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Abstract 

This thesis is an experimental investigation of phase behavior, crystallization, gelation 

and phase separation kinetics of polymer solutions in dense fluids at high pressures. 

The miscibility and dynamics of phase separation were investigated in solutions of 

atactic polystyrene with low polydispersity (Mw = 129,200; PDI = 1.02) in acetone. 

Controlled pressure quench experiments were conducted at different polymer 

concentrations to determine both the binodal and the spinodal envelops using time- and 

angle resolved light scattering techniques. At each concentration, a series of rapid pressure 

quenches with different penetration depths in a range from 0.1 MPa to 3 MPa were 

imposed and the time evolution of the angular distribution of the scattered light intensities 

was monitored. The solution with 11.4 wt % polymer concentration underwent phase 

separation by spinodal decomposition mechanism for both shallow and deep quenches. 

Below this critical polymer concentration, phase separation was found to proceed by 

nucleation and growth mechanism for shallow quenches, but by spinodal decomposition for 

deeper quenches. 

Gelation and crystallization processes and the influence of pressure and the fluid [Cho 

et al. 1993]composition were investigated in solutions of poly(4-methyl-1-pentene) 

[P4MP1] in n-pentane + CO2 and in solutions of syndiotactic polystyrene [sPS] in toluene 

+ CO2, and also in acetophenone + CO2 fluid mixtures over a pressure range up to 55 MPa 

and carbon dioxide levels up to 50 wt %. 

In pure pentane, P4MP1 undergoes crystallization and leads to Form III polymorph at 

low pressures, but to Form II at high pressures. In n-pentane + CO2 mixture fluids, the 

polymorphic state changes from a mixture of Forms III and II to Form II and eventually to 
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Form I with increasing CO2 content. High level of carbon dioxide (≥40 wt %) in the 

solution was found to lead to gelation instead of crystallization. No liquid-liquid phase 

boundaries could be observed in any of the P4MP1 solutions. 

In contrast to P4MP1 in n-pentane, syndiotactic polystyrene was found to undergo 

gelation in toluene or acetophenone forming a polymer-solvent compound with the δ 

crystal form. Also in contrast to P4MP1 systems, addition of carbon dioxide to sPS 

solutions alters the process from that of gelation to crystallization leading to the β crystal 

form. In solutions with high CO2 level, in addition to the gelation or crystallization 

boundaries, a liquid-liquid phase separation boundary was also observed. 

The phase separation path followed was found to influence the eventual morphology 

and the crystal state of the polymer. In sPS solutions in toluene + CO2, if the sol-gel 

boundary were crossed first by cooling the solution at a fixed pressure, the resulting 

morphology was found to be fibrillar and the polymer displayed the δ crystal form. If 

instead, the liquid–liquid phase boundary were crossed first by reducing pressure at a fixed 

temperature, the polymer-rich phase leads to a stacked-lamellar morphology with the β 

crystal form while the polymer-lean phase leads to a mixed morphology with lamellar 

layers connected by fibrils with the polymer displaying δ + β crystal forms. 

In solutions in acetophenone + carbon dioxide, when the gelation boundary is crossed 

first, the resulting structure is the δ form as in the toluene + CO2 case. At comparable CO2 

levels, when the L-L phase boundary is crossed first, in the acetophenone system, 

polymer-rich phase was found to generate a mixture of δ + β forms while only the δ form 

was found in the polymer-lean phase, in contrast to the observations in the toluene + CO2 

systems. 

Based on crystallographic, spectral and microscopic data, a thermodynamic framework 

was developed which provides a mechanistic account for the formation of the different 

polymorphs.  
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Chapter 1 

Introduction 
 

Understanding phase behavior and phase separation dynamics of polymers in fluids and 

fluid mixtures is important for many processes encountered in polymer science and 

engineering, including polymerization, purification, modification and post processing.  

The thermodynamic aspects such as the location of phase boundaries are important for 

selecting steady operation conditions. The dynamic aspects of phase separation in polymer 

systems deal with non-equilibrium relaxation processes that follow a transfer of the system 

from a thermodynamically stable to a thermodynamically unstable state. These 

transformations are usually induced by a temperature, composition, or pressure quench. 

The phase separation may proceed by a nucleation and growth or by spinodal 

decomposition. The time scale of phase separation and the mechanism influence the final 

structure of polymer materials, for example in formation of particle or microporous 

materials [Kiran 2000].  

 

The kinetics of phase separation in “polymer + solvent” systems is of continuing interest 

[Kuwahara et al. 1982; Lal and Bansil 1991; Kojima et al. 1999; Hatanaka and Saito 2004; 

Lee et al. 2004; Lee et al. 2004]. The phase separation in polymer solutions can be induced 

by changes in the temperature, the solvent (concentration or composition) or the pressure. 

Lal and Bansil [Lal and Bansil 1991] studied the kinetics of spinodal decomposition of 

polystyrene solutions in cyclohexane induced by a temperature jump into the unstable 

region. Phase separation process was monitored by time- and angle-resolved light 

scattering at ambient pressures. Lee et al.[Lee et al. 2004] recently carried out a numerical 

study of temperature-induced phase separation kinetics of polymer solutions subjected to a 

linear spatial temperature gradient. Their results showed that anisotropic structures and 

morphologies can be induced by a gradient temperature jump. In addition to temperature 
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quench, phase separation can also be induced by exposing the solution to a nonsolvent 

vapor as antisolvent. An example of this is a study by Lee et al.[Lee et al. 2004] who 

reported the kinetics of phase separation in a polymer solution (polysulfone in 

N-methyl-2-pyrrolidinone) film induced by a nonsolvent vapor, water. The data were 

analyzed based on Cahn-Hilliard linear theory in the initial stages of phase separation.  

 

In contrast to the situation with phase separation induced by temperature change or by 

concentration change, relatively little work has been done on the kinetics of phase 

separation processes induced by a pressure change. With the growing application of 

supercritical fluids in polymer processing, the effect of the pressure on phase separation is 

now attracting more interest. Compared to the thermal-induced or solvent-induced phase 

separation methods, the pressure-induced phase separation gives the distinct advantage in 

that relatively fast quench rates can be achieved uniformly within the system. In one of the 

earlier studies, Kojima et al.[Kojima et al. 1999] have reported the early stage of spinodal 

decomposition during phase separation of polypropylene solution in 

trichlorofluoromethane induced by pressure jump using time- and angle-resolved light 

scattering system. However, majority of the experimental studies on pressure-induced 

phase separation from high pressure solution that are in the open literatures appears to have 

been generated in Professor Kiran’s laboratory [Xiong 1998; Xiong and Kiran 1998; Liu 

and Kiran 1999; Xiong and Kiran 2000; Liu and Kiran 2001]. 

 

Much attention has been paid to the phase behavior of polymers in compressed fluids at 

high pressures [Weidner et al. 1997; Chan and Radosz 2000; Kiran and Liu 2002; Zhang et 

al. 2003]. However, these have mostly focused on the liquid-liquid (L-L) phase boundary, 

with limited data on the solid-fluid (S-F) boundary. For crystallizable polymer-solvents 

systems, it is possible to observe the S-F boundary as well as L-L phase boundary in a 

phase diagram. Few specific systems reporting S-F phase boundaries in polymer solutions 
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in compressed fluid have been listed in an early publication [Kiran and Liu 2002; Zhang et 

al. 2003]. In these systems, both L-L phase boundaries and S-F phase boundaries are 

observed. In some polymer systems, beside the crystallization, thermoreversible gelation 

undergoes. In these solutions, instead of the fluid-solid phase transition, a sol-gel phase 

boundary is observed upon cooling.  

 

Polymer gels are basically a network of flexible chains in which the connectedness is 

created either by a chemical or physical process. Physical processes which favor 

association between certain points on different chains lead to formation of physical gels 

which are often thermoreversible. According to De Gennes [De Gennes 1979], physical 

gels involve either helical structures with two or more strands, or microcrystals with two or 

more chains, or they result from the formation of nodules as is the case with block 

copolymers. In the absence of chemical bonds and specific interactions such as ionic, 

dipole or hydrogen bonds, crystallization becomes the mode of association [Girolamo et al. 

1976]. A review by Keller [Keller 1995] provides a comprehensive description of both 

chemical and physical gels with specific details of those chemical processes such as 

polymerization and crosslinking, and those physical processes such as phase transitions and 

crystallization, entanglements, or associations that lead to gelation. 

 

The utilization of super-critical fluids or dense fluids in processing of polymers has rapidly 

expanded in the past couple of decades. Recent attention has been focused on the 

morphological modification, as well as crystallization of polymeric material by using 

high-pressure fluid mixtures [Zhang et al. 2003; Zhang and Kiran 2006]. These systems are 

composed of ternary mixtures that are made up of polymer, organic solvent and CO2. The 

binary fluid mixture that consist of an organic solvent (good solvent) and CO2 (antisolvents) 

can be employed to dissolve a polymer with flexibility of altering the solvent strength with 

tuning concentrations or pressures towards the polymer. In addition to temperature and 
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pressure, manipulation of the concentration of CO2 in the fluid mixture provides an 

effective method to control the mixing and demixing processes in the ternary polymer 

solution. The variation of the solvent strength, and hence the change in polymer-solvent 

interaction, also affect the conformational state of the polymer chains that are reflected as 

different crystal structures and morphological features in the polymer samples collect from 

these systems.  

 

The main goal of this thesis is to further our understanding on the phase behavior and the 

kinetics of phase separation of selected polymers in fluid and binary fluid mixtures of an 

organic solvent and CO2 under high pressure. Specifically, the kinetics of phase separation 

of polystyrene in acetone and the solid-fluid (S-F) and gel-sol (G-S) phase boundaries of 

poly(4-methy-1-pentene) (P4MP1) in n-pentane and n-pentane + CO2 fluid mixtures and 

syndiotactic polystyrene in toluene, toluene + CO2 fluid mixtures, acetophenone and 

acetophenone + CO2 fluid mixtures fluid mixtures have been studied. The P4MP1 and sPS 

samples after crystallization or gelation from high pressure solutions were further 

characterized using solid state XRD, FTIR, NMR, SEM and DSC to obtain information on 

the crystal structure, melting behavior and morphology formed under pressure.  

 

This thesis has been arranged in the following way. Chapter 2 is a brief review of the 

general theoretical background. The emphasis is on the theory on spinodal decomposition 

and on polymorphism in polymers. Chapter 3 presents the results of the experimental work 

and theoretical analysis on the kinetics of polystyrene solutions in acetone under high 

pressure. Chapter 4 presents the studies on phase behavior, crystallization and gelation of 

P4MP1 in n-pentane and n-pentane + CO2. Chapter 5 and chapter 6 present the 

experimental results of gelation and crystallization of sPS in toluene with or without CO2 

and in acetophenone with or without CO2 under high pressure respectively. Chapter 7 

provides a broad review on thermoreversible gelation in synthetic polymers and proposes 
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the possible gelation mechanism for P4MP1 in n-pentane solution and sPS in toluene and 

acetophenone with addition of CO2. Conclusions and recommendations are presented in 

Chapter 8. 

 

The following publications have already appeared based on the present thesis research: 

 

Jian Fang and Erdogan Kiran. Crystallization and Gelation of Isotactic 

Poly(4-methyl-1-pentene) in n-Pentane and in n-Pentane + CO2 at High Pressures. Journal of 

Supercritical Fluids (2006), 38(2), 132-145. 

 

Jian Fang and Erdogan Kiran. Kinetics of Pressure-Induced Phase Separation in Polystyrene 

+ Acetone Solutions at High Pressures. Polymer (2006), 47(23), 7943-7952. 

 

The following manuscripts have been submitted for publication based on the present thesis 

research. One is accepted and the other is under review. 

 

Jian Fang and Erdogan Kiran. Thermoreversible Gelation and Polymorphic 

Transformations of Syndiotactic Polystyrene in Toluene and Toluene + Carbon Dioxide at 

High Pressures. Accepted for publication in Macromolecules 

 

Jian Fang and Erdogan Kiran. Gelation, Crystallization and Morphological Transformations 

of Syndiotactic Polystyrene in Acetophenone and Acetophenone + Carbon Dioxide 

Mixtures at High Pressures. Submitted to the Journal of Supercritical Fluids 
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Chapter 2 

Theoretical Background 

 

2.1 Miscibility and Phase Separation in Polymer Solutions 

2.1.1 Liquid-Liquid Phase Equilibrium 

From a thermodynamic perspective, for complete miscibility of a mixture of two 

components consisting of a polymer and a solvent, the free energy change upon mixing 

must be negative ( mG 0Δ < ) and for binary mixtures, its second derivative with respect to 

composition must remain positive ( 2 2
m T,P

G 0⎡ ⎤∂ Δ ∂φ >⎣ ⎦ ) (curve I in Figure 2.1(a)). In 

partially miscible systems, even though mG 0Δ < for all composition, what shows an 

upward bend in a specific range of compositions identified by two compositions Ibφ and IIbφ , 

where first derivatives become identical ( m mIb,T,P IIb,T,P
G G∂Δ ∂φ = ∂Δ ∂φ ). These 

compositions define the equilibrium compositions or binodal composition points at a 

specific temperature and pressure. Inside the binodal range, two other points known as 

spinodal points can be identified where the second derivatives of free energy change 

become zero ( 2 2
m T,P

G 0⎡ ⎤∂ Δ ∂φ =⎣ ⎦ ), shown as Isφ and IIsφ on curve I in Figure 2.1 (a). 

Within the spinodal range, the second derivatives of mGΔ become negative and the system 

become thermodynamically unstable leading to phase separation spontaneously. With a 

change in temperature or the pressure, the shape of mGΔ , and consequently the 

compositions corresponding to binodal and the spinodal points can be changed, and the 

regions of miscibility and immiscibility can be altered.  In Figure 2.1 (a), if 

T1>T2>T3>T4, the system becomes miscible with increasing temperature (in going from 

T4 to T1), showing an upper critical solution temperature (UCST), as shown in Figure 2.1 



 7

(b) and if T1<T2<T3<T4, the system becomes miscible with decreasing temperature (in 

going from T4 to T1), showing a lower critical solution temperature (LCST), as shown in 

Figure 2.1 (c). In Figure 2.1 (b) and (c), the loci of the binodal and spinodal points define 

the boundaries for the stable, metastable and the unstable regions of the system. The 

binodal and spinodal curves merge where the binodal and spinodal points become identical 

at specific temperature defining a critical solution temperature.  However, holding 

temperature constant, complete miscibility is almost invariably achieved by increasing 

pressure, giving an upper critical solution pressure (UCSP) and the point where the binodal 

and spinodal curves merge together defines a critical solution pressure. (Also shown in 

Figure 2.1 (b)) 

 

Figure 2.2 shows 6 common forms of phase behavior of polymer solutions. Increasing the 

system pressure for a given solvent, or improving the nature of solvent at a given pressure 

may transform the phase behavior from one showing an hour-glass shaped region of 

miscibility (A) to a system showing LCST (C), UCST(D) or both UCST and LCST(B) and 

finally to one showing complete miscibility (F). Depending on the system, the extent of 

shift in the LCST and UCST may be different and the system may display only LCST (C) 

and UCST (D) in accessible range of temperatures. The scenario in E is less common, and 

represents an island of immiscibility [Kiran 2000].  

 

In pressure-temperature (P-T) phase diagram, there are essentially only two types of phase 

diagram that describe the polymer solution at high pressures. As shown in Figure 2.3 (a), it 

is possible to induce the single phase solution to split into two phases by isobarically 

lowering temperature and crossing UCST curve or increasing the temperature and crossing 

LCST curve. Note that the LCST curve is more sensitive to pressure since it is typically at 

temperatures in the vicinity of solvent critical temperature where the solvent is highly 

compressible. Hence, increasing pressure decreases the molar volume of the solvent and 
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reduces the free volume difference between solvent and polymer and enhances the 

miscibility of polymer in solvent. Since the temperatures are fairly low and the phases 

below UCST are dense fluids, it is not surprising that the UCST curve is relatively 

insensitive to the pressure. When the two components in solution differ considerably with 

respect to their molecular size, the UCST curve shifts to higher temperatures and merges 

with the LCST curve to give the U-LCST type phase behavior shown in Figure 2.3 (b).  

 

2.1.2 Solid-Liquid Phase Equilibrium 

Polymers with sufficiently regular chain structures can exist in the crystalline state. 

Polymeric materials can rarely be made completely crystalline. When an amorphous 

polymer melt is cooled, crystallization commences at a temperature dependent on the rate 

of cooling and, more importantly, crystallization ceases before all amorphous state converts 

into crystalline state. Thus crystalline polymers are in reality “semi-crystalline”. The 

review on the liquid-solid phase equilibrium in a semi-crystalline polymer solution will be 

presented in this section.  

 

2.1.2.1 Solid-liquid Equilibrium in Binary System 

The melting point of a substance is almost always lowered by the addition of a second 

component into the system. The phenomenon is well known as melting point depression. 

Departing from both melting points on each side of composition scale, in the simplest case, 

the two solubility curves intersect at the ‘eutectic’ point. The shape of phase diagram is 

schematically shown in Figure 2.4 [Koningsveld and Stockmayer 2001]. As shown in 

Figure2.4, the non-variant temperature Te can be observed for any mixture. Such behavior 

is often observed in small component systems, such as the mixtures of Cadmium/Bismuth 

(Cd/Bi) [Aerts and Berghmans 1990]. In contrast with the small component, the eutectic 

crystallization is less commonly observed in polymeric system. For ideal eutectic system, 

the solubility curves can be expressed by the equation: 
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Due to the low compressibility of solids, the effect of pressure on solubility curve in binary 

solid/liquid equilibrium is usually small. 

 

2.1.2.2 Solid-Liquid Equilibrium in Polymer Solutions 

For a polymeric system, the equation describing solid-liquid phase behavior is modified to: 
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where sV  is the chosen molar volume of the lattice sites, 2uV is the molar volume of 

repeat unit in component 2. g≡χ  (interaction parameter) is a composition independent 

parameter. This expression reduces under appropriate conditions to special non-polymeric 

systems presented earlier.  

 

When both components are capable of crystallization, a eutectic point may be found at the 
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intersection of the two solubility curves. Usually, the pure melting point of a polymer is 

much greater than that of solvent, the eutectic concentration becomes too small to be 

detected in a polymer solutions.  

 

If the liquid-liquid critical point is close to 0
2mT  (the melting point of polymer), the melting 

point depression is small in full composition range, the solubility curve will interfere with 

the miscibility gap, forming a non-variant three-phase point. This situation is shown in 

Figure 2.4b which shows the solubility curve (1) representing binary solution in 

equilibrium with polymer crystals (2) and liquid-liquid miscibility gap (3) (showing a 

UCST). Upon cooling from a temperature above the miscibility gap, homogenous polymer 

solutions with a concentration between A and B will separate into two liquid phases al and 

bl , and finally will reach the non-variant temperature T3, where the polymer in both phase 

crystallizes. While cooling a solution from D point at concentration of X2, instead of the 

liquid-liquid phase separation, the polymer crystals will appear and till the temperature 

reaches T3, and all polymers crystallize. The type of phase diagram has been reported on 

the system of diphenylether/linear polyethylene [Aerts et al. 1993]. 

 

2.1.2.3 Solid Solutions 

If the exchange of components is allowed in a crystal lattice, solid solution will be formed. 

In an extreme case, if replacement is possible in any composition in the binary system, the 

solid solution may be very close to an ideal solid solution, which shows a similar phase 

diagram as ideal liquid solution. Such complete miscibility in the solid state can be 

observed in the systems of, H2O/D2O, C6H6/C6D6 and even in a polymeric system isotactic 

polystyrene/poly(o-fluorostyrene) [Stehling et al. 1971]. While it is much more common to 

find quite limited miscibility in solid phases, since in most cases the two components have 

different crystal structures and the molecule from one component can not be easily fit into 
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the crystal lattice formed by the other. In some cases, the invasion of new molecules from 

one component does break the crystal lattice of the old one and form a new lattice structure, 

which usually is called as ‘compound’.  

 

2.1.2.4 Compounds 

Compound formation involving polymeric reactants has received a growing interest in 

recent years. The original of the occurrence of thermoreversible gelation in polymer 

solution has been proposed as the formation of polymer-solvent compounds [Guenet 1986]. 

To take insight into the mechanism of thermoreversible gelation, the knowledge on 

compounds is needed. 

 

The formation of crystallizable compounds between the component atoms or molecules 

will affect the phase behavior of the solution. A compound is said to melt congruently at a 

given pressure, when the composition of the melt is identical to that of the compound. 

While a compound is defined as incongruent one if a new phase is formed during the 

melting of the compounds. The new phase can be solid, or a second liquid phase. If melting 

takes place without any dissociation, the compound is completely undissociated in solid, 

liquid and gas, the system in fact is a ternary system. 

 

Figure 2.4c shows a typical phase diagram of the compound which dissociate congruently 

upon heating. As shown in Figure 2.4c, the compound S12 can melt congruently at T1, and 

departure from S12, two solubility curves go both sides. At T2, the right-side branch of 

solubility curve of S12 intersects with that of S2, forming a eutectic point S12/l/S2. And at the 

temperature of T3, the left-side branch of solubility curve of S12 will meet with that of S1, 

forming another eutectic point S12/l/S1. Systems showing congruent melting behavior has 

been known for a long time [Koningsveld and Stockmayer 2001] but have not been widely 

reported in polymeric systems. An example given by Point and Coutellier [[Point and 
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Coutelier 1985]] is on p-dibromobenzene/PEO. 

 

If the melting temperature of polymer in Figure 2.4c were much higher, the solubility curve 

of the polymer might come to intersect the left branch of solubility curve of the compound 

and the compound S12 will melt incongruently. A qualitative representation is given Figure 

2.4d. When the compound melts incongruently, the compound separate into two phases: a 

liquid phase (L) and a polymer crystalline phase (S2). A well-known example of 

incongruent melting in the polymeric system is o-xylene/syndiotactic polystyrene [Deberdt 

and Berghmans 1994]. 

 

2.2 Kinetics of Phase Separation in Polymer Solution 

The kinetics of phase separation in polymer systems that deal with non-equilibrium 

relaxation processes that follow a transfer of the system from a thermodynamically stable 

to a thermodynamically unstable state is the subject of many theoretical and experimental 

investigations. These transformations are usually induced by a temperature or pressure 

quench. The study on kinetics of phase separation of polymer mixtures or polymer 

solutions is important in polymerization and processing, as well as property modifications. 

Information on the time scale of phase separation coupled with polymer property 

knowledge provide the critical criteria needed to design and control the final structure of 

polymer materials in which transient structures can be locked in.  

 

2.2.1  Pressure-Induced Phase Separation 

The phase separation in polymer solutions can be induced by changes in the temperature, 

the solvent (concentration or type) or the pressure. In contrast to the situation with phase 

separation induced by temperature change or by concentration change, relatively little work 

has been done on the kinetics of phase separation processes induced by a pressure change. 

With the growing application of supercritical fluids in polymer processing, the effect of the 
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pressure on phase separation is now attracting more interest [Kiran 2000]. Compared to the 

thermally-induced or solvent-induced phase separation methods, the pressure-induced 

phase separation gives the distinct advantage in that fast quench rates can be achieved 

uniformly within the system. 

 

In order to illustrate the kinetics of phase separation process, a typical pressure quench 

experiment is shown in Figure 2.5. The solution that is first homogenized and kept at 

conditions above the demixing pressures is quickly transferred to two-phase region by a 

sudden drop in pressure. The line ABC in Figure 2.5 represents just one path at a 

concentration along which one may enter the metastable region or the unstable region 

depending on the different penetration depths. In general, if the system is subjected to a 

shallow quench and brought into the metastable region (path AB), the phase separation 

takes place via the nucleation growth mechanism. In contrast, if the system is subjected to a 

deeper quench and brought into an unstable region (path AC), the separation proceeds via 

the spinodal decomposition mechanism. At the critical polymer concentration, where the 

binodal and spinodal curves merge together, the phase separation proceeds only by spinodal 

decomposition for both shallow and deeper quench (path DE). 

 

In the nucleation process, nuclei with different sizes appear as a result of spontaneous 

concentration fluctuation. Among the new born nuclei, only those exceeding a critical size 

continuously grow, while those with smaller size dissolve into the bulk phase. Therefore, 

nucleation is an activated process involving a certain energy barrier. In contrast, spinodal 

decomposition is a truly spontaneous process and no energy barrier is involved. In this 

process, the homogeneous phase is unstable against concentration fluctuations with 

arbitrary amplitude exceeding a critical wavelength. In general, the nucleation and growth 

process often leads to the formation of droplets within continuous phase (as shown in 

Figure 2.6a), while spinodal decomposition initially leads to formation of co-continuous 
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phases (as shown in Figure 2.6b). A detailed review of the nucleation and growth theory is 

beyond the scope of this proposal. In the next section, the discussions are mainly focused 

on spinodal decomposition. 

 

2.2.2 Spinodal Decomposition 

Time-evolution of phase separation via spinodal decomposition may be classified into three 

stages: early stage, intermediate stage and late stage as shown in Figure 2.7. In the figure, 

Aφ represents the spatial concentration fluctuation of polymer A in the binary mixture AB at 

time t. A0φ represents the average polymer concentration of polymer A in the whole system. 

The abscissa r represents characteristic wavelength. During the early stage of spinodal 

decomposition (SD), the characteristic wavelength L of the domain size does not change 

with time, only the concentration difference of the polymer A in A-rich phase and B-rich 

phase increases with time. The phase separation at this stage can be predicted by the 

Cahn-Hilliard theory [Cahn 1965]. In the intermediate stage, the concentration difference 

and the characteristic wavelength both increase with time. And in late stage, the 

concentration fluctuation reaches the equilibrium concentration and the domain size is 

coarsening without a change in concentration. 

 

2.2.2.1 Cahn-Hilliard Linear Theory 

The Cahn-Hilliard linear theory [Cahn and Hilliard 1958; Cahn 1959; Cahn and Hilliard 

1959; Cahn 1961; Cahn 1965] was the first theoretical model of spinodal decomposition. 

Even though this theory is now considered to be only applicable to very short times after 

the phase separation begins, it provides a very useful intuitive understanding of the long 

wavelength instability and the nature of spinodal decomposition. 

 

Consider an inhomogeneous solution whose composition everywhere only slightly differs 
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from the average composition, and with small composition gradients. Its free energy is 

given by 

( ) ( )2= ⎡ ⎤+ ∇⎣ ⎦∫F f c c dVκ         (2.5) 

here ( )f c  is the free-energy density of homogeneous materials of the composition c , 

( )2∇cκ  is the additional free energy density if the material is in a gradient in composition, 

κ is the energy gradient parameter.  

Now consider the continuity equation about the concentration fluctuation ( )r,c t  

( ) ( ),
,= −∇

r
j r

c t
. t

t
δ

δ
          (2.6) 

where the interdiffusion current ( )tj r,  is proportional to the gradient of chemical 

potential  

( ) ( ) ( ),
Ft M t M

c t
μ ∂

= − ∇ = − ∇
∂

j r, r,
r

       (2.7) 

Here M  is the mobility, which is treated as a constant in the linear theory.  

Combining equations 2.5, 2.6 and 2.7, one obtains the Cahn-Hilliard diffusion equation  

2
2 2

22 fc t M c
c

κ
⎡ ⎤∂

∂ ∂ = ∇ − ∇ +⎢ ⎥∂⎣ ⎦
        (2.8) 

Equation 2.8 can be solved by a simple exponential relation, which leads to  

( ) ( ) ( )0q qc ,t c , exp R tβ β β∂ = ∂ ⎡ ⎤⎣ ⎦        (2.9) 

where the growth rate ( )R β is given by  

( ) ( )2 2 2 42R M f c Mβ β κβ= − ∂ ∂ −        (2.10) 

The behavior of ( )R β  as function of β  is shown in Figure 2.8. If the system is in the 

metastable region, where 2 2 0f c∂ ∂ > , then ( )R β is negative for all β and the amplitude of 

any concentration fluctuation decays exponentially. In contrast, if the system is brought 
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into unstable region inside the spinodal curve where 2 2 0f c∂ ∂ < , then the ( )R β is positive 

for a wavenumber in the range of

1
2 2 2

0
2c
f cβ β
κ

⎛ ⎞− ∂ ∂
< < = ⎜ ⎟

⎝ ⎠
, and the amplitude of any 

fluctuation increases exponentially with time. Thus, the system is unstable and phase 

separation takes place spontaneously. Furthermore, ( )R β  shows a maximum value at a 

time-invariant wavenumber 2m cβ β=  indicating that the concentration fluctuation at 

wavelength of 2 mπ β  has the fastest growth rate. For cβ β< , even though the system is 

in the unstable region, the concentration fluctuation at wavelength smaller than 2 cπ β  

decays exponentially. 

 

The structure factor ( )S q,t  at time t after the quench is:   

( ) ( ) ( )q qS q,t c t c t−= ∂ ∂          (2.11) 

where the brackets denote an thermal average over sample volume. Then also exhibits a 

simple exponential relaxation: 

( ) ( ) ( )0 exp 2S q,t S q, R q t= ⎡ ⎤⎣ ⎦         (2.12) 

Here ( )0S q,  is the structure factor at 0t = . 

 

The key prediction from Cahn-Hilliard theory is that, the initial stages of the spinodal 

decomposition should produce an exponential growth in the scattering light intensity 

for cq q< , with a peak at a time-independent wavenumber 2m cq q= ; while for larger 

wavenumber cq q> , the fluctuations are exponentially damped to zero. In fact, the 

predictions by the linear theory are only valid at the very early stage after the quench is 

applied. Shortly after the phase separation begins, the linear approximation breaks down. 
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In the Cahn-Hilliard linear theory, ( )R q also depends on q  and can be given by: 

( ) ( )2 2 2 2
appD 1 2 mR q q q q q= −         (2.13) 

where mq is the wave number corresponding to the maximum growth rate of the fluctuations 

and Dapp is the apparent diffusion coefficient with the expression: 

2

app 2D fM
c

⎛ ⎞∂
= ⎜ ⎟∂⎝ ⎠

          (2.14) 

The plot of ( ) 2R q q vs. 2q shows a linear behavior with a negative diffusion constant. 

The negative value of the diffusion coefficient is important in early stage of spinodal 

decomposition phase separation and causes the amplification of long wavelength 

fluctuation.  

 

2.2.2.2 Cahn-Hilliard-Cook Theory 

Based on the Cahn-Hilliard linear theory, Cook [Cook 1970] refined the theory by adding a 

random thermal noise term to Equation 2.8 

( ) ( ) ( ),
, ,

c t
. t t

t
δ

ξ
δ

= −∇ +
r

j r r         (2.15) 

Cook’s modification was made only within context of linear theory, and still failed to 

predict coarsening process which is expected to happen after initial stage of phase 

separation. Langer [Langer 1971] later developed the fluctuation theory upon Cook’s 

introduction of random thermal noise into the continuity equation. In order to include 

non-linear effects, the full expansion of the free energy fluctuation has to be used 
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    (2.16) 

Combining Equation 2.9, 2.15 and 2.16, the equation of motion for the structure factor can 
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be obtained  

( ) ( ) ( ) ( )
2

2 2 2
2

3

12 2
1 !

o o

n

n Bn
c c

S q f fMq Kq S q S q MK Tq
t c n c

∞⎡ ⎤⎛ ⎞∂ ⎛ ⎞ ⎛ ⎞∂ ∂⎢ ⎥= − ⎜ + ⎟ + +⎜ ⎟ ⎜ ⎟⎜ ⎟∂ ∂ − ∂⎢ ⎥⎝ ⎠ ⎝ ⎠⎝ ⎠⎣ ⎦
∑ (2.17) 

where ( )nS q , the higher order structure factor, are the Fourier transforms of the higher 

order two-point correlation functions 

( ) ( ) ( )1n
n o oS r r r rμ μ−− =         (2.18) 

Here if we neglect all of the higher-order terms in (2.17), we obtain Cook’s linear equation 

of motion for S: 

( ) ( ) ( ) 22 2 B

S q
R q S q MK Tq

t
∂

= +
∂

       (2.19) 

where the amplification factor, ( )R q , is given by 

( )
2

2 2
2

fR q Mq Kq
c

⎛ ⎞∂
= − +⎜ ⎟∂⎝ ⎠

        (2.20) 

Langer et al. [Langer et al. 1975] proposed a truncation scheme (LBM approach). By using 

the assumption that the one-point probability density function for concentration fluctuation 

is of the form of two Gaussian functions, they decoupled the equation for the probability 

density function and the equation of motion equation and generated that 

( ) ( )( ) ( )2 2 22 2 B

S q
Mq Kq A t S q MK Tq

t
∂

= − + +
∂

     (2.21) 

The term, 22 BMK Tq , accounts for the thermal noise. Even though the analytical expression 

for ( )A t is not possible, the qualitative behavior of ( )S q is still clear. By introducing a 

time-dependent term ( )A t into ( )R q , the time-independent ( )R q in the linear theory now 

becomes a time-dependent ( ),R q t , and the growth of ( )S q is no longer exponential in time. 

Then, at a given time t , a maximum in ( )*,R q t t= still exists but with a 
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time-dependency ( ) ( )
2m

A t
q t

K
= − . Since ( )A t  decreases with time, ( )mq t  shifts to the 

smaller q numbers, this is the origin of the coarsening due to nonlinear effects.  

 

2.2.2.3 Power Law Approximation and Scaling Analysis 

A number of approaches have been taken to describe the coarsening process of phase 

separation. Among the approaches, power law approximation was usually applied for phase 

separation dynamics [Hashimoto et al. 1986; Binder and Fratzl 2001]. For example, the 

time ( t ) dependence of the average concentration correlation length ( mq ) is often assumed 

to be given by 

( )mq t t α−≈            (2.22) 

and the time dependence of the maximum scattered light intensity ( mI ) is given by  

( )mI t tβ≈            (2.23) 

Langer [Langer et al. 1975]developed the full set of nonlinear equations which describes 

the phase separation process, and using numerical techniques to solve the nonlinear 

equation found that 0.212α = and 0.81β = . Taking a different approach, Binder [Binder et 

al. 1978] described spinodal decomposition using the reactive cluster model which 

describes the limit where the kinetic activation barrier to phase separation is finite but 

much smaller than the available thermal energy. In the low temperature limit, the reactive 

cluster model predicts ( )1 3dα = + and ( )3 3dβ = + (where d is the system 

dimensionality), while in intermediate temperature limit ( )1 2dα = + and ( )3 2dβ = + . 

Siggia [Siggia 1979] proposed a surface tension driven mechanism, predicting the highest 

exponent 1α =  
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Besides the length scale of the domain, the structure factor ( ),S q t has also been 

hypothesized to follow a scaling behavior. Furukawa [Furukawa 1985] proposed an idea of 

the dynamical scaling in that the structure function ( ),S q t or the scattering 

function ( ),I q t of the unmixing systems at time t can be scaled with a single length 

parameter ( )L t   

( ) ( ) ( )( ), dS q t L t S qL t∼          (2.24) 

With a universal scaling function ( )S x  

( )
2

22
xS x

x γγ ++
∼ ,          (2.25) 

where d is the dimensionality of the system, and q is the scattering vector. The quantity x is 

defined as  

( ) / mx qL t q q= =           (2.26) 

andγ is defined as 

1dγ = +  for the off-critical mixture       (2.27) 

2dγ =  for the critical mixture       (2.28) 

 

2.3 Polymorphism in Polymers 

Polymorphism is defined as the ability of a substance to exist in more than one crystalline 

structure. The phenomenon is important technologically in a number of industries including 

chemical engineering and pharmaceutical development. Polymorphism is also widespread 

phenomenon in polymers; almost all crystalline polymers are polymorphic, if the right 

conditions for crystallization for the different crystalline forms can be found [Corradini and 

Guerra 1992]. 
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The polymorphic crystalline structures of polymers can be formed by packing of polymer 

chains which having different conformations or by packing of polymer chains having same 

conformations into different modes corresponding to different unit cells. Most of 

polymorphic structures in crystalline polymers fall into these two categories [Corradini and 

Guerra 1992]. 

 

This section is organized in the following way. In the first subsection, the polymorphic 

structures in different polymers are reviewed. In the second subsection, the techniques for 

characterization of the polymorphic structures in polymer are also reviewed.   

 

2.3.1 Polymorphic Structures in Polymers 

2.3.1.1 Syndiotactic Polystyrene 

Syndiotactic polystyrene (s-PS) presents a very complex polymorphic behavior [Immirzi et 

al. 1988; Gomez et al. 1990; Gomez and Tonelli 1990; Guerra et al. 1990]. Mainly, two 

crystalline forms, α and β, containing planar zigzag chains with an identity period of 5.1 Å 

and two forms, γ and δ, containing 21 helical chains with an identity period close to 7.7 Å 

(generated by trans trans gauche gauche (TTGG) conformational sequence) were formed 

by crystallization from melts and solutions. Two helical conformational structures are 

shown in Figure 2.9. 

 

The α form can be obtained by compression moulding, and the β form can be formed by 

solvent casting at 170  from℃  o-dichlorobenzene solutions. Both of these forms are 

characterized by an identity period of 5.1 Å, corresponding to planar zigzag chain 

conformation. The α form has a hexagonal unit cell, while the β form has an orthorhombic 

unit cell. And the forms having an identity period of 7.7 Å can be obtained by swelling of 

samples of the α form in different solvents. The γ form is formed by swelling α form by 
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dichloromethane and then completely desiccating, while for swelled samples, the structure 

changes with the different solvents; indicating the inclusion of molecules of the solvent into 

the crystalline structure. For these variable crystalline structures of s-PS, which include 

molecules of solvent with formation of a ‘polymer-solvent compound’, are called the δ 

form [Rizzo et al. 2005]. The DSC [Immirzi et al. 1988] and IR [Reynolds et al. 1989] 

observations on the γ form samples show that a solid-solid phase transition from γ form to 

α form occurs at 190-200 °C and also this transition is irreversible. The α form has a 

melting temperature at around 270 °C [Gomez and Tonelli 1991]. 

 

The s-PS crystalline phases differ greatly in their densities [D'Aniello et al. 2005]. In fact, 

densities difference of the γ form (1.10 g/cm3), β form (1.078 g/cm3), α form (1.034 g/cm3) 

and δ form (0.977 g/cm3) phases with respect to the amorphous phase (1.05 g/cm3), are of 

nearly +5, +2,5, -1.5 and -7 %, respectively. The unusual large reduction of density of the δ 

form crystalline phase is due to the presence of well characterized crystalline cavities, in 

which the solvent molecules can be incorporated.  

 

The detailed unit cell information for the different polymorphic structures is given in table 

2.1. 

 

2.3.1.2 Isotactic Polystyrene 

Isotactic polystyrene has a polymorphic behavior involving packing of chains having 

completely different conformations. The classical conformation of iPS is a 31 helical 

structure [Natta and Corradini 1955] that appears in the samples after melting 

crystallization. Under suitable experimental conditions, iPS can produce crystallization gels, 

in which the chains assume a nearly extended 121 helical conformation [Atkins et al. 1977].  

The two possible conformations proposal for two crystalline forms of iPS are shown in 

Figure 2.10. 
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2.3.1.3 Poly(vinylidene fluoride) 

Poly(vinylidene fluoride) PVDF is one of the chemically simplest fluorinated polymers, 

having the monomer unit CH2CF2. PVDF is known to show extensively complex 

polymorphism. Five different crystalline modifications have been reported [Lovinger 

1983].  

 

The most common polymorph of PVDF is the α form, which may be obtained by 

crystallization from the melt at atmospheric pressure. The chain conformation of the α form 

has been shown to be TGTG'. The unit cell has been reported as being monoclinic with all 

unit cell angels equal to 90°, with experimental error and with cell dimension of a = 0.496, b 

= 0.964 and c = 0.462 nm [Bachmann and Lando 1981]. The unit cell of α form PVDF 

consists of two chains with same conformations, whose dipole moments normal to the chain 

axes are antiparallel, thus neutralizing each other, resulting in a nonpolar unit cell.  

 

A polar analog of the α form, so called δ form, can be produced by application of a high 

electric field to films of α form. In effect, this involves rotation of every second chains by 

180° about its axis in each α form unit cell, so that molecules are now packed with their 

dipole moments pointing to this same direction, resulting in a polar unit cell. It is generally 

believed that the chain conformation and the unit cell dimension are similar to that of the α 

phase and that the two chains in the cell pack such that their dipoles reinforce rather than 

cancel each other. 

 

The third known polymorph of PVDF is known as the β form. It is most commonly 

prepared by relatively low temperature mechanical deformation of the α form. The β form 

has been shown to consist of planar (or nearly planar) zigzag chains (TTTT) packed into an 

orthorhombic unit cell with dimension of a = 0.858, b = 0.491 and c = 0.256 nm. 
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Another known polymorph of PVDF is known as the γ form. The γ form can be produced 

directly from α form by annealing at high temperature and pressure or by various 

temperature-pressure thermal treatments of both α form and β form, or crystallization from 

dimethyl sulfoxide, dimethylacetamide and dimethylformamide solutions. It was found that 

γ form has chains conformation of T3GT3G' packing in a monoclinic unit cell with a = 

0.496, b = 0.967 and c = 0.920 nm and β = 93° [Weinhold et al. 1980; Lovinger 1981]. 

There is a solid-state form α form to the thermodynamically more stable γ form occurring 

at high temperature ~ 160 °C through limited intramolecular motions. The γ form can be 

readily transformed to the β form under mechanical deformation. A nonpolar analog of γ 

form (ε- form) PVDF has also been reported but may exist only within a mixture of phases 

obtained at very high temperatures.  

 

The structural characterization of different crystalline forms is briefly summerized in Table 

2.2. 

 

2.3.1.4 Isotactic Poly(butene-1) 

Isotactic poly(butene-1) exhibits four crystalline forms: Form I and Form I', hexagonal with 

a 31 helix [Holland and Miller 1964]; Form II tetragonal with a 113 helix [Turner-Jones 

1963]; and orthorhombic Form III with a 41 helix [Cojazzi et al. 1976]. Form I was formed 

via a solid state transformation from Form II whereas Form I' is the same crystalline 

structure crystallized from solutions [Holland and Miller 1964]. The difference between 

Form I and Form I' is that Form I is twined, however the Form I' is untwined. The unstable 

Form II crystallizes during cooling of the melt, which is kinetically favored. Usually, From 

III is generated from solutions and is a relatively stable crystalline form in room 

temperature. The structural characterization of different crystalline forms is briefly listed in 

Table 2.3. 



 25

2.3.1.5 Isotactic Polypropylene 

Isotactic polypropylene (iPP), one of the most important semicrystalline commercial 

polymers, presents a complex polymorphism in the solid state. It has been widely reported 

that iPP can form three crystalline phases: α, β, γ and the mesomorphic ‘smectic’ phase 

[Bruckner et al. 1991; Lotz et al. 1996; Phillips and Mezghani 1996]. Basically, the chain 

conformation of each phase is a 31 helix. The polymorphism of iPP arises from different 

packing of the helix into the unit cell. 

 

The prevalent and most widely studied modification is the α form obtained by 

crystallization from the melt and solutions. The structure of the α form was first proposed 

by Natta and Corradini (1960) and then confirmed by successive studies [Mencik 1972; 

Hikosaka and Seto 1973], containing four chains in 31 helical conformation with alternating 

rows of right- and left- hand helices. The four possible chain conformations are given in 

Figure 3. The α form actually has two variants, the most stable α2 form (P21/c) with order in 

up and down direction of the methyl-groups, and less stable α1 form (C2/c) with random 

up-down direction of the methyl-groups. The transition from α1 to α2 can be made by 

annealing the α1 form near the melting point. 

 

The β form of iPP was first identified in 1959 by Keith et al.[Keith et al. 1959]. The β form 

is normally referred to as ‘hexagonal iPP’. The β form can be obtained by crystallization in 

a temperature gradient [Lovinger et al. 1977], from melt under shear [Leugering and Kirsch 

1973] or in presence of nucleating agents [Li and Cheung 1999]. 

 

The γ form was first mentioned by Addink and Beintema [Addink and Beintema 1961], 

who reported some diffraction lines which could not be accounted for by α or β form. The 

main way of obtaining a virtually pure γ phase in common PP is crystallization at elevated 

pressures [Teramoto et al. 2004]. At atmospheric pressure, the γ phase is produced under 
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special conditions, in particular, by crystallization of low-molecular-weight fraction of PP 

[Bruckner and Meille 1989] or polypropylene derived copolymers with a small amount of 

ethylene [Dean and Register 1998]. As for the β form, all attempts to obtain oriented fibers 

of γ phase produced only a transformation into the oriented α form crystals. 

 

The structural characterization of different crystalline forms of isotactic polypropylene is 

summarized in Table 2.4. 

 

2.3.1.6 Poly(4-methyl-1-pentene) 

Isotactic poly(4-methyl-1-pentene) (iP4MP1) is a semicrystalline polyolefin which presents 

a complex polymorphic behavior. Five different crystalline forms have been reported for 

this polymer when crystallized from semidilute solutions depending on the solvent and 

thermal history of the crystallization [Charlet and Delmas 1984; Charlet et al. 1984].  

 

Form I is the most stable crystalline form which is the only one obtained from melt 

crystallization. It can be also obtained by crystallization from solutions of high-boiling 

point solvents, like normal alkanes with number of carbon atoms greater than 9, branched 

dodecane and branched decane [Charlet and Delmas 1984]. Form I is characterized by 

chains in 72 helical conformation packed in a tetragonal unit cell [Kusanagi et al. 1978].  

 

Form II was prepared for the first time by isothermal crystallization at 20 °C from dilute 

xylene solutions, and later, by crystallization from tetramethyltin solution, or as a minor 

component in a mixed structure crystallized in carbon disulfide solutions. A tetragonal unit 

cell and chains in 41 helical conformation have been proposed by Takayanagi et al. 

[Takayanagi and Kawasaki 1967] from x-ray diffraction pattern on single crystal mats.  

 

Form III can be obtained from xylene (by isothermal crystallization at 65 °C and decalin 
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solutions, as well as linear (5-7 carbon atoms) and branched (6-9 carbon atoms) alkanes.  

It is also obtained in carbon tetrachloride and cycloalkanes containing 6-10 carbon atoms. 

The crystalline structure of Form III has been determined as a tetragonal unit cell 

containing chains in 41 helical conformation. Form III transforms into Form I by annealing 

at ca. 100 °C or under stretching [Charlet and Delmas 1984].  

 

Form IV was obtained by annealing Form I above 200 °C under pressure up to 4500 bar 

[Hasegawa et al. 1970]. The same crystalline modification can also be obtained by 

crystallization from cyclopentane solutions. Stretching of an unoriented sample in Form IV 

leads to a fiber in Form I; however, partially oriented sample in Form IV and well oriented 

sample have been obtained by swelling fibers of Form I in saturated cyclopentane vapor at 

50 °C. From the X-ray fiber diffraction and solid-state 13C NMR spectrum, a 31 helical 

conformation of the chains has been proposed for Form IV with suggestion of a hexagonal 

unit cell.  

 

A Form V crystalline structure has been reported for gels formed in cyclopentane and 

cyclohexane [Charlet and Delmas 1982]. The structure of Form V has not yet been 

determined. 

 

The chain conformations for different crystalline modifications, Form I, II, III and IV are 

given in Figure 2.12 and the structural characterization is summarized in Table 2.5. 

 

2.3.2 Techniques for Characterization Polymorphs of Polymers  

2.3.2.1 X-ray Diffraction 

The X-ray diffraction techniques are unique in providing detailed information on the 

structural organization at the molecular level in the different crystalline forms of a polymer. 

Different unit cells or the same unit cell with different packing modes for crystalline 
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polymer will give different diffraction patterns. Almost all of the polymorphism in 

polymers is first identified by this method. The X-ray diffraction patterns of the four 

syndiotactic polystyrene crystalline forms as well as a clathrate form are showed in Figure 

2.13 [Rizzo et al. 2002]. 

 

Even though the X-ray diffraction techniques have their advantage for determination of 

different crystalline structures, there are other characterization techniques which are 

sensitive to the chain conformation and in some cases to the chain packing, which can be 

used more efficiently than diffraction techniques in the recognition and quantification of 

the different polymorphs in polymeric materials. In the following, the application of 

Fourier transform infrared (FTIR) spectroscopy to the study of polymorphism in polymers 

is briefly described, and then solid-state 13C nuclear magnetic resonance (NMR) is 

introduced. 

 

2.3.2.2 FTIR 

Several bands of FTIR spectra are conformationally sensitive. It is easy to distinguish 

between polymorphic forms displaying different chain conformations. For instance, in the 

case of the α and γ forms of sPS, having trans-planar and 21 helical conformations, 

respectively, the different FTIR spectra are obtained. Also well-defined differences exist 

between spectra of samples in the α and β crystalline forms (even though both chains 

contain trans-planar conformation) in two different regions as shown in Figure 2.14 

[Guerra et al. 1990]. 

 

In the identification of different polymorphs in polymers the FTIR technique presents, with 

respect to the diffraction techniques, the advantages of easier and more rapid measurement. 

In particular, the high speed of the measurements allows studying the polymorphic 

behavior under dynamic conditions. The FTIR technique has also advantage of being easily 
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associated to other techniques. For instance, the FTIR microscopy, which couples the 

visible image of samples to the corresponding infrared spectra, allows the selection of 

microaeras of interest, and thus an easy determination of the crystalline forms 

corresponding to different regions, in samples in which more than one polymorph is 

present.  

 

2.3.2.3 13C Solid-State NMR 

As first suggested and demonstrated by Schaefer and Stejskal [Schaefer and Stejskal 1976], 

combination of the techniques of high-power H1 dipolar decoupling, rapid magic-angle 

spinning (MAS), and cross-polarization (CP) of 1H and 13C nuclear spins permits the 

observation of high resolution 13C NMR spectra for solid samples. This is an important 

advancement on the characterization of polymers by NMR spectroscopy, because we may 

now observe their structures and dynamics in the solid state, where they most often stand.  

 

Recording the 13C CPMAS solid state NMR spectra of polymers makes possible the 

observation of the chemical shift (δ) and the relaxation parameters for each resolvable 

carbon nucleus. The observations provide information concerning the conformations and 

packing of solid polymers. As a consequence of restricted internal mobility in molecules in 

the crystalline state, nuclei in different conformation environment or packing methods, can 

produce different signals in 13C CPMAS NMR spectra. An example of using this method 

on the P4MP1 system is given in Figure 2.15 [De Rosa et al. 1997].   
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Table 2.1 Structural characterization for the crystal forms of syndiotactic polystyrene 

 

Unit Cell 
Form Crystal System Helix 

a (nm) b (nm) c (nm) γ (°) 
Ref 

Hexagonal Zig-zag 2.625 2.625 0.5045  [Greis et al. 1989] 
α 

Trigonal Zig-zag 2.626 2.626 0.504  [De Rosa 1996] 

β Orthorhombic Zig-zag 0.881 2.882 0.51  [Chatani et al. 1993] 

γ  21 no unit cell parameters were reported yet 

δ (toluene) Monoclinic 21 1.758 1.326 0.771 121.2 [Chatani et al. 1993] 

δ (norbornnadiene) Monoclinic 21 1.75 1.45 0.78 107.8 [Petraccone et al. 2005]
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Table 2.2 Structural characterization for the crystal forms of poly(vinylidene fluoride) 
 

Unit Cell Ref 
Form Crystal System Chain Conformation

a (nm) b (nm) c (nm) β (°)  

α Monoclinic TGTG' 0.496 0.964 0.462 ~ 90
[Bachmann and Lando 

1981] 

β Orthorhombic TTTT 0.858 0.491 0.256  [Lando et al. 1966] 

γ Monoclinic T3GT3G' 0.496 0.967 0.920 93 
[Weinhold et al. 1980; 

Lovinger 1981] 
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Table 2.3 Structural characterization for the crystal forms of isotactic poly(butene-1) 

 

Unit Cell  
Form Crystal System Helix

a (nm) b (nm) c (nm) 
Tm (°C) Ref 

I Hexagonal (twined) 31 1.77 1.77 0.65 120-135 [Kaszonyiova et al. 2005] 

I' Hexagonal (untwined) 31 1.77 1.77 0.65 90-100 [Kaszonyiova et al. 2005] 

II Tetragonal 113 1.46 1.46 2.12 110-120 [Lotz and Thierry 2003] 

III Orthorhombic 41 1.25 0.89 0.76 90-100 [Holland and Miller 1964] 
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Table 2.4 Structural characterization for the crystal forms of isotactic polypropylene 

 

Unit Cell  
Form Crystal System Helix

a (nm) b (nm) c (nm)  
Ref 

α monoclinic 31 0.665 2.096 0.65 β = 99.3° [Natta and Corradini 1960] 

β Hexagonal 31 0.636 0.636 0.649  [Turner-Jones 1963] 

γ Triclinic 31 0.654 2.140 0.650 

α = 89.0° 

β = 99.6° 

γ = 99.0° 

[Morrow and Newman 

1968] 
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Table 2.5 Structural characterization for the crystal forms of poly(4-methyl-1-pentene) 
 

Unit Cell 
Form Crystal System Helix

a b c 
ref 

I Tetragonal 72 1.866 1.866 1.380 [Kusanagi et al. 1978] 

II Tetragonal 41 1.916 1.916 0.712 [Takayanagi and Kawasaki 1967] 

III Tetragonal 41 1.946 1.946 0.702 [De Rosa et al. 1994] 

IV Hexagonal 31 2.217 2.217 0.650 [De Rosa 1999] 
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Figure 2.1. Schematic diagram of Gibbs free energy of mixing as a function of polymer 

concentration. [Utracki 1994] 
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Figure 2.2 Phase behavior in polymer solutions. System displaying (A) hour-glass shaped 

region of immiscibility; (B) both UCST and LCST; (C) only LCST; (D) only UCST; (E) 

island of immiscibility; (F) complete miscibility. Adapted from [Kiran 2000]. 
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Figure 2.3 Schematic pressure-temperature phase diagrams for amorphous polymer 

solution. (a) showing both UCST and LCST; (b) showing U-LCST.  L: liquid; LL: liquid 

+ liquid; LLV: liquid + liquid + vapor. Adapted from [Kirby and Mchugh 1999]. 
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Figure 2.4 Schematic temperature-concentration phase diagrams for solid-liquid 

equilibrium under constant pressure of: (a) a simple binary mixture; (b) polymer /solvent 

system showing liquid/liquid (3) and solid/liquid (1) phase equilibrium; (c) the system in 

which the compound S12 dissociates congruently; (d) the system in which the compound 

S12 dissociate incongruently. adapted from [Koningsveld and Stockmayer 2001]. 
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Figure 2.5 Schematic representations of the pressure-induced phase diagram and 

pressure-quench to different depths of penetration. 
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(a) (b)
 

Figure 2.6 Possible morphology of material undergoing phase separation. (a) droplets of 

minority dispersed in continuous phase. (b) co-continuous morphology with two phases 

intertwined each other. Adapted from [Xiong 1998]. 
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Figure 2.7 The schematic plot of the concentration fluctuation of solution with time in the 

early stage, the intermediate stage and the late stage (whereL0<L1<L2<L3<L4). adapted 

from [Hashimoto et al. 1986]. 



 42

 

-1

-0.8

-0.6

-0.4

-0.2

0

0.2

0.4

0.6

0.8

1

0 0.2 0.4 0.6 0.8 1 1.2

 
mβ

m cβ β

2 2 0f c∂ ∂ >

(
)/

(
)

m
R

R
β

β

 

Figure 2.8 Qualitative behavior of reduced growth rate ( ) ( )mR Rβ β  as a function of 

reduced wavenumber mβ β [Cook 1970]. 
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Figure 2.9 Projection along the chain axis and side view of the different conformational 

structure (a) trans-planar conformation; (b) 21 helical conformation [Corradini and Guerra 

1992, Advance in Polymer Science;Reprinted with permission from Springer]. 
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Figure 2.10 The side view and projection along the chain axis of iPS, (a) 31 helical 

structure, (b) 121 helical structure [Corradini and Guerra 1992, Advance in Polymer 

Science; Reprinted with permission from Springer]. 
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Figure 2.11 Chain configurations in isotactic polypropylene, L and R represent the 

left-handed and right-handed helix and dw and up represent that the position of methyl 

group (CH3) can be either down or up. [Phillips and Mezghani 1996; Polymorphism in 

Isotactic Polypropylene; Reprinted with permission from CRC press]. 
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Figure 2.12 The side view and projection along the chain axis of iP4MP1, (a) 72 helical 

structure, Form I; (b) 41 helical structure, Form II [De Rosa 2003]; (c) 41 helical structure, 

Form III [De Rosa et al. 1994]; (d)31 helical structure, Form IV.[De Rosa 1999] 
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Figure 2.13 Typical X-ray diffraction patterns of the s-PS semicrystalline forms: a) α, b) β, 

c) γ, d) δ and e) δ clathrate form including 1,2-dichloroethane (DCE). [Rizzo et al. 2002, 

Macromolecules; Reprinted with permission from ACS] 
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Figure 2.14 Expanded infrared spectra of sPS samples in two different regions: A) 

1100-1400cm-1, B) 860-940cm-1; a) amorphous; b) α form; c) β form. [Guerra et al. 1990, 

Macromolecular Chemistry and Physics; Reprinted with permission from WILEY-VCH] 
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Figure 2.15 Solid-state 13C NMR CP-MAS spectra of four crystalline forms of i-P4MP1: (A) 

form I; (B) form II; (C) form III; (D) form IV [De Rosa et al. 1997, Macromolecules; 

Reprinted with permission from ACS]. 
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Chapter 3 

Kinetics of Pressure-Induced Phase Separation in Polystyrene + 

Acetone Solutions at High Pressures∗ 
 

The kinetics of pressure-induced phase separation in solutions of polystyrene (Mw = 129 

200; PDI = 1.02) in acetone has been studied using time- and angle-resolved light 

scattering.  A series of controlled pressure quench experiments with different quench 

depths were conducted at different polymer concentrations (4.0 %, 5.0 %, 8.2 % and 11.4 

% by mass) to determine the binodal and spinodal boundaries and consequently the 

polymer critical concentration. The results show that the solution with a polymer 

concentration 11.4 wt % undergoes phase separation by spinodal decomposition 

mechanism for both the shallow and deep quenches as characterized by a maximum in the 

angular distribution of the scattered light intensity profiles. Phase separation in solutions at 

lower polymer concentrations (4.0, 5.0 and 8.2 wt %) proceeds by nucleation and growth 

mechanism for shallow quenches, but by spinodal decomposition for deeper quenches. 

These results have been used to map-out the metastable gap and identify the critical 

polymer concentration where the spinodal and binodal envelops merge.  

 

The time scale of new phase formation and growth as (accessed) from the time evolution of 

scattered light intensities is observed to be relatively short. The late stage of phase 

separation is entered within seconds after a pressure quench is applied. For the systems 

undergoing spinodal decomposition, the characteristic wavenumber qm corresponding to the 

scattered light intensity maximum Im was analyzed by power-law scaling according to qm ~ 

t-α and Im ~ tβ. The results show β ≈ 2α. The domain size is observed to grow from 4 μm to 

10 μm within 6 s. The domain growth displays elements of self-similarity.  

                                                        
∗ Published as J. Fang and E. Kiran. “Kinetics of pressure-induced phase separation in polystyrene + 
acetone solutions at high pressures” Polymer (2006), 47(23), 7943-7952. 
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3.1 Introduction 

The kinetics of phase separation in polymer systems deals with non-equilibrium relaxation 

processes that follow a transfer of the system from a thermodynamically stable to a 

thermodynamically unstable state. These transformations are usually induced by a 

temperature or pressure quench. The study on kinetics of phase separation of polymer 

mixtures or polymer solutions is important in polymer formation and processing, as well as 

property modifications. Information on the time scale of phase separation coupled with 

polymer property knowledge provide the critical criteria needed to design and control the 

final structure of polymer materials in particle formation or formation of microporous 

materials.  

 

The majority of the studies on phase separation kinetics with polymer systems have been 

reported on polymer blend systems [Hashimoto et al. 1983; Aksimentiev et al. 2000; 

Binder and Fratzl 2001; Henderson and Clarke 2004; Madbouly and Ougizawa 2004; Tang 

et al. 2004; Rappl and Balsara 2005]. Tang et al. [Tang et al. 2004] studied the temperature 

induced spinodal decomposition by light scattering in the copolymer blends of poly 

(styrene-co-methyl methacrylate) and poly(styrene-co-acrylonitrile) which show 

LCST-type phase behavior. The early stage of phase separation by spinodal decomposition 

was described in terms of the Cahn-Hilliard linear theory. Madbouly and Ougizawa 

[Madbouly and Ougizawa 2004] also used time-resolved light scattering technique to 

investigate the phase separation kinetics of poly(methyl methacrylate) and 

ploy(α-methylstyrene-co-acrylonitrile) blends which exhibit LCST type phase diagram, 

near the system’s critical polymer concentration. They found that the characterization of the 

light scattering data for this system can also be described by the linearized Cahn-Hillard 

theory during the early stage of spinodal decomposition. At the late stages of spinodal 

decomposition, the scaling structure function was found to be time independent, and could 

be described by a universal curve.   
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The kinetics of phase separation in “polymer + solvent” systems is of more recent but 

growing interest [Kuwahara et al. 1982; Lal and Bansil 1991; Kojima et al. 1999; Hatanaka 

and Saito 2004; Lee et al. 2004; Lee et al. 2004]. The phase separation in polymer 

solutions can be induced by changes in the temperature, the solvent (concentration or 

composition) or the pressure. Lal and Bansil [Lal and Bansil 1991] studied the kinetics of 

spinodal decomposition of polystyrene solutions in cyclohexane induced by a temperature 

jump into the unstable region. Phase separation process was monitored by time- and 

angle-resolved light scattering at ambient pressures. Recently, Hatanaka and Saito 

[Hatanaka and Saito 2004] studied the kinetics of phase separation of polycarbonate and 

carbon dioxide system by in-situ observation of the light scattering patterns in a special 

high-pressure cell built to ensure miscibility of the polymer and carbon dioxide. The phase 

separation process was induced by increasing the temperature above LCST. These authors 

reported that phase separation proceeded by nucleation and growth mechanism for small 

temperature jumps, but by spinodal decompositions for large temperature jumps. Their 

study also showed that the crystallization and liquid-liquid phase separation occur 

simultaneously at pressures from 5 to 15 MPa and temperatures from 120 to 190 oC. Lee et 

al. [Lee et al. 2004] recently carried out a numerical study of temperature-induced phase 

separation kinetics of polymer solutions subjected to a linear spatial temperature gradient. 

Their results showed that anisotropic structures and morphologies can be induced by a 

gradient temperature jump.   

 

In addition to temperature quench, phase separation can also be induced by exposing the 

solution to a nonsolvent vapor as antisolvent. An example of this is a study by Lee et al. 

[Lee et al. 2004] who reported the kinetics of phase separation in a polymer solution 

(polysulfone in N-methyl-2-pyrrolidinone) film induced by a nonsolvent vapor, water. The 

data were analyzed based on Cahn-Hilliard linear theory in the initial stages of phase 
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separation.  

 

In contrast to the situation with phase separation induced by temperature change or by 

concentration change, relatively little work has been done on the kinetics of phase 

separation processes induced by a pressure change. With the growing application of 

supercritical fluids in polymer processing, the effect of the pressure on phase separation is 

now attracting more interest. Compared to the thermal-induced or solvent-induced phase 

separation methods, the pressure-induced phase separation gives the distinct advantage in 

that the fast quench rates can be achieved uniformly within the system. In one of the earlier 

studies, Kojima et al.[Kojima et al. 1999] have reported the early stage of spinodal 

decomposition during phase separation of polypropylene solution in 

trichlorofluoromethane induced by pressure jump using time- and angle-resolved light 

scattering system. 

 

Majority of the experimental studies on pressure-induced phase separation from high 

pressure solution that are in the open literatures appear to have been generated in our own 

laboratory. Using a specially designed high pressure time and angle-resolved light 

scattering system [Xiong and Kiran 2000] suitable to carry out both shallow and deep 

pressure quenches at pressure up to 70 MPa and temperature up to 413 K, we have reported 

on the kinetics of pressure-induced phase separation in poly(dimethylsiloxane) + 

supercritical carbon dioxide [Liu and Kiran 1999], polystyrene + methylcyclohexane 

[Xiong and Kiran 2000] and polyethylene + n-pentane [Liu and Kiran 2001]. Both the 

binodal and spinodal envelops and critical polymer concentrations in these systems have 

been determined by a series of pressure quenches with different quench depths in polymer 

solutions with different concentrations. We now report on the kinetics of phase separation 

in polystyrene + acetone system. Polystyrene solutions are one of most frequently studied 

solutions and acetone has often been used as a model poor-solvent for polystyrene. The 



 54

earliest study on the phase behavior of the solutions of polystyrene in acetone was reported 

by Siow et al. [Siow et al. 1972]. These solutions display both UCST and LCST phase 

behavior. The effect of pressure on the phase equilibria for these systems with varying 

polystyrene molecular weights was later investigated by Zeman and Patterson [Zeman and 

Patterson 1972 ] which showed that pressure increases the polymer-solvent miscibility, 

decreasing the UCST and increasing the LCST. Van Hook and coworkers [Szydlowski and 

Van Hook 1991; Szydlowski et al. 1992; Luszczyk et al. 1996] reported a series of 

investigations on the solutions of polystyrene in acetone system. The effect of pressure, 

temperature, polymer molecular weight, polymer concentration, and isotope effect on phase 

separation were investigated. A low angle (2 - 4° range) light scattering system was used to 

monitor the scattered light intensity and the transmitted light intensity as a function of time. 

The spinodal points (temperature or pressure) were determined by traditional extrapolation 

of Debye plots by assigning the spinodal point as the T or P intercept of 1/Isc vs T or P 

curve.s  

 

In this chapter, we report on the kinetics of phase separation in solutions of polystyrene in 

acetone for different concentrations in terms of the time evolution of the scattered light 

intensities in a time- and angle- resolved light scattering system. A series of pressure 

quench experiments have been carried out with different pressure depths to give a complete 

coverage for each solution, and help map out the binodal and experimentally attainable 

spinodal envelops.  

 

3.2 Experimental Section 

3.2.1 Materials 

Polystyrene of low polydispersity (Mw = 129,200, Mw/Mn =1.02) was obtained from 

Pressure Chemical Company. The HPLC grade Acetone was purchased from Emd 

Chemicals and used as received. 
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3.2.2 Apparatus 

Figure 3.1 is schematic diagram of the experimental system. The details of construction and 

operational procedures for this system have already been described in earlier publications 

[Xiong and Kiran 1998; Liu and Kiran 1999; Xiong and Kiran 2000; Liu and Kiran 2001]. 

It consists of a solvent delivery line, a pressure generation line, a recirculation pump, a 

polymer loading and dissolution chamber, a high pressure variable volume scattering cell 

incorporating a movable position and an air-actuated rod assembly, and the optical light 

source and data collection and processing facilities. The two sapphire windows in the 

scattering cell are separated with a very thin stainless-steel spacer giving a path length of 

250 μm. Small or intermediate pressure quenches are imposed by manipulating the 

pressure generator to change the position of the piston and the internal volume. For very 

fast or deep pressure quenches, the air-actuated expansion rod assembly is used.  The 

optical components consist of a He-Ne laser, a Glan-Thompson polarizer and two convex 

lenses to collect and transfer the scattered light to a linear image sensor. The linear image 

sensor has 256 pixels giving a continuous angular coverage of 1.9 - 12.7˚. A beam splitter, 

placed after the condensing lenses, directs the transmitted light to an Avalanche photo diode 

detector.  The maximum sustainable data acquisition speed of the system is 3.2 ms/scan 

that permits recording of the temperature, pressure, time, the transmitted light intensities 

and scattered light intensities over all angles. There are all recorded by a computerized data 

acquisition software. 

 

3.2.3 Experimental Procedure 

The demixing pressure for a given solution is first determined as a reference point to 

establish the path for the pressure quench. After the desired amount of the polymer and the 

solvents are loaded into the system, the system is pressurized with the aid of the pressure 

generator at a given temperature. The high-pressure recirculation pump is activated to 



 56

homogenize the contents in the system and achieve dissolution. The homogeneous 

conditions are verified by visual observations through the sapphire windows. The demixing 

pressure is determined by decreasing the system pressure until the two-phase region is 

entered. When the system crosses the phase boundary, the pressure corresponding to the 

departure from the base value of the transmitted light, or the inverse scattered light is 

identified as the demixing pressure. These are illustrated in Figure 3.2 for a 7.4 wt % 

solution, in which pressure was reduced from about 52 MPa to 40 MPa over about 40 s. 

With the initiation of the pressure reduction, system shows a small but observable 

temperature reduction which leads to small fluctuations in the transmitted light intensities. 

The effect is smaller with the scattered light intensities. The scattered light intensities 

shown in this plot are the average values calculated from the values over the full angle 

range corresponding to a given time. As shown in the figure, the 1/Is is more stable and thus 

is preferred in assigning the demixing (binodal) pressure. After the quench is completed, as 

the system tries to reheat to the initial temperature, a pressure rise is noted from about 39 to 

40 MPa. 

 

Once the demixing pressures are determined, the solution is rehomogenized at a pressure 

about 2 MPa above the demixing pressure. Then, at a given temperature, the pressure is 

carefully brought to about 0.1 MPa above the demixing pressure. The system is then 

subjected to a controlled, shallow- or deeper-quench. This is demonstrated in Figure 3.3 for 

a solution of 8.2 wt % polystyrene in acetone undergoing a pressure quench depth of 0.25 

MPa. The total time for the completion of the quench is around 0.5 s, corresponding to a 

quench rate of 0.5 MPa/s. In the present study, the majority of the quenches were controlled 

by adjusting the pressure generator. The pressure quench depths were varied from 0.1MPa 

to 3MPa.  

 

The time evolution and the angular variation of the scattered light intensities show different 
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trends if the solution is undergoing phase separation by nucleation and growth or by 

spinodal decomposition. Systems undergoing phase separation by spinodal decomposition 

show a maximum in the angular variation of the scattering light intensities, while for 

systems undergoing phase separation by nucleation growth, the angular distribution of 

scattered light intensities does not display such as a maximum and decrease with angle. The 

experiments were carried out at each concentration for different quench depths to determine 

the crossover pressure from one type of phase separation mechanism to another. 

 

3.3 Results and Discussion 

The demixing pressures are first determined as the reference points for the quench 

experiments. Figure 3.4 shows demixing curves for the PS + acetone system at different 

concentrations in a pressure-temperature (P-T) diagram. For the solution at 4.0 wt %, the 

data were generated in the temperature range from 331 to 348 K; and for the solution at 8.2 

wt %, the experiments were conducted in the temperature range from 337 to 342 K. The 

demixing pressures for three other concentrations, at 5, 7.4 and 11.4 wt % were determined 

only at 342 K. In the figure, the region above each curve is one-phase region. The negative 

slopes of these curves indicate that the systems display upper critical solution temperature 

(UCST) type phase behavior in this experiment range.  

 

The pressure quench experiments of different quench depths were then conducted at 

polymer concentration of 4.0, 5.0, 8.2 and 11.4 % by mass at 342 K. 

 

Figure 3.5 shows the time evolution of the scattered light intensities as a function of the 

wave vector q which is equal to (4 )sin( 2)π λ θ for a quench depth of ΔP = 0.70 MPa at 342 

K for 4.0 wt % PS + acetone solution. Here, λ is wave length of the laser light (λ = 632.8 

nm), and θ is the scattering angle. The scattered light intensities increase with time, but 
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show continual decrease with increasing scattering angles. This is typical of systems 

undergoing phase separation by nucleation and growth. Figure 3.6 shows the results when 

the solution was subjected to a greater quench depth of 1.30 MPa. Here, a maximum in 

angular distribution of the scattered light intensity profile was observed to develop shortly 

after the quench. The formation of scattering maximum is typical of systems undergoing 

phase separation by spinodal decomposition. The position of the maximum is noted to 

move to lower q values with increasing time. The metastable gap that is the quench depth 

to enter the spinodal decomposition for this solution was observed to be over 0.6 MPa. 

 

Figure 3.7 shows the scattered light intensity profiles during phase separation for 5.0 wt % 

solution when subjected to 0.15 MPa quench at 342 K. Figure 3.8 shows the results for a 

deeper quench (0.4 MPa) of this system. Formation of the spinodal ring is distinctly 

observed after about 4.0 s, which is shortly after the completion of the pressure quench. 

 

Figures 3.9 and 3.10 show the evolution of the scattered light intensity in 8.2 % solutions. 

The quench depths are PΔ = 0.10 MPa and 0.25 MPa, respectively. The results show the 

crossover from nucleation and growth to spinodal decomposition in deeper quenches.  

 

Figure 3.11 and Figure 3.12 show the scattered light intensity profile for two different 

quench depths PΔ = 0.10 MPa and 0.35 MPa, respectively for a solution at a higher 

concentration of 11.4 wt %. With this solution, the maximum in the scattered light intensity 

profile is observed to develop shortly after the quench regardless of the quench depth. This 

observation suggests that the critical polymer concentration must be at or very close to 11.4 

wt %.  

 

Table 3.1 summarizes the results of binodal and spinodal pressures (all generated from the 

quench experiments). Figure 3.13 shows these and the regions where nucleation and 
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growth was observed in a pressure-concentration phase diagram (P-X). The figure clearly 

demonstrates the narrowing of the metastable gap in going from 4.0 to 11.4 wt % solutions. 

The binodal and spinodal curves merge at critical polymer concentration.  

 

3.4 Further Analysis of the Time Evolution of the Scattered Light 

Intensity and the Characteristic Domain Size 

For the early stage of spinodal decomposition, Cahn-Hilliard theory [Cahn and Hilliard 

1958; Cahn and Hilliard 1959; Cahn 1961; Cahn 1965] predicts that the scattered light 

intensity should increase with time exponentially according to 

( ) ( ) ( )( ), ,0 exp 2I q t I q R q t=          (3.1) 

Here q is again the wavenumber of growing fluctuations and ( )R q is the rate of growth of 

concentration fluctuations given by  

( )4 sin 2q π
= θ

λ
          (3.2) 

( )
2

2
21

2app
m

qR q D q
q

⎡ ⎤
= −⎢ ⎥

⎣ ⎦
         (3.3) 

where appD is the apparent diffusivity and mq is the wavenumber corresponding to maximum 

growth rate of fluctuations. The apparent diffusivity can be calculated from plots 

of ( ) 2/R q q as the limiting value of ( ) 2/R q q as q approach to 0, that is 

( ){ }2

0
lim /app q

D R q q
→

=          (3.4) 

 

Linearized Cahn-Hilliard theory is strictly applicable over the time interval in which the 

location of the maximum in the scattered light intensity does not change with time. 

However, as shown in Figure 3.8 - 3.11, in the solutions undergoing spinodal 

decomposition, the spinodal ring is not stationary and the wave number mq corresponding to 
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the maximum in the scattered light intensity mI moves to lower q values with time. Thus the 

observation times in the present experiments, even though very short compared to 

observation times encountered in experiments with polymer blends or alloys, is not short 

enough to capture the new phase formation and evolution in the early stages of the spinodal 

decomposition. 

 

The intermediate and late stage of spinodal decomposition are often described in terms of 

power-law relationships [Liu and Kiran 2001; Takenaka et al. 2005] of the type  

( )mI t tβ≈            (3.5) 

( )mq t t−α≈                                   (3.6) 

These relationships provide a scaling description in terms of the exponents β and α of the 

time evolution of the scattered light intensity maximum mI  and the corresponding 

wavenumber mq . 

 

Figure 3.14(a) shows the variation of ( )log mq  and ( )log mI  with ( )log t  for 8.2 wt % 

solution subjected to 0.25 MPa quench at 341.9 K corresponding to the data shown in 

Figure 3.10. Analysis of Figure 3.14 (a) shows that the growth exponentα for mq is 0.74 

andβ for mI is 1.46 which suggests 2β ≈ α . Such dependence has also been observed for 

polystyrene + cyclohexane [Lal and Bansil 1991] system undergoing temperature-induced 

phase separation and for polystyrene + methylcyclohexane [Xiong and Kiran 2000], 

polydimethylsiloxane + carbon dioxide [Liu and Kiran 1999] and polyethylene + n-pentane 

[Liu and Kiran 2001] systems undergoing pressure-induced phase separation. Figure 3.14 

(b) shows the results for 11.4 wt % solution subjected to 0.10 MPa quench at 342 K. The 

growth exponent α  is 1.39 and β  is 2.18 for this quench, giving a relationship of 
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1.6β ≈ α . 

 

The maximum value of the wavenumber mq is related to the domain size scale, which is 

expressed as [Hashimoto 1992] 

2 mL q= π             (3.7) 

The domain size continuously increases during this time interval of phase separation 

process. Figure 3.15 shows a plot of the evolution of the characteristic domain size with 

time in the two solutions shown in Figure 3.14. The domain sizes reach about 5 mμ in 1 s 

after quench is finished and approaches about 15 mμ within 5 s for the 11.4 % solution with 

0.10 MPa quench, while for 8.2 % solution, the domain size reach 4 mμ in 1 s and 

approaches about 18 mμ in 14 s. compared with the two systems, the 11.4 % solution with 

0.10 MPa quench shows a faster growth rate than the 8.2 % solution with 0.25 MPa quench. 

It is worth to mention that even though the stationary mq region has not been experimentally 

captured, the data suggests that a domain size of 5 mμ is reached in the early stage of phase 

separation.  

 

For systems that display dynamic similarity, Furukawa [Furukawa 1985] has developed 

scaling functions given by  

( ) ( )2 84 3F x x x= +  (critical quench)      (3.8) 

( ) ( )2 63 2F x x x= +   (off-critical quench)        (3.9) 

Where ( )F x is the structure factor expressed as ( ) ( ) ( )mF x I x I t≈  and ( )mx q q t= . In 

such a system, the plot of ( )F x vs x should collapse to a single curve for all times. Figure 

3.16 shows such a plot for the 8.2 wt % solution at 342 K for a 0.25 MPa pressure quench, 
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corresponding to the time evolution data shown in Figure 3.10. As shown in the figure, the 

reduced data points indeed collapse to a single curve, which suggest self-similarity. 

However the experimental data do not obey the theoretical Furukawa scaling functions. 

The theoretical curves are also included in Figure 3.16 for comparison purpose. The 

experimental data deviate more from the theoretical Furukawa scaling expectations as 

q moves away from mq . 

 

3.5 Conclusions 

The present results show that the mechanisms of pressure-induced phase separation can be 

differentiated by using time- and angle-resolved light scattering system. The scattered light 

intensity profile shows a maximum with angle when the polymer solution undergoes phase 

separation by spinodal decomposition mechanism, while the same profile shows no 

maximum with angle when the polymer solution undergoes phase separation by nucleation 

and growth mechanism. For critical or near critical quenches, the spinodal regime is 

experimentally observed for both shallow and deep quench. However, for off critical 

quenches, the mechanism of phase separation is found to be varied with quench depths, and 

the nucleation and growth regimes are observed for shallow quenches and the spinodal 

regimes are observed for deep quenches. The crossover from nucleation and growth and 

spinodal is identified. The metastable gap becomes larger when the polymer concentrations 

are further apart from the critical polymer concentration. The early stage of spinodal 

decomposition is relatively short. The kinetics of spinodal decomposition in intermediate 

and late stage is well described by the power-law models 
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Table 3.1 Binodal and spinodal points of solutions of polystyrene (Mw = 129 200) in 

acetone. T = 342 K 
 

Polymer Concentration 
wt % 

Demixing Pressure 
MPa 

Spinodal Pressure 
MPa 

4.0 40.15 39.20 

5.0 40.70 40.40 

8.2 43.30 43.13 

11.4 44.80 44.75 
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Figure 3.1 Schematic of the high-pressure high-temperature time- and angle-resolved light 

scattering system. TV = transfer vessel; HP Pump = high pressure pump; CV = check valve; 

RD = rupture disk; PG = pressure generator; ID = Iris Diaphragm; GTP = Glan-Thompson 

polarizer; CL = convex lens; BS = beam splitter; APD = avalanche photodiode detector; LIS 

= linear image sensor; HO = heated over; RP = re-circulation pump; LF = line filter; ARA = 

air-actuated rod assembly; MR = micro-reactor; T = thermocouple sensor; P = pressure 

transducer. 
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Figure 3.2 Variation of temperature (T), pressure (P), transmitted light intensity (Itr) (in 

arbitrary units) and inverse average scattered light intensity ( s1/ I ) with time during a 

pressure reduction. The demixing pressure is determined from the variation of the inverse 

scattered light intensity with temperature (lower curve in the figure) as the point of departure 

from the base line intensity as indicated by arrow.  The figure represents phase separation in 

7.4 wt % solution of polystyrene in acetone and T = 342 K. 
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Figure 3.3 Variation of temperature T, pressure P, transmitted light intensity trI , and inverse 

averaged scattered light intensity1 sI with time during a 0.25 MPa pressure reduction in 8.2 

wt % solution of polystyrene in acetone.
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Figure 3.4 Pressure-temperature phase diagram showing the experimentally determined 

demixing boundaries for 4.0 % and 8.2 % solutions of PS (129.2K) + acetone. The demixing 

pressure data at temperature of 342 K for 5.0, 7.4 and 11.4 % solutions are also listed in the 

figure. The system shows a USCT type phase diagram over the experiment temperature 

range. 
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Figure 3.5 Scattered light intensity profiles as a function of wave number (scattering angle) 

and time for a pressure quench in 4.0 % by mass polystyrene solution in acetone at 342 K. 

The quench depth P 0.70 MPaΔ =   
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Figure 3.6 Scattered light intensity profiles as a function of wave number (scattering angle) 

and time for a pressure quench in 4.0 % by mass polystyrene solution in acetone at 342 K. 

The quench depth P 1.30 MPaΔ =   
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Figure 3.7 Scattered light intensity profiles as a function of wave number (scattering angle) 

and time for a pressure quench in 5.0 % by mass polystyrene solution in acetone at 342 K. 

The quench depth P 0.15 MPaΔ =   



 71

0

10

20

30

40

50

60
I s ,c

or
r

0 1 2 3
q, μm-1

t=0.16s
t=1.6s
t=2.4s
t=3.2 s
t=4.0s
t=4.8s
t=6.4s
t=8.0s
t=11.2s
t=16.0s
t=20.8s

Ps-acetone-050301-g-S.DAT

PS/Acetone

C = 5.0 wt%

T = 342.0K

Pi = 40.7 MPa

ΔP = 0.4 MPa

 

Figure 3.8 Scattered light intensity profiles as a function of wave number (scattering angle) 

and time for a pressure quench in 5.0 % by mass polystyrene solution in acetone at 342K. 

The quench depth P 0.50 MPaΔ =   
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Figure 3.9 Scattered light intensity profiles as a function of wave number (scattering angle) 

and time for a pressure quench in 8.2 % by mass polystyrene solution in acetone at 342 K. 

The quench depth P 0.10 MPaΔ =   
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Figure 3.10 Scattered light intensity profiles as a function of wave number (scattering 

angle) and time for a pressure quench in 8.2 % by mass polystyrene solution in acetone at 

341.9 K. The quench depth P 0.25 MPaΔ =   
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Figure 3.11 Scattered light intensity profiles as a function of wave number (scattering 

angle) and time for a pressure quench in 11.4 % by mass polystyrene solution in acetone at 

342.0 K. The quench depth P 0.10 MPaΔ =   
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Figure 3.12 Scattered light intensity profiles as a function of wave number (scattering 

angle) and time for a pressure quench in 11.4 % by mass polystyrene solution in acetone at 

342.0 K. The quench depth P 0.35 MPaΔ =   
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Figure 3.13 Pressure-composition phase diagram and the experimental determined 

spinodal and binodal curves for PS (129.2K) + acetone system at 342 K  
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Figure 3.14 Power-law dependence of mq and mI on time. (a): the data correspond to 8.2 wt 

% solution subjected to 0.25 MPa quench as shown in Figure 3.10. (b): the data correspond 

to 11.4 wt % solution subjected to 0.1 MPa quench as shown in Figure 3.11.  
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Figure 3.15 Evolution of the domain size with time. The triangle data correspond to 8.2 wt 

% solution subjected to 0.25 MPa quench as shown in Figure 3.10; the diamond data 

correspond to 11.4 wt % solution subjected to 0.10 MPa quench as shown in Figure 3.11. 
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Figure 3.16 Test of dynamic scaling hypothesis for the reduced structure factor. The data 

correspond to 8.2 wt % solution subjected to 0.25 MPa quench as shown in Figure 3.10. 

The different time data scale collapse toward a master curve. The solid and dotted curves 

are the predications from the Furukawa universal scaling functions for off-critical and 

critical quenches, respectively. 
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Chapter 4 

Crystallization and Gelation of Poly(4-Methyl-1-Pentene) in 

n-Pentane and in n-Pentane + CO2 at High Pressures∗ 
 

High pressure miscibility and phase separation of isotactic poly(4-methyl-1-pentene) in 

n-pentane and n-pentane + carbon dioxide mixtures have been studied in the pressure range 

from 10 to 50 MPa. In n-pentane no liquid-liquid phase separation was observed over the 

temperature range 298-423 K for solutions containing 1.0, 3.0, 4.6 and 6.5 wt % polymer. 

The fluid-solid phase boundaries (crystallization and melting temperatures) were 

determined for these solutions at 10.7, 14.5, 22.0, 29.5, 37.0 and 45.5 MPa. The 

experiments in n-pentane + carbon dioxide were carried out with the 4.6 wt % polymer 

solutions, for fluid mixtures containing 5, 10, 20, 40 and 50 wt % carbon dioxide. In the 

systems containing 5 - 20 wt % carbon dioxide, no liquid-liquid phase separation boundary 

could be identified, however, compared to the n-pentane solutions, the crystallization and 

melting temperatures were lowered. In solutions containing 40 and 50 % carbon dioxide in 

the solvent mixture, instead of crystallization, a new sol-gel type phase transformation was 

observed, characterized with connectedness of the solution in contrast to particle formation 

in the case of crystallization. The sol-gel transition temperature was observed to show 

higher sensitivity to pressure and was observed to move to higher temperatures with 

increasing carbon dioxide content. The crystals and gel samples collected from the high 

pressure view cell were characterized by DSC, NMR and SEM to identify the type of 

crystal modification of the polymer that is promoted in the different solvents and /or 

pressure conditions, and to assess the resulting morphological changes. This polymer is 

known to be polymorphic with five different crystal modifications. The original polymer 

was of Form I with a DSC melting transition at 506 K. When recrystallized from n-pentane 
                                                        
∗ Publised as J. Fang and E. Kiran, “Crystallization and gelation of isotactic poly(4-methyl-1-pentene) in 
n-pentane and in n-pentane +CO2 at high pressures” J. Supercrit. Fluids (2006), 38 132-145 



 81

at ambient pressure it transforms to Form III as verified by NMR results. It displays a DSC 

endotherm at 347 K, and a multiple melting endotherm clustered around 506 K. When 

recrystallized in n-pentane at high pressures, it transforms to Form II crystal modification, 

in which the 347 K endotherm disappears, but an endotherm at 406 K appears. Crystals 

formed in solutions containing up to 20 wt % carbon dioxide were of Form II. The gels also 

showed crystalline features corresponding to crystal modification Form I which is further 

promoted at the higher pressure crystallizations. The SEM results revealed that the polymer 

inner structure transforms from a lacy appearance in crystals formed in n-pentane to more 

porous structures in gels formed from n-pentane + carbon dioxide solutions.  

 

4.1 Introduction 
Isotactic poly(4-methyl-1-pentene) (iP4MP1) is a semicrystalline polyolefin with a number 

of interesting properties [Lopez et al. 1992]. It is of practical importance as a membrane 

making polymer. It is the only semicrystalline polymer in which the density of the 

amorphous fraction is slightly higher than the density of the crystalline fraction at room 

temperature. Moreover, iP4MP1 presents a complex polymorphic behavior. Five different 

crystalline forms have been reported for this polymer when crystallized from semidilute 

solutions depending on the solvent and thermal history of the crystallization [Charlet and 

Delmas 1984; Charlet et al. 1984]. Form I is the most stable crystalline form which is the 

only one obtained from melt crystallization. Form II and Form III can be obtained from 

xylene and decalin solutions, as well as linear and branched alkanes [Charlet and Delmas 

1984]. Form IV was obtained by annealing Form I above 473K under pressure up to 4500 

bar. A Form V crystalline structure has been reported for gels formed in cyclopentane and 

cyclohexane [Charlet et al. 1984].  

 

In this chapter we are reporting on the fluid-solid boundary and specifically the 

crystallization and gelation behavior of iP4MP1 in n-pentane and n-pentane + CO2 



 82

mixtures. The study was conducted to explore (a) if the crystal modifications could be 

altered at high pressures in solutions of different carbon dioxide content, and (b) if high 

pressure conditions would promote gelation and if carbon dioxide would influence the 

gelation behavior of the polymer. Even though gelation is a well known occurrence in 

stereoregular polymers at ambient conditions, gelation of iP4MP1 from high pressure 

solutions, in particular binary in fluid mixtures containing carbon dioxide, to our 

knowledge has not been previously reported. 

 

Polymer gels are basically a network of flexible chains in which the connectedness is 

created either by a chemical or physical process. Physical processes which favor 

association between certain points on different chains lead to formation of physical gels 

which are often thermoreversible. According to De Gennes [De Gennes 1979], physical 

gels involve either helical structures with two or more strands, or microcrystals with two or 

more chains, or they result from the formation of nodules as is the case with block 

copolymers. In the absence of chemical bonds and specific interactions such as ionic, 

dipole or hydrogen bonds, crystallization becomes the mode of association [Girolamo et al. 

1976]. A recent review by Keller [Keller 1995] provides a comprehensive description of 

both chemical and physical gels with specific details of those chemical processes such as 

polymerization and crosslinking, and those physical processes such as phase transitions and 

crystallization, entanglements, or associations that lead to gelation. 

 

Even though literature is limited, crystallization and gelation of polymers at high pressures 

and in systems containing a supercritical fluid components is of broad interest that range 

from creation of micro- or nanopartciles [Zhang and Kiran 2006] to microporous materials 

[Pradhan and Ehrlich 1995; Winter et al. 2002], and to generating high viscosity oil 

displacement fluids in secondary oil recovery operations [Vossoughi 2000]. For example, 

Pradhan and Ehrlich [Pradhan and Ehrlich 1995] have reported on forming porous 
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structures by drying the thermoreversible gels that are formed during crystallization of 

polyethylene and polypropylene from supercritical propane. Winter et al. [Winter et al. 

2002] has recently reported on generation of porous polymers by first forming a swollen 

gel state of a cystallizable polymer in supercritical fluid medium and then chemically 

crosslinking the polymer to provide the connectivity leading to generate open microporous 

structures. A more recent study reports on the use of CO2 to trigger chemical 

transformations in orgaonogels [George et al. 2005]. Gelation of biologically important 

polymers under pressure such as protein modifications is also of great interest in 

biomedical research as well as in food science such as food preservation [Gekko and 

Fukamizu 1991; Kanaya et al. 1993]. Understanding crystallization and gelation is also 

important to polymerization reactions [Weidner et al. 1997; Giles et al. 2003; Yeo and 

Kiran 2004; Kennedy et al. 2005; Tai et al. 2005] and formation of particles from high 

pressure solutions [Knez and Weidner 2003; Yeo and Kiran 2005; Upper et al. 2006; Zhang 

and Kiran 2006].  

 

This chapter, which is a part of our research efforts on polymer miscibility and phase 

separation in binary fluid mixtures, is focused on the fluid-solid phase boundary; however 

it reports not only crystallization behavior but also a new sol-gel transition phenomenon. 

NMR, DSC and SEM results on the crystals and gels that are recovered are presented to 

describe the effect of the pressure and the fluid composition on the crystal modifications 

and the resulting morphologies.  

 

4.2 Experimental Section 

4.2.1 Materials 

The isotactic P4MP1 sample was purchased from Aldrich (cat # 19100-0). It is reported to 

have a melt index value of 8 g/10 min at 533 K. As shown in the DSC scan in Figure 4.1, 

under 10 K/min heating and cooling rates, the as-received polymer has a melting transition 
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at 506 K, and displays two crystallization peaks at 481 and 484 K. The solvent, n-pentane, 

with a stated minimum purity of “99+%” was purchased from Sigma-Aldrich. Carbon 

dioxide with a minimum purity of 99.99% was purchased from Air Products.  The 

polymer and the solvents were used without further purification. 

 

4.2.2 Determination of the Phase Boundaries 

The determination of phase boundaries was carried out in a variable-volume view-cell 

system shown in Figure 4.2 [Zhang et al. 2003; Upper et al. 2006]. The cell is equipped 

with two sapphire windows for visual observation. A movable piston is used to alter the 

inner volume of the cell and control the system pressure. A computerized data acquisition 

system is used to record the temperature, pressure and changes in the transmitted light 

intensity (Itr) during a phase separation experiment.  

 

In preparation of the polymer solutions in the view cell, pre-weighted polymer (which was 

in pellet form) is first loaded into the system by removing the variable volume attachment.  

The solvent(s) are then sequentially (first n-pentane and then CO2) pumped from a solvent 

transfer vessel. The amount of solvent charged is recorded with an accuracy of 0.01g from 

the difference in the mass of the transfer vessel before and after the charge using a Mettler 

(model 6100) balance. After the desired amount of the polymer and the solvent 

corresponding to a target composition are loaded, the cell is heated to the desired 

temperature, and the polymer solution is pressurized by the movable piston to form (if 

achievable) a clear homogeneous solution phase. The miscibility is verified by observing 

the solution through the sapphire windows. The magnetic stirrer is used to facilitate the 

dissolution process.   

 

Phase boundaries were determined along constant pressure paths by either cooling or 

heating the cell and monitoring the intensity of transmitted light during the process. When 
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phase separation occurs, the intensity of the transmitted light changes (decreases) rapidly. 

This is illustrated in Figure 4.3 which represents the data during a cooling experiment from 

350 to 310 K at 29.5 MPa in a 4.6 wt % solution of iP4MP1 in n-pentane. The initial 

phase-demixing temperature is identified as the departure point from the base transmitted 

light intensity for the homogeneous solution (shown with the arrow in Figure 4.3). Figure 

4.4 shows the system behavior during re-heating the phase separated mixture from about 

305 to 375 K while holding the pressure still constant at 29.5 MPa. The temperature 

corresponding to the departure point (shown with the arrow in the Figure 4.4) from the base 

transmitted light intensity is recorded as the initial remixing or melting temperature. The 

phase diagram of the solutions with different polymer weight fractions in n-pentane and 

n-pentane/CO2 were thus generated by crossing the phase boundary at constant pressure in 

both the cooling and heating directions.  

 

4.2.3 Differentiation between Crystallization and Gelation 

In this study we make a distinction between a solid-fluid transition that is attributed to 

crystallization, and a sol-gel transition that is attributed to gelation (which may nonetheless 

be caused by a different mode of crystallization). This distinction is made by visual 

observations. While the intensity of the transmitted light decreases for both types of 

transitions, the visual observation through the sapphire windows gives two different 

pictures. When the system undergoes solid-fluid transition (crystallization), a turbid 

suspension of particles is observed with no hindrance to the free rotation of the magnetic 

stirrings bar in the cell. When however the system undergoes a sol-gel transition (gelation), 

one actually observes a gel in the cell. No suspended solids are observed in the cell, and the 

stirrer bar gets stuck in the gel and stops turning. The phase boundaries determined from 

the transmitted light intensity changes are categorized in the following sections as either 

fluid-solid or sol-gel boundaries as differentiated by such visual observations.  
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4.2.4 NMR Characterization 
13C solid state cross- polarization magic angle spinning (CP-MAS) NMR studies were 

conducted using a Bruker MSL 300 spectrometer operating at 75.47 MHz on the polymer 

samples crystallized or gelled in different solvents and different pressures employed in the 

present study. All spectra were calibrated using adamantine as a standard for the solid CH2 

peak at 38.4 ppm giving shift values referenced to the TMS carbon at 0 PPM. These NMR 

CP-MAS data were compared with the characteristic NMR patterns reported in the 

literature [De Rosa et al. 1997] for different crystalline forms of this polymer for 

assignment of the crystalline forms that were generated in a given experiment.  

 

4.2.5 DSC Characterization 

A Perkin Elemer (Pyris Diamond) Differential Scanning Calorimeter was used to document 

the thermal transitions displayed by the initial and treated polymers. Temperatures were 

calibrated using indium and tin standards. With each sample 4 consecutive scans at 10 

K/min heating /cooling rates were generated in inert nitrogen atmosphere. In the first scan 

the polymer sample was heated to 533 K and then cooled to room temperature which 

shortly after (about 1 min) was followed by a second heating and a final cooling scans.  

 

4.2.6 SEM Characterization  

The morphological features of the samples were investigated using a Leo 1550 Field 

Emission Scanning Electron Microscope (FESEM). The samples were coated with a 6 nm 

layer of gold using a Cressington 208 HR sputter coater to reduce the electron charging 

effects. 
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4.3 Results and Discussion 

4.3.1 iP4MP1 + n-Pentane  

4.3.1.1 Phase Boundaries.   

Phase boundary determinations were carried out with 1.0, 3.0, 4.6 and 6.5 wt % solution of 

iP4MP1 in n-pentane by cooling and reheating the system while holding the pressure 

constant at 10.7, 14.5, 22.0, 29.5, 37.0 and 45.5 MPa. The phase transitions in this system 

were all fluid-solid (crystallization, during cooling) or solid-fluid (melting, during heating) 

type transformations. The results are shown in Figure 4.5. The data are tabulated in Table 

4.1. As shown in the figure these boundaries are sharp boundaries. The difference in 

crystallization and melting temperatures is common occurrence which decreases when 

lower heating and cooling rates are employed [Kiran and Liu 2002]. The difference 

between crystallization and melting temperatures for this system is however much larger 

than that we had reported for solutions of high density polyethylene (HDPE) in n-pentane 

[Kiran and Liu 2002; Upper et al. 2006], which is indicative of a slower rate of 

crystallization for iP4MP1 in n-pentane which may lead to a greater supersaturation. 

Another difference with the HDPE system is the slightly negative slope of the 

crystallization line in iP4MP1 solutions which becomes more apparent when polymer 

concentration is greater than 1.0 wt %. The shape of the fluid-solid boundary typically 

reflects the competition between a hydrostatic effect that tends to raise the temperature and 

a solvent effect that tends to decrease the temperature. As shown in Figure 4.1, iP4MP1 has 

melting and crystallization transitions which are in the 480-506 K range, which in 

n-pentane are reduced by nearly 200 K to a range in 300-330 K. The solvent effects and 

high degree of depression of crystallization temperature may be compensating for the 

hydrostatic effect and lead to the observed negative slope for the boundary.  

 

Figure 4.6 shows the variation of the crystallization temperature with polymer 

concentration at three different pressures. A crystallization temperature increases up to 
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about 5 wt %. At concentrations above 6.5 % complete miscibility conditions could not be 

achieved at the pressures accessible within the view cell.  

 

Additional experiments were carried out with this system by reducing pressure at selected 

temperatures in the range from 298 to 423 K. No phase change (which would have been a 

liquid-liquid type phase boundary) could be detected and the system remained 

homogeneous in the temperature interval indicating that n-pentane is a good solvent for this 

polymer. 

 

4.3.1.2 Crystal Modifications.  

Figure 4.7A shows the NMR spectrum of the original polymer sample. Based on 

comparisons with literature [De Rosa et al. 1997], the crystal modification for the 

as-received polymer is identified to be Form I. Figure 4.7B is the spectrum of the crystal 

collected at ambient pressure from n-pentane solution. The crystal modification is 

identified to be Form III. Figure 4.7C shows the spectrum for the crystal obtained in 

n-pentane solution at 14.5 MPa. With the appearance of the peak at 22.5 ppm, the crystal 

modification of this sample is identified to be a mixture of Form II and Form III.  

 

4.3.1.3 Thermal Transitions.  

Figure 4.8 shows the DSC scans on the polymer sample that was collected from the view 

cell after crystallization in n-pentane solution (4.6%) at 14.5 MPa at 301 K for 10 hrs. The 

first heating scan shows the thermal behavior of the polymer crystals as collected from the 

view cell. It displays characteristic endothermic peaks at 347 and 406 K and a cluster of 

three peaks at 489, 498, and 506 K. During the first cooling scan, a doublet crystallization 

peaks are observed at 484 and 487K. In the second heating scan, only one endotherm at 

506 K is observed, all other endothermic peaks disappear. The second cooling scan 

however reproduces the same doublet crystallization peaks as observed in the first cooling 
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scan. Once the crystallization history is erased in the first heating scan, the behavior reverts 

to that of the original iP4MP1 (see Figure 4.1).   

 

Figure 4.9a compares the first heating scans and Figure 4.9b the first cooling scans for the 

polymers crystallized in 4.6 % solutions in n-pentane at 301 K for 10 hrs at 14.5, 29.5 and 

44.5 MPa. Original polymer scan is also included for comparisons. The crystals obtained at 

29.5 and 44.5 MPa do not show the endotherm at 347K. In these samples the endotherm at 

406 K becomes more distinct. The triplet melting cluster at the high temperature range 

reduces to a doublet with peak temperatures at 489 and 506K. In the cooling scans, all 

samples display the double crystallization peaks at 484 and 487 K, however in the samples 

obtained form higher pressure crystallizations, these appear to merge closer.  

 

Analysis of the DSC data along with the NMR spectra support that the endotherm at 347 K 

must correspond to transformation of Form III to Form II, and the endotherm at 406 K must 

represent the transformation from Form II to Form I. The triplet or doublet endotherms in 

the 489-506 K range represent the melting transition of Form I crystals. In an earlier study 

on crystallization of iP4MP1 from different dilute solutions, Charlet and coworkers 

[Charlet and Delmas 1984] had also reported that Form III crystals were formed in 

n-pentane and they attributed the thermal transformation that they observed in the 

temperature range from 428 - 441 K as corresponding to Form III-to-Form I solid-solid 

transition. 

 

The multiplicity of the melting transition is a common phenomenon observed in 

crystallization from high pressure solutions and the possible reasons leading to such 

multiplicity of melting peaks has been described in our recent publications[Upper et al. 

2006; Zhang and Kiran 2006]. 
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4.3.2 iP4MP1 + n-Pentane + CO2 

4.3.2.1 Phase Boundaries 

The influence of CO2 on the phase boundaries were investigated for 4.6 wt % polymer 

solutions in n-pentane + CO2 solvents mixture with carbon dioxide levels of 5, 10, 20, 40 

and 50 wt % in the solvent mixture. Up to 20 wt % CO2 levels, the system showed 

solid-fluid phase transitions. For the fluid mixtures containing 40 % and higher CO2, the 

transitions were sol-gel type transitions. 

 

I. Fluid-Solid Transition  Figure 4.10 shows the fluid-solid phase boundaries for 4.6 wt 

solutions in n-pentane + CO2 mixtures (with CO2 content ≤ 20 wt %) which were 

determined along a cooling (crystallization) and then a heating (melting) path while 

holding pressure constant at 10.7, 14.5, 22.0, 29.5, 37.0 and 44.5 MPa. The data are 

tabulated in Table 4.2. The boundary in n-pentane (i.e., 0 % CO2) is also included in the 

figure for comparisons. In the binary fluid mixtures containing carbon dioxide the phase 

transition temperatures are observed at lower temperatures compared to the transition 

temperatures in pure n-pentane with majority of the reduction taking place at CO2 addition 

levels up to 10 wt % as illustrated in Figure 4.11. 

 

II. Gel-Sol Transition  A striking difference has been observed in the phase behavior of 

iP4MP1 solutions in n-pentane + CO2 mixtures in which CO2 content in fluid mixture is 

high (above 20 wt %). Visual observations through the view cell in these systems indicate 

that during cooling the solution transforms into a gel. 

 

Figure 4.12 shows the sol-gel transition temperatures for iP4MP1 in binary solvent 

mixtures containing 40 and 50 wt % CO2. These boundaries were determined again along 

cooling and heating paths while holding the pressure constant at selected values as listed in 

Table 4.2. Comparison with Figure 4.10 shows that the sol-gel boundary is not as sharp as 
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the fluid-solid boundary, and occurs at higher temperatures. This transition is more 

sensitive to pressure and shifts to significantly lower temperatures (while still being higher 

than the fluid-solid transition temperatures) with increasing pressure.  

 

This sol-gel boundary displays characteristics that appear to be a combination of fluid-solid 

and liquid-liquid phase separation. The high sensitivity of the transition temperature to 

pressure is a common feature of liquid-liquid phase transitions, while the difference in the 

observed temperatures of the phase change along the cooling and heating paths is typical of 

a fluid-solid (crystallization /melting) phase transitions. These features are consistent with 

the intrinsic characteristics of physical gels in which the connectedness is typically 

provided by the crystalline (mostly fringed micelles but also in case of very high molecular 

weight systems chain folded crystals) domains that are linked by amorphous or tie chains 

[Keller 1995]. This is akin to the notion of a “crystalline –amorphous supermolecular 

structure” that has been previously proposed to describe P4MP1 films cast from solution 

[Danch and Gadomski 2000].  

 

It is important to note once again that an exclusive UCST-type L-L phase transition is 

eliminated for explanation of the phase boundary in Figure 4.12 because of the large 

temperature gap observed on cooling and heating process, which is the typical feature of 

fluid-solid (crystallization/melting) type transitions. The sol-gel nature of the transition has 

been further confirmed by observations of the final state of the samples collected from 

view cell. When the system undergoes solid-fluid transition (as is the case in the binary 

mixtures up to 20 wt % CO2), particles were collected, whereas when the system undergoes 

sol-gel transition, the polymer in the cell can be removed as a plug.  

 

4.3.2.2 Crystal Modifications 

Figure 4.13 shows the NMR CP-MAS spectra of the gels formed in the n-pentane /CO2 
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mixtures which have been compared with the NMR spectra of known crystalline forms of 

the polymers[De Rosa et al. 1997]. Figure 4.13 A is the spectrum of the sample obtained 

from the 4.6 wt % polymer solution in the binary fluid mixture containing 40 % CO2 at 

44.5 MPa. The crystal modification in this sample is identified to be Form II. Figure 4.13 B 

is the spectra for the sample obtained at the same pressure of 44.5 MPa, but in the binary 

fluid mixture containing 50 % CO2. The crystal modification is a mixture of Form II and 

Form I. The peak at 32 ppm corresponds to the methine carbon of the backbone C2 (as 

marked in Figure 4.13A) in Form II, while the double peaks at 29 ppm and 29.7 ppm 

correspond to the methane carbon of the backbone C2 in Form I. Figure 4.13 C is the 

spectra of the sample obtained in the fluid mixture with 50 % CO2 but at the lower pressure 

of 29.5 MPa. This sample displays the crystal modification Form I as is the case for the 

original polymer sample.  

 

4.3.2.3 Thermal Transitions 

Figures 4.14a and 4.15a show the first DSC scans on the samples that were crystallized / 

gelled from n-pentane + carbon dioxide mixtures at 29.5 and 44. 5 MPa. The scans are 

shown for samples generated from binary fluid mixtures containing 0, 5, 10, 40 and 50 

wt % carbon dioxide. Figures 4.14b and 4.15b are the first cooling scans for the same 

samples corresponding to each pressure. The sample obtained from the fluid mixtures 

containing 0-10 % CO2 show similar features with a characteristic endotherm at 406 K and 

multiple melting peaks in the 489-506 K range. The 406 K endotherm represents the 

solid-solid transition from Form II to Form I crystal modification. This endotherm is not as 

observable in systems corresponding to high CO2. In the cooling scans double 

crystallization peaks are observed which however appear to merge in samples obtained 

from fluid mixtures containing 40 and 50 % carbon dioxide.  
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4.3.3 Further Discussion on the Crystal Modifications 

Table 4.3 is a summary of the crystal modifications that have been identified from different 

crystallization/gelation conditions. Original polymer is of Form I. When re-crystallized 

from n-pentane at ambient pressure, it transforms to Form III, and at higher pressure 

crystallizations a transition occurs to Form II, and at 29.5 and 44.5 MPa only Form II is 

observed. In systems containing carbon dioxide, the crystal modification tends to shift from 

a mixture of Form III and II to Form II (at 14.5 MPa), or from Form II to Form I (at 29.5 

and also in part at 44.5 MPa at the highest CO2 addition). These results show that the 

crystallization mostly favors the crystal modification Form II. Gelation on the other hand 

leads to the Form I crystal modification.  

 

4.3.4 Further Discussion on Gelation 

The gelation in iP4MP1 in n-pentane + carbon dioxide mixtures at high carbon dioxide 

loadings with crystalline features similar to Form I crystal modification as supported by 

NMR and DSC characterizations is an important observation with practical implications 

especially in the area of porous material formation. Even though high pressure data are 

lacking in the literature, the mechanisms by which the solutions of stereoregular polymers 

in general turn into thermoreversible gels has attracted significant attention over the past 

several decades. For example, in one of the earlier studies, Lemstra and Challa [Lemstra 

and Challa 1975] explored the crystallization of isotactic polystyrene [Phillips and 

Mezghani] in trans-decalin and also in benzyl alcohol. They observed that when solutions 

were subjected to large undercoolings and when cooled below 273 K, those systems with a 

polymer concentration greater than 1 wt % would transform to a “rigid gel”. The surface 

replicas of the freeze-etched gels showed that a fringed-micelle type crystallization was 

taking place at high undercoolings. The authors then proposed that a transition from a 

folded-chain type crystallization to a fringed-micelle type crystallization may cause “chain 

stiffening” of the polymer with a reduced mobility of the phenyl groups leading to the 
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observed gelation behavior. The fringed micellar bundle-like crystals would then provide 

the connectedness with “amorphous” chains emanating from these bundles, in contrast to 

chain-folded lamellae formation which would lead to particle formation. In the case of very 

high molecular weight polymer systems such as the ultra high molecular weight 

polyethylene in decalin different portions of a given chain may be linked to different chain 

folded crystals with interlamellar amorphous tie chains and the chain-folded crystals may 

also lead to gelation [Keller 1995]. The iPS gels indeed were of crystalline character, 

displaying sharp melting endotherms and distinct X-ray diffraction patterns (with a 121 

helix) which were however distinctly different than 31 helix displayed by crystals formed 

by a chain-folding process [Girolamo et al. 1976; Sundararajan et al. 1982]. The extended 

121 helix conformation was observed to be promoted in poor hydrocarbon solvents, 

whereas either the threefold 31 conformation or a mixture of three fold and extended 

conformations were obtained from the aromatic solvents. The influence and the role 

solvents were explored in a further study by Guenet [Guenet 1986]. DSC studies were 

conducted on the solvent heat of fusion with different polymer concentrations to assess the 

amount of solvent molecules adsorbed on the polymer chain at the melting temperature of 

the solvent. These studies led to the conclusion that the physical cross-links in systems like 

iPS in trans- or cis-decalin are solvated, that is the solvent is not just located in the 

amorphous region. The system is a congruently melting “polymer-solvent compound” in 

which chains are bridged together by solvent molecules, and the extent of the melting point 

depression depends on the co-crystallized solvent. The formation of a “polymer-solvent 

compound” has been reported also in the gels of syndiotactic polystyrene [De Rudder et al. 

2002] and syndiotactic PMMA [Saiani and Guenet 1997]. The concept has been used to 

describe gel formation in P4MP1 is cyclopentane and cyclohexane [Charlet et al. 1984]. In 

cyclopentane, either crystals or gels were formed when cooling to different temperatures, 

and there seemed to be a competition between chain-folded crystal formation and gelation 

in the solution. This was in contrast to the observations in cyclohexane, in which gels were 
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formed at all conditions. It was proposed that here also the solvent is probably incorporated 

into the junctions that act as physical cross-links as in a “polymer-solvent compound”. 

Additional support to this notion was later provided by Phuong-Nguyen et al 

[Phung-Nguyen and Delmas 1985] who examined the heat of formation of P4MP1 gels in 

different solvents. Large exothermic heats of interaction and their dependence on the 

polymer concentration were interpreted as being indicative of the solvent-induced chain 

association in this system. Aharoni et al [Aharoni et al. 1981] based on WAXD studies 

reported that the gels formed in cyclohexane display the crystalline form IV, but gels 

formed in cis-decalin display crystal form I, which is usually formed from crystallization 

from melts. Charlet and Delmas [Charlet and Delmas 1982] have reported on the formation 

of crystal form V in gels formed in cyclopentane. In a more recent study of gelation of 

P4M1P in cyclohexane at ambient conditions, a gel that displays crystal modification Form 

V has been reported [Wegsteen and Berghmans 1998] which is reported to transform to 

modification III upon drying.  

 

It is likely that in the gels that formed in n-pentane + CO2, a ‘polymer-solvent compound’ 

is also formed. Literature on other systems and present findings emphasize the presence of 

crystalline domains in the gels and that their crystalline form is influenced by the solvent 

environment in which they are formed. In the present system form IV and V were not 

observed which may be dominated in crystals formed in cyclic solvents only.  The gels 

formed in the current study which dried and analyzed by NMR and DSC present Form I or 

Form II crystalline modification. It is, however, not known which mechanism already leads 

to the gelation and which crystalline modification is dominated in the gels prior to their 

collection and drying.   

 

4.3.5 FESEM Result and Morphological Features  

The morphology of the polymer samples recovered after recrystallization in n-pentane and 
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after crystallization or gelation in n-pentane + CO2 mixtures are shown in Figures 4.16 and 

3.17. These samples were obtained after crystallization at 289 K from 4.6 wt % solution in 

n-pentane at 14.5, 29.5 and 44.5 MPa (Figure 4.16) and in n-pentane + carbon dioxide 

mixtures with 10, 40 and 50 wt % carbon dioxide at 44.5 MPa. The inner details of the 

particles formed by crystallization in n-pentane showed a lacy feature with high surface 

area (Figure 4.16 a) which however appeared to become more dense at higher pressures 

(Figure 4.16c). Crystallization in binary fluid mixture also leads to formation of particles 

with a lacy inner structure (Figure 4.17a). The gels show more porous open morphology 

becoming more porous in gels formed at higher carbon dioxide containing system (Figures 

4.17 b and c). 

 

4.4 Conclusions 

The present results show that iP4MP1 can be dissolved in and reprocessed from solutions 

in n-pentane or n-pentane + carbon dioxide fluid mixtures. It is shown that with addition of 

CO2 into the solution, the fluid-solid phase separation boundary is shifted to lower 

temperatures. A unique transformation from crystallization to gelation, takes place in 

systems that contain high carbon dioxide. The demixing temperatures of gel-sol phase 

separation are higher than the demixing temperatures associated with fluid-solid phase 

separation. NMR spectra also reveal that three different crystalline modifications, Form III, 

Form II and Form I are formed by crystallization from solutions in n-pentane at ambient 

pressure, in mixture fluids with low content of CO2 (less than 20 %) and in mixture fluids 

with higher CO2 content at high pressures, respectively. The mixtures of Form III + Form II 

and Form II + Form I were also formed at conditions that are in between the conditions that 

would lead to pure crystalline modifications. DSC results show that a solid-solid transition 

of Form III to Form I, and Form II to Form I occur at 347 K and 406 K, respectively. The 

morphological results on the final crystals show that a more dense structure was formed at 

higher pressures, while a more porous structure was formed by incorporating more CO2 
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into the processing fluid.  
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Table 4.1 Experimental data for solid-fluid phase separation in iP4MP1 + n-pentane system, 

crystallization (cooling) and melting (heating) boundary 
 

Polymer 
Fraction 
(wt %) 

Pressure (MPa) Crystallization  
T (K) 

Melting 
T (K) 

1.0 44.5 297.2 320.0 
 37.0 297.2 321.0 
 29.5 297.2 321.5 
 22.0 297.2 321.0 
 14.5 297.3 320.0 
 10.7 297.3 320.0 

3.0 44.5 303.8 333.0 
 37.0 303.5 332.5 
 29.5 302.5 332.5 
 22.0 303 331.0 
 14.5 304.3 330.5 
 10.7 305.2 329.5 

4.6 44.5 309.0 337.5 
 37.0 309.0 336.0 
 29.5 309.0 335.5 
 22.0 308.0 335.0 
 14.5 309.0 333.5 
 10.7 310.0 335.0 

6.5 44.5 308.5 337.5 
 37.0 308.5 337.5 
 29.5 308.4 336.0 
 22.0 309.0 336.0 
 14.5 309.5 335.0 
 10.7 309.7 334.0 
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Table 4.2 Experimental data for phase separation in 4.6 wt % iP4MP1 in n-pentane/CO2 

system 
 

Solid-Fluid Transition 
CO2 in fluid 

mixture (wt %) Pressure(MPa) 
Crystallization 

T (K) 
Melting 
T (K) 

5 44.5 301.5 330.5 
 37.0 301.5 330.5 
 29.5 301.8 330.5 
 22.0 302.5 331.0 
 14.5 303.0 330.0 
 10.7 303.5 330.0 

10 44.5 299.0 330.0 
 37.0 299.2 329.5 
 29.5 300.0 329.0 
 22.0 300.5 328.5 
 14.5 302.5 328.0 
 10.7 303.0 326.5 

20 44.5 297.3 326.5 
 37.0 297.5 327.0 
 29.5 298.3 326.5 
 22.0 299.5 325.5 
 14.5 300.5 325.0 
 10.7 304.0 327.5 

Gel-Sol Transition  

Gelation 
T (K) 

Dissolution 
T (K) 

40 44.5 304.0 328.0 
 37.0  310.0 330.5 
 29.5 313.0 335.0 
 22.0 317.0 341.0 
 14.5 327.5 356.0 
 10.7 339.0 - 

50 44.5 310.0 333.0 
 37.0 320.0 342.5 
 29.5 325.0 347.5 
 22.0 334.0 360.0 



 100

Table 4.3 Crystalline structures of iP4MP1 obtained from different solvents at different 

pressures. 

 

n-pentane + CO2, CO2 wt %  
Pressure (MPa) n-pentane 

5 10 40 50 

44.5 II II II II II+I 

29.5 II II II I I 

14.5 III+II III+II II - - 

ambient 
pressure III - - - - 

I :    crystalline modification Form I 
II:  crystalline modification Form II 
III:  crystalline modification Form III 
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Figure 4.1 DSC scans on original poly (4-methyl-1-pentene) sample. The heating and cooling rates were 10 K/min 
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Figure 4.2 Schematic diagram of the view-cell for the determination of S-F phase 

boundary. PGN = pressure generator; LVDT = linear-variable differential transformer; 

PRU = position readout unit; TC = temperature controller; HE = cartridge heating elements; 

VVP = variable volume part housing the movable piston; P = pressure; T = temperature; L 

= Light Source; MS = magnetic stirrer; RD = Rupture Disk.
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Figure 4.3 Variation of temperature (T), pressure (P), and transmitted light intensity (Itr) (in 

arbitrary units) with time along a constant pressure path during cooling. The incipient 

demixing condition is determined from the variation of the transmitted light intensity with 

temperature (lower curve in the figure) as the point of departure from the base line intensity 

as indicated by arrow. The figure represents phase separation in 4.6 wt % solution of poly 

(4-methyl-1-pentene) in n-pentane and P = 29.5MPa. 
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Figure 4.4 Variation of temperature (T), pressure (P), and transmitted light intensity (Itr) (in 

arbitrary units) with time along a constant pressure path during heating. The incipient 

demixing condition is determined from the variation of the transmitted light intensity with 

temperature (lower curve in the figure) as the point of departure from the base line intensity 

as indicated by arrow. The figure represents phase separation in 4.6 wt % solution of poly 

(4-methyl-1-pentene) in n-pentane and P = 29.5MPa. 
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Figure 4.5 The solid-fluid phase boundaries for poly (4-methyl-1-pentene) solution in 

n-pentane for different polymer concentrations. Filled symbols represent the F-S phase 

transition (crystallization) temperatures upon cooling, and the open symbols represent the 

S-F phase transition (melting) temperatures upon heating. 
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Figure 4.6 Variation of the crystallization (filled symbols) and melting (open symbols) 

temperatures with polymer concentration for poly (4-methyl-1-pentene) solution in 

n-pentane at pressures of 14.5, 29.5 and 44.5 MPa.
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Figure 4.7 Solid-state 13C NMR CP-MAS spectra of i-P4MP1: (A) original iP4MP1 

sample; (B) polymer after crystallization in n-pentane solution at ambient pressure; (C) 

polymer after crystallization in n-pentane solution at 14.5 MPa. 
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Figure 4.8 DSC scans on Poly (4-methyl-1-pentene) crystallized from a 4.6 wt % solution in n-pentane at 14.5 MPa and 301 K for 

10 hours. The heating and cooling rates were 10 K/min. The solid curves are the first heating and cooling scans and dotted curves 

are the second heating and cooling scans. 
 



 109

323 348 373 398 423 448 473 498 523

Temperature, K

H
ea

t F
lo

w
Crystallization
Pressure, MPa

44.5

29.5

14.5

original P4MP1

scanning rate: 10 K/min

En
do

ambient pressure

 

(a) 



 110

 

323 348 373 398 423 448 473 498 523

Temperature, K

H
ea

t F
lo

w

scanning rate: 10 K/min

original P4MP1

14.5

29.5

44.5

Crystallization
Pressure, MPa

En
do

ambient pressure

 

(b) 

Figure 4.9 Comparison of the DSC scans of Poly (4-methyl-1-pentene) crystallized from 4.6 wt % solutions in n-pentane at 301 K 

for 10 hours at the pressures indicated with the original polymer: (a) first heating scans; (b) first cooling scans.
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Figure 4.10 The solid-fluid phase boundaries for 4.6 wt % poly (4-methyl-1-pentene) 

solution in n-pentane and n-pentane + CO2 mixture of different CO2 content. Filled 

symbols represent the crystallization (cooling) temperatures, and the open symbols 

represent the melting (heating) temperatures. 
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Figure 4.11 Effect of CO2 level in the solvent mixture on the solid-fluid phase boundaries for 

4.6 wt % poly (4-methyl-1-pentene) solutions in n-pentane and n-pentane + CO2 mixture at 

14.5, 29.5 and 44.5 MPa. Filled symbols represent the crystallization and the open symbols 

represent melting transition temperatures.
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Figure 4.12 The gel-sol phase boundaries for 4.6 wt % poly (4-methyl-1-pentene) solution 
in n-pentane + CO2 mixtures. Filled symbols represent the gelation temperatures (cooling), 
and the open symbols represent the dissolution temperatures upon heating. 
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Figure 4.13 Solid-state 13C NMR CP-MAS spectra of i-P4MP1 after crystallization from: (A) 

60/40 (wt) n-pentane/CO2 solution at 44.5 MPa; (B) 50/50 (wt) n-pentane/CO2 solution at 

44.5 MPa; (C) 50/50 (wt) n-pentane/CO2 solution at 29.5 MPa. 
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(b) 

Figure 4.14 Comparison of the DSC scans for Poly (4-methyl-1-pentene) crystallized from 4.6 wt % solutions in n-pentane + CO2 

solution of different CO2 content at 298 K and 29.5 MPa for 10 hours: (a) first heating scans; (b) first cooling scans. 
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(b) 

Figure 4.15 Comparison of the DSC scans for poly (4-methyl-1-pentene) crystallized from 4.6 wt % solutions in n-pentane + CO2 

solution of different CO2 content at 298 K and 29.5 MPa for 10 hours: (a) first heating scans; (b) first cooling scans. 
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(c) 

Figure 4.16 FESEM micrographs of poly (4-methyl-1-pentene) crystals that were formed 

at 298K for 10 hours from pure n-pentane solution at: (a) 14.5 MPa, (b) 29.5 MPa and (c) 

44.5 MPa. 
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(c) 

Figure 4.17 FESEM micrographs of poly (4-methyl-1-pentene) samples that were formed 

at 298 K and 44.5 MPa for 10 hours from different solutions: (a) n-pentane/CO2 90/10, (b) 

n-pentane/CO2 60/40, (c) n-pentane/CO2 50/50. 
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Chapter 5 

Thermoreversible Gelation and Polymorphic 

Transformations of Syndiotactic Polystyrene in Toluene and 

Toluene + Carbon Dioxide Fluid Mixtures at High Pressures* 
 

The gelation and crystallization processes in solutions of syndiotactic polystyrene in 

toluene and toluene + carbon dioxide fluid mixtures were studied in a variable-volume 

view-cell system over a pressure range from 7 - 50 MPa for polymer concentrations up to 

25 wt % and for CO2 concentrations up to 43 wt %. All the solutions in toluene and in 

toluene + CO2 mixtures up to 16 wt % CO2 displayed only a sol-gel boundary. Solutions 

with 28 wt % CO2 displayed also a liquid-liquid phase boundary. Solutions in 43 % CO2 

displayed instead a fluid-solid crystallization boundary along with a liquid –liquid phase 

boundary. Consequences of the phase separation path on the eventual morphology and the 

crystal state of the polymer were investigated. When solutions are cooled to room 

temperature while maintaining pressure constant during which the sol-gel boundary is 

crossed first, the resulting morphology is fibrillar and the polymer displays the δ crystal 

form with a trace amount of the β form. When the solutions are depressurized instead, 

holding the temperature constant during which liquid–liquid phase boundary is crossed first, 

with further cooling the polymer-rich phase (PRP) leads to a stacked-lamellar morphology 

with the β crystal form. The polymer-lean phase (PLP) leads to a mixed morphology with 

lamellar layers connected with fibrils and the polymer displays a mixed crystal structure 

consisting of the δ + β polymorphs. In the absence of gelation at high CO2 levels, the 

crystallization leads to only the β polymorph. A mechanistic framework is provided to 

account for the formation of these different polymorphs from the different phase separation 

                                                        
* Accepted for publication in Macromolecules as “Jian Fang and Erdogan Kiran. Thermoreversible 
Gelation and Polymorphic Transformations of Syndiotactic Polystyrene in Toluene and Toluene + 
Carbon Dioxide Fluid Mixtures at High Pressures”  
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paths followed. 

 

5.1 Introduction 

Syndiotactic polystyrene (sPS) is a polymer of continuing interests due to its high melting 

temperature, high crystallization rate and high chemical stability [Malanga 2000]. It has 

been shown to display a complex crystalline structure with five different polymorphs 

[Guerra et al. 1990; De Rosa et al. 1992; Chatani et al. 1993]. The α and β forms are 

all-trans planar zig-zag chain conformations, while the γ, δ and ε forms display 21 helical 

conformations. The δ form refers to clathrate or intercalate cocrystal by incorporating 

solvent molecules into the crystalline lattice. The γ form is free of solvent molecules in the 

crystalline lattice, which can be obtained by thermal treatment of δ form [Manfredi et al. 

1995]. If the solvent molecules in the δ form are extracted by using boiling acetone 

[Manfredi et al. 1995] or supercritical CO2 [Ernesto Reverchon 1999], a nanoporous 

crystalline phase δe form, “emptied” δ form, can be generated. Recently a new crystalline 

form of sPS, named ε form, has been reported [Rizzo et al. 2007]. The ε form is also a 

nanoporous crystalline phase, in which pore is in “channel” shape instead of the “cavity” 

shape in δe form [Petraccone et al. 2008]. Thermodynamically, the all-trans planar zig-zag 

conformation is more stable compared to the helical conformation at ambient conditions. 

The transformation from the helical form to the all-trans form can be achieved by heating 

or thermal annealing. The helical δ form can be obtained from solutions in suitable solvents, 

or by sorption of suitable solvents into the amorphous sPS (obtained by rapid quench from 

melt) or semicrystalline sPS in the α or γ form [Immirzi et al. 1988; Vittoria et al. 1988]. 

However, the β form once formed is stable in the presence of solvents and can not be 

transformed into the δ form [Rapacciuolo et al. 1991].  

 

The solid-solid crystal form transitions of sPS have also been studied in carbon dioxide at 

high pressures [Handa et al. 1997; Ma et al. 2004]. Carbon dioxide is a well known 
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plasticizer. Thus polymers can undergo recrytallization at temperatures below their nominal 

glass transition temperatures. Indeed, it is reported that when exposed to compressed 

carbon dioxide, sPS undergoes α to β or γ to β transitions in the solid state which otherwise 

occurs only in the presence of liquid solvents [Handa et al. 1997]. It is shown that, in the 

glassy state, sPS can be transformed directly into the γ form when exposed to CO2 at about 

6 MPa and 363 K [Handa et al. 1997] or above the critical pressure and temperature of 

carbon dioxide in the pressure range from 8 -20 MPa and in the temperature range from 

308  – 373 K [Ma et al. 2004]. These observations are interesting in that traditionally the γ 

form is obtained by treating the glassy sPS with solvents such acetone or tetrachloroethane 

and then removing the solvent by thermal or vacuum techniques [Handa et al. 1997; Ma et 

al. 2004]. The γ form obtained with exposure to carbon dioxide transforms into the α form 

at higher temperatures (i.e., 483 K), with a high degree of crystal perfection. If during 

thermal annealing at temperatures above 483 K, the amorphous sPS were to be subjected to 

carbon dioxide at higher pressures (about 12 MPa), it is reported to directly transform to 

the β form, instead of the α form [Handa et al. 1997]. The direct transformation to the β 

form in carbon dioxide is intriguing in that the β form is normally obtainable by slow 

cooling from the melt, not from the glassy state. 

 

Beside its complex polymorphism, sPS has also been shown to undergo a thermoreversible 

gel in a variety of solvents [Deberdt and Berghmans 1993; Deberdt and Berghmans 1994; 

Daniel et al. 1996; Daniel et al. 1997; De Rudder et al. 2002]. Thermoreversible gels are 

physical gels and differ from chemical gels which are networks formed through covalent 

bonds and are heat-irreversible. In thermoreversible gels, the networks are formed through 

van der Waals interactions. The energy associated with these interactions is of the order of 

κT and thus these gels are thermoreversible [Guenet 1992]. In water, biopolymers often 

undergo gelation due to hydrogen bonds [Clark and Ross-Murphy 1987]. Formation of 

physical gels in synthetic polymers in organic solvents in the absence of hydrogen bonds 
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can arise as a result of phase separation accompanied by vitrification or crystallization, or 

as a result of formation of “polymer-solvent” compounds [Guenet 1992; te Nijenhuis 1997].  

Numerous studies on thermoreversible gelation of sPS in different solvents such as 

chloroform [Daniel et al. 1997], toluene [Daniel et al. 1997], benzene [Daniel et al. 1996], 

bromoform [De Rudder et al. 2002] have already been reported. In these gels, the 

polymer-rich phase is characterized as a “polymer-solvent compound”, in which the 

solvent molecules are included in well-defined positions between sPS chains that are in 

their 2/1 helical conformation. These gels are reported to be stable and strongly elastic. 

However, studies with bulky solvents such as octadecyl benzoate [Li and Xue 1998] and 

1-chlorotetradecane [Daniel et al. 2005], have shown that these solvent molecules fail to be 

incorporated into the cavities created by the helical sPS chain, and in general fail to form a 

“polymer-solvent compound”. The gels formed in solutions in bulky solvents give rise to 

paste-like, opaque gels with much lower elasticity. In these systems, the polymer-rich phase 

is found to display ordered all-trans planar chain conformation instead of 21 helical 

conformation. 

 

The phase behavior of sPS in a series of solvents, including chloroform, chlorobenzene, 

1,2-dichlorobenzene, o-xylene, 1,2,4-tricholobenzene and decalin, (which represent an 

order of decreasing solvent quality for sPS), was investigated over the whole polymer 

concentration range by Berghmans and co-workers [Deberdt and Berghmans 1993; Deberdt 

and Berghmans 1994; Roels et al. 1994; Roels et al. 1997] using differential scanning 

calorimetry (DSC). The solvent quality was found to play a significant role. In good 

solvents, the melting point depression of the β form with planar zig-zag conformation was 

observed to be larger than in poor solvents. However, the stability of the δ form was found 

to increase with increasing solvent quality. In good solvents, the β form was observed to 

become the thermodynamically stable phase at high polymer concentrations while the δ 

form becomes the more stable phase at lower polymer concentrations. In poor solvents, the 
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β form is observed to be the stable phase over the whole polymer concentration range.  

 

The properties of polymeric materials are inherently dependent on their microscopic 

structure, which is a strong function of their process history. In many cases, phase 

separation plays a major role. Two modes of phase separation are important for solutions of 

semi-crystalline polymer. These are the liquid-liquid (L-L) and the fluid-solid (F-S) phase 

separation, i.e., crystallization. In some systems, instead of the whole system undergoing 

crystallization, gelation is the prevalent phase separation process which involves 

crystallization of localized domains that act as anchors. Thermally induced phase 

separation (TIPS) in combination with crystallization is an important technique for the 

preparation of polymeric porous membranes [Yave et al. 2005; Gu et al. 2006; Li et al. 

2006]. The process is usually initiated by a thermally-induced L-L phase separation, which 

is then followed by crystallization. The final structure depends on the location of the L-L 

phase and the F-S (crystallization) phase boundaries. These studies are traditionally carried 

out at atmospheric pressure. For the solutions of polymers in binary fluid mixtures of an 

organic solvent with CO2, the pressure becomes a key tuning parameter to regulate the 

solvent properties, and consequently the miscibility or phase separation conditions. In these 

systems, pressure-induced phase separation (PIPS) in combination with crystallization, 

simply the temperature-induced phase separation that are carried out at high pressures offer 

new opportunities to form polymers with unique microstructures. In a recent study, Zhang 

et al. [Zhang and Kiran 2006] reported the morphology of polyethylene crystals formed in 

n-pentane solutions at high pressures. Different morphologies are displayed depending 

upon the phase separation paths employed and whether or not crystallization is induced 

directly by crossing the F-S boundary by cooling at high pressure, or is induced by a 

liquid-liquid phase separation first via a pressure quench which is then followed by cooling 

to cross the L-S phase boundary. 

 



 128

In the present study, we have investigated the gelation or crystallization process for sPS in 

toluene and toluene + CO2 mixtures at high pressures. We are now reporting the phase 

behavior for these solutions as a function of pressure (up to 50 MPa), polymer 

concentration (up to 25 %) and CO2 content (up to 43 %) in the fluid mixtures. The 

morphology and the crystal habits that are generated by sPS samples after constant pressure 

cooling, or constant temperature pressure quench followed by cooling are characterized by 

SEM, DSC and FTIR. The results are discussed in terms of the different paths that are 

followed. The results are also compared with the ambient pressure phase behavior of sPS in 

toluene that has been reported in the literature [Daniel et al. 1997; Ray et al. 2002]. 

Toluene is known to be a good solvent for sPS. The addition of CO2 to toluene that is now 

being presented provides an opportunity to investigate the influence of controlled changes 

in the solvent quality that can be achieved by adjusting either the pressure, or the 

temperature, or the amount of CO2 in the fluid mixture and its consequences in the phase 

behavior, and the polymer crystal forms that are promoted. 

 

5.2 Experimental Section 

5.2.1 Materials 

The syndiotactic polystyrene (with 98 % syndiotactic triads) was purchased from Scientific 

Polymer Products Inc. The polymer had a weight average molecule weight of Mw = 3.2 × 

10
5 g/mol and a polydispersity of Mw/Mn = 3.9. The solvent, toluene, with a minimum 

purity of 99.9 % was purchased from AlliedSignal. Carbon dioxide with a minimum purity 

of 99.99 % was purchased from Air Products. The polymer and the solvents were used as 

received. 

 

5.2.2 Experimental System 

Experiments were carried out in a variable-volume view-cell system described in our 
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earlier publications [Fang and Kiran 2006]. The cell is equipped with two sapphire 

windows permitting either visual or optical observations. The cell is heated by four 

cartridge heating elements. A movable piston coupled with a pressure generator is used to 

alter the inner volume of the cell and thereby adjust the system pressure. It is operable at 

pressures up to 70 MPa and temperatures up to 473K. An optical fiber illuminator is used 

as the light source and the transmitted light intensity is monitored with a fast response 

photodiode detector. During phase boundary determination, the temperature, pressure and 

transmitted light intensities are recorded in real-time with a dedicated computer. 

 

5.2.3 Experimental Procedures 

In a typical experiment, an accurately weighted amount of polymer is first loaded into the 

cell. This is followed by the addition of a measured amount of the liquid solvent, i.e., 

toluene. The cell is then sealed and connected to the CO2 charge line and the pressure 

generator. For experiments involving binary fluid mixtures of toluene + CO2, carbon 

dioxide is charged from a pre-loaded high pressure transfer vessel. The amount of carbon 

dioxide charged is assessed from the change in the mass of the transfer vessel. After the 

loading process is completed, the cell temperature and pressure are brought to the desired 

conditions for dissolution of polymer, forming a homogenous solution. The miscibility is 

visually verified through the sapphire windows. A magnetic stirrer is used to facilitate the 

dissolution process.  

 

Figure 5.1a describes the paths that were followed in determination of phase boundaries. 

Phase boundaries were approached either by lowering the temperature while keeping the 

pressure constant (Path 1) or by lowering the pressure while keeping the temperature 

constant (Path 2). In experiments where temperature was lowered along Path 1, pressure 

was adjusted with the aid of the pressure generator to compensate for the volumetric 

change that accompanies temperature reduction and thus maintain constant pressure 
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conditions. From measurements of the temperature, pressure, and the transmitted light 

intensities (Itr), graphs depicting the changes in the transmitted light intensity with 

temperature (along a constant pressure path, Path 1) or with pressure (along a constant 

temperature path , Path 2) are generated. These are shown in Figure 5.1b. In these plots, the 

temperature or the pressure corresponding to the departure from the baseline for Itr is 

identified as the phase separation temperature or pressure. In the present study, the majority 

of experiments were conducted along Path 1 at different pressures to determine the 

fluid-solid, or the sol-gel phase boundary that is associated with the crystallization or the 

gelation of sPS. Once the phase-separated regions were entered, phase boundaries were 

again determined, but this time in the reverse direction by increasing the temperature 

(labeled as Path 1' in the figure). In the reverse direction, what is determined is either the 

melting (S-F) transition for the crystals or the gel-sol transition.  

 

The distinction between gelation and crystallization was made by visual observations. 

While in systems that undergo crystallization, magnetic stirrer motion remains free, when 

gelation occurs, it gets stuck in the gel and stops turning. Along Path 1, whenever the 

gelation occurred during cooling to ambient temperature, the system was held for an 

additional 24 hrs at the ambient temperature at high pressure to mature the gel. After this 

maturation time the cell was depressurized and opened to collect the wet gel. Along Path 2, 

after the pressure-induced L-L phase separation the cell was cooled to ambient temperature 

while allowing the pressure to decrease, without any further adjustment of the pressure. As 

before the system was held for an additional 24 hrs to mature the gel at the ambient 

temperature and the prevailing lowered pressure. After final depressurization to ambient 

pressure and opening the cell, samples were collected from the upper (representing the 

polymer-lean phase) and the lower (representing the polymer-rich phase) layers of the cell 

cavity. The wet gels thus collected were air-dried by exposing to open air flow in a hood for 

24 hrs for natural evaporation of the solvent. For some of the samples drying was also 
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carried out by extracting the wet gel with supercritical carbon dioxide at 313 K and 21 MPa 

for 24 hrs.  

 

5.2.4 Characterizations by FTIR, SEM and DSC 

IR characterizations were carried out with an FTS 3100 (Digilab) FTIR spectrometer. The 

resolution was 2 cm-1 and 32 scans were co-added to obtain a spectrum for each sample. 

The air-dried gels or crystals were mixed with KBr powder. The transmission spectra were 

obtained from these prepared KBr disks. 

 

A Leo 1550 field emission scanning electron microscope (FESEM) was used to examine 

the morphology of the gels or crystals. The air-dried gel samples were freeze fractured after 

immersing in liquid nitrogen. A 15 nm layer of gold was coated on the samples using a 

Cressington 208 HR sputter coater to reduce electron charging effects. The morphological 

features of fractured cross-sectional surfaces were investigated. 

X-ray diffraction (XRD) patterns of vacuum-dried polymer samples were obtained with a 

Scintag XDS-2000 powder diffractometer operated at 45 kV and 40 mA using Cu Kα 

monochromatized radiation (λ = 0.154178 nm). 

 

The thermal behavior of the gels or crystals was investigated using a Perkin Elemer (Pyris 

Diamond) Differential Scanning Calorimeter. Due to presence of the resident solvent in the 

air-dried gels, gold-plated stainless-steel high-pressure capsules were used as sample 

holders to prevent solvent loss during scans. Thermograms were recorded at heating or 

cooling rates at 10 K/min in the temperature range 313- 523 K.  
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5.3 Results and Discussions 

5.3.1 Phase Boundaries 

5.3.1.1 sPS + Toluene 

Figure 5.2 shows the phase boundaries determined under constant pressure cooling and 

heating experiments (Path 1 and Path 1' in Figure 5.1) in 1.6, 2.8, 4.8, 12.6 and 25.0 wt % 

solutions of sPS in pure toluene. The experiments were carried out by maintaining the 

pressure constant at 6.9, 14.5, 22.0, 29.5, 37.0, and 45.5 MPa. The phase transitions were 

identified as the sol-gel (Path 1) or the gel-sol (Path 1') transitions by visual observation. 

The magnetic stirrer inside the cell is frozen when the sol-gel phase boundary is crossed but 

becomes free after crossing the gel-sol phase boundary. As shown in Figure 5.2, the sol-gel 

and the gel-sol phase boundaries are shifted to higher temperature region with increasing 

polymer concentration in the solutions. Daniel et al. [Daniel et al. 1997] studied the 

temperature-concentration phase diagram for sPS + toluene at ambient pressure using DSC 

measurement. Their results have shown that the melting temperatures of the gels increase 

from around 373 K to 423 K when polymer concentration increases from ~ 4 to ~ 50 wt. %. 

The gel-sol phase boundaries in the present study are in good agreement with these DSC 

data reported in the literature. Indeed, while for the 4.8 wt % solution the transitions occur 

in the temperature region from 378 to 390 K, for 25 wt % solution the range is 399-412 K.  

 

Figure 5.2 shows that the temperature difference between sol-gel (gelation) and gel-sol 

(re-dissolution) phase boundary is over 40 K in these solutions. Large hysteresis in 

solid-fluid transition temperatures is not uncommon and was also reported for 

crystallization and melting transitions of polyethylene in high pressure n-pentane solutions 

[Kiran and Liu 2002] where a 15 K difference was observed. The very large difference 

between gelation (during cooling) and gel melting (during reheating) observed in present 

study may arise from the long induction time needed in forming sPS helix conformation for 

gelation to occur starting from the random sPS coils in solution. Long induction times for 
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coil-to-helix transformation during gelation of sPS in bromoform solution has been 

discussed in the literature [De Rudder et al. 2002]. Berghmans and Deberdt [Berghmans 

and Deberdt 1994] studied the phase behavior of sPS in decalin and in o-xylene. The 

temperatures for formation and melting of helix conformation (δ form) and the zig-zag 

conformation (β form) have been measured by DSC over the whole polymer concentration 

range. They report a larger temperature difference for the formation and re-melting of helix 

conformation (representing gelation and re-dissolution) than for the formation 

(crystallization) and re-melting of the zig-zag conformation. More recently, an extremely 

large hysteresis (about 100 K) between gelation and re-dissolution has been reported for 

gelation of poly(9,9'-dioctylfluorene) in toluene [Kitts and Vanden Bout 2007]. 

 

Additional experiments were also carried out along constant temperature paths (Path 2) at 

selected temperatures higher than gel-sol phase transition temperatures. However, in these 

experiments in toluene the system remained as homogenous solutions and no liquid-liquid 

phase separation was detected.  

 

5.3.1.2 sPS + Toluene + CO2 

The influence of CO2 on the phase boundaries was investigated by adding the CO2 into sPS 

solution in toluene. The polymer concentration was at nominal concentration of 4.5 wt % 

and the compositions of CO2 in fluid mixture were varied from 0 to 43 wt %.  

 

Figure 5.3 shows the phase boundaries for 4.5 wt % sPS solution in toluene + CO2 mixture 

containing 16 wt % CO2. The phase boundaries for 4.8 wt % sPS solution in pure toluene 

(0 wt % CO2) are also included for comparison. As shown in the figure, the sol-gel 

boundary is shifted to lower temperatures with addition of 16 wt % CO2. That the addition 

of CO2 lowers the fluid-solid transition temperatures was also observed in 

poly(4-methyl-1-pentene) (P4MP1) solutions in n-pentane + CO2 (up to 20 wt % CO2 in 
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the solvent mixtures) [Fang and Kiran 2006]. The sol-gel or fluid-solid transition 

temperatures measured in the view cell are the phenomenological observations that reflect 

the outcome of thermodynamic and kinetic factors for polymer gelation or crystallization 

which are far from their equilibrium values. Thermodynamically, upon addition of a poor 

solvent, such as CO2, the solvent quality of the fluid mixture of toluene + CO2 for sPS is 

decreased as compared to the pure toluene. The decreased solvent quality in turn decreases 

the stability of δ form, and as a result the sol-gel phase boundary corresponding to the 

formation of δ form (polymer-solvent compound) and the gelation is observed to shift to 

lower temperatures. Kinetically, for sPS solution in the solvent mixture with 16 wt % CO2, 

the rate of toluene intercalation leading to polymer-solvent compound is hindered due to 

the presence of CO2, and gelation process is slowed down, thus also shifting the observed 

sol-gel transition to lower temperatures. Figure 5.3 suggests that the extent of hindrance to 

gelation of sPS in toluene is greater at higher pressures. Figure 5.3 shows the temperature 

difference between the sol-gel and the gel-sol phase boundaries for solution with 16 wt % 

CO2 is 10 K larger than that for the solution in pure toluene. The augmented hysteresis in 

solution contain CO2 is consistent with the notion that CO2 delays the development of the 

helical conformation leading to gelation. 

 

The temperature-pressure phase diagrams of 4.8 wt % sPS solution in toluene + CO2 

mixture containing 28 wt % CO2 and 4.4 wt % sPS solution in toluene + CO2 mixture 

containing 43 wt % CO2 are shown in Figure 5.4. Instead of being at lower temperatures, 

the sol-gel phase transitions in sPS solution with 28 wt % CO2 occur at higher temperatures 

when compared with the solutions in pure toluene and in fluid mixture of 84 wt % toluene 

+ 16 wt % CO2. The observed phase transition occurring at a higher temperature can be 

attributed to the appearance of the β form upon cooling. As more CO2 loaded into system, 

the solvent quality for sPS becomes poorer. Eventually, the β phase becomes the more 

stable form than the δ form over the whole polymer concentration range, and the cooling 
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leads to the transition of the solution to the β form at high temperatures. The transition of 

the solution to the β form is observed at higher temperatures for the sPS solution containing 

43 wt % CO2 in the solvent. This is in accord with the observation that the melting point 

depression of β form is decreased as the solvent quality becomes even poorer with further 

addition of CO2. Another striking difference in the phase diagram shown in Figure 5.4 is 

the appearance of the LCST-type liquid-liquid phase boundaries. As would be expected 

with lowered solvent power [Zhang et al. 2003], the L-L phase boundary shifts to much 

higher pressures when CO2 amount in the solution is increased from 28 to 43 wt %.  

 

A special heating experiment was carried out for the 4.8 wt % sPS solution in a fluid 

mixture of toluene (72) + CO2 (28) following a constant pressure path (as indicated as Path 

1' in Figure 5.4). In these experiments, the system was first cooled down to a low 

temperature below the sol-gel phase boundary to induce gelation. Then it was re-heated 

while maintaining the pressure constant at 18.5 MPa. As predicted by the phase diagram, 

the system was observed to first go through the gel-sol phase boundary undergoing 

re-dissolution and thus entering the homogenous region. With further heating, this was 

followed by a re-entry into a heterogeneous two-phase region, but this time due to the 

liquid-liquid phase separation taking place at the higher temperatures (which is typical of 

systems showing LCST). The transmitted light intensity was monitored during the whole 

experiment and is shown in Figure 5.5. As shown, initially the transmitted light intensity 

increases as the gel dissolves and the system becomes transparent. But with continued 

increase in the temperature, as the liquid-liquid boundary is approached and entered, the 

new phase domains that develop intermittently block or move away from the light path, 

leading to the observed series of decrease and increase in Itr. As the phase separation 

progresses further, the light passage is eventually all hindered and the fluctuations die out 

as reflected by the lowered Itr. 
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5.3.2 Crystal Structure 

FTIR spectroscopy has proven to be a powerful technique to distinguish the different 

polymorphic forms for sPS [Kobayashi et al. 1989; Reynolds et al. 1989; Moyses and 

Spells 1999; Gowd et al. 2003; Yoshioka and Tashiro 2003]. There are significant 

differences in absorption spectrum of the samples whether the planar zigzag form or the 21 

helix is present [Reynolds et al. 1989; Moyses and Spells 1999]. The planar zigzag form 

shows the characteristic bands at 1349, 1224 and 537 cm-1, while the 21 helix form shows 

the characteristic bands at 943, 934, 572 and 502 cm-1. Figure 5.6 shows the FTIR spectra 

in the range of 800-1400 cm-1 of sPS gel samples formed at 44.5 MPa from different 

solutions at different polymer concentrations. These spectra are similar to each other. The 

appearance of characteristic doublet bands at 943 and 934 cm-1 indicates helical 

conformation and that the formation of δ form which incorporates the solvent molecules in 

these samples.  

 

5.3.3 Morphology 

Figure 5.7 shows the FESEM images of the gels (after air-drying and freeze-fracturing) 

obtained along Path 1 (constant pressure cooling to room temperature and then 

depressurization) from 1.6, 2.8 12.6 and 25.0 wt % solutions in pure toluene at 44.5 MPa. 

As shown in the figure, the basic common feature of these gels is a fibrillar network. The 

network is observed to become denser in gels formed from solutions with increasing 

polymer concentration reflecting the increased amount of polymer in the gels.  

 

In order to investigate the influence of the method of removal of the solvent from the gel, 

supercritical CO2 extraction was also utilized for gels obtained from 4.8 % solutions. The 

formation of aerogels of sPS by supercritical extraction of traditionally prepared gels has 

already been reported in the literature [Daniel et al. 2005]. Figure 5.8 shows the 
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comparison of the morphological features of these sPS gel samples which were air-dried, or 

dried by supercritical CO2 at 313 K and 21 MPa for 24 hrs. They both show a fibrillar 

network structure with fiber diameters in the range of 20-30 nm. However, compared to the 

air-dried sample, the sample after supercritical CO2 extraction shows a much finer porous 

structures, which may be viewed as representing the pore structure of the fresh wet gel. 

Extraction with supercritical fluids is a well recognized technique to alleviate interfacial 

tension effects and prevent cell collapse during drying. 

 

5.3.4 Path Dependence of the Gel Structure 

Figure 5.9 shows the two different paths for collection of the sPS samples at point B 

starting from a homogenous solution at point A. Path 1 is bringing the system into sol-gel 

phase separated region at constant pressure as a first step which is then followed by a 

depressurization process. In the second path, the system is first subjected to a pressure 

quench into L-L phase separation region upon which the solution phase separates into a 

polymer-rich and a polymer-lean phase which are then cooled to ambient temperature and 

depressurized.  

 

The X-ray diffraction patterns for the samples collected at point B following such paths 

from 4.8 wt % sPS solution containing 28 wt % CO2 are shown in Figure 5.10. The sPS 

sample after Path 1displays (Fig 10a) the typical of δ form, as indicated by the diffraction 

peaks at 2θ = 8.0, 10.3, 13.5, 17.3, 20.1, 23.4 and 28.0° [Manfredi et al. 1995]. The X-ray 

diffraction profile changes dramatically for the sample originating from the polymer-rich 

phase after Path 2 (Figure 5.10c), which only displays the typical β form indicated by the 

appearance of the reflections at 2θ = 6.2, 10.4, 12.3, 13.6, 18.6 and 21.1° [De Rosa et al. 

1992]. The appearance of the both diffraction peaks corresponding to the δ and β forms in 

the X-ray diffraction pattern for the polymer-lean phase sample after Path 2, as shown in 

Figure 5.10b indicates the formation of the mixed β + δ crystal forms in this sample. (The 
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XRD spectrum shown in 10 d is that of a sample obtained from a solution containing 43 % 

CO2 and will be discussed later in this section).  

 

Figure 5.11 shows FTIR spectra for these three samples obtained from 4.8 wt % sPS 

solution in a fluid mixture of toluene (72) + CO2 (28). The characteristic doublet peaks at 

943 and 934 cm-1 correspond to the helical conformation and thus the IR spectrum 

indicates δ form for the sample obtained from Path 1. The intensities of these peaks are 

altered as Path 1 is changed to Path 2. The peak intensities are lowered for the sample from 

the polymer-lean phase and disappear for the sample from the polymer-rich phase that is 

generated following Path 2. The appearance of the peak at 1222 cm-1 and the shoulder peak 

at 911 cm-1 in the spectrum of the sample from the polymer-rich phase in Path 2 indicates 

the presence of the planar zig-zag β form [Roels et al. 1997]. The intensities of these peaks 

are observed to decrease in the sample from the polymer-lean phase. These peaks that are 

characteristic of the β form are absent in the sample from Path 1. As shown in Figure 5.11, 

while only the δ form is observed in the sample from Path 1 and the β form is observed in 

the sample from the polymer rich phase in Path 2, the polymer-lean phase in Path 2 leads to 

a mixture of δ and β forms. These results are consistent with the results from the XRD 

measurements discussed above.  

 

Similar observation can be deduced from analysis of the DSC scans (obtained at  

10 K/min) of these three samples illustrated in Figure 5.12. The DSC scans of the samples 

with δ form (Path 1 and Path 2 polymer-lean phase) show a broad endothermic peak in the 

temperature range 353 - 473 K. This is a typical feature reported in the literature for the δ 

form in the presence of a guest solvent for which the boiling point is in the range of 373 - 

423 K [Chatani et al. 1992; Rastogi et al. 1998]. Normal boiling point of toluene is 383.6 K. 

The transformation peaks from δ to γ, and from the γ to α forms are usually masked by the 

gradual evaporation of the solvent during the scan. The transition of from δ to γ form in a 
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DSC scan is reported to be more apparent for higher boiling point solvents [Galdi et al. 

2006]. The DSC scan of the sample showing the planar zig-zag β form displays only the 

endothermic melting peaks at temperature greater than 523 K corresponding to the 

crystalline melting of the β form. The multiplicity of the melting peaks for polymer crystals 

formed from high pressure solutions is common and is often attributed to the multiplicity of 

the crystal sizes formed in the process as discussed earlier in connection with the 

crystallization of polyolefins from high pressure solutions [Zhang et al. 2003; Zhang and 

Kiran 2006].  

 

The morphology of sPS samples collected through Path 1, as shown in Figure 5.13a, is a 

fibrillar network structure which is very similar to the sPS gel structure formed from pure 

toluene solution, as shown in Figure 5.7. However, a closer examination of Figure 5.13a 

indicates the presence of aggregates of lamellar structures corresponding to the β form, 

dispersed within the fibrillar network. This is more clearly illustrated in Figure 5.13b, 

which is an enlargement of the small framed area of Figure 5.13a. The appearance of the β 

form dispersed in the δ form in the gel samples, even though the portion is relatively small 

and not detected in the IR spectra, is a good indicator of the trend that the β form is 

beginning to become the more stable crystal form as solvent quality becomes poorer with 

the addition of more CO2. The presence of the β form in this sample can also account for 

the observation of the sol-gel phase transition occurring at higher temperatures compared to 

the sPS solutions in pure toluene, or in fluid mixtures with lower (i.e., 16 wt %) CO2 

content. Figure 5.13c shows the sPS samples recovered from polymer-rich phase after Path 

2. Instead of a fibrillar network, a strikingly different morphology, lamellar-disk structures, 

that is indicative of chain-folded crystals is displayed. The fibrillar network is the typical 

feature for sPS gels that are generated via formation of the “polymer-solvent compound” 

which prevents chain folding. In contrast, the lamellar structure is the typical chain folded 

crystal morphology arising from the planar zig-zag chain conformation.  
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The morphology of the sample from the polymer-lean phase from Path 2 is shown in Figure 

5.13d. A combination of high levels of both fibrillar and lamellar structures is displayed. 

The lamellar layers corresponding to the β form are actually interconnected by fine fibers 

corresponding to the δ form. These FESEM observations are in good agreement with the 

FTIR and DSC results.  

 

The micrograph of sPS samples collected from the polymer rich phase after Path 2  in a 

mixture of toluene (57) + CO2 (43) is shown in Figure 5.14. The morphology generated 

from this solution with much higher carbon dioxide content (43 vs 28 %) displays denser 

stacked-lamellar structures with spherulitic attributes. The XRD diffraction pattern of this 

sample which is shown in Figure 5.10d, is similar with that of the polymer-rich phase 

sample from the solution containing 28 wt % CO2, indicating that only β form was 

generated in the sample. Even though not included in the present manuscript, both the 

FTIR and the DSC results on these samples also showed presence of only the β crystalline 

form. The difference in the samples generated from 28 and 43 % CO2 containing solutions 

is thus only in the morphological appearance, and not the actual crystalline form which is 

the β in both cases. 

 

5.3.5 Further Discussion on Path Dependence of the Crystalline Forms 

The path dependence of the gel structures in terms of the different crystalline forms can be 

understood from a close examination of the phase diagrams. Figure 5.15 a and b are 

schematic representations of the T-x phase diagrams for sPS solutions in good and poor 

solvents at ambient pressure that is adapted from the literature [Deberdt and Berghmans 

1993; Berghmans and Deberdt 1994; Rastogi et al. 1998]. In good solvents, the melting 

point depression of the β form is large and the melting curve intersects with the L + δ 

boundary. This is due to the solvent quality being good and the stability of the 

polymer-solvent compound (i.e. the δ form) being also improved with improved solvent 
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quality. In good solvents, the β form is the thermodynamically stable phase at high polymer 

concentrations, while the helical δ form is the thermodynamically stable phase at lower 

polymer concentrations. At high polymer concentrations, a metastable “β + δ” region is 

reported at lower temperatures.  

 

In poor solvents, with decreased solvent quality, the melting point depression is reduced, 

and the melting curve moves to higher temperatures. The stability of δ form is also 

decreased. As shown in Figure 5.15b, in poor solvents, the β form becomes the 

thermodynamically stable phase in the whole concentration range and the “L + δ” and the 

“β + δ” regions depicted at lower temperatures below the “L + β” region are metastable.  

 

Figures 5.16a and b are the schematics for the phase diagram and the phase separation 

paths in toluene + CO2 mixtures at relatively high CO2 content that we propose as being 

applicable at high pressures in the present study. These are based on the observations in the 

view cell and the results obtained from the XRD, FTIR and SEM of the samples collected 

after different paths. [DSC type calorimetric measurements that are generally used to 

generate phase diagram at ambient pressures are not experimentally amenable to 

high-pressure measurements in ternary systems that consist of polymer + solvent + carbon 

dioxide]. 

 

For simplicity, the system is viewed as a two-component system composed of the polymer 

and the pseudo-solvent (the mixture of toluene + CO2). At the higher temperatures the 

LCST-type two phase region (L + L) is depicted which is supported by the experimental 

data in Figure 5.4. The present study shows that these fluid mixtures at high pressures 

indeed behave as relatively good solvents, leading to completely homogeneous solutions 

over a wide temperature range at all pressures investigated for mixtures containing up to 16 

wt % CO2. In the case of the system containing 28 wt % CO2, the solvent quality becomes 
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poorer, and at lower pressures a liquid–liquid phase separation is observed upon an increase 

in temperature.  

 

The region below the homogenous liquid (L) region is viewed to be more like the poor 

solvent case shown in Figure 5.15b, but somewhat modified to account for high pressures 

and the improved solvent quality that accompanies higher pressures. .Thus the diagram 

depicts a picture that describes the system as being in an intermediate solvent. The lower 

temperature portion of the phase diagram is based on the SEM observations on the gel 

samples that we have presented in the previous sections. The micrographs of the gels 

formed from the mixture of toluene (72) + CO2 (28) indicate the presence of the β form 

over the whole polymer concentration range. Thus, in Figure 5.16, the region below the 

homogenous liquid phase is the “L + β” region corresponding to the coexistence of the 

solution and the β crystal phase (representing the zig-zag chain conformation) over the full 

polymer concentration range. The “L + β” region is depicted as narrowing at lower polymer 

concentrations due to the larger melting point depression of the β crystal form with the 

increasing amount of the solvent in the system. Below the “L + β” region is “L + δ” region 

corresponding to the coexistence of the solution and the “polymer-compound” phase (δ 

phase) observed at the low polymer concentrations. There is a metastable “β + δ” region at 

higher polymer concentrations, where β and δ forms coexist.  

 

As already noted, the sPS solutions in toluene + CO2 for solutions containing 28 % CO2 

also display a LCST-type L-L phase behavior in the high temperature region. In Figure 5.16, 

along Path 1, upon reduction of temperature the homogenous solution at point A enters the 

“L + β” region which is then followed by entry into the “L + δ” region where the polymer 

forms “the polymer-solvent compound” and solution undergoes gelation. Final 

depressurization stage to ambient pressure (see Figure 5.9) does not alter the structure of 

the compound. The samples collected through Path 1 show primarily the δ crystal form and 
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fibrillar morphology. Presence of a small fraction of the β form was also indicated in the 

SEM micrographs (Figure 5.13). The presence of the β form is understandable since the 

system traverses the narrow “L + β” region during the cooling process. The system 

experiences an early stage of crystallization that would lead to the β form. Further 

development of the β form is however hindered upon entering the “L + δ” region with 

continual cooling where the δ form rather than the β form is promoted.  

 

In Figure 5.16, along Path 2, the homogenous solution at point A enters the L-L phase 

separated region upon reduction of pressure which moves the LCST to lower temperatures. 

The solution which was homogenous at T1 is now in the immiscible region and the system 

phase separates into two coexisting phases, a polymer-lean phase (L1) and a polymer-rich 

phase (L2). In the second step along Path 2 (see Figure 5.9) where temperature is reduced, 

these two phases undergo a process similar to Path 1. The polymer-rich phase enters the “L 

+β” region first and then goes into a metastable “β + δ” region, while the polymer-lean 

phase crosses “L +β” region and enters the “L + δ” region. For the polymer-rich phase, the 

rate of crystallization of the β form is promoted and progresses to completion. As shown in 

the figure, at higher polymer concentrations the temperature range for the stable L + β 

region is larger. There is sufficient time during the cooling process that the system remains 

in the “L + β” region which leads to the effective formation and completion of the stable 

zig-zag β form. With further cooling, the system enters the metastable “δ + β” region, but 

the stable β that was generated in the higher temperature range remains with no 

transformation to the. δ form. This is consistent with the experimental observation that only 

the β form was collected for the polymer-rich phase. For the polymer-lean phase L1, during 

reduction of temperature to room temperature the system first enters the “L + β” region and 

then the “L + δ” region. One then expects the final crystal form to be predominantly the δ 

form with presence of a minor β component, as was the case for Path 1. This is actually in 

contrast to the experimental observations. What is actually observed is a mixture of δ + β 
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forms with relatively large amount of β (see Figure 5.13d). This discrepancy may be 

attributed to the different level of CO2 in the polymer-lean phase and polymer-rich phase 

after the L-L phase separation. In the ternary system of Polymer (sPS) + Good solvent 

(toluene) + Poor solvent (CO2), the polymer-lean phase tends to have more CO2 compared 

to the polymer-rich phase after the L-L phase separation [Kiran 1994]. An increase in CO2 

content in the polymer-lean phase leads a decrease in the solvent quality which results in 

destabilization of the polymer-solvent compound (δ phase) and promotion of the formation 

of the β form. This would then lead to a mixture of β + δ forms with a relatively large 

amount of the β form, as is experimentally observed. 

 

Figure 5.17 presents a schematic of T-x diagram for sPS solution in the mixture solvent 

with higher (43 %) CO2. As compared to Figure 5.16 for the mixture solvent containing 28 

% CO2, Figure 5.17 includes features that account for the higher reduction in solvent power. 

The L + β phase boundary is shifted to higher temperatures since the extent of melting 

point depression of β crystal form would be further decreased due to further reduction of 

the solvent quality. The “L + δ” phase boundary is shifted to lower temperatures due to 

decreased solvent quality. The L-L phase boundary is shifted to lower temperatures 

(reducing the homogeneous region) due to reduced solvent quality. As also indicated in the 

T-P phase diagram shown in Figure 5.4, the LCST type L-L phase boundary shifts to higher 

pressures with increasing the CO2 content in the solvents. This actually leads to a deeper 

pressure quench below the phase boundary for the solvent with 43 wt % CO2 compared to 

the solution with 28 wt % CO2 even when the same pressure jump (~ 35 MPa) is imposed. 

 

The T-x diagram corresponding to a lower pressure P2 is also shown in Figure 5.17. The 

solution which was homogonous at point A at P1 when pressure is lowered to P2 undergoes 

phase separation into the polymer-rich and the polymer-lean phases that coexist. Due to the 

deeper pressure quench experienced in this higher CO2 containing solution, the 
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polymer-rich phase at L2 has a higher polymer concentration, and the polymer-lean phase at 

L1 has a lower polymer content compared with that in Figure 5.16 depicting the case for the 

lower CO2 containing solution. Further cooling from L2 leads to the crystallization in the β 

form from polymer rich phase at this high polymer concentration resulting in the denser 

spherulitic structures that were observed in Figure 5.14. The polymer lean phase L1 has 

extremely low polymer content which prevented sampling for characterization. But Figure 

5.17 would suggest that if a sample could have been collected the polymer in the polymer 

lean phase would also have been dominated by the β crystal form.  

 

The relative amount of the β form and the crystal morphology observed in the SEM of the 

different samples can be viewed as reflecting the different stages of the crystallization of 

the β form. The small β crystal domains dispersed within fibrillar network formed from sPS 

solutions in toluene (72) + CO2 (28) through Path 1, which could only be observed in SEM 

micrograph and not detected in XRD and FTIR measurement, may be regarded as 

reflecting the early stage of crystallization, the further growth of which is prevented due to 

entry into the “L + δ” region where the δ form is promoted instead. The β crystal 

morphology observed in the polymer-rich phase obtained from sPS solutions in toluene (72) 

+ CO2 (28) through Path 2 may be viewed to represent the middle stage of crystallization in 

which higher crystallization rates and longer crystallization times permit the development 

of the lamellar disks. The β crystal morphology observed in samples collected from the 

polymer-rich phase generated from sPS solutions through Path 2 in toluene + CO2 with 

higher amount of CO2 (43 wt %) may be viewed as reflecting the late stage of 

crystallization. The higher supersaturation and crystallization rate and longer crystallization 

time available in the wider “L + β” region lead to the formation of denser, spherulitic 

structures. 
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5.4 Conclusions 

Only the sol-gel phase boundary was observed in solutions of sPS in pure toluene and 

toluene + CO2 mixtures up to 16 wt % CO2. In solutions with more than 28 wt % CO2, both 

sol-gel and liquid-liquid phase separations were observed. The liquid-liquid phase 

boundary shifted to higher pressures with increasing amount of CO2 in the solution. The gel 

samples formed from the sPS solutions in pure toluene and toluene + CO2 with a CO2 level 

up to 16 wt % show a fibrillar network morphology with δ crystal structure. The sPS 

samples collected from the solutions with higher level of CO2, i.e., 28 wt % CO2 in solvent 

mixture, depending upon the paths followed, are found to display different crystalline 

structures and morphological feature. The samples collected through constant pressure 

cooling show a fibrillar structure with a small portion of β form. While the system 

containing high level of CO2 first undergoes L-L phase separation by constant temperature 

pressure quench. The samples recovered after the L-L phase separation show different 

structures. For the polymer-rich phase, the samples show stacked-lamellar morphology and 

the β form crystalline structure, and for the polymer-lean phase, the morphology is that of 

lamellar layers connected with fine fibers displaying a mixture of δ and β phase crystalline 

structures. With even higher CO2 content in system, i.e., 43 wt % in solvent mixture, 

samples collected from polymer-rich phase display a denser stacked-lamellar morphology 

with spherulitic attributes and β crystalline structure. 
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Figure 5.1 Schematic representation of different paths followed to determine the phase 

boundaries and the corresponding changes in T, P, and Itr with time.  
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Figure 5.2 The sol-gel phase boundaries for syndiotactic polystyrene solutions in toluene at 

different polymer concentrations. Filled symbols represent the gel formation points upon 

cooling and opened symbols represent the gel melting points upon heating.  
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Figure 5.3 The sol-gel phase boundaries for syndiotactic polystyrene solutions in pure 

toluene and toluene + CO2 mixture with 16 % CO2 in the solvent mixture. Filled symbols 

represent the gel formation points upon cooling and opened symbols represent the gel 

melting points upon heating.  
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Figure 5.4 The sol-gel and L-L phase boundaries for syndiotactic polystyrene solutions in 

toluene + CO2 mixture with 28 % CO2 and fluid-solid and L-L phase boundaries in toluene 

+ CO2 mixture with 43 wt % CO2 in the solvent mixture. Open symbols represent the gel 

melting (28 % CO2) or crystalline melting (43 % CO2) points upon heating. 
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Figure 5.5 Variation of temperature T, pressure P, and transmitted light intensity Itr with 

time and Itr with temperature along the constant pressure heating path (as indicated as path 

B' in Figure 4) in 4.8 wt %sPS solution in 72 wt % toluene + 28 wt % CO2 at 18.5 MPa.
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Figure 5.6 FTIR spectra of syndiotactic polystyrene (sPS) gel samples collected from sPS 

solutions in pure toluene with different polymer concentrations: (a) 2.8 wt %; (b) 4.8 wt %; 

(c) 12.6 wt % and (d) 25.0 wt %.  
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(c) 

 

 (d) 

Figure 5.7 FESEM micrographs of sPS gel samples that were formed at 298K and 44.5 

MPa from the solutions with different polymer concentrations: (a) 1.6 wt %; (b) 2.8 wt %; 

(c) 12.6 wt % and (d) 25.0 wt %. The scale bars are 2 μm in (a) and (b) with the 

magnification of 20,000 ×; and 1 μm in (c) and (d) with the magnification of 50,000 ×. 
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(b) 
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(c) 

 

(d) 

Figure 5.8 FESEM micrographs of sPS gel samples that were formed at 298 K and 44.5 

MPa from the 4.8 wt % solution in pure toluene: (a) (b) after air dried; and (c) (d) after 24 

hr supercritical CO2 extraction at 313 K and 21 MPa. The scale bars are 2 μm in (a) and (c) 

with 10,000 ×; and 1 μm in (b) and (d) with 50,000 ×. 
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Figure 5.9 Schematic representation of two different phase separation pathways on a T-P 

phase diagram; path 1: constant pressure cooling process to room temperature followed by 

further depressurization; and path 2: a pressure quench into L-L phase separation region at 

a given temperature followed by further cooling to room temperature. 
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Figure 5.10 X-ray diffraction patterns in the 2θ range 5° - 35° for syndiotactic polystyrene 

(sPS) samples collected from 4.8 wt % sPS solutions in 72 wt % toluene + 28 wt % CO2 

solution: (a) Path 1; (b) Path 2 polymer-lean phase; (c) Path 2 polymer-rich phase; The 

XRD pattern shown in (d) is of a sample collected from the polymer-rich phase after Path 2 

in a 4.4 wt % solution with higher (43 %) CO2. 
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Figure 5.11 FTIR spectra of syndiotactic polystyrene (sPS) samples collected from 4.8 wt 

% sPS solutions in 72 wt % toluene + 28 wt % CO2 solution: (a) Path 1; (b) Path 2 

polymer-lean phase; (c) Path 2 polymer-rich phase. 
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Figure 5.12 Comparison of the DSC scans for sPS samples from 4.8 % solutions in 72 wt 

% toluene + 28 wt % CO2: (a) samples collected through Path 1; (b) samples collected from 

the polymer-lean phase through Path 2; and (c) samples collected from the polymer-rich 

phase through Path 2. 



 161

 
(a) 

 
(b) 

 



 162

 
(c) 

 

(d) 

Figure 5.13 FESEM micrographs of sPS samples that were collected from 4.8 wt % sPS 

solutions in 72 wt % toluene + 28 wt % CO2 solution after: (a) Path 1; (b) Enlarged area of 

(a); (c) Path 2, polymer-rich phase; (d) Path 2, polymer-lean phase. The scale bars and 

magnifications are: (a) 2 μm, 10,000 ×; (b)1 μm, 50,000 ×; (c) 10 μm, 5,000 ×; and (d) 2 

μm, 20,000 ×.  
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Figure 5.14 FESEM micrographs of sPS samples that were collected from 4.4 wt % sPS 

solutions in 57 wt % toluene + 43 wt % CO2 after path 2, polymer-rich phase. The scale bar 

and magnification are 10 μm, 5,000 ×. 
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 (a)       (b) 

Figure 5.15 Schematic representation of temperature-concentration phase diagrams for sPS 

in good (a) and poor (b) solvents at ambient pressure. L: liquid phase; β: β crystal form of 

sPS; δ: δ crystal form. 
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Figure 5.16 Schematic representation of the T-x phase diagrams for sPS in toluene + CO2 at high pressures and the consequence of 

paths followed on the eventual crystalline forms that are generated. P is pressure, L1, and L2 are the polymer - lean and the polymer - 

rich phases. Other symbols are as in Figure 5.15. 
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Path 2: 

 

 

Figure 5.17 Schematic representation of the T-x phase diagram for sPS in toluene + CO2 with higher CO2 content at high pressures 

Symbols are as in Figure 5.16. 
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Chapter 6 

Gelation, Crystallization and Morphological 

Transformations of Syndiotactic Polystyrene in 

Acetophenone and Acetophenone + Carbon Dioxide 

Mixtures at High Pressures* 

 

The gelation and crystallization processes in 5 wt % solutions of syndiotactic polystyrene 

in acetophenone and acetophenone + carbon dioxide fluid mixtures were studied in a 

variable-volume view-cell system over a pressure range from 7 - 50 MPa for CO2 

concentrations up to 40 wt %. The solution in pure acetophenone displayed only a sol-gel 

(gelation) phase boundary. Solutions containing 25 wt % CO2 displayed both a sol-gel 

and a liquid-liquid phase boundary. Solutions containing 40 % CO2 displayed instead a 

fluid-solid (crystallization) and a liquid-liquid phase boundary. The consequences of 

crossing the gelation, crystallization or the liquid-liquid demixing boundaries first on the 

eventual morphology and the crystal structures that develop were investigated. It is 

shown that when the gelation boundary is crossed first, the resulting crystal structure is 

the δ form. When the L-L phase boundary is crossed first, polymer rich phase leads to a 

mixture of δ + β crystal forms while only the δ form is found in the polymer-lean phase 

from solutions with 25 wt % CO2. In solutions with 40 wt % CO2, crossing the 

crystallization boundary first leads to the β form with no presence of the δ crystal form. 

However, when the liquid-liquid phase boundary is crossed first, the polymer-rich phase 

forms only the β crystal form and the polymer-lean phase leads to a mixed crystal 

structure containing the β and δ forms. Formation of the different crystal structures are 

                                                        
* Submitted for publication in the Journal of Supercritical Fluids as “Jian Fang and Erdogan Kiran. 
Gelation, Crystallization and Morphological Transformations of Syndiotactic Polystyrene in 
Acetophenone and Acetophenone + Carbon Dioxide Mixtures at High Pressures” 
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verified by XRD, FTIR and SEM characterizations and are rationalized with a phase 

diagram describing the paths followed as a result of a change in pressure an/or the 

temperature. 
 

6.1 Introduction 

Syndiotactic polystyrene (sPS) is a polymer of continuing industrial interest because of 

its high crystallization rate, high melting temperature and good chemical resistance 

[Ishihara et al. 1986; Zambelli et al. 1987; Ishihara et al. 1988; Malanga 2000]. It is also 

of great scientific interest due to the many polymorphic states it displays [Grassi et al. 

1989; Reynolds et al. 1989; Gomez and Tonelli 1990; Guerra et al. 1990; Chatani et al. 

1992; De Rosa et al. 1992; De Rosa 1996; De Rosa et al. 1997; Moyses and Spells 1999; 

Yoshioka and Tashiro 2003; Albunia et al. 2006; Rizzo et al. 2007; Petraccone et al. 

2008]. There are five known polymorphic states, namely the α, β, γ, δ and more recently 

the ε forms. The α and β forms that are typically obtained from the melt are in planar 

zigzag chain conformations. While the γ, δ and ε forms which are normally formed in the 

presence of solvents are in 21 helical chain conformation. In the δ crystal form, the 

solvent molecules are entrapped via formation of a “polymer-solvent compound”, 

whereas the γ form is a solvent-free crystal form obtained by thermal treatment of the δ 

crystal form. If the solvent molecules in the δ crystal are extracted with for example 

supercritical carbon dioxide, a nanoporous “emptied” crystalline phase known as the δe 

crystal form is generated in which the pores are in the shape of cavities. The ε form is 

also a nanoporous crystalline phase, but with pores that are in “channel” shape instead of 

cavities [Petraccone et al. 2008].  

 

The δ form can also be obtained from the α and γ form by sorption of suitable solvents 

[Immirzi et al. 1988]. However, the β from is stable and does not transform to the δ form 

in the presence of solvents [Rapacciuolo et al. 1991]. The systematic studies carried out 
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by Berghmans and coworkers [Deberdt and Berghmans 1993; Deberdt and Berghmans 

1994; Roels et al. 1994; Roels et al. 1997] on the relative stability of δ and β forms as a 

function of polymer concentration have shown that in good solvents the β form is the 

more stable form at high concentrations, while the δ form is the more stable form at low 

polymer concentrations. The relative stability of the β and δ forms is however altered 

when the solvent strength is changed. With decreasing solvent quality [Deberdt and 

Berghmans 1993], the β form becomes the more stable form over the whole polymer 

concentration range while the δ form becomes metastable. 

 

The use of the fluid mixtures of organic solvents with CO2 as solvents is an attractive 

approach to tune the properties of the solvent , in particular the solvent quality [Kiran et 

al. 1993; Zhang et al. 2003; Fang and Kiran 2006], and thereby influences the crystal 

form and morphology of sPS. The outcome can be altered by changing not only the fluid 

composition, but also by changing the pressure or the temperature for a given fluid 

composition as we have already demonstrated for gelation or crystallization processes for 

sPS in toluene + CO2 mixtures [Fang and Kiran 2008]. In the present paper we are now 

reporting on the gelation and crystallization of sPS in acetophenone + CO2 solvent 

mixtures. Acetophenone (C6H5-CO-CH3) differs from toluene (C6H5-CH3) by a carbonyl 

group which may interact with carbon dioxide as is the case in acetone + CO2 systems 

[Liu and Kiran 2007], and thus is of interest in gaining further insight on the influence of 

the nature of the solvent on promotion of different crystals forms. As in the case of 

toluene + CO2 mixtures, we are providing new information on the effect of the phase 

separation path followed on the outcome in terms of the morphological features and the 

crystal forms generated. To our knowledge this is the first ever study of gelation and 

crystallization of sPS in acetophenone or acetophenone + CO2 mixtures. 
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6.2 Experimental Section 

6.2.1 Materials 

The syndiotactic polystyrene (with 98 % syndiotactic triads) was purchased from 

Scientific Polymer Products Inc. The polymer had a weight average molecule weight of 

Mw = 3.2 × 105 g/mol and a polydispersity of Mw/Mn = 3.9. The solvent, acetophenone, 

with a minimum purity of 99 % was purchased from Aldrich. Carbon dioxide with a 

minimum purity of 99.99 % was purchased from Air Products. The polymer and the 

solvents were used as received. 

 

6.2.2 Experimental System and Procedure 

Experiments were carried out in a variable-volume view-cell equipped with two sapphire 

windows for visual or optical observations which has been previously described [Fang 

and Kiran 2006; Fang and Kiran 2008]. A movable piston coupled with a pressure 

generator is used to alter the inner volume of the cell and thereby adjust the system 

pressure. An optical fiber illuminator is used as the light source and the transmitted light 

intensity is monitored with a fast response photodiode detector. During phase boundary 

determination, the temperature, pressure and transmitted light intensities are recorded in 

real-time with a dedicated computer. 

 

Experimental procedure is similar to that described in our earlier publication [Fang and 

Kiran 2008]. Briefly, an accurately weighted amount of polymer is first loaded into the 

cell. This is followed by the addition of a measured amount of the liquid solvent, i.e., 

acetophenone. The cell is then sealed and connected to the CO2 charge line and the 

pressure generator. After the loading process is completed, the cell temperature and 

pressure are brought to the desired conditions for dissolution of polymer, forming a 

homogenous solution as verified through the sapphire windows. A magnetic stirrer is used 
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to facilitate the dissolution process. Once homogeneous conditions are achieved, phase 

boundaries are determined either by lowering the temperature while keeping the pressure 

constant (Path 1) or by lowering the pressure while keeping the temperature constant 

(Path 2) which are illustrated in Figure 6.1. In experiments where temperature is lowered 

along Path 1, pressure is maintained constant by changing the position of a movable 

piston in the cell using a pressure generator to compensate for the volumetric changes 

that accompany changes in the temperature. From measurements of the temperature, 

pressure, and the transmitted light intensities (Itr), graphs depicting the changes in the 

transmitted light intensity with temperature (along a constant pressure path, Path 1) or 

with pressure (along a constant temperature path , Path 2) are generated. The temperature 

or the pressure corresponding to the departure from the baseline for Itr is then identified 

as the phase separation temperature or the phase separation pressure.  

 

In the present study, the majority of experiments were conducted along  

constant pressure paths (Path 1) at different pressures to determine the fluid-solid 

(crystallization), or the sol-gel (gelation) phase boundaries. In systems that undergo 

crystallization the magnetic stirrer motion in the view cell remains free, while in systems 

that undergo gelation the stirrer gets stuck in the gel and stops turning. Once the 

phase-separated regions were entered, phase boundaries were again determined, but this 

time in the reverse direction by increasing the temperature (labeled as Path 1' in the 

figure). In the reverse direction, what is determined is either the melting of the crystals or 

the dissolution of the gel, i.e., the gel-sol transition.  

 

The polymer samples were collected after gelation or crystallization. Along path 1, after 

phase separation and cooling to ambient temperature at constant pressure, the system was 

held for 24 hrs to mature the gel or the crystal while still maintaining the high pressure 

conditions. After this maturation time at ambient temperature, the cell was depressurized 
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and opened to collect the wet gel (at Ta and Pa in Figure 6.1). Along Path 2, after the L-L 

phase separation which leads to a polymer-lean and polymer rich phase, the cell was 

cooled to ambient temperature while allowing the pressure to decrease, without any 

further adjustment of the pressure. As before the system was held for an additional 24 hrs 

to mature the gel or the crystal at the ambient temperature and the prevailing (lowered) 

pressure. Then the cell was fully depressurized and opened at Ta and Pa. Samples were 

collected from both the upper (representing the polymer-lean phase) and the lower 

(representing the polymer-rich phase) layers of the cell cavity. The wet gels or the crystals 

thus collected were air-dried by exposing to open air flow in a hood for 72 hrs for natural 

evaporation of the solvent. These samples were further vacuum-dried (at 100 mtorr) for 

an additional 72 hrs for removal of the solvent due to low volatility of acetophenone.  

 

6.2.3 Characterizations by XRD, FTIR and SEM 

X-ray diffraction (XRD) patterns of vacuum-dried polymer samples were obtained with a 

Scintag XDS-2000 powder diffractometer operated at 45 kV and 40 mA using Cu Kα 

monochromatized radiation (λ = 0.154178 nm). 

 

IR characterizations were carried out with an FTS 3100 (Digilab) FTIR spectrometer. The 

resolution was 2 cm-1 and 32 scans were co-added to obtain a spectrum for each sample. 

The vacuum-dried gels or crystals were mixed with KBr powder. The transmission 

spectra were obtained from these prepared KBr disks. 

 

A Leo 1550 field emission scanning electron microscope (FESEM) was used to examine 

the morphology of the gels or crystals. The vacuum-dried gel samples were 

freeze-fractured after immersing in liquid nitrogen. A 15 nm layer of gold was coated on 

the samples using a Cressington 208 HR sputter coater to reduce electron charging effects. 

The morphological features of fractured cross-sectional surfaces were investigated. 
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6.3 Results and Discussions 

6.3.1 Phase Diagrams 

Figure 6.2 shows the actual changes in temperature, pressure, and transmitted light 

intensity (Itr) with time during a constant pressure cooling experiment in 4.8 wt % sPS 

solution in pure acetophenone at the pressure of 29.5 MPa. The temperature dependence 

of Itr is shown in the lower part of Figure 6.2. The plot shows two different stages 

reduction in Itr during a cooling experiment. The first stage of decrease in Itr starts to take 

place when temperature reaches 380 K (marked as T1 in the figure). This is followed by a 

very sharp decrease in Itr when temperature reaches 342 K (marked as T2 in the figure).  

 

The samples collected from the solution after cooling to room temperature shows, as will 

be discussed later, only one crystal structure, the δ form. This removes the possibility of 

the two stage change in Itr being due the formation of different polymorphic structures of 

sPS, unless the form generated at T1 is later transformed at T2. A second possibility is a 

two-stage gelation process, for which there is literature evidence. By monitoring the 

changes in IR spectra during a cooling experiment with sPS solution in bromoform, De 

Rudder et al.[De Rudder et al. 2002] have reported a two-step change. They observed a 

small increase beginning at 333 K and a sharp increase at 295 K in the absorbance of the 

IR peak at 770 cm-1 which is related to the formation of 21 helix conformation. Based on 

additional evidence provided by H-NMR and rheological measurements, these authors 

proposed a two-step process for the gelation mechanism for sPS solutions in bromoform. 

The initial small increase in the IR absorbance was attributed to the transition of the coil 

to a single helix and the sharp increase at lower temperature was attributed to the 

aggregation of single helices into helix association units which eventually lead to the 

formation of the gel network. In sPS solution in acetophenone, similar to bromoform, it is 

plausible that the initial decrease in Itr at T1 arises from polymer chains undergoing a 

coil-to-helix transition and the sharp decrease in Itr after T2 arises from the association of 
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these helices. It should be noted that in reheating experiments in acetophenone only one 

sharp increase in Itr is observed suggesting that the transition of the associated helices 

back to coils occurs in just one step. If cooled again the two-step reduction is once again 

displayed. Even though not explicitly shown, this is demonstrated in Figure 6.3 that 

shows the T1 (coil-to-helix), T2 (association of helices and gelation) transitions during 

cooling and the dissolution (gel-sol transition) boundaries during heating determined in a 

4.8 % sPS solution at different pressures. After carrying out the cooling experiment at a 

given pressure to determine T1 and T2, the system was reheated to homogeneous 

conditions and the gel-sol transition temperature was determined. Then the pressure was 

changed to a new value and the next cooling experiment was carried out, which were 

once again characterized by the T1 and T2 transitions. The phase boundaries shown in 

Figure 6.3 were determined at 6.9, 14.5, 22.0, 29.5, 37.0 and 44.5 MPa. The boundaries 

were found to shift to higher temperatures at higher pressures. 

 

In the temperature range from 350 to 440K, additional experiments were carried out by 

reducing the pressure to determine if a liquid-liquid phase boundary existed. In these 

experiments no liquid-liquid phase separation boundary could be observed in solutions in 

pure acetophenone.  

 

Observation of a two-step reduction in the transmitted light intensity in acetophenone 

differs from the behavior of sPS solutions in toluene that we reported in our previous 

study [Fang and Kiran 2008], where only one sharp decrease in Itr was observed during 

cooling at a temperature closer to T2. The coil to helix transition that occurs at higher 

temperatures in acetophenone was either not detectable in toluene by optical means, or 

delayed and occurs simultaneously with helix association, or does not take place in 

toluene in contrast to acetophenone. 
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Figure 6.4 shows the actual changes in temperature, pressure, and transmitted light 

intensity (Itr) with time during a constant pressure cooling experiment in 4.9 wt % sPS 

solution in the acetophenone + CO2 fluid mixture containing 25 wt % CO2 at 29.5 MPa. 

Instead of the two-stage changes in Itr observed in pure acetophenone, only one sharp 

decrease starting from 376 K is observed in this mixture which is close to T1 in 

acetophenone. The transition from coil-to-helix and the transition of association of these 

helixes appear to occur together in the presence of CO2.at a temperature closer to the 

coil-to-helix transition in acetophenone. Compared to acetophenone, the solvent quality is 

deceased with the presence of CO2 in the fluid mixture. It is reasonable to think that the 

poorer solvent conditions accelerates the association of solvated sPS helixes, bringing 

closer the two transformations by shifting T2 towards T1.It is important to note that in 

toluene which is a better solvent for sPS the system undergoes gelation with one 

reduction in Itr but at the lower temperature [Fang and Kiran 2008], that is at a 

temperature closer to T2 rather than T1.  

 

Experiments were also carried out in a fluid mixture with higher CO2 content. In 

solutions with 40 wt % CO2, cooling leads to crystallization (leading to the β from as will 

be discussed later) instead of gelation. Figure 6.5 shows the phase boundaries for the 4.9 

wt % polymer solution in acetophenone + CO2 mixture solvents with 25 and 40 wt % 

CO2. Open symbols show the gel dissolution (in 25 % CO2 system) and crystal melting 

(in 40 % CO2 system) temperatures. In contrast to pure acetophenone, these solutions in 

acetophenone + CO2 mixtures also display liquid-liquid (L-L) phase separation upon 

pressure reduction. The L-L boundaries are also shown in the figure. Below the L-L 

boundary, the system is a two-phase system. Observation of the L-L demixing in 

acetophenone + CO2 mixtures is an outcome of the decreased solvent quality compared to 

acetophenone, and the boundary shifts to higher pressures with increased CO2 content. 

The liquid-liquid phase boundary in these solutions is a LCST-like boundary, that is, at a 
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fixed pressure, the system will phase separate with increasing temperature if this 

boundary is crossed. Experiments were also conducted in solutions with 50 wt % CO2. 

However, complete miscibility in this solution could not be achieved for temperatures up 

to 448K and pressures up to 55 MPa.  

 

Another difference in the phase boundaries in pure acetophenone and acetophenone + 

CO2 mixtures is in pressure dependence of the phase separation temperature which is 

reflected by the slopes of the boundaries. The gelation (solution) and crystallization 

(melting) phase boundaries in acetophenone + CO2 solutions have a relatively large 

negative slope, while the gelation(dissolution) boundaries in pure acetophenone has a 

positive slope. In CO2 containing systems, increasing the pressure improves the solvent 

quality and lowers the transition temperatures, bringing them closer to the temperatures 

observed in pure acetophenone. Similar trends, even though not as large, were also 

observed in toluene vs toluene+ CO2 systems [Fang and Kiran 2008].  

 

6.3.2 Polymorphic Structures 

Figure 6.6 shows the X-ray diffraction patterns of the sPS samples obtained after high 

pressure (44.5 MPa) gelation in pure acetophenone and acetophenone + CO2 mixture with 

25 % CO2, and after crystallization (at 50 MPa) in acetophenone + CO2 with 40 wt % 

CO2. The presence of the diffraction peaks at 2θ = 8.2°, 10.8°, 18°, 21° and 29° for the 

samples generated from solution in pure acetophenone (curve a) and in acetophenone + 

CO2 with 25 wt % CO2 (curve b) indicates the existence of the δ crystal form in these 

samples[De Rosa et al. 1999]. However, the X-ray diffraction pattern changes 

dramatically for the sample generated from the solution with high level of CO2. As shown 

in the figure (curve c), new peaks at 2θ = 6.3°, 12.5° and 13.8° appear which are 

characteristic of the β crystal form [De Rosa et al. 1992]. The disappearance of the 

characteristic peaks (at 2θ = 8.2° and 10.8°) of δ crystal form indicates that the crystal 
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form changes from δ form to β form with increasing amount of CO2 in the solution. A 

similar transition from the δ form to the β form was also observed in sPS samples 

generated in solutions in pure toluene and toluene + CO2 with different levels of CO2 

[Fang and Kiran 2008]. The decreased solvent quality with CO2 addition into the 

solutions promotes the formation of the β form, and decreases the stability of the 

polymer-solvent compound which otherwise would lead to the formation of the δ form.  

 

The FTIR spectra in the range of 800-1400 cm-1 of the samples in Figure 6.6 are shown in 

Figure 6.7. The IR spectrum of the sample from pure acetophenone solution (the 

spectrum a) shows the strong absorption bands of the solvent at 1078, 927 cm-1 indicating 

that the sample still holds some solvent even after extensive vacuum drying [Gambi et al. 

1980] (Acetophenone has a relatively high boiling point at 475 K). The characteristic 

peak of 21 helical confirmation at 934 cm-1 [Reynolds et al. 1989] appears as a shoulder 

peak. It is masked by the solvent peak at 927 cm-1. For the sample generated from 

solution containing 25 wt % CO2, the peaks associated with the solvent decrease 

dramatically, indicating the more efficient removal of acetophenone in the presence of 

CO2 , and the band at 934 associated with the formation of 21 helical confirmation of the 

polymer chain becomes distinct. Despite the interference with the solvent peaks, the 

FTIR spectra of the samples generated in acetophenone or acetophenone + CO2 with 25 

wt % CO2 show that only the δ form is present in these samples. The FTIR spectrum 

changes dramatically for the sample generated from the acetophenone + CO2 mixture 

containing 40 wt % CO2 with the appearance of the peaks at 1337 ,1222 and 911 cm-1 

which are the characteristic peaks of the β crystal form (spectrum c) [Reynolds et al. 

1989]. These results from FTIR spectra are in good agreement with XRD in showing the 

formation of the β crystal form in solutions with high CO2 content. 

 

It is worth noting that the two peaks at 1214 and 1050 cm-1 in spectra a and b in Figure 
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6.7 disappear in the spectrum (c) of the sample in the β crystal form. These peaks are 

known to be absent in the spectra of pure acetophenone [Gambi et al. 1980] solvent and 

in the δ crystal form generated in other solvents.[Daniel et al. 1996; Daniel et al. 1997; 

Fang and Kiran 2008] The intensity of these peaks show a significant increase with 

removal of the solvent (compare spectra a and b), which indicates that these peaks are not 

related to the free solvent molecules. The absence of these peaks in the samples that is in 

β crystal form shows that these bands are conformation sensitive. In the absence of 

further studies to elucidate their origin, these peaks appear to be related to the formation 

of the polymer-solvent compound between sPS and acetophenone, that is, the δ crystal 

form. 

 

As shown in Figure 6.5, both solutions containing 25 wt % and 40 wt % CO2 display a 

L-L phase boundary at the high temperature region. From these solutions, samples were 

also generated by crossing these L-L phase boundaries through a pressure reduction stage 

at a fixed temperature, and then cooling the system to ambient conditions (see Figure 6.1, 

path 2). When the L-L phase boundary is crossed, the solution phase separates into a 

polymer-rich and a polymer-lean phase. After the final cooling and depressurization, 

samples were collected from both the upper (representing the polymer –lean phase) and 

the lower layer (representing the polymer –rich phase) of the view cell.  

 

The X-ray diffraction patterns of the samples collected from the polymer-rich phase 

generated in these solutions are shown in Figure 6.8. The diffraction pattern shown by the 

sample generated in solution containing 25 wt % CO2 (curve a) displays the reflections 

located at 2θ = 8.2°, 10.8°, 18°, 24° and 29°, corresponding to the δ crystal form and also 

the reflections located at 2θ = 6.3°, 12.5° and 13.8°, corresponding to the β crystal form, 

indicating that the sample is a mixture of δ + β crystal forms. In contrast, the sample 

generated in the solution with 40 wt % CO2 displays the reflections corresponding to only 
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the β crystal form (curve b). XRD measurements could not be carried out on samples 

from the polymer-lean phase due to very low polymer concentration in this phase and the 

difficulty of recovering sufficient amount of polymer to carry out the analyses. However, 

the amount of sample recovered permitted their characterization by FTIR.  

 

The FTIR spectra of the samples from both the polymer-rich and the polymer-lean phases 

generated from the solutions with 25 wt % and 40 wt % CO2 are shown in Figure 6.9. The 

spectrum of sample from the polymer-rich phase from 25 wt % CO2 solution (curve a) 

displays the characteristic peak of the δ form at 934 cm-1 and the characteristic peaks of 

the β form at 1222 cm-1 and 911 cm-1, indicating that this sample is a mixture of the δ + β 

forms as was also indicated by the XRD results. However, the spectrum of the 

polymer-lean phase sample from this solution (curve b) displays only the characteristic 

peak at 934 cm-1 corresponding to δ crystal form, the characteristic peaks of the β form 

being absent. The spectrum of the polymer-rich phase sample generated in solution 

containing 40 wt % CO2 (curve c) only shows the characteristic peak associated with the 

β crystal form in agreement with the XRD results. The peaks related to the δ form are 

absent. Curve c in Figure 6.9 is the spectrum of the polymer-lean phase sample from the 

40 % CO2 solution. The appearance of the characteristic peaks corresponding to both the 

δ form at 934 cm-1 and to β form at 1222 cm-1 in the spectrum indicates this sample is a 

mixture of the δ + β forms. It is worth noting that the characteristic peak at 1337 cm-1 

related to β form (seen in curve a, c and d) and the characteristic peak at 1214 cm-1 

related to δ form (seen in curve a, b, and d) are also confirmation sensitive and the 

intensity of these peaks changes dramatically for different samples.  

 

6.3.3 Morphology 

Figure 6.10 shows the FESEM images of the samples generated in acetophenone 

(micrograph a) and in acetophenone + CO2 mixtures with 25 wt % CO2 (micrograph b) 
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and 40 wt % CO2 (micrographs c and d) following the phase separation paths that involve 

cooling at constant pressure. The fracture surface of the sample generated from pure 

acetophenone solutions show a grainy morphology. The polymer is in the δ crystal form 

as indicated by the XRD and FTIR results. The δ crystal form of sPS usually manifests 

itself in fibrillar morphology [Daniel et al. 2005; Fang and Kiran 2008]. The absence of 

the fibrillar morphology may be due to the presence of somewhat large amount of 

resident solvent in the sample as was indicated also from the IR spectra., The sample 

from the solution containing 25 wt % CO2 (micrograph b)) is also of the δ crystal form 

based on XRD and FTIR results and shows a clear fibrillar network with fiber diameters 

in the range of 20 nm. These SEM results further show that solvent removal is more 

effective in this CO2 containing system. Carbon dioxide which alters the solvent quality, 

may act as a carrier of acetophenone, or as a plasticizer for the polymer that facilitates the 

diffusion of acetophenone through the polymer. A different morphology is displayed in 

the sample generated from acetophenone + CO2 as shown in micrograph c. This is a 

sample in the β crystal form and displays a stacked-lamellar morphology. Micrograph d is 

an enlargement showing more clearly the lamellar morphology.  

 

The micrographs of the two polymer-rich phase samples generated from solutions 

containing 25 and 40 wt % CO2 by crossing the L-L boundary via pressure reduction are 

shown in the Figure 6.11. As shown in micrograph a, the sample generated from the 25 

wt % CO2 solution displays a fibrillar-looking network (expected from a δ crystal from) 

with however presence of lamellar edges (that would suggest presence of the β crystal 

form). The results from XRD and FTIR measurements had indeed indicated this sample 

to be a mixture of the δ + β crystal forms. The morphology of the polymer-rich phase 

generated in the solution with 40 wt % CO2 shown in micrograph b is that of lamellar 

morphology that is typical of the β crystal form generated in this higher CO2 content 

solution.  
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Experiments conducted with an acetophenone + CO2 mixture containing 50 wt % CO2 

did not lead to formation of complete dissolution of sPS at temperatures up to 448 K and 

pressures up to 55 MPa. The L-L phase boundary in this system was clearly above 55 

MPa. This partially miscible system was held at 443 K and 51 MPa for 24 hrs. Phase 

information shown in Figure 6.5 for the 25 and 40 wt % CO2 cases would indicate that at 

443 K and 51 MPa, the 50 wt % CO2 system would be below the corresponding L-L 

phase boundary. One may view this system as having been generated by lowering the 

pressure at 443 K from a high pressures (likely to be much higher than 55 MPa) that 

would be above the L-L boundary to generate a polymer-rich and a polymer –lean phase. 

Further cooling of this two-phase system and sampling of the polymer –rich and polymer 

lean-phases would therefore present another example in which morphology and crystal 

forms can be explored. The micrographs in Figure 6.12 show the FESEM results for the 

polymer-rich phase sample generated in this 50 wt % CO2 system. The micrographs are 

at different magnifications, namely at 50 ×, 200 ×, and 2,000 ×. At low magnification, a 

porous structure with pore size from 20 to over 300 um is displayed. The morphology is 

characteristic of a polymer foamed with supercritical CO2 or with a solvent containing 

high level CO2. The pores are not connected. A closer look at higher magnifications show 

that the dense polymer domain is actually a lamellar crystalline domain with similarity to 

the morphology of the polymer-rich phase sample (that is in the β crystal form) generated 

from the 40 wt % CO2 solution. In the 50 wt % case however, there is less stacking of the 

lamellar structures. Even though not shown in the paper, the results of XRD and FTIR 

analyses show that the sample from the 50 % CO2 solution is also β crystal form without 

presence of the δ form. The result also shows that the transition from the α crystal form of 

the initial polymer to the β form has taken place without the polymer being completely 

dissolved first in the solvent with 50 wt % CO2. Recently, the solid-solid phase transition 

of sPS from the α form to the β form was reported by treatment in supercritical CO2 + 
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acetone by Liao et. al. [Liao et al. 2007] They reported that higher treatment temperature 

and pressure promote the formation of the β and the addition of acetone into the 

supercritical CO2 favors this transition. The present results show that such 

transformations are also occurring in acetophenone + CO2 at high temperature/pressure 

conditions.  

 

6.3.4 Influence of the Phase Separation Path on the Crystal Form  

The results presented above show that the pressure, fluid composition and the phase 

separation path followed in gelation and crystallization processes in sPS solutions in 

acetophenone or acetophenone + CO2 influence the outcome in terms of the morphology 

and the crystal form generated. A strong influence of these factors was also shown in our 

earlier publication for gelation and crystallization of sPS in toluene and toluene + CO2 

solutions where we provided a thermodynamic scheme that provides a mechanistic 

description of how one crystal form is preferred over the other. The thermodynamic phase 

diagrams are proposed based on the experimentally observed crystal forms as determined 

from XRD, FTIR and SEM observations, and the expected trends on how the phase 

boundaries are altered in going from good to poor solvents with inclusion of carbon 

dioxide in the solutions. Direct determination of phase boundaries using traditional 

calorimetric measurements by DSC as applied to solutions in organic solvents at ambient 

pressures is not amenable to these gelation and crystallization studies that are at high 

pressures and involve a supercritical fluid component. Nonetheless Figure 6.13 provides a 

reasonable qualitative picture for solutions of sPS in acetophenone and acetophenone + 

CO2 mixtures. 

 

In acetophenone, no L-L phase boundary was observed over the T/P range investigated in 

the present study. Direct cooling of 4.8 wt % polymer solution at a given pressure leads to 

gelation in which we have demonstrated that the polymer is in its δ crystal form. Thus the 



 183

region at temperatures below the gelation temperature (with Tf in Figure 6.13 being less 

then T2 in Figure 6.3) in the low polymer concentration range is depicted as L + δ, 

corresponding to liquid solvent plus the polymer in its δ form. The higher polymer 

concentration range of the T-x diagram in acetophenone (Figure 6.13 a) is assumed to be 

similar to the behavior described in literature in good solvents at ambient pressure with 

the L + β region being observed at the higher temperatures above a certain polymer 

concentration, and the β + δ region observed at the lower temperatures.[Fang and Kiran 

2008] As was shown in Figure 6.3, the effect of pressure on the gelation boundary in 

acetophenone is not very large, and the extension of the qualitative phase diagram to high 

pressures can be reasonably made. In good solvents the β crystal form is the stable form 

at high polymer concentrations.  

 

Unlike acetophenone, in acetophenone + CO2 mixtures, the solvent quality is reduced and 

an LCST-type liquid-liquid phase boundary is observed. This L-L two-phase region is 

included in Figures 6.13b and 13c. Due to the decreased solvent quality compared to pure 

acetophenone, when the CO2 content is increased, the LCST moves further to lower 

temperatures as shown in Figure 6.13c. With decreased solvent quality, in the CO2 

containing solutions, the L+ β boundary is depicted as shifting to somewhat higher 

temperatures and the L+ δ shifts to lower temperatures, with L+ β boundary extending 

over the whole composition range in the system with the higher carbon dioxide content as 

in Figure 6.13c. In poor solvents, the β crystal form becomes the most stable form over 

the whole polymer concentration range and the δ form becomes a metastable region 

below the “L + β” region at low polymer concentrations. Indeed, as shown in the previous 

sections, cooling the polymer solution in acetophenone + CO2 mixture containing 25 wt 

% CO2 at constant pressure (from Ti to Tf) leads to gelation and the polymer assumes its δ 

crystal form. Whereas in acetophenone + CO2 mixtures with 40 % CO2, cooling from Ti 

to Tf leads to crystallization with only the β crystal form being observed, confirming that 
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the β form that is formed first in the cooling process remains as the stable form. 

 

Comparison of the influence of CO2 on the solvent strength of acetophenone with that of 

toluene displays subtle but important differences. In the absence of CO2, the toluene is a 

better solvent for sPS than acetophenone as reflected by the somewhat lower gel 

dissolution or crystal melting temperatures in toluene [Fang and Kiran 2008]. As also 

noted earlier in toluene the early stage of phase separation (reflected by T1 in Figure 6.3) 

is not observed. With addition of about 25 wt % CO2 into the solution, the polymer 

sample generated in acetophenone + CO2 mixture is in pure δ crystal form. Whereas the 

polymer samples generated from toluene + CO2 solution with 28 wt % CO2 was found to 

display a mixture of δ + β crystal forms. This difference indicates that the mixture of 

acetophenone + CO2 (25 wt %) must have a higher solvent power for sPS than toluene + 

CO2 (28 wt %) fluid mixture, suggesting that CO2 addition at comparable levels 

decreases the solvent quality of toluene to a greater extent than that of acetophenone. This 

difference is most likely arising from the carbonyl group in the acetophenone molecules 

which provides a potential interaction site for CO2 [Liu and Kiran 2007]. Indeed, an 

earlier study [Liu and Kiran 2007] has shown that, in ternary system of 

poly(ε-caprolactone) + acetone + CO2, the degree interaction of CO2 with the -C=O 

group in the polymer versus the solvent acetone alters the observed miscibility 

characteristics in the system. The association of CO2 with the carbonyl group in 

acetophenone delays the occurrence of the decrease in the solvent power compared to 

toluene in which such interactions do not exist. 

 

The consequences of crossing the L-L phase boundary first before gelation or 

crystallization takes place are illustrated in Figure 6.14. When the pressure is reduced 

(along Path 2 in Figure 6.1) solvent quality decreases, the L-L phase boundary shifts to 

lower temperatures, and the solution at Ti (point A in the figure) enters the L-L two-phase 
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region as illustrated in Figure 6.14a.. The solution undergoes phase separates into a 

polymer-lean (L1) and phase-rich phase (L2). Being at different polymer concentrations, 

each phase traverses different phase domains during further cooling to ambient conditions 

(i.e., Tf) leading to different crystal forms. For the solution containing 25 wt % CO2, as 

discussed in the previous sections, the polymer lean phase leads to δ, but the polymer rich 

phase leads to a mixture of the β + δ crystal forms. Figure 6.14a is a phase diagram 

consistent with these observations. For the polymer-lean phase, upon cooling, the phase 

directly enters to the “L + δ” region where the δ crystal form should be only form 

generated. While for the polymer-rich phase located at high polymer concentration, upon 

the reduction of temperature, enters the “L + β” region first before entering into the 

metastable “L + δ” region. As a result, the competition of the formation of β and δ 

crystals leads a mixture of the β + δ crystal forms.  

 

Figure 6.14b represents the system with an even higher CO2 content where the solvent 

quality is further reduced, lowering the LCST to lower temperatures, and shifting the 

demixing pressures to higher pressures. Reducing the system pressure in such a system 

enlarges the two phase region further, and the solutions splits once again into a 

polymer-lean and polymer-rich phase, but this time with a polymer rich phase of higher 

polymer concentration than in Figure 6.14a. This figure describes the behavior in the 

acetophenone+ CO2 mixture with 40wt % CO2 in which we have shown that polymer 

lean phase leads to a mixture of β+ δ crystal forms, while polymer rich phase leads to the 

β crystal form. As shown in Figure 6.14b, after L-L phase separation, with further 

reduction of temperature the polymer lean phase enters first the L + β and then the L + δ 

region. The L + β region being narrow at low polymer concentrations, the distance 

crossed in the L + β region is short which limits the time for formation of the β crystal, 

and thus leads to the formation of a mixture of β + δ form. The polymer-rich phase (L2) 

on the other hand traverses a longer distance in the L + β region and the competition of 
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the formation of the β and the δ forms leads only to the formation of the 

thermodynamically stable β form. 

 

6.4 Conclusions 

High pressure gelation and crystallization in solutions of sPS in acetophenone + CO2 

solutions depend on the carbon dioxide content of the mixture fluid. In pure acetone only 

a sol-gel phase boundary is observed. In solutions containing 25 wt % CO2, both sol-gel 

and liquid-liquid phase separation boundaries were observed. In solutions with 40 wt % 

CO2, fluid-solid (crystallization) and liquid-liquid phase separation are observed. The gel 

sample generated from pure acetophenone solutions shows only the δ crystal form. The 

samples collected after gelation in solutions with 25 wt % CO2 display δ crystal form 

when phase boundary is crossed along a constant pressure cooling path. If liquid-liquid 

phase boundary is crossed first, polymer-rich phase leads to a mixture of δ + β crystal 

forms, while the polymer-lean phase leads to only the δ form. In solutions containing 40 

wt % CO2 constant pressure cooling leads to crystallization with β crystal form. Along a 

liquid-liquid phase separation path as the first step, polymer-rich phase leads to a lamellar 

morphology with β crystal structure, and the polymer-lean phase leads to a β + δ mixture 

crystal structure. The formation of the different crystal forms along different paths is 

understandable in terms of T-x phase diagrams that incorporate the influence of the 

solvent quality on the phase boundaries. 
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Figure 6.1 Schematic representation of different paths followed to determine the phase 

boundaries. Ta = ambient temperature; Pa = ambient pressure; PLP = polymer-lean phase; 

PRP = polymer-rich phase. 
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Figure 6.2 Variation of temperature T, pressure P, and transmitted light intensity Itr with 

time and Itr with temperature along the constant pressure cooling path in 4.8 wt % sPS 

solution in pure acetophenone at 29.5 MPa. 
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Figure 6.3 (a) The sol-gel phase boundaries for 4.8 wt % syndiotactic polystyrene 

solutions in pure acetophenone. Filled triangle symbols represent the T1 upon cooling; 

Filled circle symbols represent the T2 upon cooling and opened circle symbols represent 

the gel melting points upon heating. (b) Schematic representation of coil-to-helix 

transformation at T1 and association of helices leading to gelation at T2. 

a 

b 



 190

 

0

20

40

P
, M

P
a

400.0

440.0

T,
 K

40

80

120

160

I  tr
, a

u

40

80

120

160

I  tr
, a

u

0 1000 2000 3000 4000 5000 6000
Time, sec

320 330 340 350 360 370 380 390 400 410 420 430 440
T, K

 

 

Figure 6.4 Variation of temperature T, pressure P, and transmitted light intensity Itr with 

time and Itr with temperature along the constant pressure cooling path in 4.9 wt % sPS 

solution in acetophenone (75) + CO2 (25) at 29.5 MPa.
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Figure 6.5 The sol-gel or fluid-solid and L-L phase boundaries for syndiotactic 

polystyrene solutions acetophenone + CO2 mixture with 25 and 40 wt % CO2 in the 

solvent mixture. 
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Figure 6.6 X-ray diffraction patterns in the 2θ range 5° - 35° for (a) sPS sample from 4.8 

wt % pure acetophenone solution, (b) sPS sample from 4.9 wt % solution in the 

acetophenone + CO2 mixture containing 25 wt % CO2, and (c) sPS sample from 4.6 wt % 

solution in the acetophenone + CO2 mixture containing 40 wt % CO2. The samples are 

obtained from the constant pressure cooling path at 44.5 MPa for (a) and (b) and 50 MPa 

for (c). 
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Figure 6.7 FTIR spectra of sPS samples: (a) from 4.8 wt % pure acetophenone solution, 

(b) from 4.9 wt % solution in the acetophenone + CO2 mixture containing 25 wt % CO2, 

and (c) from 4.6 wt % solution in the acetophenone + CO2 mixture containing 40 wt % 

CO2. 
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Figure 6.8 X-ray diffraction patterns in the 2θ range 5° - 35° for (a) the polymer-rich 

phase sample of sPS from 4.9 wt % solution in acetophenone (75) + CO2 (25), and (b) the 

polymer-rich phase sample of sPS from 4.6 wt % solution in acetophenone (60) + CO2 

(40). 
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Figure 6.9 FTIR spectra of sPS samples: (a) from polymer-rich phase of 4.9 wt % 

solution in acetophenone (75) + CO2 (25), (b) from polymer-lean phase of 4.9 wt % 

solution in acetophenone (75) + CO2 (25), (c) from polymer-rich phase of 4.6 wt % 

solution in acetophenone (60) + CO2 (40), and (d) from polymer-lean phase of  

4.6 wt % solution in acetophenone (60) + CO2 (40). 
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(a) 

 
(b) 
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(c) 

 

(d) 

Figure 6.10 FESEM micrographs of sPS gel samples (a) from pure acetophenone 

solution, (b) from solution in the acetophenone + CO2 mixture containing 25 wt % CO2, 

and (c) from solution in the acetophenone + CO2 mixture containing 40 wt % CO2; (d) 

detailed morphology of the particles in (c). The scale bars and magnifications are: (a) 100 

nm, 50,000 ×; (b) 200 nm, 50,000 ×; (c) 10 μm, 500 ×; and (d) 2 μm, 5,000 ×. 
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(a) 

 
 

(b) 

Figure 6.11 FESEM micrographs of (a) the polymer-rich phase sample of sPS from 4.9 

wt % solution in acetophenone (75) + CO2 (25), and (b) the polymer-rich phase sample of 

sPS from 4.6 wt % solution in acetophenone (60) + CO2 (40). The scale bars and 

magnifications are: (a) 200 nm, 50,000 × and (b) 10 μm, 1,000 ×. 
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(c) 

Figure 6.12 FESEM micrographs of sPS sample after treated in acetophenone (50) + CO2 

(50) at 443 K and 51 MPa, (a) × 50; (b) × 200; (c) × 2K. The scale bars are 100 μm in (a), 

20 μm in (b) and 2 μm in (c) respectively. 
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(a)                                   (b)               (c) 

Figure 6.13 Schematic representation of the T-x phase diagrams for sPS in pure acetophenone and acetophenone + CO2 at high 

pressures and the consequence of constant pressure cooling path followed on the eventual crystalline forms that are generated in (a) 

pure acetophenone; (b) acetophenone + CO2 (less amount) and (c) acetophenone + CO2 (high amount). L: liquid phase; β: β crystal 

form of sPS; δ: δ crystal form; P: pressure. 
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(a)        (b) 

 

Figure 6.14 Schematic representation of the T-x phase diagrams for sPS in acetophenone 

+ CO2 at high pressures and the consequence of constant temperature pressure quench 

path followed on the eventual crystalline forms that are generated in (a) acetophenone + 

CO2 (less amount) and (b) acetophenone + CO2 (high amount). L1, and L2: the 

polymer-lean and the polymer-rich phases. Other symbols are as in Figure 6.13. 
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Chapter 7 

Effect of Carbon Dioxide on Thermoreversible Gelation in 

Polymeric Solutions 

 

Carbon dioxide influences on the thermoreversible gelation of poly(4-methyl-1-pentene) 

(P4MP1) solution in n-pentane and syndiotactic polystyrene (sPS) in toluene and 

acetophenone in two different ways as presented in the early chapters. In P4MP1 solutions 

in n-pentane, with addition of large amounts of CO2, the solution was observed to form a 

gel upon cooling instead of undergoing crystallization. However, with addition of large 

amounts of CO2, sPS solutions in toluene were observed to undergo crystallization or form 

a weak gel by localized crystallization, instead of the strong elastic gel formed in sPS 

solutions in pure toluene. Carbon dioxide is thus observed to induce the gelation in P4MP1 

in n-pentane solutions, while weaken or completely destroy the gelation of sPS in toluene.  

 

In this chapter, the different mechanisms of gelation are proposed that are based on the 

information of the phase diagrams, crystalline forms that are generated and gel structures 

observed for these systems. Before presenting the specific mechanism of gelation in these 

systems, a broad introduction is given on the thermoreversible gels along with a literature 

review on thermoreversible gelation on synthetic polymer system.  

 

7.1 Introduction 

A clear definition of a gel should first be given. However, the definition of a gel is still a 

matter of debate [Almdal et al. 1993], and there is no clear-cut, accurate definition. The 

famous comment made by Jordan Lloyd in 1926 [Lloyd 1926] that is “The colloidal state, 

the gel, is one which is easier to recognize than define” still holds. There may exist a 

continuum from the true gel state to the true liquid state. What is difficulty is where to put 
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the borderline. Nonetheless, a widely accepted topological definition exists which describes 

a gel as a “three dimensional network constituted of solid connectedness and mainly 

swollen by a solvent” [Guenet 1992].  

 

Flory [Flory 1974] subdivided the gel networks into four different types according to their 

structures: 

Type I:   Well-ordered lamellar structures.  

Type II:      Covalent polymer networks; completed disordered. 

Type III:  Polymer networks formed through physical aggregation; with region of 

local order. 

Type IV:   Particulate, disordered structures.  

 

The soap gels, phospholipids and clays are the examples of the Type I gel. The long-range 

electrostatic, van der Waals forces as well as dipolar interactions play important role in this 

type gel formation. The network in the Type II gels is provided by crosslinking of a high 

molecular weight polymer or by crosslinking reactions in polymerization. Many 

thermoreversible gels in polymers and biopolymers belong to Type III and the networks are 

formed by physical interactions, which include crystallization, helix formation, and 

complex formation. The Type IV of gels includes V2O5 gels and globular and fibrillar 

protein gels. 

 

The gels formed in polymer (as well as biopolymer) are mainly fallen into the Type II 

(chemical gel) and Type III (physical gel) according to Flory’s classification. The processes 

leading to formation of polymer gels through chemical reactions or physical interactions 

are summarized in Figure 7.1. In chemical gels, the connectedness usually builds up 

through covalent bonds by polymerization or the later chemical treatment of polymers. The 

covalent bonds are very strong links so that these gels are ‘heat-irreversible’. Heating this 
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type of gel eventually cause the breaking up of the covalent bonds, which entails 

irreversible degradation of the gel and impedes the re-formation of the similar system. In 

physical gel, the junctions are formed by physical processes in which the energy involved 

is of the order of κT so that these gels are ‘heat-reversible’[Guenet 1992]. Heating this type 

of gel causes the breaking up of the junctions inside of the gels which can be re-formed by 

a later cooling process. Therefore, this type of gels is also called “thermoreversible gels”.  

 

A common example of physical gelation is the formation of gelatin gels produced by 

boiling animal bonds in water and cooling the solution. Indeed, early studies on physical 

gels were focused on the biopolymer which can be extracted from nature. Some excellent 

reviews on the physical gelation in biopolymers are accessible in the literature [Clark and 

Ross-Murphy 1987; Guenet 1992; te Nijenhuis 1997]. Recent discovery of gelation in 

synthetic polymers in organic solvents in the absence of the hydrogen bonding which is the 

key interaction in the gels of biopolymer in water, has opened up new research field. And 

the reminder of this chapter is devoted only to the thermoreversible gelation in synthetic 

polymers that arise from the physical processes depicted in Figure 7.1. 

 

7.2 Literature Review on Gelation in Synthetic Polymers 

7.2.1 Liquid-Liquid Phase Separation 

The final stable product of the liquid-liquid phase separation is a system of two fluid layers. 

Obviously, the final stage of liquid-liquid phase separation can not lead to form a gel 

structure. It is important that, in order to form a gel induced via phase separation, the 

development of such a stable two layer fluid-stage has to be prevented. Hence, the phase 

separation has to be arrested at an appropriate stage so that the connectedness can be 

established throughout the whole system. There are two types of processes by which this 

can be achieved: vitrification and crystallization, which can arrest phase separation at a 

stage where the conditions for gel formation can be fulfilled. 
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7.2.1.1 Combination of Liquid-Liquid Phase Separation and Vitrification 

Figure 7.2 shows the schematic phase diagram of polymer (amorphous) solution with 

UCST type phase boundary and the glass transition temperature depression curve, which is 

started from Tg of the pure polymer and depressed by addition of the solvent. As shown in 

Figure 7.2, the binodal and Tg curves intersect each other at C2. This intersection point is 

called as “Berghmans Point” [Arnauts and Berghmans 1987] and marked as ‘BP’ in the 

figure. The LCST type phase separation in polymer solution, which is induced by heating 

the polymer solution, seldom leads to form a gel structure.  

 

Consider the situation, as shown in Figure 7.2, where the temperature is lowered from Point 

A located in the homogenous one-phase region. Upon cooling, the phase separation takes 

place as soon as the temperature reaches the L-L phase boundary and two liquid phases 

begin to develop. When point B is reached, the two phases will develop: B1, polymer lean 

phase and B2, the polymer rich phase. In principle, over time, two distinct layers in 

equilibrium representing the two phases will be formed. The ratio of the two phases is 

determined by the level rule. With further decrease in temperature, the viscosity of polymer 

rich phase increases due to the increasing polymer concentration in polymer rich phase. 

Eventually, the temperature becomes equal to Tg of polymer-rich phase and polymer chains 

in this phase are solidified. As shown in Figure 7.2, for the deeper temperature quench, the 

temperature is lowered to point C and the two phases represented as C1 (polymer-lean 

phase) and C2 (polymer-rich phase) are formed. At point C2, where the binodal and glass 

temperature curves intersect, the polymer rich phase is in the glassy state and the 

development of two distinct liquid layers is prevented. And a dispersion of polymer-rich 

microscopic solidified droplets may develop in the sea of polymer-lean liquid phase. In 

some cases, parts of polymer chains that are in polymer-lean phase also form part of 

polymer-rich droplets and thus form the connection between these droplets. Then, a 

network structure is formed, in which the polymer-rich droplets act as the anchor points for 
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the whole system. The schematic representation of the type of structure that develops is 

shown in Figure 7.3(a). Actually, the final gel morphology developed from this mechanism 

is determined by the initial polymer concentration of polymer solution which, in turn, 

defines the ratio of polymer-rich phase and polymer-lean phase according to early 

mentioned level rule. For the low polymer concentration, the vitrified polymer-rich phase is 

in the form of small droplets inside of polymer-lean phase. For high polymer concentration 

(close to point C2 in Figure 7.2, but not higher than that of point C2), the polymer-lean 

phase forms the liquid droplets in vitrified polymer-rich matrix, as shown in Figure 7.3(b). 

For the intermediate polymer concentration, which is close to the critical point of polymer 

solution where the binodal and spinodal curves merge together, a bicontinuous 

interpenetrating network arises as a consequence of spinodal decomposition and the 

development of late stage of spinodal decomposition is prevented due to the vetrified 

polymer rich phase. The type of the structure is represented as Figure 7.3(c).  

 

This mechanism describes the thermoreversible gelation of atactic polystyrene (aPS). The 

gelation behavior of solutions of aPS has been the subject of many studies [Wellinghoff et 

al. 1979; Tan et al. 1983; Boyer et al. 1985; Francois et al. 1986; Klein and Guenet 1989; 

Guenet and Klein 1990; Xie et al. 1990; Xie et al. 1993; Chen et al. 1995; Xie et al. 1998; 

Bui and Berry 2007]. Although the origin of gel is still in dispute, nowadays it is usually 

assumed that the mechanism of gel formation is a consequence of phase separation. 

Wellingoff et al. [Wellinghoff et al. 1979] obtained clear gels in 1 % solutions of aPS in 

carbon disulfide by cooling the solutions to -94 °C. Both gel formation and gel melting 

temperatures increased with increasing polymer concentration. In contract to gelation of a 

semi-crystalline polymer, such as poly(vinyl chloride), the gelation of aPS solutions is not 

induced by crystallization. Wellinghoff et al.[Wellinghoff et al. 1979] also reported that no 

endothermic or exothermic peaks were observed by high-sensitivity DSC measurement and 

no significant changes in infrared spectra of aPS solution in carbon disulfide were detected 
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upon cooling to gelation. These authors supposed that a fine dispersion of polymer rich 

regions developed upon quenching into the two-phase region and the relatively 

concentrated polymer phase is in solidified glass state which provides the connectedness 

for the network. The gelation of aPS is found to be hindered in good solvent and 

encouraged in poor solvents like as carbon disulfide. Berghmans et al. [Arnauts and 

Berghmans 1987; Van den Broecke and Berghmans 1990] show that the phase separation 

plays a dominant role in gelation behavior of amorphous atactic polystyrene. The gel 

structures of these aPS gels corresponding to the structures predicted in Figure 7.3 were 

experimentally obtained by Keller and co-workers [Hikmet et al. 1988; Callister et al. 

1990]. Both the experimental diagram and the gel structures formed from different polymer 

concentration region in system of aPS/trans-decalin reported by Arnauts et al.[Arnauts et al. 

1993] also support the mechanism proposed in Figure 7.2 and Figure 7.3.  

 

It is worth to mention here that there is another view for the gelation of aPS solution in 

carbon disulfide offered by Guenet and co-workers[Francois et al. 1986; Gan et al. 1986; 

Francois et al. 1988; Guenet and Klein 1990]. These authors suggested that the gelation 

probably arises from the formation of polymer-solvent compound. Francosi et al.[Francois 

et al. 1988] on the basis of experiments carried out with isotactic samples suggested that 

the gelation of aPS solution may arise from the syndiotactic sequence in the atactic chain. 

On this point, the gelation of syndiotactic polystyrene is of prime interest and can provide 

further insight into the gelation mechanism. 

 

7.2.1.2 Combination of Liquid-Liquid Phase Separation and Crystallization 

Some polymers consist of molecules with sufficient regularity in the chain, so that these 

polymers can crystallize. Depending on the solvent and conditions, these semi-crystalline 

polymers solution can also form thermoreversible gels. There are usually two ways to lead 

to the gelation depending on solvent quality: via liquid-liquid phase separation in a poor 
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solvent or via crystallization in a good solvent. Figure 7.4 shows the two phase diagram 

with fluid-solid (crystallization) and liquid-liquid phase boundaries. In a good solvent, the 

fluid-solid phase boundary is far above the possible liquid-liquid two-phase region and the 

gelation for these systems may directly arise from the crystallization. In a poor solvent, the 

phase separation temperature and crystallization must be in same region and the fluid-solid 

phase boundary may intersect with the liquid-liquid phase boundary. In this case, beside the 

crystallization, the liquid-liquid phase separation also plays an important role in gelation. 

The section below focuses on the formation of gelation involving the combination of 

liquid-liquid phase separation and crystallization. The gelation arising only from 

crystallization will be discussed a later section.  

 

A more detailed phase diagram of the interference between fluid-solid boundary and 

liquid-liquid phase boundary is shown in Figure 7.5, where the fluid-solid curve intersects 

with binodal curve. Consider the situation where solution is cooled from Point A. the 

liquid-liquid phase separation takes place right after entering the two phase region. Upon 

continuous cooling to Point B, the solution will develop into two phase B1, polymer-lean 

phase and B2, phase-rich phase. An invariant situation is reached at temperature Ti, where a 

three-phase equilibrium exists and liquid-liquid phase separation leads to crystallization of 

the polymer. This results in a solid polymer phase and a dilute polymer-lean solution. It has 

to be emphasized that this is the case when the real thermodynamic equilibrium is reached. 

In some cases, the development of large crystalline solid polymer phase is prevented and 

the micro-crystals may act as the connectedness in the system and leads to the formation of 

thermoreversible gelation. 

 

The effect of kinetics is another important aspect in gelation. Liquid-liquid demixing 

processes generally start and proceed rapidly in polymer solution even though in small 

temperature quench. However, in many polymers, high supercooling is needed for 
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crystallization. Therefore, it is possible that the liquid-liquid phase separated region is 

reached before crystallization can take place even when the binodal curve is below the 

crystallization curve. The liquid-liquid demixing can precede crystallization even when the 

crystallization is favored thermodynamically. Thus, the distance between the crystallization 

curve and liquid-liquid demixing curve is very important in determining the formation of 

the final gel structure. 

 

These phenomena involving the phase separation and crystallization have been studied in 

detail by Llody and co-workers [Lloyd et al. 1990; Kim and Lloyd 1991; Lloyd et al. 1991; 

Laxminarayan et al. 1994] for solutions of semi-crystalline polymers, such as 

polypropylene, polyvinylidene fluoride, polychlorotrifluoroethylene and 

poly(4-methyl-1-pentene). Cho et al. [Cho et al. 1993] studied the thermoreversible 

gelation of polyvinylidene fluoride in γ-butyrolactone. They concluded that the gelation in 

high polymer concentration region arises directly from crystallization, while for low 

polymer concentration range, liquid-liquid phase separation plays an important role in 

formation of the thermoreversible gel.  

 

7.2.2 Crystallization 

Figure 7.6 represents the crystallization of a polymer from solution. Depending on the 

initial polymer concentration, the crystallization of polymers from solution can lead to 

different morphologies: particles, spherulites or even interconnected networks. Many 

factors influence the crystallization of polymers from solution. The polymer concentration 

of solution is a particular important parameter. Crystallization of the polymer from the 

solution with low polymer concentration usually results in the formation of chain folded 

lamellae and the crystals appear as suspended particles giving rise to a turbid suspension. In 

some cases, however, these crystals connected by polymer chains can act as junctions and, 

hence, lead to the formation of gel. At higher polymer concentrations, suspensions of 
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supramolecular architectures of these lamellae are obtained. The morphology is frequently 

spherulites or axialites. At sufficiently high concentrations, interpenetrating and 

interlocking of these lamellae can form and give rise to the formation of the stiff brittle 

crystalline gels. The formation of this kind of gel can be promoted by stirring the solution 

or introducing flow, by increasing polymer concentration and by increasing the molecular 

weight of the polymer [van de Witte et al. 1996]. 

 

Keller [Keller 1995] postulated that two kinds of crystal can act as a junction point for the 

gel network. The fringed micelle crystals are formed by interchain aggregation, in which 

the chain segments forming the crystal are from different chains. The chain-folded crystals 

are formed predominantly by intramolecular aggregation, and the segments forming the 

crystal, at least to a large extend, are from one and the same chain. The schematic 

representation of these two structures is shown in Figure 7.7. In the case of the 

thermoreversible gel of isotactic polystyrene, wide-angle X-ray diffraction (WAXD) studies 

reported by Atkin et al. [Atkins et al. 1977] indicated that the polymer in the 

fringed-micellar junctions could have an extended chain conformation, such as 121 helical 

chain conformation instead of 31 helical chain conformation, which has been later predicted 

to be feasible by Sundararajan et al. [Sundararajan et al. 1982]. However, the existence of 

the long extended 121 helix in iPS gel is still in matter of debate. The occurrence of the 

fringed micelle crystallite in polymer crystal is also questioned by some authors [Domszy 

et al. 1986]. For polyethylene-copolymers, the heat and temperature of fusion of the 

crystals in the gel have been found to be exactly the same as the chain folded crystal 

formed from the dilute solutions. This led the authors to conclude that the junctions in 

copoly(ethylene-butene) gels are still chain folded crystal, and not the fringed micelle 

crystals [Domszy et al. 1986]. 

 

It is generally accepted that the junctions for the thermoreversible gel of poly(vinyl 
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chloride) are tiny crystals according to experimental observation and theoretical 

calculations. Keller et al. [Lemstra et al. 1978; Keller 1979; Guerrero et al. 1980] proposed 

the existence of two crystal populations in PVC gel: type A and type B, which show a 

different orientation under stretching. Type A crystals, which are believed to be lamellar 

and well developed with less connections in the network, arise from the longer syndiotactic 

sequence of the chains, while type B crystals are supposed to be fringed micellar 

crystallites and are responsible for the network formation in the gels. Guenet et al. [Mutin 

and Guenet 1986; Candau et al. 1987; Mutin et al. 1988] have pointed out the existence of 

two types of physical links in PVC aggregates: strong link, resulting from the 

crystallization of syndiotactic sequences, and weak links arising from less stereoregular 

sequences. The strong links are primarily responsible for the formation of the gel network. 

From the results of small angle neutron scattering experiments, Guenet and co-works 

[Abied et al. 1990] also concluded that these links are mainly in fiber-like structures. This 

is in agreement with the electron microscopy observation of Yang and Geil [Yang and Geil 

1983]. The authors also suggested that the origin of the thermoreversible PVC gel, at least 

in its early stage, is due to the formation of interchain hydrogen bonds. Kawanishi el al. 

[Kawanishi et al. 1986] mapped out the spinodal curve and the sol-gel transition curve in 

the system of PVC/γ-butyrolactone. Their results show that there is no direct relationship 

between the phase separation through spinodal decomposition and the gelation. 

 

7.2.3 Formation of Polymer-Solvent Compound 

The term “compound” usually refers to a chemical substance consisting of two or more 

elements chemically bonded with a well-defined ratio [Guenet 2007]. The compounds of 

interest here are formed through physical interactions and are not chemically bonded. A 

compound usually forms between biopolymer and water through hydrogen bonds. Early 

belief was that hydrogen bonds were required in the formation of a compound involving 

polymers. Recently, several synthetic polymers have been shown to form the compounds 
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also by incorporating an organic solvent molecule into the microstructure created by 

polymer chains without requiring hydrogen bonds. The chains are usually in solvated 

helical conformation by the formation of the polymer-solvent compound. These helices 

may aggregate and form three-dimension networks and result in the formation of 

thermoreversible gels. Guenet [Guenet 1992] defined a class of polymers processing bulky 

side groups such as: polystyrene, poly(methyl methacrylate), which have the ability of 

formation of the polymer-solvent compound, as solvent-induced gel polymers. The 

formation of thermoreversible gel in these polymer systems has been shown to be very 

sensitive to the solvent type.  

 

From the successful synthesis of the syndiotactic polystyrene in 1986 [Ishihara et al. 1986], 

it has been a good model polymer to study the thermoreversible gel. Syndiotactic 

polystyrene can form gels in a series of solvents including benzene, chloroform, toluene, 

[Daniel et al. 1995; Daniel et al. 1996]. Crystallization from the melt or from solution 

under well-defined conditions of concentration and temperature, leads to the formation of 

fold-chain, crystalline lamellae in which polymer chain adopt an all trans, planar zigzag 

conformation (named as α and β crystalline forms). The polymer chains can also adopt 

conformations in 21 helical structures with formation of δ and γ crystalline forms. Clear 

evidence from temperature-concentration phase diagram, FTIR and XRD for the 

participation of the solvent in the formation of δ form (a polymer-solvent compound) has 

been presented. The polymer-solvent compound is found to be responsible for the 

formation of transparent, elastic thermoreversible gels, even at very low polymer 

concentration [Daniel et al. 1994]. 

 

Figure 7.8 shows schematic views of the various kinds of gel structure discussed in this 

section. In Figure 7.8(a) and (b), the system first phase separates into two phases, 

polymer-rich and polymer-lean phases, and the polymer-rich phase may vitrify (a) or 
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crystallize (b) and act as the connectedness for the gel network. In Figure 7.8(c), micro 

crystals are responsible for the gel formation. Figure 7.8(d) shows that the helix structure 

which may be promoted by the formation of polymer-solvent compound is the origin of the 

gelation. 

 

7.3 Effect of CO2 in Formation of Thermoreversible Gel 

7.3.1 P4MP1/n-Pentane 

Charlet et al. [Charlet et al. 1984] studied the gelation of P4MP1 in cyclopentane and 

cyclohexane solution in which the two types of polymers were employed: a nascent sample 

(as received) and a sample after recrystallization. The gelation behavior of these two 

polymer samples is different. Their results have shown that the nascent sample has a 

stronger ability to form a gel than the recrystallization one. This leads the authors to believe 

that the structures related to the formation of gel junctions have been formed in the nascent 

sample and are destroyed by the melting and recrystallization process. Their results also 

show that the different polymorphic crystalline forms collected from the solutions are not 

directly related to the formation of gel junctions. These authors finally proposed that the 

formation of thermoreversible gel of P4MP1 in the two cycloalkanes may arise from 

intermolecular association between several helical sections and the solvent molecules, 

which leads to the formation of ‘polymer-solvent compound’. Wegsteen and Berghmans 

[Wegsteen and Berghmans 1998] investigated phase behaviour of the P4MP1 in 

cyclohexane by mapping out of the temperature-concentration phase diagram through DSC 

measurements. In low concentration region, the transparent gels are obtained in the 

polymorphic Form V, whereas in high concentration region, the polymorphic Form I is 

found to be the more stable form than Form V. From the information provided from phase 

diagram, the authors concluded that Form V represents a polymer-solvent compound. The 

From V is found to transfer into Form III during drying. The transformation of Form V into 

Form III through drying leads us to suspect that the Form V is a real polymer-solvent 
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compound. The formation of polymer-solvent compound is believed to form by a physical 

interaction or spatial match between the cavity of helix and shape of the solvent molecule. 

The polymer-solvent compounds usually decompose through congruent or incongruent 

melting. However, these polymer-solvent compounds should be still in stable state with 

evaporation of the solvents. The transformation from solvent-incorporated Form V of 

P4MP1 into the solvent-free Form III without heating implies that the interaction between 

polymer chain and solvent molecule is so weak that the incorporated solvent can be 

vaporized and the pack of the helix can be rearranged. In this case, the Form V may not be 

recognized as a polymer-solvent compound. The δ form of sPS formed from different 

solutions has been proved to be a polymer-solvent compound. The δ form can be obtained 

by direct drying of the solutions without transferring into the solvent-free γ form, which 

can be obtained by heating the δ form to 135 °C. In addition, the structure of δ form has 

been found to be slight different with different solvents. Therefore, the δ form of sPS 

incorporated different solvent molecules into the crystalline structure can be recognized as 

the true polymer-solvent compound. 

 

Tanigami et al. [Tanigami et al. 1985] also reported the gelation and crystallization of 

P4MP1 in cyclohexane solution. Two methods were employed in preparation of gels: 

ordinary gelation, referring to the gelation directly formed by cooling, and regelation, 

referring to gelation by reheating the ordinary gel to dissolution temperature and followed 

by gelation by cooling. The gelation behaviour is observed to be different according to 

different gel preparation methods. For ordinary gelation, in low polymer concentration 

region, the gel is transparent at early stage of gelation and soon become turbid due to 

crystallization. In intermediate polymer concentration region, the white particles of 

crystallites appear first in homogenous solution, which is followed by the formation of the 

gels. In high polymer concentration region, large spherulites in the order of micrometer can 

be observed and these spherulites impinge on each other and give rise to formation of a 
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semitransparent gel. However, the regenerated gel prepared by regelation method is found 

to be transparent at early stage of gelation. After 24 hrs storage, four different gels appeared: 

transparent gel, uncrystallized transparent gel, partly crystallized semitransparent gel, and 

completely crystallized opaque gel. The authors proposed two types of mechanism of 

gelation discussed early: solid-liquid phase separation and liquid-liquid phase separation. 

The gels formed in intermediate and high polymer concentration region by ordinary 

gelation are induced by solid-liquid phase separation, in which crystallites may act as the 

link-points for gel network. However, for gelation in the low concentration region by 

ordinary gelation and the whole region by regelation, the liquid-liquid phase separation 

plays an important role in early stage of gelation. Gelation is caused by some overlapping 

of polymer chains in the polymer-rich phase without crystallization. The crystallization is 

observed after the gelation.  

 

As discussed in Chapter 4, the P4MP1 solution in n-pentane is observed to form a gel with 

addition of large amount CO2 (e.g. 40 wt % or 50 wt %) when cooling from one phase 

region to room temperature, whereas the P4MP1 solution in pure n-pentane or in low 

amount CO2 in the fluid mixture is observed to form crystals only, instead of gels. By close 

look at the phase diagram mapped out for gel formation and gel melting (sol-gel and gel-sol 

transition) curve, a gel mechanism that combines liquid-liquid phase separation can be 

proposed. According to the information provided from the temperature and pressure phase 

diagrams, the sol-gel or gel-sol transition temperature on pressure shows sensitive 

dependence on pressure. At low pressures, gelation occurs at higher temperatures and at 

high pressures, the gelation occurs at lower temperatures. These results lead us to conclude 

that the gel may arise from a UCST-type liquid-liquid phase separation. The 

temperature-concentration phase diagrams of P4MP1 solution in n-pentane with or without 

CO2 are schematically shown in Figure 7.9 with both liquid-liquid phase boundary and 

fluid-solid phase boundary. As shown in Figure 7.9(a), the binodal curve for liquid-liquid 
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phase separation is below the crystallization curves for P4MP1. And cooling from point A 

to point B only leads to crystallization. With addition of CO2 into the solution, the solvent 

quality of fluid mixture becomes poorer, resulting in the shrinking of the homogenous 

region, which is shown as a UCST binodal curve occurring at higher temperature in Figure 

7.9(b). The shifting of the binodal curve to higher temperatures causes that the binodal 

curve intersects with the crystallization curve. Upon cooling from point A to point B, the 

system enters a two liquid-liquid phase region first. When the temperature at point B is 

below the crystallization line shown as dashed line inside of two phase regions, the 

polymer-rich phase can crystallize, and these ordered crystalline structures can act as the 

anchor points for the formation of three-dimension network.  

 

7.3.2 sPS/Toluene 

As mentioned in earlier sections, it is generally accepted that the origin of thermoreversible 

gel formed from sPS solution in toluene in the low polymer concentration region is the 

formation of polymer-solvent molecular compound in δ crystalline form. The detailed 

crystal structure of the δ form of sPS incorporated toluene has been reported by Chatani et 

al. [Chatani et al. 1993] The crystal structure viewed along the polymer chain axis is shown 

in Figure 7.10 [Chatani et al. 1993]. As shown in Figure 7.10, the solvent molecule only 

occupies the isolated holes created by the helix along the b axis. While the a axis is 

close-packed and not affected by incorporating of different solvent molecules.  

 

The mechanism for the gelation of sPS in toluene solution is shown in Figure 7.11a. When 

cooling the sPS solution in toluene, the polymer chains adopt the helical conformation and 

the incorporated toluene molecules into cavities between the helices enhance the stability 

of the helical conformation. Each toluene molecule is surrounded by two helices and thus 

each toluene molecule has the same contribution to stabilizing the both helices. And 

eventually, the two helices seem to be locked together by toluene molecules entrapped 
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between them. These bonded helices finally give rise to the formation of high elastic 

thermoreversible gel even at very low polymer concentration.  

 

The influence of CO2 on the gelation of sPS solution in toluene is shown in Figure 7.11b. 

With addition of CO2 into the system, the formation of sPS-toluene compound is affected 

by the presence of the second solvent molecule, CO2. Carbon dioxide is not a good solvent 

for most polymers including sPS and can destabilize the helical conformation of sPS chain. 

For the sPS solution in the solvent mixture of toluene and CO2, the CO2 competes with 

toluene molecules to interact with sPS chains. As a result, at relatively low CO2 

concentrations, the sPS-toluene compound can still be formed but at relatively low rate, and 

at large CO2 concentration, the strong competition between CO2 and toluene makes that the 

formation of stable sPS-toluene compound becomes impossible. In this case, the sPS may 

form the gel through crystallization or just crystallize without gelation. In the present study, 

the morphology of sPS samples collected from high CO2 concentration has been found to 

be stacked-lamella structures instead of the fibrillar structure collected in pure toluene 

solvent, as discussed in Chapter 5. The results support the mechanism proposed above.  

 

7.4 Conclusion 

In this chapter, the four different gel mechanisms in synthetic polymer solution have been 

reviewed. The gel in polymer solvent can form through phase separation with the 

combination of vitrification (amorphous polymers) or crystallization (semi-crystalline 

polymers). For the semi-crystalline polymers, the gelation can be induced directly by 

crystallization. In some system, the formation of polymer-solvent compound that promotes 

the stability of structure of polymer chain eventually leads to gelation. CO2 has two 

different effects on the systems of P4MP1 in n-pentane and sPS in toluene due to the 

different gel mechanism. In P4MP1 solution in n-pentane, the addition of CO2 moves the 

L-L phase boundary (UCST) to higher temperatures which intersects with L-S curve 



 219

(crystallization) of P4MP1 solution in the mixture of n-pentane + CO2. At certain 

conditions, the polymer rich phase in solution formed through L-L phase separation is 

under crystallization condition in which case, the polymer crystallizes and becomes the 

anchor points for the networks. However, in the system of sPS solution in toluene, the 

gelation is induced by formation of a polymer-solvent compound. The addition of CO2 

increases the competition of CO2 with toluene interacting with the helix and eventually 

destabilizing the helix. As a result, the whole gel network is destroyed when large amount 

CO2 is introduced into the system.
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Figure 7.1 The different sources lead to form of junctions inside of polymer gels. 
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Figure 7.2 The schematic representation of phase diagram of amorphous polymer solution 

for which the glass transition curve intersects with binodal curve.  
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(a)                                      (b) 

 

(c) 

Figure 7.3 Schematic illustrations of the principal classes of gel morphology obtainable by 

L-L phase separation intercepted by vitrification. (a) Molecularly connected (glassy 

spheres-polymer rich phase connected by isolated solvated chains), (b) Solid (glassy)-phase 

connected and (c) Phase-connected bicontinuous. [Keller 1995] 
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Figure 7.4 Schematic representation of phase diagrams with interference between 

liquid-solid curve and the binodal liquid-liquid curve: (a) L-L curve is far below the L-S 

curve; (b) L-L intersects with L-S curve. [te Nijenhuis 1997] 
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Figure 7.5 Schematic representation of phase diagram of polymer solution with 

interference between L-L demixing and L-S demixing. [te Nijenhuis 1997] 
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Figure 7.6 Schematic representation of phase diagram with only liquid-solid transition for 

a semicrystalline polymer solution: (a) at very low polymer concentration: chain-fold 

lamellae; (b) at high polymer concentration: spherulites. 
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(a)                           (b) 

 

Figure 7.7 Schematic representations of possible gel classes arising from crystallization: (a) 

the junctions are small bundles, micelles constituted by portions of different chains; (b) the 

junctions are the chain-folded crystal and the links are interlamellar tie molecules. [Keller 

1995] 
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(a)                                       (b) 

        
 

(c)                                       (d) 

 

Figure 7.8 Schematic representations of different types of polymer gels: (a) induced by L-L 

phase separation and vetrification; (b) induced by L-L phase separation and crystallization; 

(c) induced by crystallization; (d) induced by formation of polymer-solvent compound. 
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Figure 7.9 Schematic representations of the mechanism of gelation of P4MP1 in n-pentene 

induced by the addition of CO2. The gel forms by the combination of L-L phase separation 

and L-S phase separation. 
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Figure 7.10 Crystalline lattice as seen parallel to the helix axis: monoclinic cell with a = 

1.758 nm, b = 1.326 nm, c = 0.771 nm, γ = 121.2°. sPS samples exposed to toluene vapors. 

[Chatani et al. 1993, Polymer; Reprinted with permission from Elsevier]  
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Figure 7.11 Schematic representation of mechanism of gelation of sPS + toluene by 

formation of polymer-solvent compound interfered with the addition of CO2, (a) without 

CO2; (b) with CO2 
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Chapter 8 

Summary and Recommendations 
 

The primary objective of this thesis work was to study the phase separation and phase 

separation kinetics of polymers in dense fluids with or without CO2 to get better 

understanding on the thermodynamic and dynamic aspects of miscibility and phase 

separation for polymer solutions under high pressure and the influence of pressure and/or 

fluid composition on polymorphic transformations. The majority of the work was focused 

on the fluid-solid or sol-gel phase separation in semi-crystalline polymers in fluid mixtures 

containing CO2. Specific systems included poly(4-methyl-1-pentene) in n-pentane and in 

n-pentane + CO2 and syndiotactic polystyrene in toluene, toluene + CO2, acetophenone and 

acetophenone + CO2. The kinetics of pressure-induced phase separation was also studied in 

solutions of atactic polystyrene in acetone.   

 

8.1 Summary Observation on the Kinetics of Pressure-Induced 

Phase Separation 

The kinetics of pressure-induced phase separation in atactic polystyrene (Mw = 129,200; 

PDI = 1.02) in acetone was investigated using a high pressure time- and angle-resolved 

light scattering system. The key findings are summarized below. 

  

1. In solutions that undergo phase separation by nucleation and growth the scattered light 

intensities show a continual decrease with angle. The scattered light intensities increase 

with time at all angles. In solutions that undergo phase separation by spinodal 

decomposition, the angular distribution of the scattered light intensities goes through a 

maximum. The mechanism of phase separation depends on the polymer concentration 

and the depth of the pressure quench imposed. For the polymer investigated, the 11.4 
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wt % solution was found to undergo spinodal decomposition for both the shallow or 

deep quenches indication that this concentration corresponds to the critical polymer 

concentration .At concentrations below this critical concentration phase separation was 

found to proceed by nucleation and growth for shallow quenches but by spinodal 

decomposition for deeper quenches.  

 

These experiments that were carried out with different quench depths in the range from 

0.1 MPa – 3.0 MPa in 4.0, 5.0, 8.2 and 11.4 wt % solutions permitted mapping the 

binodal and spinodal envelops for this system. Higher concentrations could not be 

explored to limitations of the present experimental system for high polymer 

concentrations. 

 

2. The early stage of spinodal decomposition was found to be relatively short and the 

stationary wave number qm(0) where the maximum in the scattered light intensity 

increases in time without change in the angular position was not captured even after 

very short time. The angular position of the maximum shifts to lower angles with time.  

 

The kinetics of spinodal decomposition in intermediate and late stage could be 

described by power-law scaling models. The characteristic wavenumber qm 

corresponding to the scattered light intensity maximum Im was analyzed by power-law 

scaling according to qm ~ t-α and Im ~ tβ. The results show β ≈ 2α. 

 

8.2 Summary Observation on Phase Behavior 

The phase boundaries of P4MP1 in n-pentane and n-pentane + CO2, sPS in toluene and 

toluene + CO2, sPS in acetophenone and acetophenone + CO2 have been mapped out in the 

variable-volume view-cell system in the temperature range from 298 K to 443 K and 

pressures up to 50 MPa. The results are summarized as follows: 
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The phase boundaries of P4MP1 in n-pentane and n-pentane + CO2, and the phase 

boundaries of sPS in toluene, toluene + CO2, acetophenone and acetophenone + CO2 were 

mapped out in the variable-volume view-cell system in the temperature range from 298 K 

to 443 K and pressures up to 50 MPa. The results are summarized as follows: 

 

1. The fluid-solid phase separation in P4MP1 solutions in pure pentane solutions was a 

crystallization process. In syndiotactic PS solutions in pure toluene or acetophenone 

was a gelation process. The phase boundary temperatures were dependent on polymer 

concentrations, and in P4MP1 solutions in n-pentane increased by about 15 K when the 

polymer concentration was increased from 1.0 to 6.4 wt %. In solutions of sPS in pure 

toluene, sol-gel transition temperatures were found to increase by about 25 K when the 

polymer concentration was increased from 1.6 wt % to 25 wt %. No liquid-liquid phase 

separation was observed in these solutions under experimental conditions. The 

solid-fluid or sol-gel phase transition temperatures in these systems are not sensitive 

with pressure changes. Usually, these boundaries are shown as sharp boundaries in T-P 

phase diagram.  

 

2. In solutions containing CO2, the fluid-solid phase separation boundary was found to 

shift to lower temperatures in the P4MP1 + pentane system for CO2 addition levels up 

to 20 wt % CO2. At CO2 addition levels of 40 and 50 wt % a unique transformation 

from crystallization to gelation was observed to take place. In sPS solution a reverse 

behavior was observed. In pure toluene and acetophenone, and at CO2 addition levels < 

20 wt % phase separation is a gelation process. But at CO2 addition levels of 40 and 50 

wt %, the phase separation process becomes a crystallization process. 

 

3. In P4MP1 solutions in pentane or pentane + CO2 mixtures no liquid-liquid phase 
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separation boundary could be detected. In contrast, sPS solutions in toluene + CO2 with 

greater than 28 % carbon dioxide and acetophenone + CO2 solutions with greater than 

25 % CO2 were found to display a liquid –liquid phase boundary. In solutions with even 

higher CO2 levels, the L-L boundary was shifted to higher pressures.  

 

8.3 Summary Observation on Polymorphic Structures 

Transformations 

P4MP1 and sPS both show polymorphism. There are five different polymorphic structures 

reported for each polymer. The polymorphic states observed in polymers regenerated from 

different solutions at different pressure and or fluid composition conditions are summarized 

below.  

 

1. The polymorphic structures of P4MP1 were found to display strong dependence of 

pressure and CO2 concentration in fluid mixtures. With increasing crystallization 

pressure in solutions in n-pentane, crystal structure of P4MP1 was found to change 

from Form III to Form II. The Form II was found to be the most preferred crystal form 

of P4MP1 under high pressure which is rarely obtained at ambient conditions. For 

solution containing CO2, the crystal structure shifts from Form II to Form I with 

increasing CO2 in the fluid mixture. These transformations stem from the change of the 

solvent power which is altered by pressure or addition of CO2.  

 

2. The pressure was found to have limited effect on the polymorphic structures of sPS 

during constant pressure crystallization processing. While the polymorphic structures 

display strong dependence on the amount of CO2 in the solution. In pure organic 

solvents (toluene and acetophenone) or with relatively low level CO2 (i.e. toluene (84) 

+ CO2 (16) and acetophenone (75) + CO2 (25)), only the δ crystal form was obtained. 

In solutions with high CO2 content (i.e. acetophenone (60) + CO2 (40)), only the β form 
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was obtained. At intermediate levels of CO2 (i.e. toluene (72) + CO2 (28)), a mixture of 

δ + β forms is obtained. There is a transformation from the δ to the β crystal form with 

increasing amount of carbon dioxide in the solutions.  

 

8.4 Summary Observations on Path Dependence Crystal Form and 

Morphology 

In sPS solutions in toluene + CO2 and in acetophenone + CO2, the phase separation 

experiments were carried out either along a constant pressure cooling path or constant 

temperature pressure-quench path which was then followed by depressurization or further 

cooling. The constant pressure cooling leads to crossing either the crystallization or 

gelation boundary first. Constant temperature pressure reduction leads to liquid-liquid 

phase separation with the formation of a polymer-rich and a polymer-lean phase. The 

polymers recovered after the systems are brought to ambient conditions following these 

different paths show distinct difference in their crystal from and morphologies. The results 

are summarized below. 

 

1. The samples collected after constant pressure cooling in sPS solution in toluene (72) + 

CO2 (28) display essentially the δ form with a minor appearance of β form. Only the δ 

form is obtained from sPS solution in acetophenone (75) + CO2 (25). However, a 

mixture of δ + β crystal forms was obtained from sPS solution in acetophenone (60) + 

CO2 (40) solutions.   

 

2. Along a constant temperature pressure reduction path, the crystal form and the 

morphology of the samples from polymer-lean phase and polymer-rich phase show 

dramatic differences. The polymer-rich phase sample from sPS solution in toluene (72) 

+ CO2 (28) shows only the β crystal form with a stacked-lamellar morphology, while 

the polymer-lean phase sample from this solution is a mixture of δ + β crystal form. In 
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contrast, the polymer-rich phase sample from the acetophenone (75) + CO2 (25) 

solution is a mixture of δ + β form and the polymer-lean phase sample shows only the δ 

form. 

 

3. These observations on the path dependence of crystal structure can be explained in 

terms of T-x phase diagrams which take into account the change in the location of the 

phase boundaries with changes in pressure and CO2 content of the solutions. 

 

8.5 Recommendations 

The following suggestions can be considered in future studies: 

 

1. Time limitations did not permit investigation of the kinetics of phase separation in 

P4MP1 and sPS solutions. The differences in the dynamics of gelation or 

crystallizations processes could provide new insights and should be considered in a 

future study.  

 

2. The exploration of phase separation dynamics at high polymer concentrations would 

also be desirable. This however would require new designs or extensive modifications 

of the present light scattering system to achieve in-situ homogenization in very viscous 

systems.  

 

3. The crystallization and gelation processes in polymer solutions in the view-cell under 

high pressure were only monitored by the transmitted light intensity change. The 

samples were collected at room conditions and further dried before characterization. 

These processes may potentially alter the initial structures formed in these samples. To 

gain insight into the actual gelation mechanism or the crystallization process, in-situ 

measurement capabilities, such as in-situ FTIR under high pressure would be highly 
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desirable. The in-situ measurement of IR spectra would give information on the 

changes of polymer chain conformation during phase transformations. Since sapphire 

windows are not suitable as IR windows due to sapphire’s high absorption in the IR 

range, other windows are needed. This may present challenges for operation at very 

high pressures and temperatures with different fluids. Several high pressure IR cells 

have been reported in several groups. Rigby et al. [Rigby et al. 1970] constructed a IR 

cell by using CaF2 and KBr as IR window materials. The transparent regions for CaF2 

and KBr are 4000-1100 and 4000-400 cm-1. KBr windows, having good transparency 

in the far IR region, can only hold up to 30 MPa for temperatures below 50 °C. CaF2, 

as a strong crystal, can withstand high pressures up to 200 MPa, while the low 

transparency in far IR region limits its application for polymer system, in which the far 

IR band is dominating. A commercial high pressure autoclave was recently reported 

[Kamer et al. 2004] in which the windows are made of ZnS, however having a 

maximum pressure of only 18.5 MPa and temperatures up to 200 °C. The transparent 

region for ZnS is 17000-833 cm-1. To study the chain conformation information under 

high pressure, the selected IR windows must have good strength and good transparency 

in the far IR region. The common inorganic materials as discussed above have 

limitations and can not meet the requirements. To be transparent in the far infrared 

region normally requires dielectric materials with heavy, weakly bonded atoms such as 

zinc sulfide, zinc selenide and germanium. However, gaining far infrared transparency 

is almost always traded off against mechanical strength [Mollart et al. 2003].  

 

The exception to this general rule is diamond, which has excellent far infrared 

properties. Therefore, it offers a combination of high strength, thermal conductivity and 

durability with optical transparency from ultraviolet to far IR region. Diamond anvil 

cells (DACs) have been used to generate very high static pressures [Xu et al. 2006]. But 

DACs have their limitations with respect to the small sample sizes that are involved. 
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Recently it has become possible to make large area polycrystalline Type IIa diamond 

windows with a chemical vapor deposition (CVD) route [Xu et al. 2006]. The large 

planar windows of CVD diamond have been made up to 120 mm in diameter and 2 mm 

in thickness. Most recently, Hirano and co-workers [Abe et al. 2005] have constructed a 

high pressure cell for IR and Raman spectrometric measurement by using the CVD 

diamond as windows (5 mm in diameter and 0.5 mm in thickness). Their system can 

operate at temperatures up to 400 °C and pressures up to 50 MPa. Therefore the CVD 

diamond could be an ideal window material for a future high pressure IR cell to study 

details of gelation and crystallization processes as they occur in a view cell. 

Modification of the view cell by incorporation such windows for IR studies should thus 

be considered in future studies.  

 

4. The FTIR results of sPS gel sample formed from pure acetophenone solutions show 

two distinct peaks located at 1214 and 1050 cm-1. The origin of the peaks must relate to 

the specific interaction between the acetophenone group and the cavity formed in the δ 

form. Further FTIR studies or NMR measurements on the system is needed for further 

elucidations. Such studies may provide more information on the nano environment 

inside the nanoporous cavities in crystalline phase. 

 

5. The recently reported [Rizzo et al. 2007] ε form of sPS is described to be a nanoporous 

crystalline phase similar to the δ form, but with a different pore shape. The ε form is 

generated by treating the γ form powder in liquid chloroform at ambient pressures for at 

least 24 h, followed by extraction with supercritical carbon dioxide. The nano pores in 

the ε form is reported to be “channel” shape instead of cavities which could provide a 

medium in which aligned reactions such a polymerizations could possibly be carried 

out to generate special blends. The possibility of forming the ε form of sPS from high 

pressure solutions should be explored in the future. 
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6. The present study has focused on the polymorphic transformations in P4MP1, but more 

so in sPS. Future studies should expand the scope to other stereoregular polymers that 

show polymorphism. Research should also be directed to better identification of 

conditions that display coil-to-helix and the association of helices as distinct steps in 

gelation processes. 
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Appendix A 

Data Tables of the Phase Behavior 
 

The numerical data on the phase boundaries of syndiotactic polystyrene in toluene and 

toluene + CO2, acetophenone and acetophenone + CO2 at high pressures are included in 

this section. The numerical data on the phase boundaries of P4MP1 in n-pentane and 

n-pentane + CO2 has been presented in Table 4.1 and 4.2. Table A.1 gives the experimental 

data for sol-gel phase boundaries of sPS in toluene. Table A.2 gives the experimental data 

for sol-gel or solid-fluid phase boundaries of sPS in toluene + CO2. Table A.3 presents the 

experimental data for liquid-liquid phase boundaries of sPS in toluene + CO2. Table A.4 

gives the experimental data for sol-gel phase boundary of 4.8 wt % sPS in acetophenone. 

Table A.5 and A.6 present the experimental data for sol-gel or solid-fluid phase boundaries 

and liquid-liquid phase boundaries of sPS in acetophenone + CO2 respectively.  
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Table A.1 Experimental data for sol-gel phase separation in syndiotactic polystyrene in 

toluene solutions.  

 

Polymer Fraction  
(wt %) 

Pressure  
(MPa) 

Gelation  
T (K) 

Dissolution 
 T (K) 

44.5 345.0 389.0 
37.0 343.0 386.5 
29.5 341.5 385.0 
22.0 339.0 382.0 
14.5 336.5 377.5 

1.6 

6.9 332.0 371.0 
    

44.5 347.5 391.0 
37.0 345.0 389.0 
29.5 343.5 387.0 
22.0 341.0 384.0 
14.5 338.5 380.0 

2.8 

6.9 335.5 375.0 
    

44.5 351.0 393.0 
37.0 348.5 391.5 
29.5 346.5 389.5 
22.0 343.0 386.0 
14.5 341.0 382.0 

4.8 

6.9 339.0 378.0 
    

44.5 356.0 398.0 
37.0 354.0 396.0 
29.5 353.0 393.0 
22.0 351.0 390.0 
14.5 348.5 387.5 

12.6 

6.9 346.5 386.0 
    

44.5 369.5 412.0 
37.0 367.5 410.0 
29.5 366.0 407.5 
22.0 362.5 403.0 
14.5 360.0 400.0 

25.0 

6.9 357.5 398.5 
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Table A.2 Experimental data for gel-sol or solid-fluid transition temperatures in ~ 4.8 wt % 

syndiotactic polystyrene in toluene + CO2 solutions with different CO2 contents.  

 

Gel-Sol Transition CO2 in Fluid Mixture  
(wt %) 

Pressure 
(MPa) Gelation T 

(K) 
Dissolution T 

(K) 
44.5 341.0 389.0 
37.0 340.5 388.0 
29.5 339.0 387.0 
22.0 338.0 387.0 
14.5 336.5 386.5 

16 

6.9 336.0 386.0 
    

44.5 346.0 399.0 
37.0 347.0 398.0 
29.5 347.0 398.0 
22.0 348.0 400.0 

28 

   
  Solid-Fluid Transition 
  Crystallization T 

(K) 
Melting T 

(K) 
52.0 380.0 411.0 
48.5 381.0 422.0 

43 
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Table A.3 Experimental data for liquid-liquid transition temperatures in ~ 4.8 wt % 

syndiotactic polystyrene in toluene + CO2 with different CO2 contents. 

 

Liquid-Liquid Transition CO2 in Fluid Mixture 
(wt %) Pressure 

(MPa) 
Temperature 

(K) 
23.1 430.0 
22.9 426.5 
21.0 418.3 
19.5 412.8 
18.8 408.6 
17.3 403.6 
16.4 397.8 

28 

14.0 393.0 
   

49.8 437.3 
48.6 434.0 
48.0 429.1 
47.0 426.0 
46.7 421.4 
46.0 417.9 

43 

45.0 413.8 
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Table A.4 Experimental data for sol-gel phase separation in syndiotactic polystyrene in 

acetophenone solutions. 

 

Gelation  
T (K) Polymer Fraction  

(wt %) 
Pressure  
(MPa) 

T1 T2 

Dissolution 
 T (K) 

44.5 382 348 405 
37.0 380 346 400 
29.5 380 344 398 
22.0 376 343 396 
14.5 375 340 394 

4.8 

6.9 373 337.5 392 
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Table A.5 Experimental data for gel-sol or solid-fluid transition temperatures in ~ 4.8 wt % 

syndiotactic polystyrene in acetophenone + CO2 solutions with different CO2 contents. 

 

Gel-Sol Transition CO2 in Fluid Mixture  
(wt %) 

Pressure 
(MPa) Gelation T 

(K) 
Dissolution T 

(K) 
44.5 372.0 400.0 
37.0 374.0 403.0 
29.5 376.0 407.5 
22.0 380.0 412.0 

25 

   
  Solid-Fluid Transition 
  Crystallization T 

(K) 
Melting T 

(K) 
55.6 394.0 431.0 
51.8 397.0 433.0 
48.2 399.5 435.5 

40 

46.0 399.7 435.5 
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Table A.6 Experimental data for liquid-liquid transition temperatures in ~ 4.8 wt % 

syndiotactic polystyrene in acetophenone + CO2 with different CO2 contents. 

 

Liquid-Liquid Transition CO2 in Fluid Mixture 
(wt %) Pressure 

(MPa) 
Temperature 

(K) 
17.0 411.4 
17.1 413.2 
17.5 416.9 
18.1 419.8 
18.2 423.6 
18.1 424.3 
18.4 427.0 
18.7 430.3 
18.9 433.1 
19.2 436.1 
19.4 439.0 
19.6 442.3 

25 

  
41.9 424.3 
42.2 428.0 
42.8 430.6 
43.2 433.4 
43.8 439.8 
44.4 445.0 
45.2 450.4 

40 

45.6 452.8 
 


