
Values of I were calculated with eq 8 and the data in 
Tables 1 and 2b. They are listed in Table 8. The values 
of x in Table 4 were also converted to Uref. 

What we find is that now even the trends with_ 
mismatch are erratic. Thus, at 83 "C, for example, AlA 
is small for both 78/50SPI (-0.03) and PP/hhPP (-0.05), 
yet x is small for 78/5QSPI (-0) but large for PPkhPP 
(-15 x Also, Alll is large for both PPffEP (-0.16) 
and hhPP/PEP (-0.111, yet x is large for PPffEP (-30 
x lov4) but small for hhPP/PEP (-6 x 

The predicted trends with temperature are also 
inconsistent: 

(a) For PPhhPP, Alfi is nearly independent of tem- 
perature, yet x decreases fairly rapidly with increasing 
temperature (Figure 21.- 

(b) For PEPhhPP, AlA decreases monotonically with 
temperature, yet x first decreases and then increases 
with temperature (Figure 3). 

(c) For PEPPP, Alll decreases with temperature, yet 
x increases with temperature (Figure 4). All three of 
these blends mix irregularly (see below), so the assigned 
solubility parameters also fail to predict the trends in 
those cases. For others, however, the solubility param: 
eter prediction for x vs T is quite satisfactory, but AlA 
still does not capture the trends. Thus: 

(d) For 78/50SPI, AM increases with temperature, yet 
x is independent of temperature (Figure 1). 

(e) The temperature dependence of 1 is nearly the 
same for 66 and PEB, yet x for their blends with 52, 
PEP, and 78 have very different temperature depend- 
ences (see Figure 1 in ref 8 for the PEP/66-PEPffEB, 
52/66-52ffEB, and 78/66-78/PEB comparisons). 

to 

-0 .5 
4.5 5 .0  5 . 5  6 .0 6 .5  7 .0  7 . 5  8 .0 

[ ( A ,  
Figure 7. Confirmed values of relative solubility parameters 
for SANS as a function of statistical segment length for several 
microstructures. 

Accordingly, by the criteria we have examined-order 
of magnitude, trend with mismatch, trend with 
temperature-the current theories of packing contribu- 
tions do not provide a unifying principle for describing 
the interactions in blends of saturated hydrocarbon 
polymers. The conformational adjustment contribution 
appears to be too small. Beyond that, however, the 
temperature trends it predicts are seldom consistent 
with the experimental data. The predicted trends with 
segment length mismatch are also erratic, being broadly 
consistent with experiment in some cases but inconsis- 
tent in others. Finally, we are inclined for still another 
reason to doubt that interaction strengths in blends of 
saturated hydrocarbon polymers are strongly affected 
by conformational adjustment. Deuterium labeling 
should have a negligible influence on mutual packing 
requirements, since the molecular shapes are so little 
changed. It is therefore difficult to reconcile the sig- 
nificant change in x produced by merely switching the 
labels from one component to the 0thel.3-~ with an 
interaction strength that is dominated by conforma- 
tional adjustment. 

Lacking compelling evidence to the contrary, it seems 
preferable at this point to maintain the conventional 
stance: the interactions between saturated hydrocar- 
bons are primarily enthalpic. In our view, the tempera- 
ture dependence of x simply reflects a relative variation 
with temperature in the various underlying energies. 

Nevertheless, there is still an overall tendency that is 
certainly as was first suggested by Bates et al.:16 there 
does appear to-be some connection between phase 
behavior and AM within broad component families such 
as the saturated hydrocarbon polymers. Indeed, there 
is a strong parallel between the segment length of a 
component and what we have termed its regular mixing 
characteristics. Figure 7 shows the relationship be- 
tween l and (d - 6ref )sms  for the total of 17 saturated 
hydrocarbon polymers that we have studied thus far. 
The results for 121 "C are shown, but the relationship 
at other temperatures is similar. The statistical seg- 
ment length of a component correlates linearly with the 
parameter that specifies its regular mixing behavior 
with the other components. The least-squares line in 
Figure 7 (correlation coefficient 0.97) is 

(6 - dref)SmS = 0.561 - 2.77 

when (6 - dref)Ws and 1 are expressed in units of m a y 2  
and A. This translates to an expression of the same 
form as eq 7 for the interaction parameters at 121 "C 
in regular mixtures (eq I, Uref = 100 A): 
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x = 0.21(A1/?)2 (10) 

in which we have used 6 A as a representative value 
for 1. It is important to note, however, that the scatter 
around the line in Figure 7 is much larger than the 
uncertainties in the individual values, which are no 
larger than f0.08 MPa1/2 (and usually f0.03 MPa1I2) 
for the (6 - 6ref)SmS assignments and fO.1 A for 1. The 
line represents only an overall trend for saturated 
hydrocarbon polymers: component individuality still 
modulates in a very significant way this globally linear 
correlation between (6 - 6ref )sms and 1. When applied 
to individual blends that mix regularly, for which 182 - 
611 must be smaller than 0.3 MPa1I2 (x I 20 x at 
N - lo3 (M - 70 000) in order to produce miscibility, 
the modulations in Figure 7 clearly dominate, and the 
uncritical use of eq 10 leads to serious errors, as the 
previous comparisons make clear. 

Figure 7 and eq 9 also imply a global correlation 
between segment length and the PVT properties of 
saturated hydrocarbon polymers. Thus, in this and past 
work we have shown that (6 - 6ref)Pw and (6 - 8ref)SmS 
are closely related, so a linear correlation between (6 - 
6ref)Pm and 1 is also to  be expected. We examine this 
and other questions on the relationship of regular and 
irregular mixing to  pure-component PVT properties in 
a forthcoming paper.20 
E. Irregular Mixing. Consistency with the solubil- 

ity parameter formalism was demonstrated earlier for 
9 of 10 cross-checked pairs of microstructures;* the only 
clear exception in that group was the 66PEB pair. Six 
additional exceptions were identified among the 13 pairs 
in the present study-hhPP with PEP, PEB, 66, and P P  
PP with PEP and 97-giving, in all, 16 pairs that mix 
regularly and 7 that mix irregularly. Irregularity can 
be expressed in terms of an extra free energy density 
XE4142, which we define such that 

Accordingly, XE is zero if the interaction density is equal, 
within the errors, to the value predicted from indepen- 
dently assigned and verified solubility parameters. 
Values of XE were calculated through eq 11 with x for 
the 7 blends that mix irregularly and the assigned 
solubility parameters for their components (Table 7). 
The results are plotted in Figures 8-10. 

The smallest XE values for blends that mix irregularly 
are found for the 66PEB and PEPkhPP pairs. They 
are shown in Figure 8 along with the average spread of 
values, f0.32 x MPa, obtained for the 16 pairs that 
mix regularly. Relative to the other irregular mixtures, 
the 66PEB and PEPkhPP results extend only slightly 
beyond the "regularly mixed" range. The 66PEB values 
are fairly firm, having been established earlie9 with 
many cross-checks. The values and particularly the 
crossover in sign for PEP/hhPP are barely significant 
within the greater uncertainties of the hhPP assignment 
made here. The values Of& for PEB/hhPP, 66/hhPP, 
and PP/97 (Figure 9) are positive and clearly beyond 
the regularly mixed range. The 66/hhPP pair appear 
to mix regularly a t  elevated temperatures (T > 100 "C). 
The values for PP/97 at low temperatures are also 
positive and still larger, although again their mixing 
appears to approach regularity at elevated tempera- 
tures. 

Positive deviations from regular mixing, such as 
shown for the most part in Figures 8 and 9, are broadly 

h c 
E 
u 
0 - 
X 

Y 
X 

t 
- 1 " " " " " " " " " " " "  

2 . 2  2 . 4  2 . 6  2 . 8  3 . 0  3 . 2  3 . 4  
UT x io3 ( K . ' )  

Figure 8. Coefficients of extra free energy density associated 
with mixing irregularity in 66PEB and PEPmhPP blends. "he 
dashed lines indicate the average for blends that mix regularly. 
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Figure 9. Coefficient of extra free energy density associated 
with mixing irregularity in PEB/hhPP, 66/hhPP, and PP/97 
blends. 
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Figure 10. Coefficient of extra free energy density associated 
with mixing irregularity in PPmhPP and PPPEP blends. 

consistent with equation-of-state theory,2l but the ob- 
served trend with temperature is unexpected. Thus, XE 
decreases with increasing temperature and, except for 
PEB/hhPP, becomes zero within the errors a t  the 
highest temperatures investigated. Equation-of-state 
contributions, however, are expected to increase with 
increasing temperature, being the result of diverging 
free-volume requirements for the individual components 
that leads eventually to an LCST. The behavior of PEP/ 
hhPP, which indicates an UCST-LCST phase diagram 
(Figure 31, seems especially counterintuitive. Thus, its 
high-temperature behavior is dominated by solubility 
parameter differences (XE - 0), which grow larger with 
increasing temperature and suggest an eventual LCST. 
Its behavior at lower tempertures, on the other hand, 
is increasingly influenced by XE, which grows rapidly 
enough with decreasing temperature to suggest an 
eventual UCST. 
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In contrast with the positive deviations from regular- 
ity shown in Figures 8 and 9, destabilizing those blends 
and favoring phase separation, the deviations for PPI 
hhPP and PPPEP blends, shown in Figure 10, are 
negative and relatively large. In both cases XE strongly 
dominates the interactions, and irregularity massively 
favors miscibility. Thus, for example, at 83 "C xpplp~p 
is 47 x (Table 4), while the value calculated with 
the assigned solubility parameters (Table 6) is 130 x 
low4. The corresponding observed and calculated xppmhpp 
are 26 x and 87 x respectively. Such 
behavior resembles closely the single phase stabilization 
of 100PEP (PEE-PEP) and 08/100 (PE-PEE) diblocks16 
relative to expectations based on solubility parameter 
assignments.8 We have found examples of even stron- 
ger stabilization in certain blends of polyisobutylene,12v22 
such that the interaction parameter itself is negative 
and very large. Negative deviations from regularity 
seemingly cannot be reconciled by free volume theo- 
ries.21 

Irregular mixing of liquids, i.e., departures in interac- 
tion strength from values based on preassigned and 
carefully verified solubility parameters, can appear for 
many reasons, whether the components are monomeric 
or polymeric, and has been expressed in many ways.23 
Thus, for example, in regular solution theory the 
interaction strength of a blend is proportional to the net 
energy change per pair contact, Au = €12 - (€11 + €22112, 
where the cy are all negative. Berthelot's c ~ n j e c t u r e , ~ ~  
€12 = - ( E ~ ~ E z z ) ~ ~ ~ ,  takes that immediately to the perfect 
square form, such that x = [(-~11)l/~ - ( - ~ 1 1 ) ~ ~ 1 ~  as 
required by the Hildebrand formulation (eq 1). But 
beyond an exact result for dielectric  sphere^,^ the 
conjecture remains theoretically unsupported and thus 
technically suspect for anything as complicated as liquid 
mixtures of real molecules, even saturated hydrocar- 
bons. On the other hand, €12 = - ( ~ 1 1 6 2 2 ) ~ / ~  cannot be 
outlandishly wrong, since solubility parameter ideas 
have been used successfully for many years as guides 
for estimating the mutual solubility of small-molecule 
l i q ~ i d s . ~ , ~ ~  

One way to parametrize the departures from regular 
mixing is simply to apply an earlier conjecture about 
the c r o ~ s - t e n n , ~ ~  €12 = -A(c11~221~/~ ,  in which A is adjust- 
able and A = 1 corresponding to regularity. When 
translated to the language of solubility parameters, the 
generalized cross-term leads to  

Macromolecules, Vol. 28, No. 4, 1995 

Although the sample size is small, it is curious that 
small departures from regularity tend to be positive 
(within the uncertainties), while larger departures (PPI 
PEP, PP/hhPP, PEP/100,08/100, and the polyisobuty- 
lene blends) tend to  be negative. Some parallels be- 
tween the departures and the more detailed nature of 
component PVT behavior will be described in a later 
publication.20 

Concluding Remarks 
The thermodynamic interactions obtained for the 

blends studied over the full course of our work fall into 
three categories: 

(A) The consistency of the blend interactions with the 
solubility parameter formulation has been confirmed by 
one or more cross-checks, with results used to establish 
a table of component solubility parameters relative to 
897. 

(B) The consistency of the blend interactions with the 
solubility parameter formulation is less sure because 
cross-checks were lacking or less direct, with results 
used to fill in the table when no other route for a 
component was available. (75SPI and some of the HPB 
assignments in ref 7.) 

(C) The inconsistency of the blend interactions with 
the solubility parameter formulation is confirmed by 
cross-checks, with results expressed in terms Of&, the 
extra free energy density coefficient for the blend 
relative to the solubility parameter prediction. (The 
seven irregular blends identified here.) 

The bounds of these categories are blurred. The 381 
PEP and 52PEB blends8 are classified A, but their 
values Of&,  which average to  -0.77 x and f0.76 
x MPa, respectively, are somewhat beyond the 
f0.32 x MPa average for all category A blends and 
might just as well have qualified them for category C. 
Most of this blurring is within the experimental uncer- 
tainties in x , ~  but the magnitudes of mixing irregularity 
probably take on a continuum of values with some that 
are inevitably marginal. 

The boundary between categories A and B is also 
blurred, depending on the criterion for confirmation. 
Thus, confirmation of 878 - d97 rests on the agreement 
between the tentative indirect value, (878 - 888)' + (dag 
- 897)', and semiquantitative inferences from the two- 
phase SANS scattering of 78/97 blends a t  elevated 
temperature.l The assignments for both 875SPI - 8ref 
and 8pp - Bref are a t  least partially verified by the 
agreement between the direct tentative (8D75SPI - 
BH~PA)' and the result calculated with the independently 
assigned 8 7 5 ~ ~ 1  - 8ref and BPP - 6ref. Also, mixing 
regularity of HPB blends from 00 (linear polyethylene) 
to 35 is inferred mainly from their agreements with the 
copolymer equation over that limited range.5 The 
values for those species, however, are also linked with 
d52 and hence with the others by consistent indirect 
values for (808 - 852y and (600 - 852Y, as obtained 
through sequences that contain different HPB compo- 
nents (see Appendix B). 

We have reviewed the data on the temperature 
dependence of x for all blends to see if there is any 
correspondence between the multitude of observed x- 
(T) shapes and either segment length mismatch Alll or 
mixing irregularity XE. The form AIT + B 1s found for 
many blends, but both large and small Alll as well as 
large and small X E  are represented. Among the others, 
where x vs 1lT is curved in various ways, the same is 
true: large and small values of both All1 and XE appear 

Only differences in solubility parameters are obtainable 
from SANS, but the PVT measurements provide what 
are probably reasonable estimates of the absolute 
values. For the pair with the largest irregularity, PPI 
PEP, XE is roughly -0.3 MPa (Figure 10) at intermedi- 
ate temperatures, dpp = 16.9 MPa1l2 (Table 2, T - 100 
"C), and d p ~ p  = 17.1 MPa1/2 (Table 3, T - 100 "C in ref 
8). Taken together with eq 12, these values give A = 
0.9995. Thus, even in the most extreme example of 
irregularity represented here, the apparent departure 
from Berthelot's conjecture is remarkably small. In- 
deed, considerably the exquisite balance in energies 
required, it is a wonder that the solubility parameter 
formalism works for any of our blends. For mixtures 
of small molecules, where the solubility parameter 
difference near phase boundaries is of course much 
greater, the departures from regularity are larger but 
usually in the same direction (1 < l).23 



Macromolecules, Vol. 28, No. 4, 1995 Regular and Irregular Mixing in Blends 1269 

HhhPPB with DPEB. In both cases, x is the same, well 
within the errors, and the two hhPP samples differ in 
N by about a factor of 3. Among all our results, the 
only apparent counterexample is PEP/hhPP (see Table 
4). Blends of DPEP with HhHPPB (N  = 910) and 
H W P C  (N  = 2050) have the same x at each tempera- 
ture within the errors, but the values for DPEP with 
HhhPPA (N = 320) are much smaller. The fractional 
contribution of interactions to the coherent SANS 
intensity is small and highly uncertain for the DPEP/ 
H W P A  blend (see ref 1 for a discussion of errors in 
x). However, x for HPEPDhhPPA is also significantly 
smaller than x for HPEPDhhPPC, where the interac- 
tions are larger and less uncertain. Thus, there appears 
to  be a chain length dependence in the PEP/hhPP 
interactions, but there is still enough uncertainty that 
we intend to make a more thorough examination of x 
for PEP/hhPP blends in the future. Until then, we use 
the results for PEP/hhPPC blends in any numerical 
assignments of interaction strengths. 

Appendix B. Self-Consistency of Solubility 
Parameter Assignments for Ethylene-Butene 
Copolymers (Ethylene-Rich Range) 

We have established the self-consistency of the as- 
signed solubility parameters for the high butene content 
(38 I y 5 97) ethylene-butene (saturated polybuta- 
dienes) in previous  publication^.^,^ Here we evaluate 
the self-consistency of the assignments for the high 
ethylene content (0 I y I 52) HPB structures examined. 

We have examined eight materials with butene 
content ranging from 0 to 52 wt % and assigned relative 
solubility parameters as a function of temperature. The 
various series of interconnected blends examined are 
pictorially reprsented in Figure 11. Using these series, 
we estimate the values of 608 - 652 and 600 - 852. The 
assignments were made only at 167 "C. Below this 
temperature, data in several cases could not be acquired 
due to crystallization or phase separation. The indirect 
values shown below agree well with those inferred 

52 

/-- \ 

Figure 11. Diagram of interconnected blends for evaluating 
mixing regularity among model ethylene-butene copolymer 
species. 

to be represented more-or-less at random. The shape 
of x(T) for a blend appears to be uncorrelated with All1 
and XE. 

Finally, the values of 6 from both SANS and PVT data 
have temperature dependences that vary with micro- 
structure. Accordingly, the temperature dependence of 
x for any particular blend would appear to contain little 
direct information about the nature of the mixing 
process itself or the mechanisms for interaction that 
favor or retard it. Moreover, for the many blends that 
we have classified as regular in mixing, we find no 
evidence suggesting that the interactions between com- 
ponents that govern mixing are other than purely 
enthalpic in origin. 
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Appendix A. Molecular Weight Dependence of 
the Interaction Strength 

According to Flory-Huggins theory, the interaction 
parameter depends on temperature and the component 
microstructures alone: y, should be independent of the 
component concentrations (41, and chain lengths (N1, 
Nz) .  As documented elsewhere,6 we typically observe a 
mild Cp dependence, roughly symmetrical about a rather 
flat minimum in the midrange (41 - 4 2  - 0.5). (This 
effect may well account for the modest difference in x 
for DPEPMPPA blends at r$pp = 0.70 and 0.87 (Table 
41.) Over the full course of our investigations we have 
obtained results which suggest that x is insensitive to 
N1 and N2. Thus, among blends of HPB components, 
97A/88 and 97B/88 blends have the same 2, within the 
errors (-44.5 x although N for 97A and 97B differ 
by nearly a factor of 2.' Also, x for various blends of 
linear polyethylene fractions SRM-1482, -1483, -1484) 
with D17, D25, and D32 correlate well through the 
copolymer equation (as expected over this limited 
composition range7) despite differences of nearly a factor 
of 9 in N for the  polyethylene^.^ 

These inferences of N independence are supported 
here (see Table 4) by data for blends of DhhPPA and 
DhhPPB with H66 and also for blends of HhhPPA and 

- 
previously.7~8 

H52/D38-D38/H32-H32/D08 

H52/D38-D38/H25-H25/D08 

D52/H38-H38/D32-D32/H08a 

D52/H38-H38/D25-D25/HO8 

D52/H38-H38/D32-D32/HOO 

D52/H38-H38/D25-D25/00 

D52/H38 -H38/D 17 -D1 7/H00b 

D52/H35-H35/D17-Dl7/H0Ob 

'DO8 - QH52 = 
0.55 

'DO8 - 'H52 = 
0.56 

'HO8 - 'D52 = 
(>0.52) 

'H08 - 'D52 = 
0.58 

6H00 - 'D52 = 
0.64 

'HOO - 'D52 = 
0.63 

6HO0 - 6D52 e 
0.62 

'HOO - 'D52 GZ 

0.61 
a D32/HO8 phase separated at 167 "C. Estimated by 

extrapolation from higher temperatures. D17M00 
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phase separated at  167 "C. Estimated by extrapolation 
from higher temperatures. 
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