
ABSTRACT 

Walker, Teri Anne.  Modification of polymer blend phase behavior with high-pressure 

carbon dioxide. (Under the direction of Richard J. Spontak and Saad A. Khan) 

 

 While much progress has been made since the time of Flory and Huggins in the 

understanding of polymer blend thermodynamics, and ongoing research continues to 

elucidate how polymer blend phase behavior is affected by the presence of small-molecule 

solvents or exposure to elevated pressures, very little work has been reported on the 

combined effects of a pressurized small-molecule solvent on polymer blend phase behavior. 

The focus of this research is to improve the current state of fundamental understanding 

regarding how and why the phase behavior of polymer blends changes as pressurized carbon 

dioxide (CO2) is added. The first part of this work provides a broad overview of previous 

efforts that explore various thermodynamic and kinetic processes involving the use of CO2 in 

conjunction with multicomponent polymer systems. The following chapters discuss details of 

research performed primarily on three blend systems: polystyrene (PS)/polyisoprene (PI), 

poly(vinylidene fluoride) (PVDF)/ poly(methyl methacrylate) (PMMA), and 

polydimethylsiloxane (PDMS)/poly(ethylmethylsiloxane) (PEMS). The competing roles of 

hydrostatic pressure and CO2 dissolution on the phase behavior of both the PS/PI and the 

PDMS/PEMS blends, which exhibit upper critical solution temperature (UCST) behavior, are 

systematically established. Additionally, a complete pseudo-binary temperature-composition 

phase diagram of the PDMS/PEMS blend is generated as a function of CO2 pressure. To 

compare the predictive abilities of the Flory-Huggins and Sanchez-Lacombe equations of 

state, interaction parameters of the PDMS/PEMS blend are predicted as functions of 



temperature and CO2 pressure. The phase behavior of, as well as intermolecular interactions 

in, PMMA/PVDF blends have been probed in the presence of CO2 by small-angle neutron 

and x-ray scattering (SANS and SAXS, respectively). These PMMA/PVDF blends, which 

display both UCST and lower critical solution temperature (LCST) behavior, are also 

characterized before and after exposure to CO2 by transmission electron microscopy and 

differential scanning calorimetry, which together confirm the propensity for CO2-induced 

PVDF crystallization.  
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CHAPTER ONE 

Thermodynamics and Kinetic Processes of Bicomponent Macromolecular 

Systems in the Presence of Pressurized Carbon Dioxide 

 

Teri A. Walker,1 Saad A. Khan1 and Richard J. Spontak1,2 

 
 
Departments of Chemical Engineering1 and Materials Science & Engineering,2 North 

Carolina State University, Raleigh, NC 27695 

 
 
Abstract 

Environmentally responsible processing of materials is becoming an increasingly 

important consideration in a wide variety of emerging technologies. Polymer processing, in 

particular, has benefited tremendously in this vein from numerous advances achieved using 

high-pressure carbon dioxide (CO2) as a viscosity modifier, plasticizing agent, foaming agent 

and reaction medium. Pressurized CO2 is inexpensive, sustainable, relatively benign and 

versatile due to its gas-like viscosity and liquid-like densities, which can both be controllably 

tuned through judicious choice of temperature and pressure. Addition of high-pressure CO2 

to bicomponent polymer systems, which are ubiquitous due to their enhanced functionality, 

can have a profound impact on their thermodynamic properties and phase behavior, since the 

number of interacting species increases and compressibility, as well as plasticization, effects 

become non-negligible. In this work, we review how these additional factors influence the 
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phase behavior of various bicomponent polymer systems, especially physical blends and 

block copolymers, and we discuss several commercial processes and applications that may 

benefit from such modification. 

 
 
1. Background 

1.1 Design of multicomponent polymer systems. Many commercially relevant polymers 

are, in fact, multicomponent systems, containing secondary components that impart desirable 

or amending properties such as color (dyes), flame resistance, toughness, tensile and impact 

strength, reduced cost (fillers), reduced oxidizability (antioxidants), and improved 

processability (plasticizers and mold release agents). These auxiliary components exist in 

sizes ranging from small molecules measuring on the order of 1 nm, to macromolecules 

typically measuring between 10 and 100 nm, to inorganic particulates ranging widely in size 

from ca. 10 nm to >10 µm. Adding one macromolecular species to another results in the 

production of bicomponent polymeric materials that can exhibit fundamentally and 

commercially interesting phase behavior, as well as form a wide variety of morphologies that 

are kinetically or thermodynamically stable. These bicomponent macromolecular systems 

can exhibit different levels of connectivity, and the two that are most important in the present 

work are physical mixtures (blends) and chemically-linked sequences (block copolymers).  

Polymer blends can be divided into one of two categories: compatible or incompatible. 

Compatible blends are those in which the chemically dissimilar macromolecules are 

combined to produce a mixture with a desirable set of physical properties. Such blends can 

be further classified as either miscible or immiscible. The term miscible is defined here as 
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being mixed at the molecular level. Miscibility in macromolecular systems can be 

determined experimentally by a variety of analytical methods, but most easily by measuring 

the thermal signature of the system: a miscible system will exhibit a single glass transition 

temperature (Tg) that lies between those of the pure components. Other analytical methods 

routinely used to establish blend miscibility include turbidity, microscopy, scattering (light, 

x-ray, neutron), ultrasonic velocity, nuclear magnetic resonance and fluorescence. 

Immiscible blends commonly exist as micrometer-scale spheroidal or fibrous dispersions of 

one component within a matrix of the other. The characteristics of the blend morphology are 

sensitive to material considerations such as blend composition, interfacial tension and 

molecular weight, as well as to process history. Compatible but immiscible blends are 

commonly referred to as polymer alloys if one or more compatibilizing agents are present 

and the components cannot be physically separated after mixing. Most mixtures of polymers 

are immiscible, if not strongly incompatible, due to a combination of (i) the existence of long 

chains that effectively limit the entropy of mixing and (ii) the propensity for either athermal 

or endothermic mixing. Polymer blends are generally miscible if specific attractive 

interactions between dissimilar chains provide sufficient driving force for mutual dissolution 

of the constituent polymers.  

While numerous block copolymer molecular architectures (pertaining to the spatial 

arrangement of the contiguous sequences, or blocks, within the copolymer molecule) have 

been reported, we focus here on the simplest architecture, viz., linear copolymers that consist 

of two or more long sequences of chemically-dissimilar (A and B) repeat units. Examples of 

two common architectures are the AB diblock (~AAAA-BBBBB~) and ABA triblock 
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(~AAAAAAAA-BBBB~BBBB-AAAAAAA~) designs. These chemically-coupled 

bicomponent copolymers behave similarly as their physically-mixed analogs (bicomponent 

blends). If the two species are miscible, they will form a single phase and remain 

homogeneous. If the two repeat units are thermodynamically immiscible, they will seek to 

phase-separate. Since the sequences in the copolymer are chemically linked, block 

copolymer molecules self-organize in much the same fashion as surfactant molecules to 

minimize interfacial area and energetically unfavorable contact between the A and B units. 

Depending on the molecular composition, architecture and polydispersity, as well as 

monomer asymmetry, self-organization (or microphase separation) of block copolymer 

molecules may result in the formation of mesoscopic structural elements that exhibit long-

range order: A(B) spheres or cylinders in a B(A) matrix, bicontinuous channels or alternating 

lamellae. The primary difference between a phase-separated blend and a microphase-

separated block copolymer is that the characteristic size of the copolymer domains is limited 

by the length of the blocks and typically measures on the order of 10-100 nm. In an 

immiscible or incompatible blend, structural elements are much larger, ranging in size from 

100 nm to >10 µm. 

The motivation for blending polymers or synthesizing copolymers is to produce a 

functionally enhanced material in which the constituent macromolecules synergistically 

interact to yield a full set of desired properties. Properties that can be improved in this 

fashion include tensile strength, impact strength, thermal stability, flammability, toughness, 

piezoelectricity and conductivity. Additional reasons to blend polymers include diluting a 

high-cost resin with a low-cost diluent and recycling plastic waste.1 Important advantages of 
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blends relative to block copolymers include the following: (i) blends can be formulated faster 

and more inexpensively for application-specific properties (since there are usually no 

additional synthetic steps involved), and (ii) blend components can be separated much more 

easily and recycled. Some technologies require transparent media with a well-defined 

mesostructure and, thus, the use of block copolymers is warranted due to their ability to self-

organize into very small and highly periodic domains upon microphase separation. Block 

copolymers can also be used as compatibilizing agents, i.e., macromolecular surfactants, to 

reduce the interfacial tension and increase interdomain adhesion in immiscible polymer 

blends. 

 

1.2 Engineering with carbon dioxide. The use of carbon dioxide as a solvent or diluent in 

the preparation and processing of polymers has found extensive interest as evidenced in other 

reviews.2-7 The attractive qualities of carbon dioxide include its relatively low toxicity, 

tunable solvent properties (due to its high compressibility), and low critical point (Tc = 

31.1ºC, Pc = 7.38MPa). The highly variable density of carbon dioxide as a function of 

pressure and temperature is plotted in Figure 1.1.8 The compressibility of CO2 near the 

critical point is evident. The low critical point of CO2 makes the supercritical region easily 

accessible. Supercritical fluids are useful for their liquid-like densities (solvating power) and 

their gas-like diffusivities (easy transport). The extensive compressibility that CO2 possess 

around its critical point makes the solvent and transport properties of CO2 easily tunable with 

modest changes in pressure or temperature.  
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Carbon dioxide has been shown to affect several pure polymer properties. Since CO2 

acts as a plasticizer, free volume and chain mobility increase in the presence of CO2 and thus 

viscosity and glass transition temperature are both reduced. Also, with increased mobility, 

the chains can more easily arrange themselves into crystalline structures so crystallinity can 

increase upon addition of CO2. Since adding CO2 increases polymer free volume, the 

effective surface tension of a polymer with absorbed CO2 decreases.  

While the use of CO2 with polymer systems has been reviewed, a close examination 

of how CO2 affects parameters exclusive to multicomponent polymer systems is lacking and 

is the objective of this review, with special regard to polymer blends and block copolymer 

systems. 

 

2. Polymer blend and block copolymer thermodynamics 

2.1 Neat blends. Polymer blends and block copolymers possess a variety of possible T-φ 

phase diagram patterns, two of which are depicted in Figure 1.2. The two shown are upper 

and lower critical temperature phase boundaries. Other possibilities are simultaneous upper 

and lower critical temperature boundaries, hourglass shape (merged upper and lower critical 

temperature boundaries) and windows of immiscibility (simultaneous upper and lower 

critical temperature boundaries with UCT>LCT) In blends, phase separation can occur either 

upon heating or upon cooling, or both. In block copolymers, the analogous process to phase 

separation is ordering and can also occur upon heating, cooling or both. If a blend separates 

upon cooling, this transition is labeled an upper critical solution temperature (UCST). 

Likewise, if a block copolymer orders upon cooling, the transition is labeled an upper 
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disorder-order temperature (UDOT). However, if phase mixing or disordering occurs upon 

cooling, the transition is labeled a lower critical solution temperature (LCST) or lower order-

disorder temperature (LODT) for blends and block copolymers, respectively. An 

understanding of what causes each of these types of transitions in each blend system 

facilitates an understanding of how the presence of carbon dioxide could affect the phase 

behavior of a blend or block copolymer. 

 Many texts have explained the thermodynamics of polymer blends and block 

copolymers.1,9-13 As a background to the following discussions, we now offer a brief review 

of neat polymer blend and block copolymer thermodynamics.  

The phase behavior of blends can be described, like other mixtures, by the Gibb's free 

energy of mixing ( mixG∆ ), which is dependent on both the enthalpic ( mixH∆ ) and entropic 

( mixS∆ ) changes on mixing, and is negative for favorable processes.  

 0<∆−∆=∆ mixmixmix STHG   (1.1) 

The coexistence curve and the limit of stability are two boundaries of the T-φ phase diagram 

separating the miscible, metastable and immiscible regions. The coexistence curve (binodal) 

is described by the equality of chemical potential of component i ( iµ ) in the two phases 

(indicated by ' and "):  

 "'
ii µµ = ,   (1.2) 

while the limit of stability (spinodal) is described by the second derivative of the Gibb's free 

energy change on mixing with respect to composition:  
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where φ i is the volume fraction of component i. The critical point, which is the intersection 

of the spinodal and binodal curves, occurs when 
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∂
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mixG
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These three attributes are also indicated in Figure 1.2. 

 In general, mixing causes an increase in combinatorial entropy, which is a favorable 

process (ie, reduces mixG∆ ). However, due to the long chain lengths of polymers (and thus 

the extra restrictions on possible conformations), the entropy of mixing polymers is relatively 

small compared to that of small molecules and oligomers (very short-chained polymers). The 

enthalpy of mixing polymers can be either positive (endothermic mixing) or negative 

(exothermic mixing). Looking at the combined effects of the entropy and enthalpy changes 

on mixG∆  in Equation 1.1, one can see that exothermic mixing is always a favorable process 

(both enthalpic and entropic changes increase the negativity of mixG∆ ), while endothermic 

mixing is favorable only if the increase in entropy offsets the increase in enthalpy. Since 

entropy of mixing polymers is relatively small, favorable endothermic mixing is not very 

common at low temperatures. As temperature increases, the magnitude of the mixST∆  term 

increases, and in some cases is enough to overcome the positive mixH∆ . This type of 

behavior is the origin of UCST behavior in polymer blends and UDOT behavior in block 

copolymers.  
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 There are at least two possible origins of LCST and LODT behavior. One case where 

LCST and LODT behavior occur is when exothermic mixing is due to specific interactions. 

When the thermal energy (temperature) of these systems becomes high enough upon heating, 

the specific interactions weaken, favoring phase separation. A second origin of LCST and 

LODT behavior is free volume effects (also known as compressibility effects or equation of 

state effects). At high enough temperatures, the volume change on mixing is negative, 

resulting in decreased entropy.13 As temperature increases, this negative entropy change on 

mixing becomes more dominant and eventually produces phase separation when exothermic 

mixing can no longer compensate. 

The Flory-Huggins theory defines Gibb's free energy of mixing in polymer systems 

as follows: 

 
vNvNvkT

Gmix )1()1ln()1(ln

2211

φχφφφφφ −+−−+=
∆

 (1.5) 

where k is the Boltzmann constant, iv is the repeat unit volume of component i, iN  is the 

degree of polymerization of component i, χ  is the interaction parameter, and v  is a 

reference volume. In its original form, this equation was understood as the sum of entropic 

contributions to the free energy change on mixing (the first two terms on the right hand side 

(RHS)) and enthalpic contributions to the free energy change on mixing (the third term on 

the RHS). In this case, TB /=χ , where B is a constant dependent on the energy change of 

contact formation between the two polymer components.  

This understanding of the Flory-Huggins theory was inadequate to describe 

experimentally observed behavior of polymer blends, which can be affected by monomer 
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architecture, specific interactions and compressibility/free volume. In order to account for the 

added complexities, the interaction parameter χ can be understood as an empirical parameter 

dependent on chain length and composition, in addition to temperature. In this treatment, the 

third term in the Flory-Huggins equation (Equation 1.5) contains both enthalpic as well as 

non-combinatorial entropic contributions (also known as equation of state effects). A more 

explicit accounting of these effects appears in various equation of state theories that have 

been developed.14  

These theoretical treatments do not account for the possibility of polymer 

crystallinity. In blends that contain a semi-crystalline component, the amorphous regions of 

the polymers may still be miscible and may be situated between the crystalline lamellae, and 

within or without crystalline spherulites, if present.  

The thermodynamics of a block copolymer are similar to those of blends except that 

in block copolymers there is an additional spatial constraint, the chemical link between the 

dissimilar chains. This bond links the dissimilar chains together so that they can phase 

separate only on a small scale, and the maximum domain width would be equal to twice the 

length of each block.  

 

2.2 Effect of solvents on phase behavior. The effects of adding a solvent to a blend depends 

on the amount of dilution by the solvent. In solvent-rich systems (dilute polymer solutions) it 

is possible for two polymers to dissolve in a solvent even if the two polymers would be 

incompatible in the absence of solvent. However, for the polymer blend/CO2 mixtures we 
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will not consider systems where polymers dissolve in CO2, but rather systems where the 

solvent (CO2) is the minor component dissolved in the polymer-rich phase(s).  

 The presence of solvent in a polymer blend or block copolymer system can have a 

pronounced effect on polymer-polymer phase behavior.15-19 The solvent molecules screen 

both attractive and repulsive interactions occurring between all the pairs A-A, B-B, and A-B. 

The overall effect of the solvent also depends on the interactions between the polymer chains 

and the solvent itself. If the solvent-polymer interactions are sufficiently unfavorable, 

normally immiscible polymer pairs have been known to phase mix.  Or, if the solvent-

polymer interactions are sufficiently favorable compared to polymer-polymer interactions, 

normally miscible polymer pairs can phase separate upon solvent addition. The effects of 

CO2 as a solvent are more complex than typical organic solvents since CO2 is a pressurized 

fluid, has a high compressibility and has tunable solvent properties. 

 

2.3 Effect of pressure on phase behavior. The effect of hydrostatic pressure on 

bicomponent polymer system phase behavior can be divided into two categories, based on 

whether the system exhibits upper or lower critical temperature behavior. In LCST/LODT 

systems, the location of the phase boundary as a function of hydrostatic pressure is generally 

defined by the following relationship: 

 0>
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For these LCST/LDOT systems, mixV∆  is negative and mixH∆ is negative at the critical 

point,13 so that the phase boundary generally shifts to higher tempreature with increasing 
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pressure. Experiments and theoretical models have supported this theory.20-25 Conceptually, 

the pressure “squeezes” the phases together, which counteracts temperature weakening of 

specific interactions (if present) or helps to temper the compressibility effect responsible for 

LCST in the absence of specific interactions. While many experiments support this 

generalized behavior, some theoretical calculations have shown that when pure component 

thermal pressure coefficients are significantly different, the LCST can first decrease, then 

increase as pressure increases.26 Some experimental evidence supports this theoretical 

prediction of abnormal behavior.27 

 The same general equation is true in UCST/UODT systems, but the difference lies in 

the fact that the sign of mixV∆  can be positive or negative:24 
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Since UCST/UDOT systems arise from endothermic mixing, so that mixH∆  is positive, 

systems with a negative mixV∆  will exhibit a negative shift of the critical temperature upon 

pressurization, while systems with a positive mixV∆  will exhibit a positive shift of the critical 

temperature.28 Current experimental and theoretical work has shown that a positive shift of 

the critical temperature23,28-31 is more prevalent than a negative shift of the critical 

temperature with pressure.28,32 Just as in the LCST/LDOT case, there is also evidence of 

more complex pressure dependencies in a UCST/UODT systems, where the critical 

temperature initially decreases upon pressurization, then increases at higher pressures.33,34 
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2.4 Blends with CO2 

2.4.1 Phase behavior. The driving factors behind the phase behavior of blends and block 

copolymers determine how an incompressible or compressible solvent will affect the phase 

behavior.  As mentioned earlier, UCST/UDOT is typically driven by a positive mixH∆  

(endothermic mixing), whereas LCST/LODT is typically driven by weakening of specific 

interactions at high temperature or free volume effects at high temperature. Figure 1.3 shows 

a representation of the factors that control the thermodynamic behavior of polymer blends: 

enthalpic, combinatorial entropic and non-combinatorial entropic factors. The balance of 

these three factors determines the existence and location of UCST/UODT and/or 

LCST/LDOT phase boundaries. The presence of CO2 affects the individual polymer chains 

and the bulk properties of each component, as well as the interactions between the chains (A-

A, B-B and A-B), which will in turn affect the enthalpic and entropic contributions and result 

in changes to the location, or possibly existence, of UCST/UDOT and LCST/LODT phase 

boundaries. 

These various effects of CO2 on the polymer properties and the multicomponent 

system phase behavior have been examined experimentally. Table 1.1 summarizes the 

direction and magnitude of phase boundary shift upon CO2 absorption for a variety of 

systems that have been studied to date. The first system, polystyrene with polyisoprene, is 

represented both as an oligomeric blend29 and a polymeric block copolymer.35 Adding CO2 to 

both of these systems increased their miscibility. The UCST of the PS/PI blend was reduced 

by 28°C at 20MPa and the UDOT of the PS-PI block copolymer was reduced by 45°C at 

11.7MPa. The effect of CO2 on the PS/PI blend, unlike that on the PS-PI block copolymer, 
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reversed directions as pressure was increased beyond a limiting value (about 20MPa). At 

about 35MPa, which was the maximum pressure studied for the PS/PI blend, the cloud point 

temperatures had returned to approximately the same values measured at ambient pressure. 

This trend was explained as a result of the competing effects of CO2 plasticization, which 

promoted miscibility, and hydrostatic pressure, which promoted phase separation. This 

competition can be understood qualitatively as follows: the presence of CO2 screens the 

repulsive interactions, allowing the differing chains to intermingle more freely, while the 

hydrostatic pressure tends to squeeze the molecules together forcing unfavorable contacts 

that induce demixing. The enhanced miscibility of the PS-PI block copolymer was also the 

result of screening unfavorable interactions. Reduced miscibility of the PS-PI block 

copolymer caused by “squeezing” of the hydrostatic pressure did not occur up to the 

maximum pressure studied for this system (11.7MPa), which was perhaps not high enough 

for the hydrostatic pressure effect to overcome the screening effect. 

Another UCST blend, poly(dimethylsiloxane) (PDMS)/poly(ethyl methylsiloxane) 

(PEMS), exhibited the opposite behavior upon the addition of CO2: reduced miscibility.36 

Increasing CO2 pressure from ambient to near 35MPa resulted in an approximately linear 

increase of the UCST, with a slope of 9.2)( +≈
∆

∆
P

UCST °C/MPa. Figure 1.4 shows the 

change in cloud point temperature, Tcloud(P)-Tcloud(P = 0), as a function of pressure for all 

compositions studied. Beiner et al. have studied of the effects of hydrostatic pressure alone 

for this system,32,37 and found that this system exhibits 0<∆ mixV , and an enhanced 

miscibility upon hydrostatic pressurization. As mentioned earlier, the effects of pressure on 
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UCST are typically defined by Equation 1.7. For this UCST blend, which exhibits 

0>∆ mixH (endothermic mixing) and 0<∆ mixV , the UCST will shift to lower temperatures 

upon hydrostatic pressurization.  Conversely, upon swelling by pressurized CO2, the close 

contacts that are favored for this blend in the mixed state (as evidenced by the negative 

mixV∆ ) are hindered by the significant increase in free volume caused by the CO2, and the 

UCST shifts to higher temperatures. Values of χ were predicted using the Sanchez-Lacombe 

equation of state (Figure 1.5) for this blend at ambient pressure and in the presence of CO2.36  

While at ambient pressure, this blend exhibits a linear dependence of χ on reciprocal 

temperature, a complex temperature dependency is observed in the presence of CO2.  At low 

temperatures (typically less than ~80ºC), a non-linear signature becomes evident and then 

more pronounced as CO2 pressure increases. This predicted behavior is interpreted to 

indicate that the solvent effect of high-pressure CO2 on polymer blend thermodynamics 

becomes amplified as the critical temperature of CO2 (~31°C) is approached and the density 

of CO2 increases. 

The effects of CO2 sorption on the phase behavior of a LCST blend, 

polystyrene(PS)/poly(vinyl methyl ether)(PVME) has been studied by Watkins and 

coworkers.38,39 Adding CO2 to this system resulted in a large reduction in miscibility, shifting 

the LCST down by as much as 115°C at only 2.4MPa. The LCST in this system is due to 

both specific interactions that weaken at high temperature and free volume effects.39 In this 

study, Watkins and coworkers performed a stability analysis based on the Sanchez-Lacombe 

equation of state and found that the reduction in LCST upon CO2 sorption was mainly due to 
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the disparity in free-volume of the two components as CO2 sorption increased, since the CO2 

absorbs preferentially into the PVME. They also found that screening of the favorable 

interactions between the two components was a factor in depressing the LCST, but not as 

significant as the free-volume effect. Previous studies20,23 indicate that hydrostatic pressure 

has a relatively negligible effect on the LCST of this blend, shifting it to higher temperatures 

at a rate of only 0.12-0.25°C/MPa. But based on the experiments with the CO2/PS/PVME 

system, the CO2-induced free-volume effect and the screening of interactions were much 

stronger, bringing the LCST to drastically lower temperatures. 

The LODT of the block copolymer poly(deuterated styrene-b-n-butyl methacrylate) 

(PdS-PnBMA) was also shown to shift to lower tempreatures upon CO2 sorption.38 For the 

lower molecular weight sample, adding CO2 at 0.3g/cc (14MPa at 100°C) reduced the LODT 

by 250°C from its projected value in the absence of pressurized CO2 (the actual ambient 

LODT of this material was above the degradation temperature of the polymer, and therefore 

inaccessible). For the higher molecular weight sample, the LODT was reduced by 35°C by 

adding CO2 at 0.05g/cc (3.75MPa at 145ºC). The LODT of this block copolymer is driven 

mainly by free volume entropic effects. In this system, CO2 sorbs preferentially into the 

PnBMA block, so that there is a disparity in the change in free volume between the blocks as 

more CO2 is absorbed, exacerbating the free volume effects and lowering the LODT. The 

effects of hydrostatic pressure on this copolymer's phase behavior has been found to increase 

the LDOT ( 45.1)( =
∆

∆
P

LDOT °C/MPa).21 Thus, just as for the PS/PVME blend, the CO2-
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induced free-volume effects on the PdS-PnBMA copolymer are much larger and opposite to 

the effects of hydrostatic pressure.  

We have performed preliminary studies of the PVDF/PEMA phase behavior with and 

without CO2. While the LCST was not measurable at ambient pressures in the temperature 

range of our equipment (T<230ºC), in the presence of CO2 at about 9.5 MPa, we found that 

the LCST was depressed to 217ºC. The phase separation took place over a relatively large 

temperature range (~20ºC), but was completely reversible upon cooling, indicating that the 

observed cloudiness resulted from phase separation and not degradation of the PEMA. The 

LCST in this blend is driven by specific interactions rather than free volume effects. Thus, 

CO2-induced phase separation is likely caused dominantly by screening of the favorable 

interactions. 

 Phase behavior studies have also been performed using pressurized gases besides CO2 

and show that CO2 is not unique in its ability to shift phase boundaries. The UDOT of PS-PI 

block copolymer was found to shift to lower temperatures to a similar extent by adding 

ethane rather than CO2.35 The effect of a series of alkanes (methane, ethane, propane, n-

butane and tetradecane) on the phase behavior of both PS-PI block copolymer (UDOT) and a 

PS-PnBMA (LODT) copolymer were studied.40 Solvent screening of unfavorable 

interactions in the UDOT system was observed for all alkanes, causing the phase boundary to 

shift to lower temperatures. For the LODT system, the phase boundary was also found to 

shift to lower temperatures in the presence of the light gaseous/supercritical alkanes, and the 

degree of the shift was dependent on the chain length of the alkane (the shorter lengthed 

chains had more of an effect). For these cases, the selective dilation of the blocks by the 



  
  

    18 

compressible diluents exacerbated the free volume effects, inducing phase separation at 

lower temperatures. For the largest alkane (liquid tetradecane), which is relatively 

incompressible, the LODT was shifted to higher temperatures.  

 

2.4.2 Amorphous/semi-crystalline blend morphology. Carbon dioxide has been shown to 

induce crystallization in a number of single polymer systems, just as sorption of other vapors 

and liquids can do.41-44 The absorbed molecules act as plasticizers, which increase the 

mobility of polymeric chains allowing them to align in a more favorable orientation. 

Crystallization can also be induced by CO2 in a blend system that contains at least one semi-

crystalline component. PVDF in a PVDF/PMMA blend was shown to crystallize upon 

addition of CO2.45 This process is slightly more complex than crystallization in a neat semi-

crystalline polymer, since the presence of the PMMA effectively de-plasticizes the PVDF 

and prevents crystallization in the neat blend if PMMA content is greater than about 60%. 

The extent of CO2-induced crystallization was found to depend upon the concentration of the 

PMMA. At low PMMA content, CO2-induced crystallization was not much greater than that 

induced in the neat PVDF. The CO2-induced crystallization was greatest at intermediate 

PMMA contents, and then went to zero as the PMMA content rose above about 70%. At 

higher PMMA concentrations, the blend Tg is higher than the CO2-exposure temperature 

even in the presence of CO2 so that the mobility of the molecules is still restricted to prevent 

crystallization of the PVDF.46 Even at moderate-high PMMA content, when the CO2-

exposure temperature is slightly above the CO2-reduced Tg of the blend, the viscous nature of 

the major component PMMA restricts movement of the molecules so that only a limited 
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amount of PVDF crystallization occurs. The relatively small CO2-induced crystallization at 

low PMMA content is likely due to PVDF already being near its maximum extent of 

crystallization. The crystals formed upon CO2 sorption were found to be smaller than typical 

PVDF crystals due to growth under restricted motion (because of the presence of the high Tg 

PMMA), as evidence by the lower than usual melting peak temperature, ranging from just 

above the Tg to just below the normal PVDF melting peak. It was also found that the CO2-

induced crystals aligned themselves in the same direction as the original PVDF crystals. 

CO2-induced crystallization of PVDF in PVDF/PMMA was also examined in a study 

that used both DSC as well as TEM to look at crystallinity before and after exposure to CO2 

at 35ºC and up to 31MPa.47 After exposure to CO2, crystalline lamellae measuring 4-6nm 

were observed by TEM in a 31 wt% PVDF sample that was originally non-crystalline and 

quasi-homogeneous, the latter of which are shown in Figure 1.6. Thermograms of the 

samples after CO2 exposure showed the formation of crystal melting endotherms that were 

not present in the original blend samples. The melting peaks occurred at a temperature 

(133ºC) lower than in the neat parent PVDF melting peak (160ºC), due to imperfectly formed 

crystals. Comparing these results with those of Chiou et al.45 the behavior is qualitatively 

similar in that CO2 induces crystallization in both cases. However, crystallization of PVDF in 

the blend was seen at lower PVDF concentrations in the study by Walker et al. This 

difference is likely the result of higher pressures used in the latter study47 (17-31MPa vs 1-

2.5MPa), resulting in more plasticization, higher mobility and thus more facile crystal 

formation, even in the presence of a large amount of high-Tg PMMA. Walker et al. also 

examined the time and pressure dependence of the PVDF/PMMA blend SAXS patterns after 
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pressure jumps in situ. These results were consistent with the formation of lamellae, and 

indicated that the changes in crystallinity were dependent upon the pressure of CO2, and thus 

the extent of plasticization of the blend. Similar results were observed for the pressure 

dependence of the SANS patterns of PVDF/dPMMA blends with CO2 at ambient 

temperature (~25ºC).48 

The morphological structure of crystals in a poly(ethylene oxide) (PEO) (semi-

crystalline)/poly(vinyl acetate) (PVAc) (amorphous) blend was studied by SAXS as a 

function of blend composition before and after CO2 exposure at 5000psi and 32ºC.49 It was 

found that amorphous PEO situated in the interlamellar region was swollen by the CO2 (from 

6 nm thick before CO2 to 12 nm after CO2), and that the lamellae size increased significantly 

upon CO2 sorption (from 31.6-31.8 nm before CO2 to 43.5-49.1 nm after CO2, depending on 

blend composition). It was also found that the lamellae became less organized with a broader 

size distribution upon CO2 sorption. Similar results were observed in a PEO/PMMA blend 

studied by the same methods.50 The amorphous interlamellar regions were swollen (from 

around 9 nm thick before CO2 to around 14nm after CO2, less swelling at higher PMMA 

content), and the crystalline regions also grew (from around 30-31 nm before CO2 to around 

47 nm after CO2, there was no growth at higher PMMA content of 50%). Just as for the 

PEO/PVAc blend, the lamellae became less organized with a broader size distribution after 

CO2 treatment, except for the 50wt%PMMA blend whose lamellae remained unchanged. 

 A series of studies have looked at the formation of crystalline stereocomplexes of a 

stereoregular isotactic (it) PMMA (semi-crystalline)/syndiotactic (st) PMMA (amorphous) 

upon exposure to carbon dioxide.51-53 The heat of melting and melting temperature of the 
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stereocomplex were found to increase with increasing CO2 pressure from ambient air 

pressure to 10 MPa. Just as in other CO2-induced crystallizations, the CO2 plasticizes the 

polymer chains so that they are more mobile and can move into the more favorable 

crystalline structure. Increasing pressure further resulted a furthing increasing of the heat of 

melting at the treatment temperatures studied, but the increase was relatively small. In highly 

stereoregular samples, it was found that both fringed micelle and lamellar crystal structures 

were produced if it-PMMA content was at least 50%. The Tm of the lamellar crystal 

structures was not a function of CO2 treatment pressure, while the Tm of the fringed micelle 

structures increased as CO2 treatment pressure increased. 

 

3. Dynamic Processes of Polymer Blend/CO2 Systems 

3.1  Extrusion. The production of commercial blends is accomplished most frequently by 

mechanical mixing, preferably in a twin-screw extruder, which while expensive offers the 

best control options (T, P, residence time) and uniform mixing. During this processing, the 

components are heated and mixed under shear and elongational stresses. For immiscible 

blends, the goal of the mixing is to distribute the disperse phase evenly and to produce 

dispersions of the desired size and morphology (ie, spheres, rods…). Important to this 

process is the breakup of large droplets into smaller sizes. This droplet breakup occurs when 

the viscous forces of mixing overpower the force of surface tension, and for a Newtonian 

drop in a Newtonian matrix depends on two dimensionless parameters, the viscosity ratio 

(η1/η2) and the capillary number ( νγη /2 dCa
•

= ), where η2 is the viscosity of the matrix 
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phase, 
•

γ  is the shear rate, d is the diameter of the undeformed drop and ν is the interfacial 

tension.54 If the system parameters reach or surpass the critical capillary number, Cacrit, 

droplet breakup will occur. This Cacrit is a function of the viscosity ratio, and is minimized 

near a viscosity ratio of one.10 

The addition of carbon dioxide into the immiscible blend during melt extrusion will 

reduce the viscosity and surface tension of the polymer,55-57 and thus has the potential to 

change both the viscosity ratio as well as the capillary number. The overall effect of reduced 

viscosity on the viscosity ratio will depend on how much CO2 reduces the viscosity of the 

individual components; if the viscosity of the higher-viscosity material is reduced more than 

that of the lower-viscosity material, the ratio will approach a value of one. Addition of CO2 

affects the capillary number in two ways: reducing the viscosity of the matrix phase 

(reducing the capillary number) and reducing the surface tension (increasing the capillary 

number). If the effect of CO2 on the surface tension is greater than that on the matrix 

viscosity, the capillary number could potentially be increased enough to surpass the critical 

capillary number, resulting in improved droplet breakup.  

Experimental evidence that shows CO2 can positively affect the dispersion size in 

several blends is summarized in Table 1.2. CO2 has been shown experimentally to enhance 

the mixing of immiscible polymer blends by better matching the viscosity ratio.58-61 It was 

found that the viscosity ratio was related to the dispersed phase size of an immiscible blend 

of PMMA and PS; a higher viscosity ratio for a 25/75 wt ratio PMMA/PS blend resulted in 

larger PMMA dispersions.58,59 In the first study,58 adding CO2 to a blend with a viscosity 

ratio of approximately 20 resulted in a significant reduction in both the viscosity ratio as well 



  
  

    23 

as the PMMA dispersion sizes. In the second study by this group, 59 addition of CO2 to a 

blend with a viscosity ratio of 7.3 reduced the viscosity ratio to 3.4 and also reduced the 

dispersion size during both batch and continuous mixing processes. The micrographs in 

Figure 1.7 show the reduced dispersion size for this blend after processing with and without 

CO2 for the 25/75 PMMA/PS ratio. The slightly smaller dispersions that were seen in the 

75/25 PMMA/PS sample were unexpected based on the viscosity of the two phases; the 

matrix phase had the smaller viscosity so was not expected to easily transfer stress to the 

higher-viscosity dispersed PS.  Interfacial tension effects upon adding CO2 were suggested as 

the cause of this unexpected behavior. Addition of CO2 was also studied in blends of PS with 

rubber (an ethylene-methacrylate copolymer) and PMMA with rubber.60 A reduction in 

viscosity ratio again resulted in reduced dispersion sizes. The rubber phase diameter in a PS 

matrix was reduced to 1-2 microns from about 10 microns, and that in a PMMA matrix was 

also reduced, but could not be explicitly measured due to ill-defined phase boundaries. While 

the effect of CO2 on the surface tension of the polymers in these studies was not measured or 

quantified, the authors believe that surface tension effects could also play a role in the 

reduced dispersion sizes they observed, which is reasonable considering the role of the 

capillary number on dispersion breakup discussed above, and points to the merit of further 

study of CO2 effects on the surface tension, viscosities, capillary number and their 

relationship to the resulting dispersion size.  

The effect of CO2 on the viscosity ratio and dispersion size was also investigated in a 

PS/LDPE blend.61 CO2 reduced the viscosity of the PS more than that of the PE, thus 

bringing the viscosity of the PS down to values closer to those of the PE. As in the other 
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blend systems, it was found that addition of CO2 to this PS/PE blend resulted in smaller 

dispersion sizes (significant size reduction when PS was dispersed phase, only a slight 

reduction in size when PE was dispersed phase), and the size could be reduced further by 

increasing the CO2 content.61,62 

Viscosity ratio and surface tension also help to define the blend composition where 

phase inversion occurs, another parameter of importance when designing blends and mixing 

schemes. The morphological structure of a 50/50 PMMA/PS blend possessed a consistent co-

continuous structure when prepared without CO2.59 However, when CO2 was used during 

extrusion, the morphology became inconsistent, with some finely dispersed PS regions as 

well as some co-continuous regions. This suggests that adding CO2 can change the phase 

inversion composition.  

The dynamic phase inversion that occurs during extrusion is also dependent on 

viscosity ratio and interfacial tension, as well as on melting and glass transition temperatures 

and processing conditions such as temperature, residence time, mixing time, and extruder 

length.60 The steps associated with this dynamic phase inversion are studied by Elkovitch et 

al.60 for the PS/rubber and PMMA/rubber systems with and without CO2. The use of CO2 

reduced the extruder length required for phase inversion by about L/D = four.  

While CO2 can effectively reduce the domain size of the dispersed phase, coalescence 

of these phases occur if these blends are further mixed in the absence of CO2 at high 

temperatures in both a batch mixer59 and an extruder.59,61 In the batch mixer operated at 

200°C, the 25/75 PMMA/PS blend that had originally achieved a dispersion diameter of 2.6 

microns with the addition of CO2, coarsened to a diameter of 3.2, 4.6, 4.8 and 5.1 microns 
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after 15, 30, 60, and 120 minutes of mixing after the CO2 was vented, respectively. During 

extrusion of the 25/75 wt ratio PMMA/PS blend with venting near the end of the extruder, 

the dispersed phases coarsen to 2.1 microns despite the short time of mixing after CO2 

venting. For comparison, dispersion diameters were 1.1 microns when CO2 was used but not 

vented, and 2.6 microns when CO2 was not used at all. Coarsening also occurred in the 

PE/PS blend after venting CO2 near the end of the extruder, despite minimized mixing in the 

post-ventilation section of the extruder.61 Coarsening is a common problem in blending, and 

can be minimized by stabilizing the interface. Block or graft copolymers (as premade fillers 

or formed by in situ reactive coupling) can stabilize blend interfaces but can be expensive. So 

another method59 was examined to stabilize the PMMA/PS blend, namely adding the 

following fillers: calcium carbonate, carbon black, and nano-clay particles. These fillers used 

during CO2-assisted extrusion were all found to reduce the PMMA domain size compared to 

CO2-assisted extrusion without the fillers.  

 

3.2 Foaming. Polymer properties can be improved for specific applications by making the 

polymer porous. Advantages of foamed polymers over their solid analogs include materials 

savings, reduced processing and transportation costs, and improved performace properties.63 

Some of these improved properties include higher impact strength, toughness, stiffness-to-

weight ratio, and thermal stability, and low dielectric constant and thermal conductivity.64 If 

the pores are small enough, the polymer can be useful in applications requiring very tiny 

parts, such as circuit boards. Polymers with pores that are smaller than about 10 microns and 

cell densities greater than 109 cells/cm3 are termed microcellular. The pores in polymers can 
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be either close-celled where the empty spaces are completely surrounded by polymer 

material, or open-celled where the empty spaces intersect to form a co-continuous 

polymer/pore structure. 

Carbon dioxide has been used successfully as a foaming agent in both batch and 

continuous processes for a variety of polymer systems, such as single polymer component 

systems,57,65 blends,63,66-70 and polymers with fillers.71 Use of CO2 as a foaming agent is 

preferable due to its ability to generate smaller cell diameters and larger cell density. Other 

advantages include the fact that it is more environmentally friendly than traditional foaming 

agents such as VOCs, CFCs and HCFCs, and doesn’t leave any toxic or harmful residue to be 

removed. 

More than one method exist to produce porous polymers using CO2,72 but the 

method57 of interest here is that where the CO2 is dissolved in the polymer, and then the 

polymer/CO2 mixture is subjected to a thermodynamic instability, such as a pressure quench, 

that induces phase separation. The separated CO2 forms millions of small bubbles that grow 

as more CO2 diffuses from the polymer phase into the CO2 phase. This is a nucleation and 

growth type of mechanism, and can occur in batch-type pressure vessels as well as 

continuously in extruders. If the concentration of the CO2 in the polymer is high enough, it is 

possible to obtain open pores. The critical CO2 concentration has been found to be 50 +/- 3 

cm3 CO2 (STP)/cm3 polymer for poly(ether sulfone), poly(ether imide), polyimide, 

polysulfone, and blends of the latter two.68,70 

Certain issues arise in foaming polymers by this method when additional components 

are added to a single homopolymer. These components are often added because of their 



  
  

    27 

ability to improve the foaming efficiency of the system, resulting in smaller cell diameters, 

larger cell densities, and generally improved performance of the final part (such as 

mechanical and thermal properties). However, the additional components can also be 

detrimental to the formation of pores or the formation of a useful end product. One example 

of this is in semicrystalline polymers, where the additional “component” is the crystal phase. 

Foaming of semicrystalline polymers has been found to be much more difficult to control 

than foaming of amorphous polymers since the crystalline regions do not absorb a significant 

amount of CO2.73 Two critical factors that appear to affect whether a semicrystalline polymer 

can be foamed or not are the size of the crystalline phases and the crystalline structure. Two 

studies have shown that by blending the semicrystalline polymer with a second 

homopolymer, the crystalline phase can either be eliminated63 or the crystalline fraction 

reduced,63,66 and as a result, previously unfoamable polymers became foamable. In the first 

paper63 the semicrystalline polymer PVDF was blended with PMMA to form a miscible 

blend near the melting temperature. The PMMA increases the solubility of CO2 in the PVDF, 

which increases the number density of bubble nucleation sites and thus cell uniformity. The 

presence of PMMA also serves to increase the Tg of the system so that cell growth can be 

controlled (and cell coalescence can be prevented). The third advantage of the PMMA is that 

its presence greatly reduces or eliminates PVDF crystallinity so that processing can occur at 

lower temperatures closer to the Tg of the system without the presence of large impeding 

crystallites. The second paper66 reports on the blending of two immiscible semicrystalline 

polymers, polyethylene and isotactic polypropylene, which did not easily foam by 

themselves. Upon blending however, the crystallinity was reduced enough that foaming was 
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possible. Furthermore, it was found that dilution of one of the polymers with small amounts 

of the other was more favorable to foaming than mixtures near a 50/50 composition. 

In some systems, carbon dioxide induces crystallization that aids in the subsequent 

foaming process. For example, dissolving CO2 into a blend of it-PMMA/st-PMMA, 

crystalline stereocomplex structures were formed, as fringed micellar structures.51 These 

crystalline structures aided the subsequent foaming of the material by providing small 

surfaces on which heterogeneous nucleation could occur and also increased the stiffness of 

the amorphous matrix so that cell growth was limited and the final cell size was smaller. The 

resulting smaller and more dense cells are shown in Figure 1.8. Cell size was reduced from 

1.76 microns to 0.26 microns, and cell density was increased from 9.5x1010 cells/cm3 to 

2.1x1013 cells/cm3. 

Adding a second blend component to improve foaming was not as successful in some 

systems and resulted in nonuniform or nonexistent cell structure. When PS was added to 

PVDF,63 the resulting foam structure was nonuniform. In this case, unlike the PVDF/PMMA 

system described above, the PS and PVDF are not miscible, thus the crystallinity of the 

PVDF was not eliminated in the PS/PVDF system like it was in the PMMA/PVDF system. 

Immiscible blends of semicrystalline PE and amorphous PS did not result in very uniform 

films either.62 In an poly(tetrafluoroethylene-co-hexafluoropropylene) (FEP)/PS blend 

foaming was unsuccessful.74 At lower temperatures where PS is typically foamed, the 

presence of the FEP crystallites prevented expansion, while at higher temperatures (above the 

Tm of FEP) foaming occurred but with large-scale phase separation of the two components.  
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3.3. Polymerizations in CO2-swollen polymers. Carbon dioxide has been used as a solvent 

and penetration aid for the polymerization of monomer A in the matrix of polymer B to form 

blend materials of the two polymers. The general procedure is to dissolve monomer A and 

the initiator in CO2, then expose this solution to the substrate polymer B. In this second 

soaking step CO2 swells the polymer substrate and aids in the diffusion of the monomer and 

initiator into the substrate matrix. The last step is to increase the temperature of the system, 

which initiates polymerization of monomer A within the polymer B substrate. CO2 is an 

attractive choice for this application for several reasons, such as its ability to increase the 

diffusion rates of penetrants in polymers, its solvent strength is adjustable by changes in 

temperature and pressure which allows the control of the degree of swelling of the substrate 

and control of the partitioning of the monomer/initiator between the fluid phase and the 

polymer matrix, its easy removal from the polymer system by simple depressurization (CO2 

is a gas at atmospheric pressures). This procedure has been reviewed previously in 2000,3 but 

a number of papers have appeared since then. A summary of the materials that have been 

studied are presented in Table 1.3. 

Several attractive qualities of this blend preparation technique have been 

summarized:75 any polymer substrate that is insoluble but swollen by CO2 can be used, any 

monomer that is soluble in CO2 can be used, polymerization can be performed through out 

the bulk of the substrate or just at the surface, the bulk composition of the blend can be 

controlled by adjusting monomer and initiator concentrations, reaction and soak times, 

pressures and temperatures, and the technique can be used to make semi-interpenetrating 

networks (semiIPNs) or interpenetrating networks (IPNs). Another advantage has been 
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pointed out, namely that the blending procedure can be performed at much lower 

temperatures compared to conventional blending methods such as extrusion.76 This lower 

temperature requirement could be useful for blend systems where one or more of the 

components is degradable at temperatures below or near required extrusion temperatures. 

Several studies have shown that like conventional blending, this blending procedure results 

in improved performance of the product and even better performance than conventionally 

prepared blends, such as higher modulus,77-79 tensile strengths,77-79 impact strength,80 

increased conductivity,81,82 increased thermal stability,82 and improved cohesive strength of 

surface.83 This method can also be used to produce blends of hydrophilic (PVC) and water 

soluble (poly(methacrylic acid)) materials that are not accessible by conventional blending 

techniques.84 

There have been several variations on the general procedure listen above, such as: 1) 

venting the CO2 before the polymerization step precedes in a nitrogen atmosphere,76,78-80,85-87 

2) adding crosslinking agents in order to form semi-interpenetrating networks (semi-IPNs),75 

3) post-polymerization surface modification (sulfonation of PS),75 4) adding an additional 

nitrogen/heating period after the main polymerization stage in CO2 in order to allow 

polymerization of any residual monomer,74,75 5) use of anionic polymerization initiator 

instead of free-radical initiator (in this case, the intiator was impregnated into the substrate 

first, followed by venting and then simultaneous infusion and polymerization of monomer; so 

that initiator diffused out of the substrate as the monomer diffused in and reacted),83 6) 

controlled purging of the CO2/monomer/initiator solution before subsequent addition of fresh 

CO2 for the reaction period,84 7) grafting of the monomer onto the polymer substrate was 
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performed rather than homopolymerization of one polymer within the matrix of the second,87 

and 8) impregnation of monomer into the substrate using CO2, followed by CO2 removal and 

subsequent exposure to aqueous oxidant to polymerize the monomer.81,82 Also, a variety of 

soak and reaction conditions have been examined: time, temperature, pressure, concentration 

of monomer and initiator.  

It has been found by several groups that the blend composition can be controlled by 

controlling processing parameters such as soak and reaction times, pressures and 

temperatures, and concentrations of monomer and initiator.74,76,78,80,87 Furthermore, the blend 

composition is not limited by the solubility of the monomer in the fluid or matrix phase, as a 

small extent of polymerization occurred during the soaking period, allowing more than the 

equilibrium amount of monomer to penetrate into the polymer substrate.76,77,80,85,86 

Morphological and phase studies on blends prepared by this method have revealed 

several details about the structure of the blends. Several studies found that the crystal 

structure of the substrate polymer remained mostly unaffected.74,77,87 In the grafting 

reaction87 the melting temperature of the substrate iPP remained unchanged as did the 

crystallinity of the iPP portion of the blend (since the monomer was grafted primarily onto 

the amorphous iPP), while the crystallization temperature was increased as a result of the 

grafts acting as nucleating agents. The newly polymerized PS was found to reside in the 

amorphous domains of the PE, even throughout the spherulite, which is a level of mixing not 

previously obtained with conventional mixing of these two polymers.77 Figure 1.9 shows the 

PS domains that were found throughout and at the center of the spherulite. It is this high level 

of mixing of the two immiscible polymers that accounts for the improved mechanical 
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properties of the CO2-prepared blends compared to conventionally prepared blends, shown in 

Figure 1.10. DSC experiments on a PCTFE/PS blend have shown that the blend is composed 

of at least two immiscible phases amorphous PS and crystalline PCTFE86 (the Tg of the PS 

amorphous phase was approximately equal to that of pure PS, so its unlikely that any 

amorphous PCTFE is mixed homogeneously with the PS), and AFM experiments on a 

PMMA/UHMWPE blend showed evidence of the three phases amorphous PMMA, 

amorphous UHMWPE and crystalline UHMWPE.88 The phases of the newly polymerized 

material within the matrix were found to be evenly distributed throughout the matrix and 

were on the order of 10-100nm for the PMMA/UHMWPE system,88 <200nm for the 

PVC/PMAA system,84 and 10-300nm for the PS/SR and PP/PS systems.78,79 Phase size was 

found to increase with increasing content.78,79,86 

This technique for forming polymer blends has been found to produce concentration 

gradients at the surface of the substrate polymer,84,86 and the slope and depth of the gradient 

should be controllable by soak time, temperature and monomer concentration.86 The surface 

of a PTFE substrate was made wettable by preparing a blend of PTFE and PS followed by 

sulfonation of the PS at the surface.75 The PECA/FEP blends83 were prepared with the goal 

of producing a concentration gradient; the initiator was impregnated in the FEP substrate 

first, followed by exposure to a monomer solution, with the aim of having the monomer 

polymerize near the surface only as the initiator diffused out of the substrate and the 

monomer diffused in. However, of the two initiators studied, the pyridine diffused out of the 

substrate too quickly so that no PECA was formed in the FEP matrix, and the 

triphenylphospine diffused out of the substrate too slowly so that PECA was formed 
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throughout the bulk of the FEP matrix and not just at the surface. However, the PECA/FEP 

substrate did exhibit improved cohesive strength of the surface. 
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Polymer/Block A Polymer/Block B Type of 
boundary

Compositions 
examined 

(fraction of A)

CO2 conditions  
(P , T , ρ)

T or P  sweeps Behavior of shift and 
Comments

Max extent of 
transition 

temperature shift

Method of 
measurement Reference

Polystyrene  (Mn=3300) 
(PDI =1.09)

polyisoprene 
(Mn=1000) 
(PDI =1.05)

UCST 0.1, 0.2, 0.36 (wt)
0-35MPa,           31-

100oC
T  at constant P s

Initially depressed to 
minimum at about 

20MPa, then increases 
back to ambient 

condition values at about 
35MPa

-28oC
visual, 

spectroscopy, 
SANS

29

d-Polystyrene 
(Mw=90000)

Poly(vinyl methyl 
ether) 

(Mw=104000)
LCST 0.5 (wt?)

2.4MPa, 
0.046g/cc, 40oC

P  at constant T s Depressed -115oC SANS 38

d-Polystyrene (Overall 
Mw (copolymer) = 

32000)

n-butyl 
Methacrylate LDOT 0.6 (vol) 0.3 g/cc, 100oC P  at constant T s Depressed

-250oC (from 
projected ambient 

LDOT)
SANS 38

d-Polystyrene (Overall 
Mw (copolymer) = 

78000)

n-butyl 
Methacrylate LDOT 0.48 (vol) 0.05g/cc, 145oC P  at constant T s Depressed -35oC SANS 38

Polystyrene  
(Mw=570k, 83k, 81k) 

and Anthracene-labeled 
PS at 10ppm in solvent-
free blend)(Mw=105k) 

(PDI =1.01-1.03)

Poly(vinyl methyl 
ether)       

(Mw=90k, 99k)  
(PDI =2.20, 3.0)

LCST 0.25, 0.4, 0.5, 
0.6, 0.75 (wt)

10-70bar (40oC), 
10-60bar (60oC)

T  at ambient P ;   
P  at constant T s

Depressed, presence of 
CO2 eliminated/buffered 

the effects of M  and 
PDI , higher PS content 

required higher 
pressures of CO2 to 

order the systems at a 
given temperature

-90oC
Fluorescence 
spectroscopy 39

Polystyrene  (Mn=7200) 
(Overall PDI 

(copolymer)=1.05)

Polyisoprene 
(Mn=7800) UODT 0.44 (vol)

0.4g/cc (117bar), 
60-105oC 

(0.35g/ccethane 
(132bar), 50-

105 o C)

T  at constant P s Depressed -45oC            
(-55oC ethane)

SANS 35

Poly(dimethyl siloxane) 
(Mw=44500) 
(PDI =1.09)

Poly(ethyl 
methylsiloxane) 

(Mw=14600) 
(PDI =1.13)

UCST 6,10,20,35,51,62,
80,90 (wt)

ambient P  to 
35MPa T  at constant P s Elevated +100oC Spectroscopy 36

Poly(vinylidene fluoride) 
(Mw=350k) (PDI =2.75)

Poly(ethyl 
methacrylate) 
(Mw=505k)

LCST 75(wt) ambient P  to 
1500psi T  at constant P s Depressed from 

projected Spectroscopy

Walker et 
al. , 

unpublished 
results

Table 1.1. Summary of CO2 effects on blend and block copolymer phase behavior.
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Low-fraction  
Polymer% (A)

High-fraction 
Polymer% (B)

η-A / η-B 
without CO2

η-A / η-B 
with CO2

Size without 
CO2 (µm)

Size with 
CO2 (µm)

Type of mixing 
for morphology 
measurements

Viscosity 
measurments Reference

PMMA25 PS75 20 10 Reduced
Batch & Twin-
screw extruder

Single-screw 
extruder 58

PMMA25 PS75 7.3 3.4 5.6 3.6
Batch & Twin-
screw extruder

Twin-screw 
extruder 59

PMMA50 PS50 20 10 Reduced
Batch & Twin-
screw extruder

Single-screw 
extruder 58

PS25 PMMA75 0.05 0.1 Already small Striated
Batch & Twin-
screw extruder

Single-screw 
extruder 58

Rubber30 PS70 0.4 0.77 10 1 to 2
Batch & Twin-
screw extruder

Twin-screw 
extruder 60

Rubber30 PMMA70 0.06 0.29 Reduced
Batch & Twin-
screw extruder

Twin-screw 
extruder 60

PMMA25 PS75 1.3 0.86
Slightly 
reduced

Batch & Twin-
screw extruder

Twin-screw 
extruder 59

PE20 PS80 0.37 0.62
Slightly 
reduced

Twin-screw & 
Single/Twin-

screw tandem 
extruders

Twin-screw 
extruder 61

PS20 PE80 2.70 1.61 2 to 10 Submicron

Twin-screw & 
Single/Twin-

screw tandem 
extruders

Twin-screw 
extruder 62

PE50 PS50 0.37 0.62

Difficult to 
ascertain the 
effect since 
structure is 

cocontinuous.

Twin-screw & 
Single/Twin-

screw tandem 
extruders

Twin-screw 
extruder 61

Table 1.2. Summary of studies on CO2 effects on viscosity ratio and dispersion size during extrusion of immiscle blends.
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Substrate polymer Polymerizing monomer Initiator Comments Reference

PCTFE Styrene
AIBN/tert-butyl 
perbenzoate 85,86

PMP Styrene
AIBN/tert-butyl 
perbenzoate 85

HDPE Styrene
AIBN/tert-butyl 
perbenzoate 85, 77

Nylon 66 Styrene
AIBN/tert-butyl 
perbenzoate 85

Poly(oxymethylene) Styrene
AIBN/tert-butyl 
perbenzoate 85

Bisphenol A PC Styrene
AIBN/tert-butyl 
perbenzoate 85

PCTFE
Styrene/crosslinking agents 

(divinylbenzene or triallyl cyanurate) Tert-butyl perbenzoate
Also post-reaction surface 

sulfonation 75

FEP
Styrene/crosslinking agents 

(divinylbenzene or triallyl cyanurate) Tert-butyl perbenzoate
Also post-reaction surface 

sulfonation 75

PTFE
Styrene/crosslinking agents 

(divinylbenzene or triallyl cyanurate) Tert-butyl perbenzoate
Also post-reaction surface 

sulfonation 75
FEP Styrene Tert-butyl perbenzoate 74

FEP ECA
Pyridine or triphenyl 

phosphine Anionic polymerization 83

Bisphenol A PC or 
PVC or PTFE

Styrene or methyl methacrylate or 
methacrylic acid AIBN 

All 9 possible combinations 
were studied, but 

characterization focused on 
PVC/PMAA composite 84

PVC Styrene AIBN 80

PET Styrene AIBN 76
Silicon rubber 
(crosslinked) Styrene Benzoyl peroxide 78

itPP Acrylic acid Benzoyl peroxide Grafting reaction 87

UHMWPE Methyl methacrylate Tert-butyl perbenzoate 88
PP Styrene AIBN 79

PS Pyrrole
FeCl3, Fe(NO3)3, 

Fe(SO4)3, Fe(ClO4)3
Oxidation of pyrrole in 

aqueous solutions of oxidant 81,82

Table 1.3. Summary of Polymerizations within CO2-Swollen Polymers
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Figure 1.1. Density of carbon dioxide as a function of pressure at various temperatures.8 
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Figure 1.3. Conceptual representation of the driving factors behind blend and block 

copolymer phase behavior, and the effects of CO2 on these factors. 
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Figure 1.4. Change in cloud point temperature, Tcp(P)-Tcp(P=0), as a function of CO2 

pressure for various PDMS/PEMS ratios.36 
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Figure 1.5. Predicted dependence of the Flory-Huggins interaction parameter as a function of 

reciprocal temperature at various pressures of CO2.36 



  
  

    48 

 

 

 

Figure 1.6. TEM micrograph of a 31/69 PVDF/PMMA blend after extended exposure to 

CO2. Inset is 2.5× magnification.47 
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Figure 1.7. TEM micrographs of PMMA/PS blends extruded with and without CO2.            

(a) 25/75 without CO2, (b) 25/75 with CO2, (c) 75/25 without CO2, (d) 75/25 with CO2, (e) 

50/50 without CO2, and (f) 50/50 with CO2.  PS appears dark.59 

Dn = 0.48µm 
(b) 

Dn = 1.5µm 
(a) 

Dn = 1.7µm 
(c) 

Dn = 1.2µm 
(d) 

(e) (f) 10µm 
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Figure 1.8. SEM micrographs of PMMA foams: (a) pure amorphous st-PMMA, and (b) 

semi-crystalline stereocomplex blend with 33 wt% it-PMMA with st-PMMA.51 
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Figure 1.9. Micrographs of PS/HDPE blends produced by polymerizing styrene in CO2-

swollen HDPE substrate, etched in potassium permanganate/acid solution: (a) 27 wt% PS 

and (b) 43 wt% PS.  PS-rich domains are lighter shade and raised.77 
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Figure 1.10. PS/HDPE tensile strength as a function of PS content. Circles represent the 

properties of the blend prepared by polymerizing PS in CO2-swollen HDPE,77 and squares 

represent the properties of the blend prepared by conventional methods.89  Figure from 

Reference 77. 
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Abstract 

While ongoing efforts continue to explore the high-pressure phase equilibria of 

polymer blends, few studies have attempted to address the impact of a supercritical fluid on 

such equilibria. In this work, we report on the phase behavior of an upper critical solution 

temperature (UCST) polymer blend in the presence of high-pressure and supercritical carbon 

dioxide (CO2), a nonselective plasticizing agent. Blends composed of low-molecular-weight 

polystyrene and polyisoprene have been examined as a function of temperature in CO2 by 

                                                 
# Originally published: Journal of Physical Chemistry B 1999, 103, 5472-5476. 
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visual inspection, small-angle neutron scattering, and spectrophotometry. In the presence of 

CO2, the cloud point temperature is depressed by as much as 28 °C, depending on both blend 

composition and CO2 pressure. Complementary studies performed with nitrogen decouple 

the plasticization efficacy of CO2 from free-volume compression due to hydrostatic pressure. 

Existence of a pressure yielding a maximum in CO2-induced cloud point depression is 

established. These results provide evidence for enhanced polymer miscibility as a result of 

the plasticizing effectiveness and tunable solubility of CO2. 

 

Introduction 

Polymers by their chainlike nature tend to be immiscible due to their generally low 

entropy of mixing and typical athermal or endothermic mixing.1-3 In the absence of specific 

interactions between the constituent polymer species,4 two general types of blends can be 

classified on the basis of the temperature dependence of the Flory-Huggins interaction 

parameter (χ). If χ decreases monotonically with increasing temperature, as is the case for 

most blends of commercial relevance, then the blend exhibits an upper critical solution 

temperature (UCST). In this case, a UCST blend of given composition remains miscible at 

high temperatures (insofar as it does not decompose) and generally phase-separates via 

nucleation and growth upon cooling below the binodal, or cloud point, temperature (TCP). 

Some blends, on the other hand, exhibit the reverse, or lower critical solution temperature 

(LCST), behavior if χ increases monotonically with temperature, and the blend phase-

separates upon heating above TCP. A small number of polymer blends possess multiple 

critical solution temperatures. The ability to alter, in tunable fashion, the miscibility of 
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polymer blends is highly desirable, since it could expand the window of processability. 

While miscibility tuning is achievable through the use of organic solvents, this route is not 

environmentally benign and may require the use of hazardous chemicals. An emerging 

alternative to organic solvents in applications ranging from polymer synthesis5-7 to polymer 

processing8-10 is high-pressure carbon dioxide. Watkins et al.11 have recently provided 

encouraging evidence that supercritical carbon dioxide (CO2) can be used to shift the phase 

boundaries of block copolymers, while Bungert et al.12 have shown that CO2 has a significant 

effect on TCP of a polystyrene/cyclohexane solution. These results differ from those reported 

for polymers subjected to hydrostatic pressure alone, which tends to decrease the miscibility 

of UCST blends,13 but increase the miscibility of LCST blends.14 Since CO2 serves as a 

plasticizing agent for polymer melts,15-17 it follows that CO2 may reduce unfavorable 

interactions between two polymers, each interacting marginally with CO2, by increasing their 

free volume.18 This would subsequently enhance their compatibility and shift their phase 

boundary in the direction of greater miscibility, which for a UCST system is accompanied by 

a reduction in TCP. In the present work, we explore the competing effects of CO2 

plasticization and hydrostatic pressure on the miscibility of a short-chain polymer blend 

exhibiting UCST behavior. 

 

Experimental 

Materials. Homopolystyrene (PS) with a number-average molecular weight ( nM
__

) of 3300 

and a polydispersity index (PDI) of 1.09 was purchased from Aldrich Chemicals. 
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Homopolyisoprene (PI) with nM
__

 = 1000 and PDI < 1.05 was synthesized via living anionic 

polymerization in cyclohexane at 60 °C in the presence of sec-butyllithium. The molecular 

weight characteristics of these materials, measured by GPC, were selected so that their 

theoretical phase diagram (Figure 2.1) coincided with both the range of CO2 processability 

and the operating limits of existing equipment. The polymers were melt-mixed at ca. 100 °C 

for visual experiments and at ca. 120 °C for small-angle neutron scattering (SANS) 

experiments. Two blends with PS weight fractions (wS) of 0.20 and 0.36 were subjected to 

visual examination, while only the blend with wS = 0.20 was investigated by SANS. Blends 

with wS = 0.10 and 0.20 were examined by spectrophotometry. Carbon dioxide of >99.8%  

purity and N2 of >99.99% purity were obtained from National Specialty Gases (Durham, 

NC). 

Methods. A high-pressure optical cell developed in-house was used for the visual 

experiments reported here. The interior dimensions of the cell were 15.9 mm × 15.9 mm × 

6.4 mm, and the initial sample volume was approximately 0.75 cm3. A thermocouple 

(Omega, type K) inserted into the cell (and immersed in the blend) recorded the blend 

temperature while the cell was heated. Carbon dioxide was fed into the cell using an ISCO 

syringe pump (260D) and pump controller (Series D) operated in constant pressure mode, 

and a pressure transducer (Omega PX302-10KGV) detected the pressure in the cell. Samples 

were allowed to homogenize quiescently at 100 °C for about 24 h upon initial cell loading, as 

well as after each pressure change. The temperature was varied at 0.5-2 °C/min, and resulting 

changes in isobaric phase behavior were recorded with either a Pulnix TN-7 CCD camera or 

a Shimadzu UV-265 spectrophotometer (operated at a wavelength of 700 nm). Visual 
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experiments were repeated with the 20 wt % PS blend using N2 instead of CO2. 

Measurements were initially acquired 15 min after pressurizing to minimize the extent of N2 

dissolution. Once the hydrostatic pressure was found to have little influence on TCP, 

measurements were collected after a 24-hr equilibration period to ascertain the effect of 

solubilized N2 on TCP.  

Phase-separation temperatures were also measured on the W.C. Koehler 30 m SANS 

facility19 at Oak Ridge National Laboratory with a 64 × 64 cm2 area detector and a cell 

(element) size of about 1 cm2. The neutron wavelength (λ) was 0.475 nm (∆λ/λ ~ 5%), and 

the sample-to-detector distance was 10 m. The data were corrected for instrumental 

background and detector efficiency on a cell-by-cell basis prior to radial averaging to yield a 

q range of 0.06 < q < 0.5 nm-1, where q denotes the scattering vector defined by 

(4π / λ)×sin(θ /2) (θ is the scattering angle). The net intensities were converted to an absolute 

(±5%) differential cross-section per unit sample volume (in units of cm-1) by comparison 

with precalibrated secondary standards.20 Experiments without CO2 were conducted on a 

sample measuring about 1 cm in diameter and 1.5 mm thick and housed in a metal cell with 

removable quartz windows. For experiments with CO2, a high-pressure cell described in 

detail elsewhere21-25 was employed. The samples were allowed to (i) homogenize for less 

than 1 h at 115 °C after the initial loading, as well as after the pressure change, and (ii) 

equilibrate for 25 min after each temperature increment (5 °C increments without CO2 and 

variable increments with CO2). 
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Results and Discussion 

Displayed in Figure 2.1 is the theoretical phase diagram for the present PS/PI polymer 

blend, constructed on the basis of the Flory-Huggins equation of state:26  

 
ref

IS

II

II

SS

SSmix

vNvNvkT
G φχφφφφφ

++=
∆ lnln

 (2.1) 

Here, ∆Gmix is the change in free energy density upon mixing, k is the Boltzmann constant, 

and T denotes absolute temperature. The terms φi, vi, and Ni represent the volume fraction, 

repeat-unit volume, and repeat-unit number/chain, respectively, of polymer i, where i = S (for 

PS) or I (for PI). Values of vi are tabulated,3 and the reference volume (vref) is taken as the 

mean of vI (0.136 nm3) and vS (0.179 nm3). In calculating the binodal and spinodal curves for 

this UCST blend, the temperature-dependent Flory-Huggins interaction parameter for PS and 

PI reported by Rizos et al.27 (χ = 0.07 + 63/T) has been used in an iterative procedure to solve 

the governing sets of nonlinear equations that establish both phase coexistence (binodal 

conditions) and phase stability (spinodal conditions), viz., 

binodal:   ( ) ( ) 0"'1'"
"
'

ln 22 =−+





−−+





II

ref

SS

II

SS
SS

S

S

v
Nv

Nv
Nv φφχφφ

φ
φ

 (2.2a) 

( ) ( ) 0"'1"'
"
'

ln 22 =−+





−−+





SS

ref

II

SS

II
SS

I

I

v
Nv

Nv
Nv φφχφφ

φ
φ

 (2.2b) 

spinodal: 





+=

IIISSS

ref

NvNv
v

φφ
χ 11

2
 (2.3) 

The phases that coexist along the spinodal boundary are designated by ‘ and “. For 

illustrative purposes here, we make the simplifying assumption that χ is dependent only on 
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temperature and is independent of pressure, whereas experimental evidence provided by 

Janssen et al.28 indicates that the pressure dependence of χ may be nonnegligible. As seen in 

this figure, the ambient-pressure UCST (corresponding to the intersection of the binodal and 

spinodal curves) is predicted to occur at T = 107 °C and wS = 0.36. Recall that the 

composition of one of the blends investigated in this study coincides with this predicted 

critical composition, while the other (off-critical) blend compositions have been selected 

arbitrarily.  

Snapshots revealing the phase behavior of the PS/PI blend with wS = 0.20 at various 

temperatures with and without CO2 are presented in Figure 2.2. In the absence of CO2 (top 

image series in Figure 2.2), the blend appears optically transparent at high temperatures, 

signifying a homogeneous system. Upon cooling at ambient pressure, the sample becomes 

initially turbid at TCP and grows increasingly opaque as the temperature is lowered further. 

Values of TCP measured in this manner, as well as by spectrophotometry, are within 2 to 3 °C 

irrespective of whether they are measured during the heating or cooling cycles: TCP ≈ 98 °C 

at wS = 0.36 and TCP ≈ 84 °C at wS = 0.20. From spectrophotometry measurements 

(performed at a wavelength of 700 nm), TCP ≈ 83 °C at wS = 0.20. These measured values of 

TCP are below the predicted binodal points in Figure 2.1 (by about 10 °C), but above the glass 

transition temperature (Tg) of the PS (74°C, according to differential scanning calorimetry, 

DSC). Visual experiments employing CO2 have been conducted at two pressures, 13.8 and 

34.5 MPa, and are provided in the bottom image series in Figure 2.2 for the data obtained at 

13.8 MPa. As in the nonsolvated blends, specimens sorbed with CO2 appear optically 

transparent at elevated temperatures and become cloudy upon decreasing the temperature 
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below TCP. For the blend with wS = 0.20, measured values of TCP are 56 °C at 13.8 MPa and 

62 °C at 34.5 MPa.  For the blend with wS = 0.36, values of TCP are 76 and 85 °C at 13.8 and 

34.5 MPa, respectively. In both blends, addition of CO2 is found to promote a nontrivial 

reduction in the cloud point.  

Figure 2.3 shows temperature-dependent SANS profiles for the PS/PI blend presented 

in Figure 2.2 (wS = 0.20) without (Figure 2.3a) and with (Figure 2.3b) CO2. Phase separation 

in this nondeuterated blend is evidenced by an upturn in scattering intensity at low q (i.e., at 

large spatial dimensions). In the absence of CO2, an unambiguous upturn is first noticed 

between 65 and 70 °C (see Figure 2.3a), which is somewhat lower than the TCP measured 

visually and predicted theoretically. Once the sample is subjected to CO2 at 14.5 MPa in 

accord with the conditions described earlier, the initial upturn in scattering intensity at low q 

is seen in Figure 2.3b to shift to 40-43 °C, confirming that CO2 depresses the cloud point of 

the blend. As above, the value of TCP measured by SANS is lower than that determined 

visually. The differing cloud point temperatures discerned from visual and scattering 

methods (due to differences in the length scale probed in each) are not, however, the focus of 

this study. Instead, we draw attention to the apparent CO2-induced reduction in the cloud 

point. This cloud point depression, denoted ∆TCP (= TCP(P) − TCP(P = 0)), is presented as a 

function of pressure in Figure 2.4 and reveals that CO2 induces the most significant reduction 

in phase-separation temperature (22-28 °C) in the off-critical blend possessing wS = 0.20. In 

the critical blend with wS = 0.36, ∆TCP ranges from 13 to 22 °C.  

In Figure 2.4, ∆TCP is consistently the most negative at the lower CO2 pressure (13.8 

MPa) and then increases (decreases in magnitude) as the pressure is increased to 34.5 MPa in 
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both blends. To elucidate the meaning of this behavior and delineate the effects of 

plasticization and hydrostatic pressure, additional experiments have been performed on the 

wS = 0.20 blend in the presence of high-pressure N2. Values of TCP measured from blends 

composed of both filtered and unfiltered PI prior to addition of N2 and after decompression 

are identical within ±1°C. This observation, coupled with reported29 data indicating that the 

solubility of N2 in polystyrene is about an order of magnitude less than that of CO2, confirms 

that polymer plasticization due to N2 can, at short exposure times, be considered negligible. 

Measured values of TCP in the presence of N2 are 85 °C at 13.8 MPa and 90 °C at 34.5 MPa. 

Corresponding values of ∆TCP are +1 and +6 °C, respectively. At a longer (24-hr) 

equilibration time, the value of ∆TCP at 34.5 MPa increases further to +12 °C. These results 

are in favorable agreement with those of recent studies30-33 investigating UCST blends and 

block copolymers at high hydrostatic pressure. Such studies report that an increase in 

pressure is generally accompanied by a reduction in the homogeneous temperature range 

(and an increase in TCP).  

The data compiled in Figure 2.4 reveal that the plasticization efficacy of CO2, rather 

than the corresponding hydrostatic pressure, is responsible for the observed reduction in TCP 

(∆TCP < 0). In light of the results from the complementary N2 experiments and assuming a 

relatively small experimental error, we also attribute the decrease in the magnitude of ∆TCP at 

34.5 MPa to the increased hydrostatic pressure. Thus, the plasticization efficacy of CO2, 

which increases the free volume of a molten polymer18 and depresses Tg in glassy 

polymers,17 competes with the condensing (or “freezing-in”) effect of hydrostatic pressure,34 

indicating that an optimum pressure yielding a minimum ∆TCP must exist (qualitatively 
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shown by the solid line in Figure 2.4). This optimum pressure is unambiguously evident in 

the pressure-dependent ∆TCP data collected by spectrophotometry and presented in Figure 2.5 

for PS/PI blends with wS = 0.10 and wS = 0.20. At these blend compositions, the optimum 

pressure is observed to occur in the vicinity of 20 ± 2 MPa. It should be recognized that, 

while all the temperatures at which cloud points were measured lie above the critical 

temperature of CO2 (31 °C), not all the pressures in Figure 2.5 exceed the critical pressure of 

CO2 (7.4 MPa). Thus, we find that CO2 as either a high-pressure gas or a supercritical fluid 

can influence (and, in the present UCST system, enhance) the mixing efficacy of 

macromolecules. 

 

Conclusions 

This study clearly demonstrates that the homogeneous regime of a blend composed of 

PS and PI can be controllably increased through the addition of CO2. Moreover, the effect of 

CO2 on PS/PI blend phase behavior (characterized by the cloud point) is not monotonic in 

pressure, since hydrostatic effects become increasingly important, and cannot be neglected, 

as the pressure is increased. An optimum CO2 pressure corresponding to a maximum in cloud 

point depression has consequently been identified. While the present work employs model 

short-chain polymers, the results obtained here may apply to high-molecular-weight 

commercial blends with a low χ (which can homogenize before decomposing). In this event, 

which is currently under investigation, effective use of CO2 as an environmentally benign 

diluent for the improved processing of polymer blends would most likely be viable at low to 

moderate pressures above the critical point of CO2. 
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Figure 2.1. Predicted phase diagram for polystyrene ( nM
__

 = 3300) and polyisoprene ( nM
__

 = 

1000) on the basis of the Flory-Huggins equation of state. Calculation of the binodal 

(coexistence) and spinodal (stability) curves as functions of composition (wS) employs 

Equations 1.2 and 1.3 in the text, as well as the χ(T) expression reported in Reference 27. 

The upper critical solution temperature (UCST) occurs at the intersection of the binodal and 

spinodal curves. The Tg of the PS employed in the blend (from DSC) is shown as (○). 
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Figure 2.2. CCD image series of the PS/PI blend with wS = 0.20 in the absence of CO2 (top) 

and presence of CO2 at 13.8 MPa (bottom). In the top image series, the temperatures (in °C) 

are (a) 87, (b) 83, (c) 81, and (d) 78, whereas those in the bottom series are (a) 58, (b) 56, (c) 

56, and (d) 54. The cloud point (TCP) identifies the temperature at which the blend first 

appears turbid upon cooling from a homogeneous solution. 
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Figure 2.3. SANS profiles collected from the PS/PI blend with wS = 0.20 in the (a) absence 

of CO2 and (b) presence of CO2 at 14.5 MPa. Each profile is labeled with the corresponding 

temperature. The onset of phase separation in the blend is accompanied by an upturn in 

intensity at low q, as illustrated by the solid curve in (a) and deviation from the horizontal 

dashed lines in (a) and (b). These profiles are shifted vertically to facilitate discrimination.
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Figure 2.4. Dependence of ∆TCP on pressure for PS/PI blends differing in composition (wS): 

0.20, in CO2 (circles); 0.20, in N2 (diamonds, squares); and 0.36, in CO2 (triangles). 

Specimens examined visually are denoted by open symbols, whereas those investigated by 

SANS are indicated by filled symbols. Samples exposed to N2 have been equilibrated for 15 

min (diamonds) and 24 h (squares), while those exposed to CO2 have all been equilibrated 

for 24 h prior to measurement. The solid lines serve as guides for the eye. 
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Figure 2.5. Variation of ∆ΤCP with CO2 pressure for PS/PI blends differing in composition 

(wS): 0.10 ( ) and 0.20 (O). The solid and dotted lines serve as guides for the eye for the 

blends with wS = 0.10 and wS = 0.20, respectively, and the vertical lines denote the 

experimental uncertainty inherent in the data (±2.5 °C). 
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Abstract 

 Previous efforts have demonstrated that high-pressure CO2 can markedly influence the 

phase behavior of amorphous polymer blends. In this work, we examine the effect of high-

pressure CO2 on the miscibility of blends composed of glassy poly(methyl methacrylate) 

(PMMA) and semicrystalline poly(vinylidene fluoride) (PVDF). Blends of this type are 

known to exhibit lower critical solution temperature (LCST) behavior with partial miscibility 

up to ~50-60 wt% PVDF at ambient conditions. Two miscible PMMA/PVDF blends have 

been systematically exposed to high-pressure CO2 at 35°C and pressures below and above 

the critical pressure. Small-angle x-ray scattering reveals that the scattering intensity at high 

scattering angles shows little dependence on pressure at low CO2 pressures, but increases 

substantially at relatively high CO2 pressures. Transmission electron microscopy and 
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differential scanning calorimetry analyses confirm that the blends are initially quasi-

homogeneous with diffuse PVDF-rich dispersions and a single glass transition temperature. 

After exposure to relatively high CO2 pressures, however, the PVDF is found to crystallize 

within the PMMA-rich matrix. Thermal recycling of these blends promotes homogenization, 

indicating that such CO2-altered phase behavior is reversible. 

 

Introduction 

 By combining the superior barrier properties, chemical/flame resistance and toughness/ 

flexibility of poly(vinylidene fluoride) (PVDF)1-3 with the hardness, rigidity, low smoke 

toxicity and superior transmission/refractive properties of poly(methyl methacrylate) 

(PMMA),4-6 PMMA/PVDF blends are of considerable commercial relevance. Addition of 

PMMA also serves to improve the processability,7 as well as the intrinsic piezo- and 

pyroelectric properties,8-11 of PVDF. In light of these attractive synergisms, PMMA/PVDF 

blends are of tremendous interest in technologies such as optical fiber cladding, external 

paints/coatings and dental restoration.12-14 Studies15-17 have previously demonstrated that 

PMMA/PVDF blends exhibit lower critical solution temperature (LCST) phase behavior 

wherein miscibility is retained at temperatures above the normal melting point (Tm) of PVDF. 

Such LCST behavior is attributed to strong specific interactions between the electric 

moments of the two polymers, as well as to hydrogen bonding between the carbonyl oxygen 

of PMMA and the acidic hydrogen of PVDF.18-20 Sasaki et al.15 have shown that replacement 

of atactic PMMA by either syndiotactic or isotactic PMMA can effectively shift the two-

phase envelope of PMMA/PVDF blends to substantially lower temperatures.  
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 The phase behavior of PMMA/PVDF blends is likewise of fundamental interest, since it 

involves a crystallizable polymer PVDF (exhibiting several different crystal structures21) in 

the presence of a chemically dissimilar, amorphous polymer PMMA capable of site-specific 

intermolecular interaction. When a homogeneous PVDF-rich blend is cooled from the melt, 

the PVDF molecules crystallize to form a biphasic material composed of a pure PVDF 

crystalline phase and an amorphous PMMA/PVDF phase.22,23 There is also evidence that an 

intermediate amorphous PVDF interphase exists between the crystalline PVDF and mixed 

amorphous phases.24 Efforts designed to elucidate and predict the phase behavior of 

PMMA/PVDF blends have sought to measure the Flory-Huggins interaction parameter (χ) 

by various analytical methods including melting point depression,13,25,26 small angle x-ray 

and neutron scattering,27,28 inverse chromatography30 and dilatometry.31 Measured values of 

χ typically vary between –0.03 and –0.7. Variation in the value of χ reflects differences in 

molecular weight, PMMA tacticity, PVDF head-to-head or tail-to-tail defects, temperature 

and the method of measurement. Another intriguing attribute of these blends is that there is 

growing evidence to indicate that they may likewise exhibit an upper critical solution 

temperature (UCST), which is difficult to measure due to reduced chain mobility at the low 

temperatures near the purported UCST.16,31-34 

 One established route by which to modify the properties of PMMA and PVDF 

individually is through exposure to high-pressure CO2, which can effect substantial 

reductions in the melt viscosities of both polymers.35 Interest in developing general 

procedures that use CO2 as an aid for various polymerizations and polymer processes 

continues to gain momentum.36-39 In such diverse applications, CO2 functions in different 
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capacities, such as solvent, co-solvent, anti-solvent, plasticizer, penetrant or foaming agent. 

The primary motivating factors for exploiting CO2 in contemporary technologies include the 

following:36 (i) it is environmentally benign relative to the volatile organic compounds 

(VOCs) it is intended to replace; (ii) it possesses tunable solvent properties due to its high 

compressibility near the critical point; (iii) it possesses an accessible critical point at Tc = 

31.1°C and Pc = 7.38 MPa and (iv) it can be easily separated from polymers by simple 

depressurization. While numerous studies have investigated the effect of high-pressure CO2 

on either PVDF or PMMA, no effort thus far has attempted to discern the impact of CO2 on 

the phase behavior of PMMA/PVDF blends. Such fundamental understanding is of 

paramount importance to the design or process of any multicomponent polymer system in the 

presence of CO2, and may facilitate control over pattern formation in blends containing a 

crystallizable component.40 

 Surprisingly few studies have explored the effect of high-pressure CO2 on polymer blend 

and copolymer phase behavior. Carbon dioxide has been found to reduce the miscibility of a 

polystyrene/poly(vinyl methyl ether) blend,41,42 induce ordering in a poly(styrene-b-n-butyl 

methacrylate) diblock copolymer,42 reduce the upper critical order-disorder temperature of a 

poly(styrene-b-isoprene) diblock copolymer43 and enhance the miscibility of a low-

molecular-weight polystyrene/polyisoprene blend.44 It can also expedite crystalline 

stereocomplex formation in blends of syndiotactic and isotactic PMMA,45 as well as prevent 

oxidative degradation during high-energy ball milling of low-density polyethylene and 

isotactic polypropylene.46 In extrusion processes, exposure to CO2 can facilitate intimate 

mixing of different polymers due to improved viscosity matching.47-51 Polymer blends 
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produced in this manner tend to exhibit finer dispersions and improved impact strength. The 

sorption of CO2 in PMMA/PVDF blends, as well as the accompanying changes in blend 

properties, has been examined by Paul and co-workers.52-54 Their results not only confirm 

that CO2 plasticizes these blends by reducing the glass transition temperature (Tg), but also 

indicate that such plasticization serves to promote PVDF crystallization.  

 In the present study, we use small-angle x-ray scattering (SAXS) to probe the phase 

behavior of two miscible PMMA/PVDF blends in the presence of high-pressure CO2. 

Complementary analysis of the blends before and after exposure to CO2 by transmission 

electron microscopy (TEM) and differential scanning calorimetry (DSC) provides additional 

insight into the effect of CO2 on this polymer blend. 

 

Experimental 

Materials. The PVDF grade employed throughout this study was obtained in powder form 

from Polysciences, Inc. (Warrington, PA), whereas atactic PMMA was purchased from 

Polymer Source, Inc. (Dorval, Quebec, Canada). Both materials were used as-received. The 

molecular weight characteristics (reported by the manufacturers), as well as several other 

relevant physical properties, of the pure polymers are listed in Table 3.1. Carbon dioxide 

with a purity of 99.8% was obtained from Air Liquide Co. (Augusta, GA) and used without 

further purification.  

Methods. Two blends of the polymers — 88/12 and 69/31 w/w PMMA/PVDF — were 

produced by first hand-mixing predetermined amounts of the two powders for ~2 min. Each 

powder mixture was placed in a stainless steel mold measuring 0.5 mm deep and 
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subsequently melt-pressed at 185°C for about 9 min. The mold assembly was immersed in 

dry ice for 5 min to quench the resultant polymer plaque, which was removed from the mold, 

cut into pieces, stacked in approximately 8 layers and then melt-pressed again. This "baker's" 

procedure55 was repeated multiple times (9x for the 88/12 blend, and 11x for the 69/31 

blend), after which every specimen was cut into pieces, stacked in a 0.2 mm deep mold and 

melt-pressed one last time at 190°C for 2 min. Each blend was quenched under pressure by 

flowing cold tap water through the cooling coils of the platens.  

 Both blends were examined at 35°C and various CO2 pressures using the Oak Ridge 

National Laboratory (ORNL) 10 m instrument56 with a sample-to-detector distance of 5.119 

m. In this study, SAXS was performed with CuKα radiation (with a wavelength, λ, of 0.154 

nm) provided by a Rigaku x-ray generator. The experimentally measured scattering intensity 

of each polymer blend was acquired with a 20 x 20 cm2 two-dimensional position-sensitive 

proportional detector and was corrected for instrument background, detector sensitivity of 

each individual pixel (64 x 64), sample transmission and thickness, and dark current. The 

data, once converted to absolute intensities (I) with a calibrated secondary standard,57 were 

azimuthally averaged to yield I(q) patterns, where q is the scattering vector given by 

(4π/λ)sin(θ /2) and θ denotes the scattering angle. Each blend was placed in the same 

diamond-window, stainless-steel vessel used in previous high-pressure scattering studies,58 

and additional scattering data were collected from the 12 and 31 wt% PVDF blends (in the 

absence of CO2) for 2 and 4 h, respectively. After each jump to a new CO2 pressure, 

scattering data were acquired in 1- to 2-h intervals until the intensity profile remained 

constant. 
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 The two PMMA/PVDF blends before and after exposure to high-pressure CO2 were 

sectioned at ambient temperature on a Reichert-Jung Ultracut S ultramicrotome for 

subsequent TEM analysis. The resultant electron-transparent sections, measuring about 70 

nm thick, were imaged without staining (sufficient electron contrast inherently exists 

between PMMA and PVDF) on a Zeiss EM902 electron spectroscopic microscope operated 

at 80 kV and energy-loss (∆E) settings ranging from 0 to 150 eV. The thermal properties of 

the as-received homopolymers (including the normal melting temperature, Tm, and glass 

transition temperature, Tg, as well as of the blends before and after exposure to high-pressure 

CO2, were determined by DSC with a Seiko DSC220C SSC/5200 calorimeter equipped with 

a N2(l) cooling unit. Each specimen was cooled at a rate of 100°C/min to −100°C, where it 

was held for 10 min. It was then heated at a rate of 10°C/min from −100°C to 200°C, after 

which the cycle was repeated a second time. 

 

Small-Angle x-ray Scattering Considerations 

 The structure factor S(q) is generally related to the measured scattering intensity I(q) by 

 )()( qSkqI e=  (3.1) 

where ke is the contrast factor expressed in terms of species A and B as 
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Here, No is Avogadro’s number, ei is the number of electrons in repeat unit i (i = A or B), vi 

corresponds to the volume of repeat unit i and σTH signifies the differential Thompson 

scattering cross-section of a free electron (7.94×10-26 cm2). The random phase approximation 
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(RPA) proposed by de Gennes59 expresses S(q) as a function of the composition and 

interaction parameter of a homogeneous polymer blend exhibiting mean-field behavior, viz.,  

 
0,,

2
)(

1
)(

1
)(

1
vxSNvxSNvqS BBBnBAAAnA

χ
φφ

−+=  (3.3) 

where Nn,i is the number-average degree of polymerization of polymer i, φi is the volume 

fraction of polymer i in the blend and v0 is a reference volume. For polydisperse polymers, 

the constituent structure factors S(xi) can be written as60 
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In this case, Nw,i is the weight-average degree of polymerization of polymer i, and bi 

represents the statistical segment length of repeat unit i. The Flory-Huggins χ interaction 

parameter can be determined from small-angle scattering data by either extrapolating S -1(q2) 

to q = 0 or fitting I(q) to Equation 3.1. Due to reasons that will be become clear in the 

following sections, we elect to use the latter method in the analysis provided here. The values 

of relevant parameters required in this analysis are listed in Table 3.1.  
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 While we recognize that a complete account of the interactions existing in the ternary 

PMMA/PVDF/CO2 systems examined here necessarily requires three binary interaction 

parameters,61 we elect to use a pseudo-binary approximation62 to model the system as a 

neutrally diluted PMMA/PVDF blend (with only one effective χ parameter) to facilitate 

comparative analysis.29 Moreover, the RPA was originally developed on the basis of 

condensed systems, but the system under investigation here is compressible due to the 

presence of high-pressure CO2, which causes numerous polymers to swell. To ascertain the 

effect of polymer swelling on the value of χ extracted from the SAXS data, we allow the 

density of PMMA to vary as a function of CO2 pressure. Independent studies have reported 

that PMMA is sensitive to CO2 pressure, swelling by as much as ~27% at 40°C and 10.5 

MPa,63 22% at 33°C and 10 MPa,64 and ~22% at 35°C and 9 MPa.65 For our purposes, we 

have arbitrarily elected to use the data of Wissinger and Paulaitis64 in our analysis, with the 

assumption that volume changes linearly with CO2 pressure. By doing so, a pressure-

dependent PMMA density (ρ) can be written as 
P

P
022.01

)( 0

+
=

ρ
ρ , where the CO2 pressure 

(P) is expressed in MPa and ρ0 is the density of PMMA in the absence of CO2. This density 

is then used to compute the volume fractions of PMMA and PVDF in Equation 3.3 as 

functions of P. Complementary studies66 have demonstrated that, while sorption of CO2 into 

PVDF can be significant, PVDF does not swell appreciably upon CO2 sorption. Recent 

results67 suggest that such swelling is on the order of 10% at 75°C and 15 MPa. By allowing 

the density of PVDF to be independent of P and allowing the density of PMMA to change 

with P, we can examine a large variation in volume-fraction blend composition due to CO2-
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induced swelling disparity. That is, assigning pressure dependence to only the density of 

PMMA serves to establish a limiting case with respect to blend composition, since CO2-

induced PVDF swelling (less than or equal to that of PMMA) would cause φ PMMA and φ PVDF 

to approach the values corresponding to an incompressible blend. 

 

Results and Discussion 

Quasi-homogeneous Systems. A series of SAXS patterns collected at ambient pressure and 

four CO2 pressures (up to 7.58 MPa) is presented for the blend with 12 wt% PVDF in Figure 

3.1. In this figure, the patterns have been shifted vertically to facilitate comparison. It is 

interesting that these patterns appear qualitatively similar, which confirms that these clear, 

miscible blends do not undergo any noticeable change over the pressure range indicated. To 

provide a more quantitative measure of relative scattering intensity in this figure (as well as 

in subsequent figures), the intensity (I) evaluated at q = 0.2 nm-1 is provided as a function of 

CO2 pressure in the inset and reveals that the intensity variation among all 5 patterns is both 

random and negligible. All the patterns exhibit a common characteristic: they show a 

pronounced upturn at low q, suggesting the presence of microscopic particulates. 

Corresponding TEM images acquired from this blend before exposure to CO2 are displayed 

in Figure 3.2 and show that the blend consists of small, electron-dense (dark) features 

generally measuring less than 300 nm across. These dispersions appear relatively diffuse and 

are attributed to PVDF, since it possesses a greater electron density than PMMA. The low-

magnification image provided in Figure 3.2a indicates that the PVDF dispersions, as well as 

some holes, are uniformly distributed throughout the specimen area. Not all the dark streaks 
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visible in this image are attributed to sectioning artifacts, in which case they afford evidence 

that some of the PVDF underwent extensive elongational deformation during melt-

pressing.55  

 Figures 3.2b and 3.2c constitute a matched pair of energy-filtered images acquired at ∆E 

settings of 0 and 150 eV, respectively. The zero-loss image in Figure 3.2b is formed 

primarily from elastically-scattered and non-scattered electrons, and permits close 

examination of several PVDF-rich features, which consistently appear diffuse. In the 

structure-sensitive analog (Figure 3.2c), the contribution of electrons inelastically scattered 

from carbon during image formation is reduced dramatically, in which case non-

carbonaceous elements (e.g., fluorine) appear bright.68-70 Such contrast reversal is evident 

upon comparing Figures 3.2b and 3.2c. Note also that the holes and thinned (light) regions 

seen in Figure 3.2b appear dark in Figure 3.2c due to few, if any, scattering electrons at ∆E = 

150 eV. The results presented in Figures 3.1 and 3.2 therefore confirm the existence of small, 

diffuse PVDF microdomains in the 88/12 PMMA/PVDF blend even after extensive melt-

pressing. This composition variation is deemed responsible for the upturn in the SAXS 

patterns at low q and precludes direct analysis in the q→0 limit. For this reason, extraction of 

the Flory-Huggins χ parameter from the SAXS patterns displayed in Figure 3.1 must be 

conducted by fitting Equation 3.1 to the I(q) patterns at q > 0.3 nm-1. Since the dispersions 

are rich in PVDF, the mixed PMMA/PVDF matrix will have a lower than expected PVDF 

concentration, which will reduce φ PVDF in similar fashion as having PMMA swell with 

increasing CO2 pressure. Thus, allowing PMMA to swell in the present analysis serves a 

second purpose in that it accounts for PVDF depletion in the homogeneous PMMA/PVDF 
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matrix. While these two effects may be additive (resulting in a more exaggerated change in 

the values of χ reported here), our primary intention in this section is to establish pertinent 

trends regarding χ (P). It must be recognized, however, that these trends are relative, and 

values reported for χ in the CO2-solvated blends should not be taken as absolute. 

 Analogous SAXS patterns acquired from the 69/31 PMMA/PVDF blend at 35°C and 

ambient pressure and two CO2 pressures (after 3 h of exposure) are presented for comparison 

in Figure 3.3.  These data are not shifted as in Figure 3.1 and clearly demonstrate a 

systematic increase in scattering intensity with increasing CO2 pressure. It is intriguing that 

the scattering signature undergoes an abrupt change to significantly higher scattering 

intensity at q > 0.15 nm-1 as the pressure is increased from 3.59 to 6.55 MPa. While we shall 

return to discuss this curious behavior later, we note that analysis of the SAXS patterns 

acquired from this blend may be limited to relatively low CO2 pressures.  The upturn in I(q) 

at low q identified in the SAXS patterns displayed in Figure 3.1 is again evident in Figure 

3.3. A complementary zero-loss TEM image obtained from the 69/31 PMMA/PVDF blend 

prior to CO2 exposure is shown in Figure 3.4 and confirms the existence of diffuse PVDF 

features measuring on the order of 200 nm or less. Similarly, the long, electron-dense (dark) 

streaks visible in this micrograph are likewise indicative of extensive elongational 

deformation of PVDF during melt-pressing. Comparison of Figures 3.2b and 3.4 suggests 

that the PVDF-rich microdomains are more diffuse in the 69/31 PMMA/PVDF blend, in 

which case it is reasonable to conclude that this blend is initially more highly mixed. 

Incomplete molecular-scale mixing in miscible PMMA/PVDF blends has been previously 

reported by Papavoine et al.,32 who employed nuclear magnetic resonance (NMR) to show 
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that such blends consist of non-negligible unmixed fractions that increase upon annealing in 

the melt below Tm. Using both NMR and DSC, they have also shown that the PVDF fraction 

can crystallize under these conditions. Similarly, Grinsted and Koenig71 report that miscible 

PMMA/PVDF blends can begin to phase-separate after aging even at ambient temperature. 

These results corroborate the low-temperature UCST behavior originally proposed by Inoue 

and co-workers.16,33 

 With the existence of microscopic PVDF-rich features in the present blends 

notwithstanding, analysis of the SAXS patterns corresponding to the 88/12 and 69/31 

PMMA/PVDF blends prior to CO2 exposure yields values of χ that are not only numerically 

similar (–0.131 and –0.118, respectively), but also in good quantitative agreement with 

previously reported results gleaned from several different analytical techniques.13,25-31 The 

RPA can be used to extrapolate values of the scattering intensity at q = 0 nm-1, hereafter 

denoted I(0), as well as yield discrete values of χ, from each scattering pattern acquired. 

Values of I(0) extracted in this fashion from SAXS patterns collected at different CO2 

pressures over a period of 27 h are displayed in Figure 3.5a for both blends. The effect of 

PMMA swelling on this analysis is explicitly shown for the 69/31 PMMA/PVDF blend and 

appears negligible up to a CO2 pressure of 6.55 MPa.  At this composition, I(0) is seen to 

remain invariant up to ~3.6 MPa and then sharply increases as the pressure is increased 

further to 6.55 MPa.  Conversely, I(0) measured from the 88/12 PMMA/PVDF blend 

fluctuates up to 6.20 MPa and then slowly increases as the CO2 pressure is further increased 

to 7.58 MPa.  A dramatic increase in I(0) is observed in this blend when the pressure is raised 

to 9.65 MPa, which lies above the critical pressure of 7.38MPa. 
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 On the basis of these observations, we shall first consider data acquired at relatively low 

CO2 pressures (<8 MPa).  Over this P range, corresponding values of χ averaged over each 

pressure interval with and without PMMA density correction (to account for swelling) are 

provided for completeness in Figure 3.5b.  Note that incorporation of a P-dependent PMMA 

density serves to increase χ systematically, albeit slightly.  The results provided in Figure 3.5 

suggest that either (i) CO2 has no effect on the phase behavior of either blend at low pressure, 

in which case the variations evident in I(0) and χ are statistically insignificant; or (ii) PMMA 

and PVDF become slightly less attractive as the CO2 pressure is increased beyond a 

composition-dependent limit.  Blend plasticization induced by CO2 will certainly enhance the 

chain mobility of PMMA and PVDF, whereas CO2 molecules may likewise serve as a diluent 

to screen specific interactions between neighboring PMMA and PVDF moieties. Results 

recently gleaned29 from small-angle neutron scattering (SANS) of d8-PMMA/PVDF blends 

with and without CO2 indicate that the LCST phase boundary is lowered in the presence of 

high-pressure CO2 (at 13.8 MPa) and that χ becomes less negative (but does not increase 

much above zero) with increasing pressure in the solid state (at 25°C). This latter result 

agrees with the findings displayed in Figure 3.5b. A scenario consistent with these 

observations is that the PMMA and PVDF molecules become energetically indistinguishable 

(exhibiting "ideal" or Θ behavior72) at near-ambient temperatures in the presence of high-

pressure CO2.  However, a complication that arises as the CO2 pressure is increased, and that 

may be reflected in the sharp upturn of I(0) in Figure 3.5a, is the likelihood that the PVDF 

molecules crystallize, which will be discussed further in the next section. 
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 While prior studies16,17,33,34,73 place the UCST of PMMA/PVDF blends between ca. 100 

and 140°C, we anticipate that the UCST boundary might be somewhat higher than this range 

in the present blend due to the higher molecular-weights of the polymers employed here.  If 

the pressure dependence of χ reported in Figure 3.5b and elsewhere29 is statistically 

meaningful and exclusive of PVDF crystallization so that near-Θ behavior is, in fact, 

achieved at 35ºC, then it immediately follows that the UCST boundary must be lowered upon 

exposure of either blend (but the 88/12 PMMA/PVDF blend in particular) to CO2.  This 

picture combined with two other observations — the reduction in the LCST phase boundary 

previously inferred29 by SANS and a substantial reduction in the cloud point of a 25/75 

poly(ethyl methacrylate)/PVDF blend measured by high-pressure spectrophotometry — 

would indicate that the entire phase diagram for PMMA/PVDF blends shifts to lower 

temperatures with increasing CO2 pressure. Although further investigation of the 

PMMA/PVDF system is warranted to substantiate this interpretation, a systematic CO2-

induced phase-boundary shift (but to higher temperatures) has been experimentally observed 

to occur in a UCST blend composed of poly(dimethylsiloxane) and 

poly(ethylmethylsiloxane).74 

Heterogeneous Systems. As anticipated from the sharp increase in I(0) evident in Figure 

3.5a, a further increase in CO2 pressure beyond the range explored in the previous section 

promotes substantial phase alteration, especially if the Tg of the solvated blend decreases to 

the experimental temperature of 35°C or below. In this case, the accompanying increase in 

chain mobility is anticipated to provide greater opportunity for PVDF molecules to enter into 

register and crystallize. As in the prior section, we begin with results obtained from the 88/12 
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PMMA/PVDF blend. Figure 3.6 displays SAXS patterns collected after 3 h at 35°C and 

pressures ranging from 7.58 to 17.2 MPa, all of which lie within the supercritical CO2 

regime. The data in this figure are not shifted, in which case the apparent pressure-induced 

increase in scattering intensity is real (see the inset of Figure 3.6). Under these high-pressure 

conditions, the scattering behavior of the blend also becomes strongly time-dependent. The 

unshifted SAXS patterns presented in Figure 3.7 have been acquired hourly after a pressure 

jump from 13.1 to 17.2 MPa over the course of 9 h (data are provided at 2-hour intervals for 

clarity). Their scattering intensity clearly increases monotonically with increasing exposure 

time, as illustrated by the variation of I(q = 0.2 nm-1) with time (see the inset of Figure 3.7). 

In both figures, the increase in I(q) occurs at q values greater than ~0.1 nm-1, which indicates 

that the elevated level of scattering is attributed to nanoscale changes in the polymer matrix. 

A series of TEM images acquired from the blend after long-term exposure to high-pressure 

CO2 is shown in Figure 3.8. The low-magnification zero-loss image (Figure 3.8a) confirms 

the existence of the same PVDF-rich dispersions discussed earlier in relation to Figure 3.2. 

Another prominent feature of this micrograph is the occurrence of large holes, which most 

likely represent pores that formed as the material foamed slightly during depressurization 

(after the SAXS data acquisition).  

 Comparison of the matched energy-filtered images included in Figures 3.8b and 3.8c with 

those provided in Figures 3.2a and 3.2b, however, reveals a significant difference: the PVDF-

rich features are more sharply defined and electron opaque after exposure to high-pressure 

CO2. Another surprising feature displayed in the inset of Figure 3.8c is the presence of fine 

PVDF-rich strands that measure 10 ± 2 nm across. These strands are more clearly 
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distinguished in structure-sensitive images collected at ∆E = 150 eV because of enhanced 

contrast, and suggest that some fraction of the PVDF molecules within the blend has 

aggregated and formed a well-defined nanoscale structure. To ascertain the nature of these 

strands, DSC has been performed on the 88/12 PMMA/PVDF blend before and after 

exposure to CO2. To provide a baseline, thermograms obtained from the neat PVDF and 

PMMA homopolymers are presented in Figure 3.9. The Tg of PMMA is ~133°C, whereas the 

Tg and Tm of PVDF are consistently about –41°C and 160°C, respectively. An unassigned 

step-change transition also appears at about 55°C in the as-received PVDF. Because it 

vanishes upon heating, we presume that it is related to internal stresses incurred during 

processing or storage and do not consider it further. Since the specific heat of melting (∆hm) 

for PVDF is measured as 37.9 J/g and ∆hm for a 100% crystalline PVDF is reported75 to be 

105 J/g, we estimate that the degree of crystallinity of the PVDF grade used in this study is 

about 36%. Thermograms measured from the 88/12 PMMA/PVDF blend during two 

sequential heating cycles (see Figure 3.10) yield a single intermediate Tg at 115°C (first 

cycle) and 119°C (second cycle), which confirms that the blend is initially quasi-

homogeneous.  

 The single Tg of the blend (Tg,mix) can be compared with predictions from several 

established expressions, including the Fox-Flory equation (Equation 3.6a), the Gordon-

Taylor equation (Equation 3.6b), the linear rule of mixtures (Equation 3.6c), the Kwei 

equation (Equation 3.6d) and the Jenckel-Heusch equation (Equation 3.6e), all of which are 

provided below: 



  
  

    88 

 
PMMAg

PMMA

PVDFg

PVDF

mixg T
w

T
w

T ,,,

1 +=   (3.6a) 

 
PMMAPVDF

PMMAgPMMAPVDFgPVDF
mixg kww

TkwTw
T

+
+

= ,,
,   (3.6b) 

 PMMAgPMMAPVDFgPVDFmixg TwTwT ,,, +=                                                                        (3.6c) 

 PMMAPVDF
PMMAPVDF

PMMAgPMMAPVDFgPVDF
mixg wgw

kww
TkwTw

T +
+
+

= ,,
,                                            (3.6d) 

 PMMAPVDFPVDFgPMMAgPMMAgPMMAPVDFgPVDFmixg wwTTmTwTwT )( ,,,,, −++=                  (3.6e) 

 

Here, wj (j = PMMA or PVDF) represents the mass fraction of j, k denotes the ratio of 

thermal expansion coefficient differences between the glass and rubbery states (~0.85), g is a 

measure of specific interactions (=82.7)76 and m is a constant set equal to 0.40.77 Values of 

Tg,mix computed from the expressions listed in Equation 3.6 are tabulated in Table 3.2 and 

confirm that the Kwei and Jenckel-Heusch mixing equations both accurately predict the 

measured Tg,mix of the 88/12 PMMA/PVDF blend prior to CO2 exposure. After contact with 

CO2, Tg,mix of the blend remains ~119°C, which precludes the possibility of amorphous phase 

separation between PMMA and PVDF, although the shape of the curve during the first 

heating cycle in Figure 3.10 strongly suggests that the glass transition has developed a weak, 

superimposed endothermic peak indicative of a melting event. If the blend displays evidence 

of crystal melting, then the fine strands observed in Figure 3.8c may correspond to highly 

dispersed or defective PVDF lamellae that formed within the mixed PMMA/PVDF matrix. 

This possibility extends the findings of Chiou and Paul,52 who report that a miscible 60/40 

PMMA/PVDF blend exhibits an increase from 0 to ~7 wt% crystallinity upon exposure to 

CO2 at 35°C and relatively low pressure (2.03 MPa). During the second heating cycle, the 
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peak coinciding with Tg,mix in Figure 3.10 vanishes, and the thermogram becomes identical to 

that obtained before the specimen was exposed to CO2. Thus, the phase alteration 

encountered in this blend upon long-term exposure to high-pressure CO2 appears to be 

thermally reversible. 

 The 69/31 PMMA/PVDF blend likewise exhibits profound phase alteration due to 

exposure to high-pressure CO2. The unshifted SAXS patterns presented in Figure 3.11 have 

been collected after 2 h at 35°C and pressures ranging from 13.8 to 31.0 MPa. As in Figure 

3.6, all the pressures probed in this figure lie within the supercritical CO2 regime. While 

these I(q) data appear similar, two features warrant mention. The first is that the scattering 

intensity continues to increase with increasing pressure, but shows signs of leveling off at the 

highest pressures investigated. The second is that, relative to the SAXS patterns collected for 

the quasi-homogeneous systems (Figure 3.3), these I(q) data are more than 10x greater in 

magnitude at high q (~0.6 nm-1). The isobaric time-dependent intensity variation established 

in Figure 3.7 for the 88/12 PMMA/PVDF blend is more pronounced in the 69/31 

PMMA/PVDF blend, as evidenced by the scattering patterns acquired at two different 

pressures in Figure 3.12. After a jump from 3.59 to 6.55 MPa (Figure 3.12a), I(q = 0.2 nm-1) 

increases by more than a factor of 5x over the course of 6 h (see the inset), whereas the 

scattering intensity after a jump from 6.55 to 13.8 MPa likewise increases, but by only 67%, 

over the same exposure time. This difference in I(q) variation is consistent with the formation 

of nanoscale elements that develop rapidly at early times (and low P) and then appear to 

reach saturation at long times (and high P). 
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 A low-magnification TEM image acquired from the 69/31 PMMA/PVDF blend after 

exposure to high-pressure CO2 is shown in Figure 3.13 and confirms the presence of a 

heterogeneous morphology that is considerably different from the quasi-homogeneous blend 

observed prior to CO2 exposure (Figure 3.4). In this image, sharply defined, electron-dense 

PVDF features are uniformly distributed and often appear to be connected and irregularly 

shaped. The matrix also exhibits fine microstructural details that cannot be adequately 

resolved in Figure 3.13. A high-magnification image is provided in Figure 3.14 and reveals 

the existence of PVDF crystalline lamellae throughout the blend. In some cases, the lamellae 

are connected in bundles (measuring on the order of 100 nm in width and several hundreds of 

nanometers in length) as embryonic spherulites, while isolated lamellae are also visible. 

Complete formation of PVDF spherulites is not likely in this case due to diffusion limitation 

within the plasticized PMMA-rich matrix. The inset included in this figure displays branched 

lamellae measuring 4-6 nm across. According to Saito and Stuhn,78 the lamellar thickness of 

PVDF homopolymer has been determined to be smaller, about 2.8 nm.  

 While the unexposed 69/31 PMMA/PVDF blend possesses a single Tg,mix at 88°C (first 

cycle) and 94°C (second cycle), the same blend exhibits an emergent melting peak at 133°C, 

which occurs at a considerably lower temperature than that of the neat PVDF (160°C), after 

exposure to CO2. This marked reduction in Tm reflects a lower degree of order in the PVDF 

crystals. In similar fashion as the CO2-altered 88/12 PMMA/PVDF blend, the DSC 

thermograms in Figure 3.15 confirm that a quasi-homogeneous 69/31 PMMA/PVDF blend 

with Tg,mix = 91°C is fully recovered, and the melting peak completely eliminated, upon 

thermal cycling. One issue that warrants final discussion is the mobility of the PVDF chains 
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required to enter into crystalline register. According to the DSC data in Figure 3.16, the 

minimum Tg,mix exhibited by the two blends examined here is ~88°C, which is above the 

temperature at which the SAXS analysis has been performed. Since the SAXS, TEM and 

DSC results indicate that the blends undergo CO2-induced phase modification, it is sensible 

to presume that the initially solid blends soften enough to permit substantial chain migration. 

Such softening implies that, at sufficiently high pressures, the CO2 plasticizes the blends to 

the extent that Tg,mix is reduced to 35°C or below. Estimates of Tg,mix for the present two blend 

compositions (not shown) suggest that Tg,mix closely coincides with 35°C at CO2 pressures 

promoting the sharp upturns in I(0) (see Figure 3.5a). Chiou et al.54 report that CO2-induced 

crystallization of PVDF in PMMA/PVDF blends occurs only when the CO2 pressure is 

sufficiently high to reduce Tg,mix to values below the experimental temperature. Other data 

available to corroborate a pronounced CO2-induced reduction in Tg,mix are in the form of 

steady-shear viscosities (η), which, for a 80/20 PMMA/PVDF blend at 210°C and a shear 

rate of 21 s-1, decreases by a factor of ~2 upon addition of 4 wt% CO2.7 Since both η and Tg 

depend on the fractional free volume in polymeric media, a decrease in η is expected to be 

accompanied by a comparable reduction in Tg.  

 

Conclusions 

 Exposure of miscible PMMA/PVDF blends to high-pressure CO2 can have a profound 

effect on their phase behavior. Values of the Flory-Huggins χ parameter determined by 

fitting the random phase approximation to SAXS patterns acquired from two quasi-

homogeneous PMMA/PVDF blends in the absence of CO2 are in favorable quantitative 
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agreement with previously reported χ values discerned from a variety of analytical 

techniques. These blends are found to remain miscible upon exposure to CO2 at relatively 

low pressures, but pseudo-binary χ values extracted from SAXS patterns collected at various 

CO2 pressures are found to increase toward zero as the CO2 pressure is increased beyond a 

composition-specific limit. These results, if statistically meaningful and uncompromised by 

PVDF crystallization, indicate that the PMMA and PVDF molecules become energetically 

similar and form a near-Θ blend of non-interacting polymers in which χ→0. Values of I(0), 

the scattering intensity in the limit of q→0, are deduced by appropriately extrapolating the 

acquired data with the random phase approximation. At relatively high CO2 pressures, I(0) is 

observed to increase sharply as the PMMA/PVDF blends examined here become 

heterogeneous, exhibiting evidence of PVDF crystallization, as discerned from TEM and 

DSC analyses. Such morphological rearrangement at relatively low temperatures requires 

substantial chain mobility and suggests that the initially solid blends become sufficiently 

plasticized so that Tg,mix approaches or drops below the experimental temperature of 35°C. 

The PVDF molecules form crystalline lamellae measuring about 4-6 nm across and 

possessing a melting temperature of only 133°C, which is substantially lower than that of the 

parent PVDF homopolymer (160°C). This difference confirms that CO2-facilitated 

crystallization of PVDF in the presence of PMMA results in highly defective and, in some 

cases, isolated crystals. The present study confirms that high-pressure CO2 can (i) have a 

pronounced impact on the phase behavior of polymer blends and (ii) promote a substantial 

change in thermodynamic stability and morphological development. It also opens new 
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avenues to multicomponent materials with unique morphological characteristics that could 

not be explored using conventional process strategies. 
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Table 3.1. Physical properties of the PMMA and PVDF homopolymers employed in this 
study. 
 
 
Property PMMA PVDF 
  
 

 
Weight-average molecular weight, a

wM  112,300 350,000  

Number-average molecular weight, nM  102,700a 127,000b  

Polydispersity index a 1.09 2.5 – 3.0  

Mass of repeat unit (g/mol) 100 64  

Volume of repeat unit, v (nm3)c 0.139 0.0606  

Length of repeat unit, b (nm) 0.68 0.64  

Electrons per repeat unit 54 32  

Mass density, ρ (g/cm3) 1.10  1.68d  

 
 

a Provided by the manufacturer. 
b Calculated from the average polydispersity index. 
c Estimated from group contribution methods.79 
d Reported by Scheinbeim80 for amorphous PVDF. 
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Table 3.2. Measured and predicted glass transition temperatures of PMMA, PVDF and two 
PMMA/PVDF blends before and after exposure to CO2.a 

 
 
 First heating cycle Second heating cycle 
PVDF content CO2 exposure or Tg or Tg,mix   Tg or Tg,mix 
      (wt%) Mixing equation (°C)   (°C) 
  
 

 
 0 Before 134   133  
 

 
 12 Before 115   119  

  After 119   119  

  Fox-Flory 100   99 

  Gordon-Taylor 110   109 

  Linear rule 113   112 

  Kwei 119   118 

  Jenckel-Heusch 121   119 
  

 
 31 Before 88   94  

  After >80b   92  

  Fox-Flory 57   56 

  Gordon-Taylor 74   73 

  Linear rule 80   79 

  Kwei 91   90 

  Jenckel-Heusch 95   94 
  

 
 100 Before – 41   – 42  
 
 

a Determined from DSC performed at a heating rate of 10°C/min. 
b A broad endotherm masked the glass transition. 
 



  
  

   101 

 

 

 

Figure 3.1. Small-angle x-ray scattering (SAXS) patterns collected from the 88/12 PMMA/ 

PVDF blend at ambient (○) pressure and four different CO2 pressures (in MPa): 3.45 (●), 

4.83 (∆), 6.20 (▲) and 7.58 (□). The data have been shifted vertically to facilitate 

discrimination, and the inset shows the variation in scattering intensity (evaluated at q = 0.2 

nm-1) with pressure. The solid line in the inset connects the data, and the dotted line 

represents the average of the data. 
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Figure 3.2. A series of energy-filtered TEM images of the 88/12 PMMA/PVDF blend prior 

to CO2 exposure. The low-magnification zero-loss image displayed in (a) illustrates the 

global blend morphology, whereas the matched images acquired at ∆E settings of 0 and 150 

eV in (b) and (c), respectively, facilitate examination of the blend morphology. In this and 

subsequent images, the PVDF appears dark at ∆E = 0 eV and light at ∆E = 150 eV due to its 

higher electron density relative to PMMA. Holes and thinned regions exhibit opposite 

contrast reversal. 
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Figure 3.3. SAXS patterns collected from the 69/31 PMMA/PVDF blend at ambient 

pressure (○) and two different CO2 pressures: 3.59 MPa (●) and 6.55 (∆).  
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Figure 3.4. A zero-loss TEM image of the 69/31 PMMA/PVDF blend prior to CO2 

exposure confirming the presence of ill-defined, diffuse PVDF-rich features measuring on 

the order of 200 nm and smaller.  



  
  

   105 

  

 

 

Figure 3.5. Dependence of the (a) extrapolated I(0) and (b) corresponding Flory-Huggins χ 

parameter on exposure time and CO2 pressure for the 88/12 PMMA/PVDF (○) and 69/31 

PMMA/PVDF (□) blends, respectively, without pressure-corrected PMMA density. Included 

are results obtained by allowing the PMMA density to vary linearly with CO2 pressure       

(▲, 88/12; ▼, 69/31), as described in the text.  The solid and dashed lines in (a) identify the 

pressure profiles for the 69/31 and 88/12 PMMA/PVDF blends, respectively, and the shaded 

region denotes the range in I(0) attributed to fluctuations in the data.  The lines in (b) identify 

χ values obtained by allowing the PMMA density to remain pressure-independent (solid) or 

vary linearly with pressure (dashed), and serve to connect the data. The onset of supercritical 

CO2 conditions is indicated for completeness, and the error bars correspond to one standard 

deviation in the data. 
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Figure 3.6. SAXS patterns collected from the 88/12 PMMA/PVDF blend after 3 h of 

exposure at each of four different CO2 pressures (in MPa): 7.58 (●), 9.65 (○), 13.1 (▲) and 

17.2 (∆). The inset shows the variation of I(q = 0.2 nm-1) with pressure, and the solid line 

connects the data. 
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Figure 3.7. Selected SAXS patterns collected from the 88/12 PMMA/PVDF blend after a 

jump from 13.1 to 17.2 MPa at different exposure times (in h): 1 (○), 3 (●), 5 (∆), 7 (▲) and 

9 (□). The inset shows the variation of I(q = 0.2 nm-1) with CO2 exposure time, and the solid 

line connects the data. 
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Figure 3.8. A series of energy-filtered TEM image of the 88/12 PMMA/PVDF blend after 

long-term exposure to high-pressure CO2. The low-magnification zero-loss image in (a) 

demonstrates the emergence of large holes due most likely to limited polymer foaming upon 

depressurization. The matched zero-loss (∆E = 0 eV) and structure-sensitive (∆E = 150 eV) 

images in (b) and (c), respectively, show that the PVDF-rich dispersions are more well-

defined and electron-dense relative to the pre-exposure images provided in Figure 3.2. The 

2x enlargement in the inset of (c) reveals the existence of fine PVDF strands measuring ca. 

10 nm across. 
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Figure 3.9. Differential scanning calorimetry (DSC) thermograms obtained from the neat 

PMMA (a) and PVDF (b, first heating cycle; c, second heating cycle) homopolymers 

employed in this study. The traces have been shifted vertically for clarity. In this and 

subsequent DSC analyses, the heating rate is held constant at 10°C/min. 
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Figure 3.10. DSC traces collected from the 88/12 PMMA/PVDF blend after different 

treatments: (a) first heating cycle after initial melt-pressing, (b) second heating cycle after 

initial melt-pressing, (c) first heating cycle after long-term exposure to high-pressure CO2, 

and (d) second heating cycle after long-term exposure to high-pressure CO2. The traces have 

been shifted vertically to facilitate examination. 
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Figure 3.11. SAXS patterns collected from the 69/31 PMMA/PVDF blend after 2 h of 

exposure at each of three different supercritical CO2 pressures (in MPa): 13.8 (○), 24.1 (●) 

and 31.0 (∆).  The data are not shifted. 
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Figure 3.12. Selected SAXS patterns collected from the 69/31 PMMA/PVDF blend after a 

jump from (a) 3.59 to 6.55 and (b) 6.55 to 13.8 MPa at three different exposure times (in h): 

1 (○), 3 (●) and 5 (∆). The inset in each part shows the variation of I(q = 0.2 nm-1) with CO2 

exposure time, and the solid lines serve to connect the data. 
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Figure 3.13. Low-magnification zero-loss TEM image of the 69/31 PMMA/PVDF blend 

after long-term exposure to high-pressure CO2. Note the existence of sharply defined, 

electron-dense PVDF-rich domains, as well as a textured matrix. 
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Figure 3.14. High-magnification zero-loss TEM image of the 69/31 PMMA/PVDF blend 

after long-term exposure to high-pressure CO2 confirming the existence of PVDF crystalline 

lamellae. The 2.5x enlargement provided in the inset shows several branched lamellae 

measuring 4-6 nm across. 
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Figure 3.15. DSC traces collected from the 69/31 PMMA/PVDF blend after different 

treatments: (a) first heating cycle after initial melt-pressing, (b) second heating cycle after 

initial melt-pressing, (c) first heating cycle after long-term exposure to high-pressure CO2, 

and (d) second heating cycle after long-term exposure to high-pressure CO2. The traces have 

been shifted vertically to facilitate examination. 
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Abstract 

 Poly(methyl methacrylate)/poly(vinylidene fluoride) (PMMA/PVDF) blends are 

commercially relevant and fundamentally interesting due to their complementary properties 

and complex phase behavior. According to previous literature findings, these blends exhibit 

both upper (UCST) and lower (LCST) critical solution temperatures. In this study, small-

angle neutron scattering (SANS) is used to discern the temperature dependence of the Flory-

Huggins χ parameter of a miscible 55/45 d8-PMMA/PVDF blend with and without high-

pressure CO2 in the melt. In the absence of CO2, values of χ discerned from the random 

phase approximation are quadratic in reciprocal temperature but always negative, thereby 

precluding generation of a phase diagram. Exposure to CO2 results in values of χ that 

decrease linearly with increasing reciprocal temperature, signaling closer proximity to the 

                                                 
#Originally published: Macromolecules 2003. 
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LCST boundary. Data collected from the same blend at ambient temperature in the solid state 

reveal that, initially, χ increases abruptly with increasing CO2 pressure and then levels off 

near χ ≈ 0. Differential scanning calorimetry of specimens before and after CO2 exposure 

reveals that, at sufficiently high CO2 pressure, the PVDF in the blend crystallizes. 

 

Introduction 

 Blends composed of poly(methyl methacrylate) (PMMA) and poly(vinylidene fluoride) 

(PVDF) are of commercial interest due to their synergistic physical properties. These blends 

marry the chemical/flame resistance, toughness and piezoelectric nature of PVDF1,2 with the 

modulus, tensile strength, low smoke toxicity and optical properties of PMMA,3 and likewise 

exhibit intriguing phase behavior. The intermolecular interactions that arise from the electric 

moments of the polymers, as well as from hydrogen bonding between the carbonyl oxygen of 

PMMA and the acidic hydrogens of PVDF,4,5 are responsible for lower critical solution 

temperature (LCST) behavior at temperatures well above the normal melting point (Tm) of 

PVDF. Thus, the blends are completely miscible over a wide temperature window in the 

melt. They are also partially miscible, existing as amorphous media, over a broad 

composition range (up to ~50 wt% PVDF) at temperatures below Tm (extending to the solid 

state at temperatures below the glass transition temperature of the blend, Tg,mix). Under these 

conditions, the blends can be processed or used as macroscopically homogeneous materials 

with intermediate properties. This benefit has been exploited by Siripurapu et al.,6 who report 

that miscible PMMA/PVDF blends yield well-defined microcellular foams upon exposure to 

supercritical CO2, whereas heterogeneous blends, as well as PVDF alone, do not. 
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 In addition to its LCST behavior at elevated temperatures, there is considerable evidence 

to indicate that this blend also exhibits upper critical solution temperature (UCST) behavior 

at temperatures below the Tm of PVDF. Inoue and co-workers7 have demonstrated the 

existence of such behavior by annealing miscible PMMA/PVDF blends at temperatures 

above Tg,mix and following the onset of phase separation. Their first report places the 

coexistence curve between 110 and 140°C, whereas their subsequent study suggests that the 

phase boundary lies closer to 140°C. Using electron spin resonance, Shimada et al.8 have 

arrived at a similar conclusion, with the critical temperature (Tc) estimated to be ~100°C. 

Grinsted and Koenig9 and Papavoine et al.10 have employed nuclear magnetic resonance 

techniques to show that miscible PMMA/PVDF blends undergo phase separation at 

temperatures in the solid state, as well as in the melt. While the existence of UCST behavior 

has been established, the phase diagram for PMMA/PVDF blends remains ambiguous. 

Moreover, relatively little is known about how the phase behavior of this blend changes upon 

exposure to a compressible fluid, such as high-pressure CO2, which can be used to improve 

rheological properties6 for facilitated processing or modify phase behavior11 for specific 

applications. In this work, we explore the effects of temperature and CO2 pressure on the 

Flory-Huggins χ parameter and the phase behavior of PMMA/PVDF blends. 

 

Experimental 

Materials.  The PVDF (with wM
__

 and nw MM
____

/  reported by the manufacturer to be 140,000 

and 2.5-3.0, respectively) was supplied by Polysciences, Inc. (Warrington, PA), whereas 
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perdeuterated (d8) PMMA (with wM
__

 = 58,500 and nw MM
____

/  = 1.06) was purchased from 

Polymer Source, Inc. (Dorval, Quebec, Canada). Both materials were used as-received. 

Carbon dioxide with a purity of 99.8% was obtained from Air Liquide Co. (Augusta, GA) 

and used without further purification. 

Methods.  A miscible 55/45 d8-PMMA/PVDF blend was prepared by first hand-mixing and 

then melt-pressing the homopolymer powders at 185°C for about 2 min. The mold assembly 

was quenched under pressure by flowing cold tap water through the cooling coils of the 

platens, and the resultant plaque was removed from the mold, cut into pieces, stacked and 

subsequently melt-pressed again according to the "baker's" procedure,12 which was repeated 

10 times. High-temperature and pressure small-angle neutron scattering (SANS) experiments 

were performed on the SANS facility at Oak Ridge National Laboratory. Two-dimensional 

isotropic scattering patterns were collapsed to one-dimensional I(q) plots via radial 

averaging. Here, I is the absolute scattered intensity corrected for detector efficiency and 

calibrated with respect to a secondary standard,13 and q is the scattering vector defined as 

)2/sin()/4( θλπ , where λ is the neutron wavelength (4.75 Å) and θ denotes the scattering 

angle. The thermal properties of the neat homopolymers, as well as of the blend before and 

after exposure to high-pressure CO2 at ambient and elevated temperatures, were determined 

by differential scanning calorimetry (DSC) with a Seiko DSC220C SSC/5200 calorimeter 

operated under an inert N2 atmosphere. Each specimen examined was cooled at 100°C/min to 

−100°C, where it was held for 10 min. It was then heated at 10°C/min from −100°C to 

200°C, after which the cycle was repeated a second time.  
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Results and Discussion 

 Figure 4.1a shows a series of SANS patterns collected from the 55/45 d8-PMMA/PVDF 

blend at several temperatures in the melt (Tm = 168°C for the PVDF employed in this study, 

according to DSC analysis). The data shown in this figure have been acquired at ambient 

pressure in the absence of CO2. Scattering patterns obtained from the blend in the presence of 

13.8 MPa CO2 appear indistinguishable and are not included for that reason. Values of the 

Flory-Huggins χ parameter have been extracted using the random phase approximation 

(RPA)14 expressed as 
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Here, S(q) is the structure factor equal to k/I(q) (where k represents the neutron contrast 

factor), vi corresponds to the volume of repeat unit i (i = A or B), Nn,i is the number-average 

degree of polymerization of polymer i, φ i denotes the volume fraction of polymer i in the 

blend and 0v  is a reference volume ( BAvvv =0 ). For polydisperse polymers, each S(xi) in 

Equation 4.1 is defined15 as 
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In Equation 4.3, bi represents the statistical segment length of repeat unit i, and Nw,i is the 

weight-average degree of polymerization of polymer i.  

 The volume fractions utilized in Equation 4.1 require the melt densities of PMMA and 

PVDF at the experimental temperatures. Polymer melt densities can be accurately estimated 

from a variety of equations of state developed for macromolecular systems. For this purpose, 

we elect to use the Hartmann-Haque16 semi-empirical equation of state, which can be written 

as 

  vTvp ~ln~~~ 235 −=⋅  (4.4) 

where 0/~ Bpp ≡  (p corresponds to pressure), 0ˆ/ˆ~ vvv ≡  ( v̂  is the specific volume) and 

0/~ TTT ≡  (T denotes absolute temperature). The values of 0B , 0v̂  and 0T  are tabulated15 for 

PMMA, but must be estimated for molten PVDF using the correlations described by van 

Krevelen.17 The normalizing parameters needed in Equation 4.4, as well as the melt densities 

(ρ) predicted therefrom at ambient pressure, are listed in Table 4.1. Values of ρ calculated 

from the empirical Spencer-Gilmore18 equation of state for PMMA are virtually identical 

(differing by less than 1.1%) to those provided in Table 4.1.  

 Fitting Equation 4.1 to SANS patterns such as those displayed in Figure 4.1a yields χ as a 

function of temperature. This relationship is presented in Figure 4.1b for d8-PMMA/PVDF 

blends with and without CO2. In the absence of CO2, χ is quadratically dependent on 

reciprocal temperature: 
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  26 /1002.1/439076.4 TT ×−+−=χ  (4.5) 

According to the Flory-Huggins19 equation of state, this functional relationship generally 

signifies that the blend exhibits both LCST and UCST behavior. However, since χ is always 

negative (indicating that the temperatures investigated are far from any critical point), a 

phase diagram cannot be generated20 from Equation 4.5. Instead, Figure 4.2 is provided as an 

illustration of the phase diagram based on critical temperatures previously reported7,8,21,22 for 

various PMMA/PVDF blends. Within the context of this illustration, the UCST boundary 

intersects the composition-dependent Tg,mix line generated from the Jenckel-Heusch23 

equation given by 

  PMMAPVDFPVDFgPMMAgPMMAgPMMAPVDFgPVDFmixg wwTTmTwTwT )( ,,,,, −++=  (4.6) 

where wj (j = PMMA or PVDF) represents the mass fraction of j, and m is a constant set 

equal to 0.40. The glass transition temperatures of the neat homopolymers are 130°C (d8-

PMMA) and -37°C (PVDF), and Tg,mix of the 55/45 d8-PMMA/PVDF blend is 67°C. 

Intersection of the UCST boundary with the Tg,mix line is responsible for the observation that 

homogeneous PMMA/PVDF blends can be kinetically frozen-in at temperatures within the 

two-phase envelope. 

 Exposure of the blend to 13.8 MPa CO2 promotes a profound change in the effective χ(T) 

between d8-PMMA and PVDF. Although we recognize that the ternary d8-

PMMA/PVDF/CO2 system rigorously involves three pairwise-specific interaction 

parameters,24 we elect to invoke a pseudo-binary approximation25 for this system so that an 

effective χ(T) can be analyzed as a single parameter for comparative purposes. In the 
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presence of CO2 at 33°C and 10 MPa, PMMA is reported26 to swell by 22%, whereas 

amorphous PVDF is estimated27 to swell by ~10% at 75°C and 15 MPa. While such swelling 

is indeed substantial, it is neglected in the present analysis of χ, since it has been found to 

have a relatively small effect on the value of χ extracted from small-angle scattering for this 

particular blend. Over the same temperature range used to determine χ(T) without CO2 in 

Figure 4.1b, χ in the presence of CO2 becomes linearly dependent on reciprocal temperature: 

  T/3.611061.8 2 −×= −χ  (4.7) 

This relationship indicates that (i) in the temperature range examined, the solvated blend 

exhibits only LCST behavior and (ii) the temperature range investigated is closer to a critical 

point. The latter point implies that the LCST boundary is lowered by the presence of CO2, 

which is consistent with cloud point temperature observations of a poly(ethyl 

methacrylate)/PVDF blend. We refrain from using Equation 4.7 to generate the 

corresponding phase boundary predicted by the Flory-Huggins19 equation of state, since this 

formalism does not include compressibility effects. In related efforts, RamachandraRao and 

Watkins28 have shown that high-pressure CO2 can significantly lower the phase boundary of 

the LCST polystyrene/poly(vinyl methyl ether) (PS/PVME) blend. Their reported reduction 

in blend miscibility is attributed to free-volume, rather than enthalpic, effects, which may be 

crucial in distinguishing PS/PVME blends from PMMA/PVDF blends in terms of their 

thermodynamic response to high-pressure CO2. Recall that specific intermolecular 

interactions are responsible for PMMA/PVDF blends exhibiting LCST behavior at 

temperatures above Tm. In the presence of high-pressure CO2, these interactions, as well as 

those that are repulsive in nature, are screened, but to different extents. The overall degree to 
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which such molecular screening occurs dictates the accompanying shift in the phase 

boundary. In the case of PS/PVME blends, CO2 amplifies the free-volume disparity of the 

constituent polymers and promotes immiscibility at elevated temperatures. Since the phase 

behavior of polymer blends in the presence of CO2 is becoming increasingly important, we 

hasten to add that CO2 can likewise serve to either improve or reduce the miscibility of 

UCST blends composed of PS/polyisoprene29 or 

poly(dimethylsiloxane)/poly(ethylmethylsiloxane),30 respectively. 

 Figure 4.3a displays SANS patterns acquired from the 55/45 d8-PMMA/PVDF blend in 

the solid state at 25°C and several different CO2 pressures. Using densities for amorphous 

PMMA and PVDF (1.10 and 1.68 g/cm3, respectively31) to determine the blend volume 

fraction and fitting Equation 4.1 to these four scattering patterns yields the χ values provided 

in Figure 4.3b. An initial increase in CO2 pressure from 0 to 6.89 MPa promotes a sharp 

increase in χ from –8.85 x 10-2 to –3.28 x 10-3. At higher pressures, the change in χ becomes 

slight, suggesting that χ does not, within experimental uncertainty, deviate much from zero 

under these conditions. This trend is generally similar to that discerned from small-angle x-

ray scattering (SAXS) of miscible PMMA/PVDF blends in the presence of high-pressure 

CO2, although we note that our SAXS analysis reveals that the ultimate increase in χ is 

preceded by little variation in χ.11 While we cannot discount the possibility that χ increases 

measurably beyond zero at higher CO2 pressures, no evidence presently exists to confirm 

such variation (to endothermic mixing). The limiting behavior of χ apparent in Figure 4.3b 

implies that the PMMA and PVDF components become chemically indistinguishable, 

forming an "ideal" or Θ blend,32 which is consistent with a CO2-induced elimination of the 



  
  

   125 

UCST phase boundary. Another important characteristic of Figure 4.3a is the abrupt increase 

in scattering intensity coincident with increasing the CO2 pressure from 0 to 6.89 MPa. This 

feature most likely reflects the onset of PVDF crystallization. As discussed by Papavoine et 

al.10 and Wellscheid et al.,22 crystallization of PVDF in miscible blends with acrylics 

routinely ensues upon isothermal annealing at temperatures above Tg,mix and below Tm due to 

increased molecular mobility in the melt.  

 Similarly, Chiou and Paul33 and Briscoe et al.34 have shown that CO2 can promote PVDF 

crystallization in miscible PMMA/PVDF blends and neat PVDF, respectively. In the case of 

the blends, PVDF crystallization can occur near ambient temperature due to extensive 

plasticization35 of the blend and a corresponding reduction in Tg,mix. Enhanced molecular 

mobility is therefore achieved through the addition of high-pressure CO2 as a diluent. The 

DSC thermograms presented in Figure 4.4 confirm that the 55/45 d8-PMMA/PVDF blend 

initially exhibits a Tg,mix of 67°C (trace a). Upon exposure to 13.8 MPa at 25°C (trace b) or 

180°C and cooled (trace d), the blend exhibits a melting endotherm whose peak is centered at 

150°C, which is noticeably lower than Tm of the neat PVDF at 168°C (trace f). This reduction 

in Tm reveals that the PVDF crystals are not as well ordered as in neat PVDF, which is 

consistent with transmission electron microscopy (TEM) results reported elsewhere.11 

Moreover, the degree of crystallinity of the neat PVDF is estimated from the heat of melting 

(∆hm) to be ~39%, whereas that of PVDF in the specimen displayed in trace d is less (~30%). 

Thermal cycling of the specimens exposed to high-pressure CO2 in the solid state (trace b) or 

in the melt and then cooled under CO2 pressure (trace d) eliminates the melting endotherms 
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(see traces c and e, respectively), indicating that CO2-induced crystallization in 

PMMA/PVDF blends is thermally reversible.  

 

Conclusions 

 This study explores the phase behavior of PMMA/PVDF blends alone and in the 

presence of high-pressure CO2. In the absence of CO2, χ for this blend is quadratic in 

reciprocal temperature and always negative, indicating that cannot be used to construct a 

phase diagram. In the presence of high-pressure CO2, the dependence of χ on reciprocal 

temperature becomes linear, confirming the existence of LCST behavior at elevated 

temperatures and implying a reduction in the LCST phase boundary. At ambient temperature, 

the addition of CO2 at 6.89 MPa promotes an increase in χ up to about χ ≈ 0. Increasing the 

CO2 pressure above 6.89 MPa further increases χ, but only to a relatively small extent. The 

initial increase in χ is accompanied by an increase in scattering intensity, which is attributed 

to PVDF crystallization, as evidenced by thermal calorimetry. This study confirms that high-

pressure CO2 can not only have a profound effect on the phase behavior of polymer blends, 

but also open new polymer process, property or morphology windows. 
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Table 4.1. Values of the parameters used in the Hartmann-Haque16 semi-empirical equation 
of state (Equation 4.4) and predicted melt densities. 
 
 

 Temperature (°C) PMMA PVDF 
 

 

0B  (GPa) 3.84 3.6 

0v̂  (cm3/g) 0.757 0.569 

0T  (K) 1453 1170 

ρ (g/cm3) 175 1.11 1.39  

 180 1.11 1.38  

 190 1.10 1.37  

 200 1.10 1.36  

 210 1.09 1.35  
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Figure 4.1. In (a), small-angle neutron scattering (SANS) patterns acquired from the 55/45 

d8-PMMA/PVDF blend at ambient pressure and five temperatures in the melt (in °C): 175 

(○), 180 (●), 190 (∆), 200 (▲) and 210 (□). The data sets are shifted vertically by a factor of 

5x to facilitate examination. In (b), dependence of the Flory-Huggins χ interaction parameter 

extracted from SANS data as a function of reciprocal temperature at ambient pressure (◇) 

and 13.8 MPa CO2 (∎). The solid lines denote regressed fits to quadratic and linear 

relationships, respectively. 

(a) 

(b) 
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Figure 4.2. An illustrative phase diagram of the d8-PMMA/PVDF system derived from the 

thermal characteristics of the present blend, in conjunction with critical temperatures (dashed 

lines) approximated by values previously reported.7,8,21,22  Homogeneous and heterogeneous 

regions are labeled as1Φ and 2Φ, respectively, and the temperatures at which the data in 

Figure 4.1a were collected are denoted by (○).  The melting point of PVDF (∆) and the glass 

transition temperature of d8-PMMA, PVDF and 55/45 d8-PMMA/PVDF blend without CO2 

are also shown (●), as are predictions of Tg,mix(φ PVDF) (solid line) generated from the 

Jenckel-Heusch23 equation (Equation 4.6). The intersecting (dotted) lines identify the blend 

composition (~60 vol% PVDF) at which Tg,mix coincides with ambient temperature (25ºC), 

thereby indicating the range of φ PVDF over which a miscible blend could be kinetically 

frozen-in within the UCST envelope (shaded).  
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Figure 4.3. In (a), SANS patterns collected from the 55/45 d8-PMMA/PVDF blend at 25°C 

in the solid state and four CO2 pressures (in MPa): 0 (●), 6.89 (○), 10.3 (▲) and 13.8 (∆). 

The data sets are not shifted. In (b), dependence of the Flory-Huggins χ interaction parameter 

extracted from the SANS data in (a) on CO2 pressure at 25°C. The critical pressure (Pc) of 

CO2 is displayed as the dotted vertical line. 
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Figure 4.4. Differential scanning calorimetry (DSC) thermograms of the 55/45 d8-

PMMA/PVDF blend before (a) and after (b, d) exposure to 13.8 MPa CO2, as well as the 

neat PVDF (f). Specimens have been exposed to CO2 in the solid state at ambient 

temperature (b) and in the melt at 180°C and subsequently cooled to ambient temperature 

under CO2 pressure (d). Second heating cycles for traces (b) and (d) are displayed as (c) and 

(e), respectively. The traces are shifted vertically to facilitate examination, and the dashed 

vertical lines identify Tg,mix of the blend (67°C) and Tm of the neat PVDF (168°C). The 

heating rate is constant at 10°C/min.  
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Abstract 

Processing polymer blends in the presence of high-pressure carbon dioxide (CO2) affords 

numerous advantages over organic solvents and is becoming a commercially viable and 

environmentally responsible alternative in the development of new multicomponent 

materials. A prerequisite to such processing is a fundamental understanding of how high-

pressure CO2 influences the phase behavior of polymer blends. In this work, we use high-

pressure spectrophotometry to measure the cloud point (Tcp) of 

poly(dimethylsiloxane)/poly(ethylmethylsiloxane) (PDMS/PEMS) blends as a function of 

pressure (P). Results obtained here at different blend compositions indicate that values of Tcp 

for this upper critical solution temperature (UCST) blend (i) generally increase with 

increasing CO2 pressure and (ii) collapse onto a master curve of ∆Tcp(P) for pressures up to 

about 35 MPa. These data are analyzed by the Flory-Huggins and Sanchez-Lacombe 

equations of state to ascertain the temperature dependence of an effective interaction 
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parameter (χ) in terms of A + B/T, where A and B are both pressure-sensitive. We also 

compare our results with previously reported data to delineate the role of hydrostatic pressure 

on the phase behavior of these blends. 

 

Introduction 

A large number of independent studies1-5 has explored the utility of high-pressure carbon 

dioxide (CO2) in conjunction with novel or facilitated polymer synthesis and processing 

operations over the past couple of decades. In these studies, CO2 has served in various 

capacities such as solvent, co-solvent, plasticizer, penetrant and foaming agent. Practical 

considerations motivating the use of CO2 in these capacities include the following: (i) it is 

relatively environmentally benign compared with many common organic solvents; (ii) it has 

tunable solvent properties due to its high compressibility around the critical point; (iii) it 

possesses a low and easily accessible critical point of 304.13 K (31ºC) and 7.38 MPa; and 

(iv) it can be readily separated from polymer systems by simple depressurization rather than 

by energy-intensive thermal evaporation. Since many polymer systems of technological 

relevance consist of two or more components,6 extension of CO2-based processing to these 

systems necessarily requires a fundamental understanding of how CO2, temperature and 

pressure influence the ability of the system to form a desired morphology with specific 

thermal and mechanical properties. It is therefore necessary to know the effect of high-

pressure CO2 on the phase behavior of multicomponent polymer systems so that appropriate 

processing (or application) conditions can be wisely chosen. The purpose of the present work 
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is to help elucidate the fundamental thermodynamic behavior of polymer blends in the 

presence of high-pressure CO2. 

Carbon dioxide constitutes a good plasticizing agent for many different polymers.7,8 In 

this regard, it promotes substantial changes in polymer physical properties. As CO2 

penetrates a polymer, it causes an increase in free volume and chain mobility, which 

promotes reductions in glass transition temperature (Tg), crystallization temperature and 

viscosity.7,9,10 The effect of CO2 on polysiloxanes is particularly noteworthy, since this class 

of polymers is generally CO2-philic. In fact, addition of CO2 to poly(dimethylsiloxane) 

(PDMS) is accompanied by substantial swelling (by at least a factor of two8,11) and viscosity 

reduction (by nearly two orders of magnitude12). The phase behavior of multicomponent 

polymer systems, either physical blends or block copolymers, composed of constituent 

species that exhibit different degrees of CO2-philicity is therefore expected to be strongly 

influenced by the presence of high-pressure CO2. Independent studies in this vein have 

demonstrated that CO2 can either enhance or reduce the miscibility of such systems, 

depending on factors such as solvent screening effects, disparate volume changes and 

hydrostatic pressure. For upper critical solution temperature (UCST) blends13 and upper 

disorder-order temperature (UDOT) block copolymers14 consisting of polystyrene (PS) and 

polyisoprene (PI), (micro)phase separation is driven by endothermic mixing. Addition of 

CO2 to such systems effectively screens unfavorable interactions, resulting in enhanced 

miscibility. Subjecting a lower critical solution temperature (LCST) 

PS/poly(vinylmethylether) (PVME) blend15,16 or lower disorder-order temperature (LDOT) 

PS-poly(n-butyl methacrylate) (PnBMA) block copolymer15 to CO2, on the other hand, yields 
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pronounced reductions in miscibility. Phase separation at substantially reduced temperatures 

reflects disparate CO2-induced chain swelling due to selective CO2 sorption.  

While studies of high-molecular-weight polymer systems are ultimately necessary to 

establish key process paradigms with high-pressure CO2, insight into the effect of CO2 on 

polymer thermodynamics can be gleaned from model systems that do not suffer from broad 

molecular weight distributions or high viscosities. For this purpose, we have elected to 

investigate blends of PDMS and poly(ethylmethylsiloxane) (PEMS), which exhibit UCST 

behavior. Due to the low Tg of these polymers (typically ~ −150 to −120°C),17 their blends 

are molten at relatively low temperatures, including ambient temperature and above. Several 

studies have reported on the phase18-23 and critical1,24-27 behavior of, as well as 

interdiffusion28 in, PDMS/PEMS blends in the absence of CO2, thereby providing a solid 

baseline from which to proceed. Various strategies19,22,24 have been used in an attempt to 

discern interaction parameters for this blend, and a summary of these previous activities is 

provided in Table 5.1. This blend is unusual in that it exhibits a negative ∆Vmix, which results 

in an enhanced miscibility upon hydrostatic pressurization.20,21 The change in the UCST of 

blends with pressure (P) can be described by 
mix

mix

H
VT

P
UCST

∆
∆

=






∆
∆

φ

, where mixH∆  is the heat 

of mixing and T denotes absolute temperature. Since mixH∆ is positive (endothermic mixing) 

for UCST systems, the direction of the UCST shift is dependent on the sign of mixV∆ .29  

An earlier study13 of PS/PI blends has revealed that hydrostatic pressure affects the phase 

behavior of this UCST blend differently than high-pressure CO2. An increase in hydrostatic 

pressure promotes reduced blend miscibility, which is consistent with a positive mixH∆  and a 
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positive mixV∆ . Exposure to high-pressure CO2, however, results in initial miscibility 

enhancement, followed by a gradual reduction in miscibility at CO2 pressures higher than 

~20 MPa, depending on blend composition. These observations have been explained in terms 

of the competing effects between CO2 plasticization (enhanced miscibility) and hydrostatic 

pressure (reduced miscibility). This competition can be understood qualitatively by 

recognizing that CO2 molecules screen repulsive interactions, allowing dissimilar chains to 

intermingle more freely, while hydrostatic pressure squeezes the molecules together, forcing 

unfavorable contacts that induce phase demixing. Beiner et al.20 explain based on the lattice 

fluid model,30 how a negative mixV∆  could arise for blends such as PDMS/PEMS that have a 

small positive interaction parameter. According to this model, 

( )[ ]{ }2
2211 /4)1( RTVmix εεχφφ −−−=∆ , thus if the parameter χ is sufficiently small, the 

squared interaction energy term will dominate and mixV∆  will be negative. A negative mixV∆  

is responsible for the enhanced miscibility achieved20 in PDMS/PEMS blends upon 

hydrostatic pressurization. Since high-pressure CO2 will swell the constituents of this blend, 

as well as shield their intermolecular interactions, we anticipate a priori that this system will 

be affected very differently by high-pressure CO2 than by pure hydrostatic pressure. The 

present work examines the phase behavior of the PDMS/PEMS blend in the presence of CO2, 

and predicts the dependence of an effective interaction parameter on pressure on the basis of 

the Flory-Huggins (F-H) and Sanchez-Lacombe (S-L) equations of state (EOS).  
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Theoretical Background 

The F-H equation of state is based on the concept of a lattice model and embodies the 

essential physical characteristics needed to distinguish mixtures composed of 

macromolecules from those containing only small molecules. For a binary polymer blend, the 

F-H EOS can be written as31  

vNvNvkT
Gmix )1()1ln()1(ln

2211

φχφφφφφ −+−−+=
∆

 (5.1) 

where mixG∆  is the free energy change on mixing, k is the Boltzmann constant, T is the 

absolute temperature, φ represents the volume fraction of either constituent polymer, vi is the 

repeat unit volume of polymer i, Ni is the number of repeat units in polymer i, v is a reference 

volume, and χ is the Flory-Huggins interaction parameter introduced in the previous section. 

The thermodynamic conditions associated with the binodal (coexistence) curve of the phase 

diagram for a mixture require that 
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where µi is the chemical potential of component i in the mixture, and the superscripts I, II, … 

n represent the different phases in equilibrium. Determination of µi from Equation 5.1, 

coupled with the requirement of Equation 5.2, yields the following closed-form analytical 

expressions for the coexistence curve of a binary polymer blend:31 
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The temperature dependence of χ is implicitly assumed to be of the form A + B/T, where 

these empirical constants correspond to the entropic (A) and enthalpic (B) contributions32 to 

χ, for an UCST blend.  

A recognized shortcoming of the F-H EOS is its applicability to only relatively simple, 

incompressible systems. Sanchez and Lacombe30,33,34 have extended the F-H formalism to 

include compressible systems through the addition of free volume (empty lattice sites). The 

S-L equation of state has been successfully used to correlate the thermodynamic properties 

and phase behavior of polymer blends, as well as polymers in supercritical solutions.16,35 It is 

given by 

0~11)~1ln(~~~2 =












 −+−++ ρρρ

r
TP  (5.4) 

where P~,~ρ andT~ are the reduced density, pressure and temperature, respectively, and r 

represents the number of occupied lattice sites. These reduced parameters are defined in 

terms of characteristic parameters, viz.,  

∗
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where 

R
T
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=∗ ε , 
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∗
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Mρ  (5.6) 

Here, ∗ε  is the interaction energy per repeat unit, ∗v  is the close-packed repeat unit volume 

and M is the molecular weight. For mixtures, appropriate mixing rules must be applied. In the 

case of the repeat unit volume, ∗v  for a mixture can be expressed as 
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and wi is the mass fraction of component i, and riº is the number of lattice sites occupied by i 

in the pure state. The characteristic pressure is assumed to be pair-wise additive so that 
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and 
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Here, δij is a binary interaction parameter that is empirically adjusted to fit experimental data 

to account for the non-ideality of the system. The characteristic temperature for mixtures is 

given by  
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and the corresponding chemical potential is 
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which simplifies to the following for a binary i-j system: 
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To determine the location of the coexistence (binodal) curves, the n Equations 5.13 (one 

per each phase) are solved simultaneously to satisfy Equation 5.2 using a numerical 

algorithm.36 

Finally, at constant volume the difference between the residual chemical potential per 

segment for component i ( iµ ) and residual chemical potential per segment of pure i ( o
iµ ) in a 

symmetric binary polymer blend is predicted to depend on the composition as follows:37 

2φχµµ
eff

ii

RT
=

− o

 (5.15) 

Thus we calculate an effective chi parameter (χeff) from the S-L equation, which is a 

function of composition, temperature and pressure.  The effective chi parameter predicted by 

the theory is obtained using Equation 5.13 in conjunction with Equation 5.15. 

 

Experimental 

Materials. The poly(dimethylsiloxane) (PDMS) ( wM = 44500, nw MM / = 1.09) and 

poly(ethylmethylsiloxane) (PEMS) ( wM = 14600, nw MM / = 1.13) homopolymers were 
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purchased from Polymer Source (Dorval, Quebec, Canada) and individually pretreated in 

high-pressure CO2 (~100ºC, ~34 MPa) for 24 h to remove any low-molecular-weight (i.e., 

CO2-soluble) fraction. The molecular weight characteristics listed above correspond to the 

materials after pretreatment. Carbon dioxide (99.8% pure) and He (>99.9% pure) were 

obtained from National Specialty Gases (Durham, NC). Reagent-grade toluene (Sigma-

Aldrich, St. Louis, MO) was used for cleaning the sample holder and high-pressure 

equipment between runs. 

Methods. The molecular weight distributions of the PDMS and PEMS were measured by gel 

permeation chromatography (GPC) at ambient temperature before and after CO2 

pretreatment. According to Figure 5.1a, the PDMS polydispersity (1.09) did not change 

noticeably upon CO2 pretreatment, confirming the absence of a CO2-soluble fraction. The 

measured molecular weight was, however, found to be significantly higher than that reported 

by the manufacturer (44500 vs. 29000).  The PEMS polydispersity, on the other hand, 

decreased after CO2 pretreatment (see Figure 5.1b). The polydispersity of the large peak in 

Figure 5.1b decreased from 1.16 to 1.13, and the small peak at low molecular weight (Figure 

5.1b) disappeared altogether after CO2 pretreatment, indicating that the CO2 extracted a small 

fraction of the PEMS sample. For this reason, all blend specimens were pretreated according 

to the same procedure before cloud point temperatures were measured. To ascertain the 

extent to which long-term exposure to high-pressure CO2 affected blend characteristics, 

specimen mass loss incurred during pretreatment was measured gravimetrically and found to 

be less than ~1 %, which corresponds to a maximum change in composition of only ±2.5 %. 
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Attempts to measure blend compositions by liquid-state 29Si and 1H NMR yielded changes 

that were less than or equal to that determined by gravimetric analysis. 

Cloud point temperatures (Tcp) of PDMS/PEMS blends differing in composition were 

determined by high-pressure spectrophotometry. Each blend was placed in a clear quartz tube 

with a flat bottom, and the tube was then placed in a high-pressure cell with sapphire 

windows. The initially homogeneous specimen was slowly cooled at ~1-4°C/min from the 

one-phase region at constant CO2 pressure (ranging from 0 to ~35 MPa), and the change in 

turbidity was monitored with a 632 nm laser source oriented vertically relative to a 

photometric power meter. Visual inspection verified that recorded turbidity changes 

identified phase separation of the blend and not CO2 bubble formation. Pressure, temperature 

and transmitted beam power measurements were interfaced with a computer and measured as 

a function of time. Figure 5.2 displays two examples of the power versus temperature curves 

generated in this manner. The Tcp values reported herein correspond to the temperature at the 

inflection point of each curve. Phase separation typically occurred over a temperature range 

of 5-10ºC. After each pressure jump, the system was held in the single-phase region for at 

least 4 h to allow equilibration with CO2 before measuring Tcp. A similar procedure was 

followed for complementary experiments using helium (He) instead of CO2. While the blend 

(24 wt% PDMS) was pretreated with CO2 to ensure comparable blend characteristics, the 

equilibration period was reduced (to ~45 min) to limit dissolution of He into the polymer 

melt. 
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Results and Discussion 

Measured cloud point temperatures are presented as a function of CO2 pressure in Figure 

5.3 for the various blend compositions examined in this work. In the absence of CO2, Tcp 

increases as wPDMS is increased up to about 25 wt% and then decreases, revealing that (i) the 

critical composition lies near 25 wt% PDMS, (ii) the critical temperature is ~91°C and, 

hence, (iii) the coexistence curve appears asymmetric with regard to composition. Such 

asymmetry is a consequence of the difference in molecular weights between the PDMS and 

PEMS used here. Another feature evident from the data in this figure is that Tcp increases 

monotonically with increasing (CO2) pressure over the range of pressure investigated (up to 

~35 MPa). Close observation reveals that this dependence of Tcp on pressure is nearly linear, 

independent of composition. Such functional similarity strongly suggests that a master curve 

can be generated. Figure 5.4 shows the variation of ∆Tcp, defined as Tcp(P)−Tcp(without CO2), 

with CO2 pressure and confirms that all the data portrayed in Figure 5.3 effectively shift onto 

a single line with a slope of 2.9 ± 0.3°C/MPa. Thus, the data provided in these two figures 

confirm that high-pressure CO2 serves to reduce the overall miscibility of PDMS/PEMS 

blends by shifting the two-phase envelope to higher temperatures. This observed behavior is 

seemingly contrary to the previous finding of Beiner et al.20 that application of hydrostatic 

pressure enhances the miscibility of PDMS/PEMS blends. This apparent contradiction is 

reconciled below. 

As mentioned earlier, the reported20 reduction in Tcp with increasing hydrostatic pressure 

in PDMS/PEMS blends is attributed to the negative mixV∆ .  According to the data shown in 

Figures 5.3 and 5.4, however, use of CO2 pressure, rather than hydrostatic pressure, yields a 
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pronounced increase in Tcp with increasing pressure, and thus mixV∆  would be positive 

according to  

mix
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Cloud point measurements illustrating these conditions are displayed for comparison in 

Figure 5.5a and clearly show that, by swelling the polymer melt (even in the presence of 

hydrostatic pressure) and screening intermolecular interactions, CO2 has a profound impact 

on mixV∆  through Equation 5.16. To simulate the effects of hydrostatic pressure on our 

system, we have examined the phase behavior of a single PDMS/PEMS blend with 24 wt% 

PDMS (near the critical composition) in the presence of high-pressure He, which is much 

less soluble than CO2 (by at least two orders of magnitude17) in either PDMS or PEMS. Since 

He does not swell either polymer to an appreciable extent and since there are fewer dissolved 

He molecules available to screen intermolecular interactions, it immediately follows that the 

effect of high-pressure He on ∆Tcp should be closer, but not identical (due to nonzero 

solubility), to that achieved by hydrostatic pressure alone. This expectation is confirmed in 

Figure 5.5b. 

The cloud point data provided in Figures 5.3 and 5.4 can be used to gain valuable insight 

into the effect of CO2 pressure on the intermolecular interactions in PDMS/PEMS blends. If 

these data are graphically arranged using temperature-composition coordinates, they produce 

a phase diagram in which increasing CO2 pressure linearly shifts the cloud point curve to 

higher temperatures. From these pressure-specific curves, one can extract a pseudo-binary 

interaction parameter (χ) by an appropriate equation of state to determine the functional 
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dependence of χ on CO2 pressure. This type of analysis is performed here using the F-H 

equation of state to ascertain, in quantitative fashion, the importance of system 

compressibility. The χ parameter obtained in this fashion is later compared with the one 

obtained using the S-L EOS from standard thermodynamic relations (equality of temperature, 

pressure and chemical potentials of each component in all phases). We note here that 

equilibrium conditions are assumed throughout this work, i.e. the CO2 pressure equals the 

total pressure of the system.   

To begin with the F-H model, the temperature dependence of χ (in terms of A+B/T) is 

required for the PDMS/PEMS blends in the absence of CO2. Unfortunately, values of A and 

B provided in the literature for this system vary somewhat. In fact, Meier et al.24 have 

reported three composition-dependent sets of A and B. Thus, we have elected to fit the F-H 

equation of state to the coexistence data of Kuwahara et al.18 (due to its precision and high 

quality) and extract values of A (−9.58 x 10-3) and B (+6.00). The regressed binodal curve is 

compared with experimental data in Figure 5.6 and shows reasonably good agreement.  

Included in Figure 5.6 is the predicted spinodal curve for the sake of completeness. Phase 

diagrams computed with the various A and B values listed in Table 5.1 are compared with 

experimental data acquired from the present PDMS/PEMS blends in the absence of CO2 

(Figure 5.7a) and demonstrate that our regressed parameters yield the best overall agreement. 

Corresponding values of χ are displayed as a function of reciprocal temperature in Figure 

5.7b and again confirm that our A and B parameters yield results that are consistent with data 

previously reported22,24 for this system. 



  
  

   149 

Having accurate values of the A and B parameters describing χ(T) at zero CO2 pressure 

and recalling from Figure 5.4 that the change in ∆Tcp with respect to pressure is ~2.9°C/MPa 

permits generation of pseudo-binary phase diagrams of the present PDMS/PEMS system at 

various CO2 pressures. Calculated coexistence curves generated with the F-H equation of 

state by allowing the temperature dependence of χ to vary at different pressures, through 

Figure 5.4, are provided as functions of blend composition in Figure 5.8.  

Figure 5.9a shows χ derived from the F-H equation of state in terms of reciprocal 

temperature for several different CO2 pressures. In this case, linear relationships of the form 

A(P)+B(P)/T, wherein A(P) systematically decreases and B(P) increases with increasing CO2 

pressure, are retained over the entire pressure range examined. Values of χ extracted as a 

function of reciprocal temperature from the S-L EOS (characteristic parameters tabulated in 

Table 5.2) are included for comparison in Figure 5.9b and exhibit a much more complex 

temperature dependence. In the absence of CO2, χ varies linearly with 1/T, as determined by 

the F-H equation of state for a condensed polymer melt. As CO2 is introduced into the 

PDMS/PEMS blend, however, a non-linear signature develops at low temperatures (typically 

less than ~80°C) and becomes increasingly more pronounced as the pressure is increased. 

This predicted behavior is interpreted to indicate that the effect of high-pressure CO2 on 

polymer blend thermodynamics becomes amplified as the critical temperature of CO2 

(~31°C) is approached and the density of CO2 increases. 

At relatively high temperatures (> 80°C), the values of χ discerned from the S-L EOS 

appear linear with respect to reciprocal temperature over the range of CO2 pressures 

investigated here (see Figure 5.9c). An interesting feature of these results for which no 
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physical explanation is offered at this time is that the linear relationships intersect at 

different, pressure-dependent temperatures. At first glance, this feature appears to distinguish 

these results from those generated with the F-H EOS. If the F-H relationships presented in 

Figure 5.9a are extrapolated to higher temperatures (lower reciprocal temperatures), 

however, identical behavior is observed over a finite temperature range. Values of A and B 

derived from the linear χ(1/T) relationships in Figures 5.9a and 5.9c are displayed as 

functions of CO2 pressure in Figure 5.10 and reveal two very intriguing characteristics. The 

first is that the F-H and S-L EOS predict pressure-dependent relationships for A and B that 

are remarkably similar. That is, A(P) is found to decrease, while B(P) increases, 

systematically with increasing pressure. The predicted increase in the magnitude of B, which 

corresponds to the enthalpic contribution to χ, is indicative of an increase in the coexistence 

curve, and a corresponding reduction in blend miscibility, with increasing CO2 pressure. 

Comparable behavior is commonly observed in UCST polymer blends subjected to 

hydrostatic pressure due to a typically positive change in volume upon mixing.29 While the 

values of A and B at the highest pressure examined (30 MPa) differ markedly — A = −0.0146 

(F-H) and –0.0301 (S-L), whereas B = 9.67 (F-H) and 15.0 (S-L) — in Figure 5.10, both 

EOS yield results that are qualitatively consistent, despite the inability of the F-H EOS to 

directly address compressible systems. However, it is important to keep in mind that 

compressibility effects were taken into account indirectly through Figure 5.4, when using the 

F-H EOS. Another feature of Figure 5.10 that warrants mention is that, according to both 

equations of state, A and B appear to be linearly dependent on CO2 pressure. Recall that this 
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unexpected outcome is only valid at temperatures where χ varies linearly with reciprocal 

temperature, that is for T > 80 ºC (see Figure 5.9b).  

 

Conclusions 

Exposure of polymer blends to highly compressible, supercritical fluids provides a facile 

means by which to modify phase behavior, which can be exploited in the development of 

new processing routes or materials.39 In this work, we have examined the phase-separation 

behavior of PDMS/PEMS blends in the presence of high-pressure CO2. This UCST blend is 

unique in that it inherently exhibits a negative change in volume upon mixing, which results 

in enhanced miscibility (signified by a reduction in cloud point temperature) upon exposure 

to hydrostatic pressure.20 We have qualitatively reproduced this result by using high-pressure 

He, which exhibits very low solubility in, and negligible swelling of, PDMS and PEMS. In 

the presence of high-pressure CO2, however, both homopolymers swell extensively due to 

relatively high CO2 uptake,8 and their phase behavior is significantly altered: they become 

increasingly immiscible as the CO2 pressure is increased.  

To investigate the underlying thermodynamics responsible for reduced blend miscibility, 

we have analyzed the high-quality data of Kuwahara et al.18 in the context of the Flory-

Huggins equation of state to extract the temperature dependence of χ, which yields a 

predicted phase diagram that closely resembles the experimental one reported herein. This χ 

expression, which is permitted to vary with pressure, is combined with the observation that 

the change in cloud point with increasing CO2 pressure is about 2.9°C/MPa, independent of 

blend composition, and the Flory-Huggins EOS to predict pseudo-binary PDMS/PEMS 
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phase diagrams at CO2 pressures up to 30 MPa. The pressure-dependent χ(T) relationships 

generated by the Flory-Huggins and Sanchez-Lacombe equations of state are qualitatively 

similar at temperatures well above the critical temperature of CO2. Moreover, the predicted 

pressure dependence of the entropic (A) and enthalpic (B) contributions to χ in the expression 

χ = A + B/T is found to be consistent at high temperatures. Further analysis of this outcome 

with more molecularly descriptive equations of state38 is forthcoming. 
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Table 5.1. Pertinent thermodynamic data available for PDMS/PEMS blends. 

 
 

wM  (PDMS/PEMS) Polydispersity wPDMS A B Ref. 
 index range 
 
 
80000-115000/4000-9000 1.18−1.42  0.1-0.9 -0.002 4.07 22 

27000/33800 1.06-1.12  0.30 -0.00695 4.52 24 

  0.54 -0.0029 3.22 24 

  0.82 -0.01154 6.42 24 

19100/14000 1.02-1.03  0.36-0.54 -0.00958a 6.00a 18 

44500/14600 1.09-1.13  0.06-0.90 A(P) B(P) this 
                        work 
 
aAnalysis conducted in this work. 

 

Table 5.2. Characteristic Sanchez-Lacombe equation of state parameters. 
 
 
Parameter P* (MN/m2) T* (K) ρ* (kg/m3) Ref. 
 
 
CO2 464.2 328.1 1426 40 

PDMS 302 476 1104 30 

PEMS 302 552 1126 38 
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Figure 5.1. GPC traces acquired from (a) PDMS and (b) PEMS before and after pretreatment 

in high-pressure CO2 at ~100ºC and ~34 MPa for 24 h. While the PDMS is virtually 

unaltered, the polydispersity of the high-molecular-weight fraction in (b) decreases and the 

low-molecular-weight fraction in (b) (enlarged for the sake of clarity) disappears, indicating 

that this fraction is dissolved in and removed by the CO2. For this reason, all the 

PDMS/PEMS blends examined here are exposed to this same CO2 pretreatment prior to 

analysis. 
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Figure 5.2. Representative turbidity measurements obtained from a 35/65 PDMS/PEMS 

blend in high-pressure CO2 at (a) 3.86 and (b) 6.52 MPa by high-pressure spectrophotometry, 

conducted at a cooling rate of 3.5 and 3.9°C/min, respectively. The inflection point of each 

curve, illustrated as the midpoint of the dashed line that intersects the upper and lower 

turbidity limits, identifies the corresponding cloud point reported here. 
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Figure 5.3. Dependence of the PDMS/PEMS cloud point temperature (Tcp) on CO2 pressure 

for a series of blends that are rich in (a) PEMS and (b) PDMS. The compositions of these 

blends (in wt% PDMS, solvent-free) are as follows: 6 (○), 10 (●), 20 (∆), 35 (▲), 51 (□), 62 

(∎), 80 (◇) and 90 ( ). The solid and dashed lines constitute linear regressions to the data. 

These results indicate that the presence of CO2 generally promotes PDMS/PEMS 

immiscibility by shifting each Tcp to higher temperatures with increasing pressure. 
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Figure 5.4. Master curve of ∆Tcp, defined as Tcp(P)−Tcp(P=0) and presented as a function of 

CO2 pressure, confirming that all the data displayed in Figure 5.3 shift onto a single (solid) 

line with a slope of ~2.9°C/min. The symbols are the same as those used in Figure 5.3. 
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Figure 5.5. Variation of (a) Tcp and (b) ∆Tcp with pressure from different sources for several 

PDMS/PEMS blends. Two blends prepared from the present homopolymers with 

compositions of 20 (○) and 35 (∆) wt% PDMS are exposed to high-pressure CO2, whereas 

one with 24 wt% PDMS (×) is subjected to high-pressure He. The responses of two blends 

described by Beiner et al.20 with compositions of 47 (●) and 51 (▲) wt% PDMS to 

hydrostatic pressure are included. The solid lines serve as guides for the eye, and the 

horizontal dashed line corresponds to the neat cloud point for the 24/76 PDMS/PEMS blend 

in (a) and the condition of ∆Tcp = 0 in (b). 
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Figure 5.6. Comparison of the phase-equilibrium data reported by Kuwahara et al.18 and the 

regressed F-H equation of state used to extract χ(T). The thick line represents the predicted 

coexistence (binodal) curve, whereas the thin line denotes the corresponding stability 

(spinodal) curve. 
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Figure 5.7. Comparison of the experimental PDMS/PEMS phase diagram generated in this 

work in the absence of CO2 with predictions derived from the F-H equation of state using 

several different χ(T) expressions18,22,24 of the form χ = A + B/T, and molecular weights 

identical to those of the polymers examined in this study. The numerical designations and 

line types used in (a) identify the corresponding χ(T) relationships displayed in (b). The χ(T) 

relation derived from Figure 5.6 (thick line) provides the best quantitative agreement with the 

present data. 
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Figure 5.8. PDMS/PEMS phase diagrams predicted at different CO2 pressures with the χ(T) 

relationship derived from Figure 5.6 and the change in ∆Tcp with pressure (~2.9°C/min) 

measured from Figure 5.4. The filled symbols identify experimental data in the absence of 

CO2. Solid lines denote predictions from the F-H equation of state.  
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Figure 5.9. Temperature dependence of χ provided as a function of CO2 pressure (labeled). 

The F-H equation of state yields the linear relationships shown in (a), whereas the 

temperature dependence of χ deduced from the S-L equation of state (b) appear more 

complex, especially at low temperatures. The reciprocal temperature range over which the 

χ(1/T) curves in (b) appear linear is provided in (c). The lines (solid and dashed) included in 

(a) and (c) represent linear regressions, while those in (b) serve as guides for the eye.  
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Figure 5.10. Pressure-dependent values of the χ parameters A (circles, solid lines) and B 

(triangles, dashed lines) used in the generic expression for χ (= A + B/T) and predicted from 

the F-H (filled symbols) and S-L (open symbols) equations of state in Figure 5.9 (parts (a) 

and (c), respectively). The lines (solid and dashed) denote linear regressions. Although the 

effect of compressibility is evident in this comparison, both equations of state yield 

qualitatively consistent results. 
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CHAPTER SIX 

Conclusions and Future Work 

 

Conclusions 

 The work presented here provides new insights into the phase behavior of polymer blends 

in the presence of high-pressure CO2. The upper critical solution temperature (UCST) blend 

of PS and PI initially is found to become more miscible upon addition of CO2, but the 

direction of the phase boundary shift reverses above pressures of ~20 MPa. The simultaneous 

effects of hydrostatic pressure and plasticization are decoupled using systematic analyses 

performed with N2 as the pressurizing fluid to isolate the role of pressure. Hydrostatic 

pressure alone is found to decrease the miscibility of this UCST blend, shifting the phase 

boundary to higher temperatures. This result is consistent with prior results reported1-4 for 

UCST blends exhibiting endothermic mixing and a positive change of volume upon mixing. 

The presence of CO2 as a plasticizing agent, on the other hand, serves to screen the repulsive 

interactions responsible for endothermic mixing, thus increasing the temperature range where 

the chemically dissimilar chains intermingle freely. At sufficiently high CO2 pressures, the 

hydrostatic pressure effect overcomes the plasticization effect, and the direction of the trend 

is reversed. 

 Small-angle neutron scattering (SANS) performed on a d8-PMMA/PVDF blend, coupled 

with the random phase approximation (RPA), yields values of an effective pseudo-binary 

interaction parameter χ  with and without CO2. In the absence of CO2, the extracted χ values 

are quadratic in temperature, but always negative, suggesting that the temperature range 



  
  

   167 

under study was far from both the UCST and lower critical solution temperature (LCST) 

phase boundaries. Addition of CO2 over the same temperature range results in χ values that 

decrease linearly with reciprocal temperature, implying closer proximity to the LCST and 

thus a shift of the LCST boundary to lower temperature, which is consistent with previous 

findings5 of LCST polymer blends in the presence of high-pressure CO2. This shift of the 

LCST boundary to lower temperature can be physically understood by recognizing that CO2 

screens the attractive interactions between the PVDF and PMMA, thereby reducing the 

strength of the interactions so that lower temperature (less thermal energy) can overcome the 

interactions responsible for blend miscibility. At ambient temperature, addition of CO2 at 

pressures near the critical pressure of CO2 promotes an increase in the effective χ discerned 

from the RPA for a pseudo-binary system up to about χ ≈ 0. Increasing the CO2 pressure 

further increases χ, but only slightly. Under these conditions, the scattering intensity 

increases, which is attributed to PVDF crystallization, as evidenced by thermal calorimetry. 

 Values of the effective Flory-Huggins χ interaction parameter discerned from 

complementary small-angle x-ray scattering (SAXS) patterns acquired at 35ºC and ambient 

pressure are quantitatively consistent with values previously reported6-12 in the literature. 

Upon addition of CO2 at low pressure, these blends remain miscible. However, as the 

pressure is elevated beyond a composition-specific limit, the interaction parameters acquired 

from the RPA appear to approach zero, which, in the absence of PVDF crystallization and 

assuming statistically meaningful results, indicates that the PVDF and PMMA molecules are 

becoming energetically similar and form a near-Θ blend of non-interacting polymers.13 This 

would then suggest the possibility that the UCST phase boundary, which is ~100-140ºC at 
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ambient pressures,14-18 shifts to lower temperatures in the presence of CO2. At relatively high 

CO2 pressures, the blends show evidence of phase separation by PVDF crystallization, as 

discerned from TEM and DSC analyses.  

 The third system studied in this work is a UCST blend composed of PDMS and PEMS. 

This blend is relatively unique in that it possesses a negative change in volume upon mixing 

due to its small, positive interaction parameter. This feature, which distinguishes this blend 

from most other UCST blends, is responsible for enhanced miscibility with increased 

hydrostatic pressure.19,20 However, addition of CO2 once again screens the interactions in the 

blend, resulting in a new combination of effective pairwise-specific interactions (εAB, εAA and 

εBB) that balance differently than in the absence of CO2. High-pressure spectrophotometry 

reveals that pressurized CO2 significantly shifts the phase boundary of PDMS/PEMS blends 

to higher temperatures, thereby reducing miscibility, at a composition-independent rate of 

~2.89ºC/MPa. Complementary experiments performed with He (to emulate hydrostatic 

pressure) show behavior intermediate to that resulting from application of pure hydrostatic 

pressure19 and pressurized CO2. A pseudo-binary interaction parameter has been determined 

as functions of temperature and CO2 pressure using both the Flory-Huggins21 and Sanchez-

Lacombe22-24 equations of state. Interestingly, at relatively high temperatures, the two 

equations of state predict a qualitatively similar dependence of χ on reciprocal temperature. 

Moreover, the pressure dependence of the entropic (A) and enthalpic (B) contributions to χ 

(in the expression χ = A + B/T) derived from both equations of state are found to be 

quantitatively consistent. 
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Future Work 

 This study clearly points to several directions for future research into the fundamental 

aspects of polymer blend/CO2 systems. The two approaches considered here include (1) 

complementary experiments performed on the same blends to gain a more thorough 

knowledge of these systems, and (2) continuation of similar experiments to those performed 

in this work, but on new blend systems that have different fundamental properties and thus 

would be expected to respond differently to the presence of CO2. Several detailed 

possibilities along these lines follow. 

 The development and use of high-pressure differential scanning calorimetry (hpDSC) 

would be very helpful since the thermal properties of polymeric materials can change 

significantly upon addition of CO2.25-29 It may be crucial to know how these thermal 

properties change in-situ, especially since the properties and uses of polymers are often 

significantly dependent upon process history. In the polymer/CO2 and polymer blend/CO2 

research genres, a hpDSC would prove particularly beneficial for the measurement of the 

glass transition and melting temperatures as functions of blend composition and CO2 

pressure. While the development of hpDSC capabilities would not necessarily be novel, it 

would certainly provide valuable information currently lacking in the literature.26-29  

 Development of hpDSC capabilities in this vein has begun with necessary modifications 

made to a Setaram C-80 calorimeter located at North Carolina A&T University. High-

pressure cells have been designed and constructed as part of the current project, and the 

remaining steps required to get the hpDSC online include the following:  
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• verification that the most recent series of modifications to the cells provides a 

satisfactory fit in the calorimeter and further modifications as appropriate; 

• acquisition of a large CO2 reservoir for the CO2 manifold to keep CO2 pressure 

constant during the heating cycles; 

• acquisition of heating elements for the CO2 manifold and thus avoid crossing the 

vapor/liquid phase boundary during analysis (this would prevent DSC signal 

interference); 

• acquisition of inert powdered alumina (to be placed in the reference cell), the 

volume of which would be equivalent to the volume of the sample in the sample 

cell (this is necessary to equate the PV work done in both cells and thus avoid 

distortion of the DSC signal); 

• acquisition of parts necessary to pressurize both the sample and reference cells 

with CO2, to keep the PV work done in both cells equitable. 

• Calibration of the hpDSC (including the acquisition of appropriate calibration 

standards); and 

• preliminary testing of materials that have been examined previously with similar 

equipment to (1) verify the functionality of the equipment and (2) develop the 

proper data-acquisition programs. 

Once these steps are completed, hpDSC would be available for examining the thermal 

behavior of unary and multicomponent polymeric materials in the presence of CO2. 

 While the small-angle x-ray and neutron scattering (SAXS and SANS, respectively) 

experiments performed in this study provide interesting, and sometimes surprising, new 
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information, there remains much work to be done in the development and interpretation of 

these techniques, as well as further experimentation. Several challenges with regard to 

performing these types of analyses on polymer blend/CO2 systems include (1) limited 

technical resources due to the novelty of these experiments (only a handful of SAXS and 

SANS analyses have been performed30-34 on polymer blend/CO2 systems and such analyses 

require the use of relatively uncommon high-pressure cells), and (2) the remote facilities that 

require scrupulous planning and long-range scheduling and that provide only limited user 

access. Several recommendations for future work can be made regarding these matters. One 

key procedural issue is that the blend components must be thoroughly mixed prior to SAXS 

or SANS analysis to prevent the deleterious low-q upturn that limits the options for 

subsequent analysis. Initial attempts at mixing the PMMA/PVDF blends, for instance, by 

solvent casting were unsuccessful due to the obvious onset of macrophase separation as the 

solvent evaporated.  

 For this reason, melt pressing was chosen for use here, since it yielded specimens that 

appeared to be homogeneous based on (1) their optical clarity, (2) a single intermediate glass 

transition temperature and (3) the absence of birefringence due to the presence of PVDF 

crystals. These indicators were not, however, sufficient to prevent the retention of diffuse 

phase domains and, hence, the upturn at low q. While mixing could be improved by 

increasing the number of presses during the “baker’s” procedure,35 care must be exercised 

since the extent of PMMA degradation increases with the increase in the time that the sample 

is exposed to high temperature. Since other studies36-38 have successfully used solvent casting 

to homogenize semicrystalline polymer blends such as PMMA and PVDF for various 
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analyses, including SANS36 and small-angle light scattering37 (SALS), this approach should 

be re-examined and optimized for future work in this area. In addition to mixing, another 

problem with sample preparation can arise from the existence of extensive molecular-weight 

polydispersity, specifically that of PVDF (2.5-3.0) in the present work. Although the RPA 

equations used to determine χ from small-angle scattering data explicitly consider 

polydispersity,39 they involve assumptions that may not be altogether accurate (such as the 

shape of the distribution curve). Future studies should use model polymers with low 

polydispersities to avoid unnecessary (and possibly over-simplifying) assumptions, and 

facilitate data analysis and interpretation. 

 Another issue encountered during the SAXS and SANS analyses was efficient 

containment of the polymer melt in the beam while simultaneously diffusing CO2 at a 

reasonable rate. One method to contain the melt in the beam is to place the sample in a clear, 

open container of fixed width, and then place this container in the high-pressure cell. This 

design sorely limits the diffusion of CO2 into the sample since there is only one surface of 

small area through which diffusion can occur. Since beamtime is expensive, it is inefficient 

to waste time waiting for the concentration of CO2 in the melt to equilibrate. One possible 

solution to this project-management challenge is to use multiple high-pressure cells along 

with multiple samples. Thus, once one specimen equilibrates, it can be analyzed in the beam, 

while other samples are equilibrating.  

After the technical difficulties associated with these SANS and SAXS experiments are 

satisfactorily resolved, values of the interaction parameters in blend/CO2 systems can be 

measured more precisely. In this work, a pseudo-binary system has been assumed so that an 
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effective χ of each blend diluted with CO2 could be examined and compared.  Rigorous 

analysis of the interactions in ternary polymer/polymer/ CO2 systems requires three pair-wise 

interaction parameters (χPVDF-PMMA, χPVDF-CO2 and χPMMA-CO2).40 It would be useful in future 

endeavors to examine, in quantitative fashion, the validity of the dilution assumption that 

allows the use of the effective χ interaction parameter. Depending on the outcome of these 

results, further work could be performed to examine a broader range of blend compositions, 

CO2 pressures and temperature so that more complete phase diagrams could be generated in 

conjunction with an appropriate equation of state, such as the Sanchez-Lacombe equation of 

state.  

Shifts in the phase boundaries upon exposure to CO2 estimated as above could be directly 

compared with experimentally measured cloud point temperatures. Since the LCST boundary 

of PMMA/PVDF blends has been measured/estimated41 to be higher than the experimental 

temperatures accessible using the existing high-pressure cell (300-350ºC vs. 180-230ºC), 

cloud point temperature measurements of this blend in the presence of CO2 are simply not 

practical. Preliminary work has confirmed that, even with addition of small amounts of CO2, 

the cloud point of the PMMA/PVDF blend employed here was not accessible. However, this 

problem could be readily overcome by switching to a poly(ethyl methacrylate) 

(PEMA)/PVDF system, which has a significantly lower cloud point temperature than the 

PMMA/PVDF system.41 Preliminary cloud point temperature measurements on this blend 

showed that, while the cloud point was not accessible up to 230ºC at ambient pressure, it was 

measured to be ~217ºC in the presence of CO2. Comparison of cloud point temperature 

measurements with estimates of phase diagrams generated with data acquired by small-angle 
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scattering would be valuable in establishing the validity of both approaches and exploring the 

underlying thermodynamic principles. One last avenue for new studies with either 

PMMA/PVDF or PEMA/PVDF blends would be to examine the effects of hydrostatic 

pressure alone, as well as the effects of dilution with other liquid, gaseous or supercritical 

solvents, or a combination thereof. These additional experiments would help to deconvolute 

the various effects that CO2 has on polymer blend phase behavior. 

 Future experiments to be performed with the PDMS/PEMS/CO2 system include further 

investigation into the origin of the non-linear dependence of χ on reciprocal temperature 

predicted by the Sanchez-Lacombe equation of state at low temperatures. To move forward 

effectively with the thermodynamic modeling of this and other blends, a necessary and 

important first step would be to measure the binary properties of the PEMS/CO2 system so 

that the Sanchez-Lacombe and SAFT modeling efforts42 currently underway by Ms. Coray 

Colina and Professor Keith Gubbins could be performed without the assumptions presently 

made to estimate several parameters. While there exists a significant volume of data available 

regarding the PDMS/CO2 system, comparable data are non-existent in the case of 

PEMS/CO2. Parameters of particular interest can be obtained from the PEMS/CO2 sorption 

behavior. Once these and related binary parameters are known, further experiments can be 

conducted with the ternary system to measure individual interaction parameters at low 

temperatures and various CO2 pressures.  

 In addition to future work that should be conducted on the blend systems investigated 

here with new or improved methods, phase boundary shifts must be measured for new blend 

systems. Ultimately, new blend systems should have properties that are different from those 
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already examined here or in the literature. Examples of such blends include those that have 

unusual types of phase diagrams that result from unique combinations of interactions and 

thermodynamic properties: 

• polyisoprene/polypropylene blends with aclosed immiscibility loops43  

• polybutadiene/deuterated-polyisoprene blends with immiscibility regions enclosed 

within two nearly vertical phase boundaries43 

• polybutadiene/polyisoprene blends with χ ≠ f (T, composition) 43 

Other possibilities to be considered for future research include blends that contain (1) a 

copolymer such as polystyrene/polyisoprene capable of self-organizing44,45 or (2) nanoscale 

inorganic objects, such as nanoparticles or nanotubes. 
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