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ABSTRACT: Mutual solubilities and liquid-state interactions of polyisobutylene (PIB) with other 
polyolefins were investigated by a variety of techniques. Near room temperature PIB was found to be 
miscible with a limited range of polyolefin structures. The interactions for several blends in this range 
were determined by small-angle neutron scattering. The Flory-Huggins parameter x was found to  be 
large and negative at room temperature in all cases, contrary to expectations and to previous experience 
with blends of other saturated hydrocarbon polymers. However, x diminished rapidly in magnitude with 
increasing temperature, eventually becoming positive and culminating finally in phase separation. 
Molecular weight independence of x, volume change on mixing, glass transition temperature us blend 
composition, and a phase diagram were established for one PIBIpolyolefin system. The insensitivity of 
phase separation temperature to both blend composition and component molecular weight was shown to 
be a natural qualitative consequence of the unusually strong temperature dependence of 2. The volume 
changes and Tg behavior are also unusual and remain to be explained, along with the fundamental source 
of attractive interactions (negative x )  in blends of saturated hydrocarbon polymers. 

Introduction 
In previous work1-* we have investigated the ther- 

modynamic interactions that govern phase behavior in 
numerous blends of model polyolefins. The components, 
obtained by saturating the double bonds of nearly 
monodisperse polydienes, include a series of statistical 
ethylene-butene copolymers, an alternating ethylene- 
butene copolymer, head-to-head as well as head-to-tail 
polypropylene, and a series of saturated polyisoprenes 
with varying amounts of 1,4 incorporation. The interac- 
tions in their blends, expressed in terms of the Flory- 
Huggins parameter x, vary widely in strength and 
temperature dependence. Classical UCST behavior was 
found for the majority of component pairs, but the trend 
with temperature for others suggested LCST or more 
complex behavior. With only minor exceptions, how- 
ever, x was positive over the accessible range of tem- 
peratures, indicating a net repulsion between compo- 
nents. Here we report some results obtained for blends 
of these same model polyolefins with polyisobutylene 
(PIB), also a saturated hydrocarbon polymer and having 
the structural unit 

H CH3 
I I  -c-c- 
I I  
H CH3 

In contrast with our previous studies, and contrary to  
expectations based on the nonspecific (dispersive) nature 
of saturated hydrocarbon interactions, large negative 
values of x are found in several of these blends. 

Relatively little work has been published on  blends 
of PIB with other polyolefins. Flory et al.9 studied the 
thermodynamics of mixing for solutions of PIB in a 
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range of linear alkanes, Cg to C16. They found negative 
enthalpy and volume changes with mixing that dimin- 
ished with increasing temperature and alkane size, and 
they predicted LCST behavior a t  elevated temperatures. 
The prevalence of LCST behavior for polymer-solvent 
systems in general has been related to differences in 
thermal expansion coefficient through free volume 
arguments.1° Flory et al.ll concluded from equation- 
of-state considerations, based on pure component PVT 
data, that PIB and polyethylene would be immiscible 
in the melt state. At least partial miscibility has been 
suggested for melts of PIB and isotactic polypropylene.12 

We have used cloud point measurements and visual 
inspection to  survey the miscibility of PIB with a wide 
range of polyolefins, including both model and com- 
mercial materials. Values of x(T) were determined for 
several of these blends by small-angle neutron scatter- 
ing (SANS). In one case the glass transition tempera- 
ture and volume change with mixing were measured as 
functions of blend composition, and an approximate 
phase diagram was established by a calorimetry- 
quenching procedure. Equation-of-state contributions 
to the interactions are briefly considered. 

Experimental Section 
Structural information and M ,  for the polymers used in this 

work are given in Table 1. Three model PIB samples (PIBA, 
PIBB, and PIBC) were obtained from American Polymer 
Standards Corp. All were monomodal and had similar poly- 
dispersities (M,IM, * 1.2). Two commercial samples (PIBD 
and PIBE) were also used, one from BASF (Oppanol B16SF) 
with MwIMn = 2.35 and the other from Exxon (Vistanex L100) 
with M,IMn = 2.0. 

The model polyolefins used as second components in blends 
with PIB have been described in earlier The first 
letter of their sample codes is H or D, indicating fully 
hydrogenous or partially deuterated, and the rest describes 
the chemical microstructure. The letters A, B, etc. are 
appended to distinguish different samples with the same 
microstructure. Thus, H52 is a hydrogenated polybutadiene 
(a statistical copolymer of ethylene and butene) that  contains 
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Table 1. Characterization of Samples 
sample description M, 10-3 

PIBA sample from American Polymer Standards 38.6 
PIBB sample from American Polymer Standards 81.6 
PIBC sample from American Polymer Standards 160 
PIBD commercial PIB from BASF 122 
PIBE commercial PIB from Exxon 1000 
H38 (D38) 104 
H52 (D52) 85 
H66A (D66A) 114 
H66B model EB copolymer with 66 wt % butene 125 
H78 (D78) 73 
H88 (D88) 91 
H90 (D90) 28 
H97B (D97B) 48.4 
HPEP (DPEP) 59.9 
EP-JBG11 151 
HPEB (DPEB) 46.3 
H50SPI (DBOSPI) 104 
H34SPI (D75SPI) 73 
HPPB (DPPB) model head-to-tail polypropylene 59.2 
HhhPPA (DhhPPA) model head-to-head polypropylene 27.5 
HhhPPC (DhhPPC) model head-to-head polypropylene 172.3 

model ethylene-butene (EB) copolymer with 38 wt % butene 
model EB copolymer with 52 w t  % butene 
model EB copolymer with 66 w t  % butene 

model EB copolymer with 78 wt % butene 
model EB copolymer with 88 wt % butene 

model alternating copolymer of ethylene and propylene with -60 wt % propylene 

model EB copolymer with 90 wt % butene 
model EB copolymer with 97 wt % butene 

commercial ethylene-propylene copolymer with 57 wt % propylene from Exxon 
model alternating copolymer of ethylene and butene with -66 wt % butene 
model statistical copolymer derived from polyisoprene (50% 1,4 and 50% 3,4) 
model statistical copolymer derived from polyisoprene (75% 3,4 and 25% 1,2) 

~~~~ ~ 

PIBBDSO 
PIBBD78 
PIBCD78 
PIBAlD66A 
PIBBD66A 
PIBCD66A 
PIBBiH66A 
PIBDD66A 
PIBBD52 
PIBDD52 
PIBAlD38 

PIBAlDPEB 
PIBBDPEP 
PIBAlDPEP 
PIBC/EP-JBGll 
PIBD/EPJBGll 
PIBBDPPB 
PIBBDhhPPA 
PIBB/HhhPPA 
PIBCDhhPPC 
PIBCD50SPI 
PIBAlD75SP 

Table 2. Visual Observations and Cloud Point Determinations 
sample 4PIB observations 

PIBBD97B phase separated 25-100 "C and formed droplets 
Dhase seDarated 25-120 "c and formed drodets 
kscible at 25 "C, phase separation at 85 f '5 "C, studied by SANS 
miscible at 25 "C, phase separation at 75 f 5 "C 
miscible at 25 "C, phase separation at 105 f 5 "C 
miscible at 25 "C, phase separation at  100 f 5 "C, studied by SANS 
miscible at 25 "C, phase separation at 95 f 5 "C, studied by SANS 
miscible a t  25 "C, phase separation at 100 f 5 "C 
miscible at 25 "C, phase separation at 90 f 5 "C 
miscible at 25 "C, phase separation at 95 f 5 "C, studied by SANS 
miscible at 25 "C, phase separation at 90 f 5 "C 
phase separated at 25 "C, no droplets, remained phase separated at elevated temperatures; 

miscible at 25 "C, phase separation at 50 f 5 "C, mixture cleared when cooled back to 25 "C 
phase separated at 25 "C, no droplets, macrodomain formation upon heating 
miscible at 25 "C, phase separation at 45 f 5 "C, cleared when cooled back to 25 "C 
miscible at 25 "C phase separation at 50 f 5 "C, cleared when cooled back to 25 "C 
miscible at 25 "C, phase separation at 50 f 5 "C, cleared after a long time when cooled back to 25 "C 
phase separated up to at least 100 "C, formed droplets 
miscible at 25 "C, phase separation at 190 f 10 "C, studied by SANS 
miscible at 25 "C, phase separation at 185 f 10 "C 
miscible at 25 "C, phase separation at 175 f 10 "C 
borderline miscibility at 25 "C, definitely phase-separated at 40 "C, no macrodomain formation 
phase separated at 25 "C, formed droplets that increased in size with heating 

uncertain at 25 "C because T, = 40 "C for D38 

52 wt % of the butene structure while D52 is the partially 
deuterated version, HPEP is a predominantly alternating 
ethylene-propylene copolymer, HPEB is a predominantly 
alternating ethylene-butene copolymer, HPP is a conventional 
(head-to-tail) polypropylene, HhhpP is head-to-head poly- 
propylene, and H50SPI and H75SPI are hydrogenated versions 
of polyisoprenes with enhanced 3,4 and 1,2 enchainments. For 
all these materials, MJMn I 1.07. We also used a commercial 
ethylene-propylene copolymer from Exxon, EP-JBG11, which 
contains 57 wt % propylene. 

All components are atactic with glass transition below room 
temperature. All are clear noncrystalline liquids at room 
temperature except H38 (T, = 42 "C). They were dissolved 
and filtered (0.22 pm Anodisc) prior to use. Blends were 
prepared by mixing known weights of the components in dilute 
solution and evaporating to dryness. As in past work,'+ blend 
compositions are routinely expressed as nominal volume frac- 
tions: 4i = (wilei)/(w& + W ~ Q B ) ,  where the wi and ei are 
weight fractions and pure component densities. 

The SANS measurements were conducted at the NIST Cold 
Neutron Research Facility in Gaithersburg, MD.13 Experi- 
mental procedures and the analysis of data to  obtain x were 
generally carried out as described in previous work.' The light 
scattering procedures to determine cloud points for the blends 
were also described ear1ier.l Densities were measured at 23 
"C with a density-gradient column. Glass transition tempera- 

ture Tg was determined with a Seiko calorimeter (Model 
SSC5200H with subambient capability) at a heating rate of 
10 "C/min. Phase boundaries were determined with the same 
instrument by annealing blends at  various elevated tempera- 
tures for 1 h, followed by rapid quenching to  -105 "C and 
subsequent Tg scanning at 10 "C/min. The presence of two 
distinct glass transitions was taken to  indicate phase separa- 
tion at  the annealing temperature. The PVT data were 
obtained with a Gnomix instrument and provided through the 
courtesy of Drs. G. T. Dee and D. J. Walsh, DuPont Central 
Research and Deve10pment.l~ 

Results 
A. Miscibility Survey and Cloud Point Deter- 

minations. Table 2 lists the PIB blends that were  
examined initially. Many  were obviously phase-sepa- 
ra t ed  at room tempera ture  and remained so at elevated 
temperatures. These were not  studied fur ther .  The 
other blends were single phase  at room temperature but 
underwent  phase  separa t ion  at elevated tempera tures .  
None remained  single phase above 190 "C, a n d  all 
reverted eventually t o  single phase  upon cooling back 
t o  room tempera ture .  Their cloud points were deter- 
mined by increasing the temperature at a rate of 4 " C h  
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while recording the scattering intensity. At phase 
separation the intensity rose rapidly and then decreased 
sharply. The temperature a t  the onset of the rise was 
taken to be the phase separation temperature (Table 
2). The transition itself was reversible, although the 
cooling transition was found to  be unreliable: the 
dynamics of reversion were rather slow, and the results 
were found to depend on the history of prior superheat- 
ing. The results for heating were reproducible to fl 
"C, but the absolute accuracy for most experiments is 
more nearly f 5  "C. 

The following conclusions were drawn from these 
studies. 

(1) All the PIB blends surveyed that are miscible a t  
room temperature exhibit phase separation at elevated 
temperatures and thus LCST behavior. 

(2) Cloud point results for the PIBB/H66A and PIBB/ 
D66A blends as well as the P I B B W P P A  and PIBB/ 
DhhPPA blends suggest that deuterium labeling has a 
negligible effect on phase behavior in PIB blends. This 
contrasts strongly with results of our previous studies 
of model polyolefin blends, which showed large effects 
on the critical temperature T, as a result of deuterium 
substitution a l ~ n e . ~ , ~ ? ~  

(3) PIB is miscible at room temperature with a modest 
range of model polyolefin microstructures. Thus, PIB 
is miscible with D52, D66, and D78 (ethylene-butene 
copolymers with 52-78 wt % butene) and also with 
DPEP (borderline), DPEB, and DhhPP. PIB is im- 
miscible with D38, D90, and D97 as well as DPP, 
D50SP1, and D75SPI. Based on previous assignments 
of the solubility parameter, (6 - 6ref)SmS, for these 
various microstructures,6-8 PIB would appear to have 
a room-temperature window of miscibility for polyolefins 
with solubility parameters that extend roughly from d50 
t o  680, encompassing the 52, 66, 78, PEP, PEB, and 
hhPP microstructures and excluding 38, 90, 97, PP, 
50SP1, and 75SPI. 
(4) The results for blends of PIB with D66A indicate 

that phase separation temperature is remarkably in- 
sensitive to  component molecular weight. Thus, M, for 
PIBA and PIBC differs by a factor of 4, yet the phase 
separation temperature shifts by only 10 "C. The blends 
of PIB with hhPP behave similarly. In other polyolefin 
blends, T, can shift by as much as 80 "C when the 
molecular weight of a component is changed by only a 
factor of 2.l 

(5) DPEB and D66A have the same weight fractions 
of butene units but differ in sequencing (alternating us 
statistical), and both are miscible with PIB at 25 "C. 
However, the phase separation temperatures are sig- 
nificantly different, being higher for PIBA/H66A by -50 
"C despite a much larger M, for H66A than DPEB. On 
the other hand, DPEP and EP-JBG11 have nearly the 
same weight fraction of propylene units and also differ 
mainly in sequencing, yet their blends with PIB appear 
to have rather similar (borderline) miscibility charac- 
teristics. The distinction between head-to-head and 
head-to-tail configuration, however, has a major effect 
on miscibility with PIB. Thus, PIBhhPP blends have 
the highest phase separation temperatures of all the 
systems investigated, yet PIBPP blends are immiscible 
even at room temperature. 

(6) Model PIB and commercial PIB are indistinguish- 
able in miscibility behavior as shown by the similarity 
of results for blends of PIBB, PIBC, and PIBD with the 
52 and 66 species. 
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Table 3. Interaction Parameters Determined by SANS 
x x 104 

blend 27°C 51°C 83°C 167°C 
PIBB/D52 ( ~ I B  = 0.499) -18.2 -2.6 2 P  2P 
PIBB/D66A (&IB = 0.512) -45.9 -23.1 -2.3 2P 
PIBC/D66A ( ~ I B  = 0.496) -43.7 -21.5 -1.0 2P 
PIBBD78 ( ~ I B  = 0.467) -21.4 -8.7 f3.s 2P 
PIBB/DhhPPA ( ~ I B  = 0.475) -101. -72. -37.4 +10.1 

2P = two liquid phases. 

t - 30  f : 0 
0 
0 
0 

o 2 7 ° C  1 
c 5 1 ° C  1 
o 8 3 ° C  1 

j 
t 0 

h 0 

0 0.02 0.04 0.06 0.0s 
9 ( A - 1 )  

Figure 1. Angular dependence of total SANS intensity for 
PIBCD66A at various temperatures. 

B. Small-Angle Neutron Scattering Results. 
Five blends that are miscible at room temp- 
erature-PIBBD52, PIBB/D66A, PIBCD66A, PIBB/ 
D78, and PIBBDhhPPA-were studied in the single- 
phase region by SANS. The dependence of scattering 
form factor P(q)  and radius of gyration R,  on tempera- 
ture was determined for the model polyolefin compo- 
nents by matched-pair experiments.l Only hydrogenous 
versions of PIB were available, so we calculated P(q)  
for PIBB and PIBC with the Debye equation for random 
coils 

u = R , q  2 2  

using R,(M,T) for PIB from Hayashi et al.15 and a 
modified version of eq 1 to account for their modest 
po1ydispersities.l6 The incoherent background was 
subtracted from the total scattering intensity I (q)  for 
the blends and converted to the static structure factor 
S(q)  as described previous1y.l The random phase ap- 
proximation and the Flory-Huggins equation were then 
applied to obtain the interaction parameter x, defined 
with respect to the reference volume uo = ( u ~ z I ~ ) ~ ' ~ ,  u1 
and u2 being the component volumes per mer at the 
temperature of the measurements.l The results are 
given in Table 3. 

The total scattering intensity in absolute units for the 
PIBC/D66A blend at  various temperatures is shown in 
Figure 1. The scattering profile at the lowest tempera- 
ture depends only weakly on q. Concentration fluctua- 
tions are suppressed, indicating a strong net attraction 
between the components. The intensities at low q 
increase rapidly with increasing temperature, cor- 
responding to a weakening attraction and finally repul- 
sion as the phase separation (95 & 5 "C for this blend) 
is approached. The results for all five blends, given in 
Table 3, show the same behavior. The values of x are 
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Table 4. Density and Thermal Transition Roperties for 
HM?B/PIBE Blends 

- 6 0  
2 .6  2 .8  3 .0  3 . 2  3 . 4  

I/T x io3 ( K 

Y l  

4 
X 

x 

- 8 0  1 

2o  

- 6 0  I 
5 0  5 5  6 0  6 5  7 0  7 5  8 0  

y (wt.  % Butene) 
Figure 2. (a, Top) Temperature dependence of the interaction 
parameter for PIBBD66A and PIBCD66A blends. (b, Middle) 
Temperature dependence of the interaction parameter for 
PIBBDWPA blends. (c, Bottom) Dependence of interaction 
parameter on component composition for blends of PIB with 
D52, D66A, and D78. The symbols indicate measurement 
temperatures of 27 (O), 51 (El), and 83 "C (0). 

large and negative at  27 "C but move rapidly toward 
zero and then on to positive values a t  phase separation 
at  higher temperatures. 

The chain dimensions for PIB extracted indepen- 
dently from the blend scattering at  intermediate q are 
in good agreement with the ~redicti0n.l~ Thus Rg(M,T) 
appears to be insensitive to the strength of the blend 
interactions, as we have found in previous studies with 
polyolefin  blend^.^ 

The interaction parameter itself is insensitive to 
component molecular weight, as judged by the results 
shown in Figure 2a for PIBB/D66A and PIBCD66A. 
This observation is consistent with previous results for 

wt  frac vol frac density T AT (UF/UO)obs (uduo)pvr 
sample PIB PIB e(g/cmS) ( 0 6  ~f x 104 x 104 
H66B 0.0 
#1 0.097 
#2 0.179 
#3 0.301 
#4 0.330 
#5 0.409 
#6 0.500 
#7 0.564 
#8 0.682 
#9 0.789 
#10 0.916 
PIBE 1.0 

0.0 
0.092 
0.171 
0.288 
0.317 
0.395 
0.485 
0.549 
0.669 
0.779 
0.911 
1.0 

0.8617 
0.8671 
0.8713 
0.8777 
0.8792 
0.8833 
0.8881 
0.8916 
0.8978 
0.9032 
0.9099 
0.9147 

-52.8 5.8 0 
-53.7 7.5 +3 
-54.7 8.4 f 2  
-55.1 10.3 +1 
-56.9 11.7 0 
-58.7 12.8 -1 
-60.4 14.2 -2 
-61.0 12.6 +1 
-63.5 9.8 -1 
-64.3 8.8 -3 
-64.6 6.7 -4 
-63.9 5.7 0 

0 
-2 
-3 
-4 
-4 
-5 
-5 
-5 
-4 
-3 
-1 
0 

blends of saturated hydrocarbon polymers.8 Also, the 
temperature dependence of x for all five PIB blends 
follows the conventional AIT + B form reasonably well. 
The data for PIBBDhhPPA blends, which cover the 
widest span of temperatures, are shown in Figure 2b. 
Finally, the trends in x with ethylene-butene copolymer 
composition (HPIBD52, HPIB/D66A, HPIBD78) are 
shown in Figure 2c. The results suggest the existence 
of a miscibility window for PIB with a range of ethyl- 
ene-butene microstructures, centered near 65 wt % 
butene, as also indicated by the cloud point studies. 

The temperatures obtained by extrapolating x(T) to 
the respective critical interaction parameter for the 
blend 

(2) 

agree reasonably well with the observed cloud point 
temperatures (Table 2). Thus, the insensitivity of cloud 
point temperature to  component molecular weight, 
remarked upon earlier, appears to  be mainly a conse- 
quence of the extraordinarily rapid change in interaction 
strength with temperature in the PIB blends. 

C. Glass Transition and Volume Change on 
Mixing for PIBE/H66B Blends. Ten blends of PIBE 
and H66B were prepared by mixing in dilute solution, 
filtering, precipitating, and exhaustive drymg. Samples 
of the pure components were prepared identically. As 
expected from the results in Table 2 for PIB/66 blends, 
all were single phase at 25 "C and showed only one glass 
transition peak by calorimetry. The values of Tg and 
transition width ATg were essentially identical in repeat 
runs, and neither was changed by many hours of prior 
annealing at 55 or at 75 "C. Both Tg and AT, are 
recorded in Table 4. The variation in Tg with blend 
composition is shown in Figure 3. The line is the Fox- 
Flory prediction, (T 

The densities e ofthe same blends and pure compo- 
nents, el and ~ 2 ,  were determined at 23 "C using at least 
four specimens of each. To minimize systematic errors, 
all measurements were made on the same day and in 
the same density-gradient column. Agreement among 
the four specimens was better than fl mm in column 
location (better than f0.00015 g/cm3 in density). The 
results are recorded in Table 4. The fractional volume 
change on mixing was calculated from the density of 
the blend and the densities and weight fractions of the 
blend components: 

Y 

= q51(Tg)l-l + 42(Tg)2-l. 

(3) 
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n \  I 

-64 1 

0.0 0 . 2  0 .4 0 .6  0.8 1.0 
qPIB 

Figure 3. Glass transition temperature as a function of blend 
composition for PIBE/H66B. The curve is the Fox-Flory 
prediction. 

0.04 , I , l I , I , I J I , J I , , I I J  

The values of (VdVO)obs are recorded in Table 4 and 
shown as a function of blend composition in Figure 4. 

The combination of results in Figures 3 and 4 is 
somewhat counterintuitive. Thus, for example, the 
volume decreases with mixing in PIB-rich blends, 
presumably reducing the free volume and thereby 
increasing Tg, yet Tg actually decreases slightly in this 
region ( 4 ~ 1 ~  = 0.78 and 0.91). Also, the volume in- 
creases with mixing in the H66-rich blends, presumably 
increasing the free volume and thereby lowering Tg, yet 
Tg in that same region obeys the Fox-Flory relation 
rather well. 

The difference in pure component Tg is only 11 "C, 
and the transition width becomes comparable to that 
difference in the composition midrange (Table 4). More- 
over, the volume changes themselves are very small, 
being less than 0.04% in magnitude and thus barely 
within the resolution of careful density-gradient column 
methods. The observations shown in Figures 3 and 4 
are, nevertheless, still outside the errors, but unfortu- 
nately their fundamental significance is still unknown. 
Some theoretical estimates of uduo based on the pure 
component PVT properties were made as described in 
the Appendix. Those results are shown in the last 
column of Table 4. The order of magnitude is consistent 
with (UdUO)obs, but the calculated values are negative 
at all compositions. Unfortunately, even the sign of 
those predictions is uncertain, owing to the extreme 
sensitivity of ( u d u o ) p v ~  to the fitting parameters (see 
Appendix). 

h 150 1 
, \  

t i l  
w 
v 

I S  

PP f 
7 5 / , ,  5 0  , , , , , , , , , , ,I 

0.0 0 .2  0.4 0.6 0.8 1.0 

9 P I B  

Figure 5. Phase diagram for PIBEM66B blends based on a 
quenching-calorimetry procedure. The solid curve is the 
spinodal diagram calculated with the Flory-Huggins theory 
and ~(7') for PIB/D66A blends. 

D. Phase Diagram for PIBJVH66B Blends. Sev- 
eral of the PIBEM66A blends used in the studies of 
glass transition temperature and density were annealed 
at  various elevated temperatures, quenched, and then 
scanned by DSC as described in the Experimental 
Section. Quenched blends which showed a single Tg 
were assumed to be single phase at the annealing 
temperature; those with two Tis were deemed to be two 
phase. The results are shown in Figure 5 as a function 
of blend composition. The bars for each composition 
indicate the highest annealing temperature with a 
single Tg and the lowest annealing temperature with 
two Tis. The points are the average of these two 
temperatures; the curve is the spinodal curve calculated 
with the Flory-Huggins theory and x us T as obtained 
by SANS (Figure 2a). 

The shape of the experimental phase diagram indi- 
cates classical LCST behavior, with a critical composi- 
tion that appears to be consistent with ( ~ I B E ) ,  = 0.27, 
a value estimated from the component densities and 
molecular weights: 

The phase boundary temperature is rather insensitive 
to blend composition, ranging only about 20 "C from &~IB - 0.09 to ~ P I B  - 0.69. Like the insensitivity of T, to 
component molecular weights described earlier, the 
flatness of the experimental phase boundary is probably 
caused by the large temperature dependence of interac- 
tion strength in PIB/66 blends (Figure 2a). The dis- 
crepancy between experimental results and predicted 
spinodal in Figure 5 might indicate a significant depen- 
dence of x on blend composition, which we have not 
investigated. 

E. PVT Properties of PIB. In earlier work with 
other blends of model polyolefins, for which the interac- 
tion parameters from SANS were generally positive, we 
found that the majority of results for the composition 
midrange (41 = 42) could be organized rather well 
through the Hildebrand equation: 

in which 61 and 82 are temperature-dependent solubility 



Macromolecules, Vol. 28, No. 4, 1995 

Table 5. PVT Parameters for PIB and PEP 
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Table 7. Extra Mixing E n e m  Coefficient for PIB Blends 
a (K-l) x lo4 (MPa-l) x lo4 d p ~  (MPauz) 

T("C) PIB PEP PIB PEP PIB PEP 
27 5.52 6.60 4.80 5.82 18.58 18.46 
51 5.72 6.78 5.52 6.74 18.33 18.06 
83 5.53 6.69 6.29 7.87 17.68 17.39 

167 6.08 7.33 8.85 11.50 17.38 16.74 
121 5.68 6.88 7.41 9.30 17.38 17.07 

Table 6. Values of Relative Solubility Parameter Based 
on PVT Properties for Various Saturated Hydrocarbon 

Polvmers 
( S  - S , f ) m  (MPam) a t  temperature T ("C) 

species 27 51 83 121 167 
H97 
HPP 
H66 
HhhPP 
H52 
HPEB 
HPEP 
H32 
PIB 
HO8 

0.00 0.00 0.00 
0.20 0 . 2 ~  0.17 
0.54 0.68 0.92 
0.63 0.69 0.77 
0.76 0.80 0.75 
0.98 0.69 0.82 
1.26 1 . 1 7  1.01 

1 .12  1.34 
1.39 1.44 1.30 

paramet _rs for the blend components. 

0.00 
0.09 
0.84 
0.83 
0.80 
0.76 
1.23 
1.15 
1.54 
1.61 

Empiri 

0.00 
0.01 
0.80 
0.82 

0.82 
0.79 

0.81 

1.51 
1.5s 

1.36 

1 valu-s 
relative to a reference species H97, (6 - d&ms, were 
assigned to the various species and confirmed through 
a detailed system of internal consistency tests for their 
blends.6-8 Blends for which the observed interactions 
were consistent with eq 5 and these (8 - 8ref)SmS 
assignments were said to  mix regularly. The results 
for some blends deparated from this pattern, and the 
interactions for those blends were expressed in terms 
of an extra interaction density coefficient, quantifying 
the extent of their irregularity: 

where 62 - 61 = (62 - 6ref)SANS - (61 - 6ref)SANs. 
None of the miscible PIB blends investigated by SANS 

mix regularly of course, since eq 5 requires, a t  mini- 
mum, that x be positive. Thus, confirmed values of 
(6 - B r e f ) w s  carinot be determined for PIB, at least with 
the blend data presented here. On the other hand, our 
previous work has shown that the SANS-based solubil- 
ity parameters parallel rather closely the values esti- 
mated from pure component PVT We used the 
expression based on the square root of internal pressure 
to define17J8 

where a is the thermal expansion coefficient and the 
isothermal compressibility. The values of a(T) and /3- 
(27 for PIB at  ambient pressures were obtained with 
previously published data,14 and they agree well with 
results for PIB reported by others.lg They are recorded 
in Table 5 along with the values of 6 d T )  obtained with 
eq 7. Values of dpvT(T) are already available for the 
reference species H97 and several other model poly- 

For comparison purposes, the values of a, 
b, and B p v ~  for PEP, which are typical for the model 
polyolefins, are also listed in Table 5. 

The values of (6 - Bref)pv for several polyolefins are 
compared with those for PIB in Table 6. These data 
would seem to suggest that the solubility parameter for 
PIB lies between the values for H08 and H32, cor- 

XE (MPa) 
blend 27 "C 51 "C 83°C 167°C 

PIBD52 -0.47 -0.41 
PIBD66 -0.82 -0.67 -0.53 
PIBD78 -1.08 -1.04 -1.00 
PIBDhhPP -0.91 -0.67 -0.56 -0.43 

responding to an ethylene-butene copolymer with 
perhaps 20 w t  % butene. Curiously, this location, 8pm - 820, is rather far removed from the PIB miscibility 
window with other polyolefins, roughly 850 to 680 as 
identified in part A of the Results. 

We have no explanation for this displacement, nor 
indeed for the very existence of strong attractions 
(negative x) in PIB blends, although it is perhaps worth 
noting that PIB is somewhat anomalous in many 
respects among saturated hydrocarbon polymers. Thus, 
its density, e = 0.915 g/cm3 at 23 "C, is distinctly larger 
than those for the other polyolefin liquids, which range 
from 0.85 to 0.87 g/cm3. Also, both thermal expansion 
coefficient and isothermal compressibility are distinctly 
smaller for PIB, as shown by the comparison of a and B 
with the more typical values for PEP in Table 5. 
Evidently, PIB molecules are arranged more compactly 
in the liquid state and their intermolecular forces resist 
more strongly the perturbing effects of pressure and 
temperature, but why this should be is unknown. The 
ratio d,!?, which governs d p v ~  through eq 7, turns out to 
be similar for PIB and the other polyolefins, but the fact 
remains that the interactions between their chains must 
be very different. How this leads to strong stabilization 
of the single phase in certain PIB blends and why that 
stabilization decreases rapidly with increasing tempera- 
ture are major mysteries. 

We have found other examples of strong stabilization 
in earlier work,8 although none that actually led to 
negative values of x. Values of XE (eq 6) as large as 
-0.40 MPa (J/cm3) were found for PPPEP blends and 
-0.25 MPa for PP/hhPP blends. Lacking values of (Bpm 
- Bref)SANS, we used those based on PVT measurements 
(Table 6) to estimate XE with eq 6 and the SANS data 
(Table 3) for PIB blends. Those values are listed in 
Table 7. The largest is -1.0 MPa, clearly beyond the 
PPPEP and P P W P  stabilizations but not outland- 
ishly so. 

We will consider these and other examples of ir- 
regular mixing in a forthcoming paper that deals more 
completely with pure component PVT properties.20 

Concluding Remarks 
We have shown that PIB is miscible at room tem- 

perature with a modest range of polyolefin species. All 
such PIB blends exhibit LCST behavior with phase 
separation temperatures from 40 to 190 "C, depending 
on the second species. The phase separation tempera- 
ture is also insensitive to  both component molecular 
weight and blend composition. At room temperature 
the values of x for these blends are large and negative, 
but they diminish in magnitude rapidly with increasing 
temperature, eventually crossing zero and becoming 
positive just prior to phase separation. The interaction 
parameters themselves appear to be independent of 
component molecular weight, as expected from theory 
and found for other polyolefin blends. We have not 
studied the dependence of x on composition. Neverthe- 
less, the strong temperature dependence x alone ex- 
plains as least qualitatively, through the Flory- 



1258 Krishnamoorti et al. Macromolecules, Vol. 28, No. 4, 1995 

Table 8. FOV Fitting Paramebra for PIB and H6f3 Huggins formulas, the observed insensitivity of phase 
separation temperature to both molecular weight and 
composition in PIB blends. 

We have noted many anomalies in the properties of 
PIB relative to those of other saturated hydrocarbon 
polymers-larger density, smaller thermal expansion 
coefficient, and smaller isothermal compressibility. We 
have also reported density and Tg anomalies in PIB 
blends. An additional anomaly is evident from the 
difference between the apparent solubility parameter 
for PIB and the location of its miscibility window with 
polyolefins. Thus, 8pm from PVT measurements would 
appear to be near that for the H20 microstructure, i.e., 
820, but the polyolefins that are miscible with PIB have 
solubility parameter in the interval from 850 to 880, 
which of course would suggest 8pm % 865 by the 
conventional criterion. 

These peculiarities of PIB and its blends are perhaps 
related to the remarkable feature of large negative 
values for x, i.e., strong net attraction between compo- 
nents, in blends of saturated hydrocarbon polymers. The 
species contain neither polar groups nor other moieties 
with the potential to form specific interactions, such as 
hydrogen bonding or charge-transfer complexation. The 
intermolecular energies of saturated hydrocarbon liq- 
uids originate from induced-dipole interactions, and 
these are expected to produce only a net repulsion 
between components, or positive x ,  in liquid mixtures. 
Moreover, equation-of-state contributions can only serve 
to enhance these repulsions.21 The only possibility is a 
local packing contribution, strengthening the attractions 
and specific to  the component pair. We offer this 
"explanation" in the absence of other alternatives. 
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Appendix. Estimation of Excess Volume of 
Mixing 

The Flory-Huggins theory makes no provision for 
volume changes in mixing. Here we use the Flory- 
Orwoll-Vrij (FOV) cell model to estimate udvo for PIBI 
H66 blends following the procedures prescribed in ref 
9. The FOV equation of state takes the corresponding 
states form 

in which P = PIP*, = T I P ,  and 8 = u h * ;  P, T,  and 
v(P,T) are the pressure, temperature, and specific 
volume; and P*, P, and u* are fitting parameters that 
characterize the liquid. 

The FOV combining rules for binary mixtures take 
the form 

P* = (bl*P1* + 42*P2* (2A) 

P* P u* 
data set polymer (MPa) (K) (g/cm3) 

low-temperature block PIB 427 7254 0.9513 
low-temperature block H66 471 6201 0.9708 
high-temperature block PIB 469 7693 0.9558 
high-temperature block H66 447 6797 0.9895 
low-temperature block (adjusted) PIB 502 6851 0.9513 
low-temperature block (adjusted) H66 471 6201 0.9708 

q51*P1*ITl* + 42*P2*lT2* 
(3A) 

in which the Pi* and Ti* are pure component values and 
the 4i* are the "hard core" volume fractions of the 
components in the mixture: c#J~* = wivi*l(w1v1* + w2v2*), 
the wi being the component weight fractions. (We have 
omitted the interaction term, which we, as well as 
others,ll have found to make a negligible contribution 
to (V&JO)PVT for blends.) 

At zero pressure the left side of eq l a  vanishes, 
leaving 

- _  1 -  
P 41*p1* + 42*p,* 

which combines with eq 3a to give 

The reduced volume 8 for blends can thus be calculated 
from pure component data and blend composition and 
then used to evaluate the fractional change in volume 
with mixing as a function of composition: 

Values of P*, P, and v* for PIB and H66 were 
obtained by fitting their PVT data to eq lA.14 

There are systematic errors of two kinds that must 
be considered. First, the FOV equation does not fit the 
full PVT data set precisely, a defect it shares with all 
other equation-of-state models. Two sets of P*, P, and 
v* were established, one covering the low-temperature 
range (50 5 T I 150 "C; 10 I P I 200 m a ) ,  the other 
covering the high-temperature range (150 I T I 250 
"C; 10 I P I 200 MPa). Second, the data for PIB and 
H66 were measured with different instruments and 
experimental protocols, and we have found small sys- 
tematic differences between results for the same poly- 
mer in these circumstances.20 A third set of fitting 
parameters was obtained for the low-temperature range 
by what we believe to be reasonable adjustments to 
compensate for the instrument and protocol differences. 
The results are listed in Table 8. 

Rather different values of ( U ~ V O I P V T  were obtained 
through eqs 5A and 6A with the three sets of fitting 
parameters. The predictions are extremely sensitive to 
the fitting choice. Those from the low-temperature 
block were positive, while those from the high-tempera- 
ture block and adjusted low-temperature block were 
negative. All were symmetric around 4 = 0.50 and 
obeyed with remarkable fidelity the classical qN1 - 4) 
dependence, but the values at 4 = 0.50 were +0.033, 
-0.047, and -0.051%, respectively. Those obtained 
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from the adjusted parameter set are listed in Table 4 
and shown by the dashed line in Figure 4. The 
magnitudes of ( u d v o ) m  in all cases are in the observed 
range, f0.04%, but the important point is that the 
composition dependence for all parameter sets bears no 
resemblance at  all to the observed behavior. To our 
knowledge, the only other example that even faintly 
resembles our ( u E / V o ) ~  results in figure 4 is the benzene- 
perdeuteriobenzene system.22 Although we have no 
proof, our experience with calculations of ( V d u 0 ) p v ~  for 
other blends, where the same instrument and protocols 
were used to obtain the PVT data, suggests that the t$(l 
- 4) form of composition dependence is always predicted 
by equation-of-state models when the volume change 
on mixing is very small. 
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