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Abstract 

The bicontinuous microemulsion phase, found in ternary polymer blends containing 

immiscible A and B homopolymers and an amphiphilic A-B diblock copolymer, has 

attracted interest due to its combination of properties that make it attractive for use as a 

template for nanoporous materials. While recent work has demonstrated that a variety 

of materials can be templated from a single blend system, future work may demand 

incorporation of a variety of polymers into microemulsion-forming blends. Such 

systems fall beyond the currently understood model phase behavior for ternary blends. 

In this thesis, the effect of well-controlled nonidealities and other extensions of ternary 

blend phase behavior are described. Systems were designed to investigate the influence 

of conformational asymmetry – a difference in the radius of gyration per molar volume 

of two polymers – on blend phase behavior. Previous work suggested that the influence 

was significant, and resulted in a broad region of a hexagonally symmetric phase in the 

vicinity of the microemulsion. This behavior could inhibit the process of capturing of 

microemulsion for templating purposes, so it is important to understand conformational 

asymmetry’s influence. A related series of systems was designed to investigate the 

effect of increased segregation strength by using amphiphilic diblocks of varying 

molecular weight. Finally, a previous study incorporating an ABA triblock, C 

homopolymer, and ABABA–C amphiphilic hexablock was expanded to incorporate 

ordered components, allowing for hierarchical microphase separation. This study 

demonstrates that model ternary blend phase behavior can be extended to systems 

containing more complex linear polymer architectures. Additionally, two phenomena 
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observed in these systems were investigated in detail. First, light scattering was 

observed in the vicinity of the order-disorder transition of blends; this scattering is a 

result of coexisting ordered and disordered phases. Finally, catalytic hydrogen-

deuterium exchange on polyolefins was investigated. The reaction conditions described 

provide a facile method of preparing isotopically labeled chains and give insight into 

the mechanism of exchange. 
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Chapter 1  

Introduction 

1.1 Outline 

The work described in this thesis focuses on the phase behavior of ternary polymer 

blends containing (usually) two immiscible homopolymers and a compatibilizing 

diblock copolymer. Interest in such systems is driven by the bicontinuous 

microemulsion phase that can be found in relatively homopolymer-rich blends.1,2 This 

phase has a number of properties that distinguish it from typical bulk block copolymer 

self-assembled structures: it is isotropic, bicontinuous, and has a characteristic length 

scale of approximately 50–250 nm (bulk block copolymers, in comparison, typically 

have domain spacings in the range of 10–50 nm). These properties make it appealing 

for use in templating porous materials. 

Recently, microemulsion-templated porous monoliths and films have been produced 

from a small number of ternary blend systems.3-9 While these results are promising, in 

both cases the porous templates were created from model polymer systems containing 

low dispersity anionically-synethsized polymers whose interaction parameters are well 

characterized in the literature. In fact, nearly all investigations of ternary polymer blend 

phase behavior have utilized such systems. Future work, driven by potential 

applications, may demand incorporation of functional polymers or block copolymers 

with a range of nonidealities into ternary blends. The effect of such nonidealities on the 

phase behavior of ternary blends is not well understood.  

Several unexplored aspects of ternary blend phase behavior were investigated in the 

course of the work described in this thesis. First, in Chapter 2, the effect of 

conformational asymmetry (a difference in the radius of gyration per unit volume of the 

two component polymers) was explored. This common source of structural asymmetry 
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is dictated by the chemistry of the polymers, and as a result can be difficult or 

impossible to avoid in systems where the incorporation of a specific functional polymer 

is necessary. Next, in Chapter 3, the effect of strong segregation was investigated. 

Polymer ternary blend phase behavior is typically investigated in systems designed in 

such a way that all thermodynamic transitions are experimentally accessible. This 

necessitates knowledge of the segment-segment interaction parameter (χ) and results in 

systems that are relatively weakly segregated. In systems incorporating functional 

polymers, χ will likely be unknown, leading to systems where the order-disorder 

transition may be inaccessible. A series of model systems of varying diblock molecular 

weight were designed to investigate the effect of increased segregation strength. Finally, 

in Chapter 5, a ternary blend system was designed in which an ABA triblock replaces 

one of the homopolymer components and an ABABAC hexablock replaces the 

amphiphilic diblock. This system demonstrates the robustness of the general ternary 

blend phase behavior, and suggests that incorporation of functional multiblocks is 

relatively straightforward. 

In addition to the above described investigations, two additional phenomena are 

described. In the course of investigating the phase behavior of some of the ternary blend 

systems, a light scattering phenomenon was discovered in the vicinity of the order-

disorder transition of homopolymer-rich blends. The potential physical origin of this 

phenomenon is described in Chapter 4. Additionally, while preparing deuterium-labeled 

polymers for neutron scattering studies, an unusual extent of deuteration was observed. 

Followup studies on this result led to an investigation of catalytic hydrogen-deuterium 

exchange on polyolefins, described in Chapter 6. 

The remainder of this chapter will briefly describe the background and related work 

concerning ternary blend phase behavior. 



   3 

 

1.2 Background 

While the work described here focuses on polymer ternary blend systems, 

microemulsion phase behavior was first observed in small-molecule systems containing 

oil, water, and a nonionic amphiphile.10-14 In many ways, the phase behavior of the two 

types of systems along a compositional isopleth is similar. Oil and water are 

immiscible, as are most homopolymers. In both cases, surfactant-rich mixtures produce 

an ordered lamellar phase (often referred to as a lyotropic liquid crystal Lα phase in 

small-molecule systems). Microemulsions are found between these two regions of 

macroscopic phase-separation and ordered microstructures. However, in small-molecule 

 

Figure 1.1. Experimental phase diagram for water/n-octane/pentaethylene glycol 

monododecyl ether along a 60:40 water:oil isopleth. Regions labeled 2ϕ and 3ϕ 

indicate macrophase separation into two or three phases, respectively. Lα is the 

lamellar phase, while 1ϕ indicates a region of microemulsions. Reproduced from 

reference 13.   
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systems, the amphiphile has temperature dependent interactions with water and oil, 

while in polymer systems, it does not. At low temperatures, nonionic amphiphiles favor 

the water-rich phase; at higher temperatures, they favor the oil-rich phase. These 

competing interactions cause the phase diagram to have a so-called “fish” shape, 

illustrated for an experimental system in Figure 1.113 and schematically in Figure 1.2. 15 

The far left of these phase diagrams represents a pure oil-water mixture. The fish’s 

“body” corresponds to a region of three phase coexistence: oil-rich, water-rich, and 

microemulsion. As amphiphile concentration is increased, the triangular region to the 

 

Figure 1.2. Schematic phase diagram illustrating the general behavior of 

oil/water/amphiphile systems along a symmetric isopleth. Regions labeled 2ϕ and 3ϕ 

indicate macrophase separation into two or three phases, respectively. Lamellar and 

microemulsion phases are illustrated schematically, showing the gradual transition 

between droplet and bicontinuous microemulsions. Reproduced from reference 15.  
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right of this contains first microemulsions, then lamellae. The temperature-dependence 

of the amphiphile is well-illustrated in the schematic phase diagram. At low 

temperatures, microemulsions consist of droplets of oil in a matrix of water, at high 

temperatures, water-in-oil, and at intermediate temperatures, they are bicontinuous.  

In contrast, the phase boundaries in A/B/A-B polymer systems are vertical or nearly 

so due to the symmetric design of the systems. Equal volume isopleth phase diagrams 

for three model ternary polymer blend systems are shown in Figure 1.3.2 Note that 

while in small molecule systems the amphiphile is typically found on the right side of 

such phase diagrams, in polymer systems the amphiphilic diblock is usually placed on 

the left. Another feature that distinguishes polymer systems from small-molecule 

systems is the ability to create homogeneous mixing of all blend components at all 

compositions by heating them. Lines are drawn in the phase diagrams in Figure 1.3 to 

indicate these transitions; for diblock-rich ordered blends, the line indicates the order-

disorder transition, while for homopolymer-rich phase-separating blends, it is a line of 

critical temperatures. Microemulsions are found in the channel between these two 

regions of phase behavior.  

Small-angle x-ray and neutron scattering experiments (SAXS and SANS, 

respectively) are powerful tools for characterizing microemulsion phase behavior. 

While spherical form factors and structure factors are sometimes used to fit scattering 

data from droplet microemulsions in small-molecule systems,16-21 the most common 

functional form used for microemulsion scattering data is the Teubner-Strey model, 

described in Equation 1.1:22 

4
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where a2, c1, and c2 are the coefficients of an order-parameter expansion of the free 

energy density. Because the relationship is merely proportional, these coefficients 

 

Figure 1.3. Volumetrically symmetric isopleth phase diagrams for three ternary 

polymer blend systems. a) polyethylene (E)/poly(ethylene-alt-propylene) (P)/E-P, b) 

poly(ethylethylene) (EE)/polydimethylsiloxane (D), EE-D, c) E/poly(ethylene oxide) 

(OE)/E-OE. L, H, and PS indicate lamellar, hexagonal, and phase separated regions. 

Reproduced from reference 2. 
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cannot be measured from a scattering experiment, but from the correlation function 

associated with Equation 1.1, two length scales can be defined: a quasiperiodic domain 

spacing, d, and a correlation length, ξ. Additionally, the amphiphilicity factor, fa, is used 

to characterize the microstructure;23 fa = -1 corresponds to periodic lamellae and -1 < fa 

< 0 corresponds to a quasiperiodic microemulsion structure. For fa > 0, interfaces 

become uncorrelated, and scattering patterns no longer exhibit the broad peak 

characteristic of microemulsions. These three parameters can be defined in terms of the 

coefficients in Equation 1.1: 
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Figure 1.4. SANS data (open circles) and Teubner-Strey fit (solid curve) for a 

microemulsion from the E/O/E-O system described by Hillmyer et al.2 
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22

1

4 ca
cfa =  (1.4) 

An example of a SANS pattern from a polymer microemulsion is shown in Figure 1.4.  

The phase behavior described so far has been limited to compositional isopleths. 

Washburn et al. investigated a series of isopleths in order to construct an isothermal 

phase diagram, reproduced in Figure 1.5.24 Asymmetric amounts of homopolymer lead 

to asymmetric swelling of the diblock, resulting in the variety of microstructures 

commonly seen in bulk diblock phase behavior:25 bicontinuous gyroid, hexagonally 

 

Figure 1.5. Isothermal phase diagram for OE/P/OE-P ternary blend system 

investigated by Washburn et al. L, G, H, C, and M indicate lamellae, gyroid, 

hexagonal, cubic, and micellar phases. 
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packed cylinders, and spheres on a body-centered cubic lattice. Disordered micellar and 

three-phase regions were also found.  

Because of the inherent symmetry of A/B/A-B ternary polymer blend systems, 

microemulsions are typically presumed to be bicontinuous. However, information about 

the structure of a microemulsion is not available from scattering patterns; bicontinuous, 

droplet, and intermediate tubular microemulsions all produce scattering patterns that 

can be fit with the Teubner-Strey model.22 In small-molecule systems, information 

about the structure of a microemulsion can be obtained from NMR self-diffusion 

experiments that measure the length scale over which a molecule can diffuse; molecules 

confined within droplets can thus be identified from those in a matrix.11 This 

experiment is not practical in polymer systems. Instead, the structure of a 

microemulsion can be directly imaged via transmission electron microscopy (TEM). 

Literature examples of TEM images of microemulsions obtained by quenching the 

blend from the melt, then staining, sectioning, and imaging the sample are shown in 

 

Figure 1.6. TEM images of microemulsions from (left) E/P/E-P system described 

by Hillmyer et al.2 and (right) S/I/S-I system described by Corvazier, et al.26 
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Figure 1.6. Note that these two images represent the only A/B/A-B ternary polymer 

blend systems described in the literature in which a microemulsion has been directly 

imaged via TEM. The image of the E/P/E-P microemulsion clearly suggests a 

bicontinuous structure, but the image of the polystyrene (S)/polyisoprene (I)/S-I 

microemulsion is poor in quality and no structural details can be discerned. While 

several other A/B/A-B systems have been investigated experimentally, no other reports 

include direct images of the blend microstructure. On the basis of the images from the 

described E/P/E-P system and the symmetric design of all the systems, polymeric 

microemulsions are generally presumed to be bicontinuous. 

While experimental systems have been designed with volumetrically symmetric 

diblocks and equal molar volume homopolymers, and investigated along equal volume 

isopleths, some asymmetric phase behavior has been observed. In the E/OE/E-OE system 

investigated by Hillmyer et al., a hexagonally symmetric phase was observed in the 

 

Figure 1.7. Equal volume isopleth for P/OB/P-OB system investigated by Zhou et 

al. A region of hexagonal symmetry was found beneath the microemulsion 

channel. 
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vicinity of the microemulsion channel (shown in Figure 1.3c).2 In this case, the diblock 

was slightly asymmetric, with fE = 0.45, possibly influencing the isopleth phase 

behavior. However, similar phase behavior was observed by Zhou et al. in a 

P/poly(butylene oxide) (OB)/P-OB system with a more symmetric diblock (fP = 0.51).27 

In this case, the microemulsion channel was shallow and was cut off at low temperature 

by a hexagonally symmetric phase; the symmetric isopleth phase diagram is reproduced 

in Figure 1.7. Because the system was symmetric in most other respects, this unusual 

behavior was attributed to conformational asymmetry. Conformational asymmetry is 

often described as the ratio of statistical segment lengths of two polymers; however, 

statistical segment lengths are defined in terms of a monomeric reference volume that is 

arbitrarily defined for different systems. Instead, the following reference volume-

independent definitions will be used to describe conformational asymmetry: 

VNaRg
2

2
2

6
β==  (1.5) 

2

2

B

A

β
β

ε =  (1.6) 

Where Rg is the radius of gyration of a polymer chain, N is the reference-volume based 

extent of polymerization, a is the statistical segment length, and V is the molar volume 

of a polymer chain. Polymers A and B are chosen such that the ratio ε, used to quantify 

the extent of conformation asymmetry, is always greater than unity. The value of ε in 

Zhou et al.’s system was 1.61, greater than that of any previously investigated system. 

Because the established methods for creating porous templates from polymer 

microemulsions involve quenching through the microemulsion channel, the presence of 

an ordered phase in this region could inhibit capture of the desired phase. 

Self-consistent field theory predicts an influence of conformational asymmetry on 

bulk block copolymer phase behavior.28 Increasing values of ε lead to increased 
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interfacial curvature toward the A phase; for example, a diblock copolymer with fA = 

0.4 and ε = 1.0 will form lamellae, while the same diblock with ε = 2.25 will form a 

bicontinuous gyroid or hexagonally packed cylindrical morphology. This behavior 

results from the different entropic penalty associated with stretching the two blocks; 

larger Rg A chains are relatively easier to stretch than smaller Rg B chains. Theoretical 

approaches to the influence of conformational asymmetry on ternary blend phase 

behavior suggest the same result.29 Interestingly, this prediction appears to fail in the 

conformationally asymmetric P/OB/P-OB system investigated by Zhou et al. Based on 

the phase behavior of off-symmetry isopleths, the smaller-Rg OB phase is found on the 

interior of the hexagonally symmetric phase.27 

Theoretical approaches to ternary blend phase behavior and the possible effect of 

asymmetries are relatively uncommon, mostly due to the failure of mean field theory to 

predict the general phase behavior near the microemulsion channel.1,30-35 As 

homopolymer is added to a diblock along a symmetric isopleth, the domains of the 

diblock are swelled. Mean field theory predicts that the domain sizes diverge at an 

unbinding transition, beyond which macrophase separation is observed.30 The line of 

unbinding transition meets with the order-disorder line and the line of critical points at 

an isotropic Lifschitz point. This behavior is not observed in physical systems; instead, 

lamellar fluctuations lead to the formation of microemulsions as the domain sizes 

become large. In spite of this theoretical failure, mean-field theory makes useful 

predictions about the phase behavior of ordered blends, and the prediction of the 

location of the Lifschitz point and unbinding transition is useful in locating the 

microemulsion channel in experimental systems. Janert and Schick theoretically 

predicted the isothermal phase behavior of ternary blend systems as a function of 

homopolymer chain length, chain length asymmetry, and, to a limited extent, diblock 
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asymmetry.31 Three of these predicted phase diagrams are shown in Figure 1.8: 

symmetric homopolymers (compare with Washburn et al.’s result in Figure 1.5), 

asymmetric homopolymers, and asymmetric diblock (with symmetric homopolymers). 

 

Figure 1.8. Isothermal phase diagrams for three ternary polymer blend systems. In 

these diagrams, αi = Ni/NAB where Ni and NAB are the volumetric extents of 

polymerization of homopolymer i and the diblock, respectively. a) αA = αB = 0.3, f = 

0.5 b) αA = 0.3, αB = 0.2, f = 0.5 c) αA = αB = 1, f = 0.54. LAM, HEX, and BCC 

indicate lamellae, hexagonally packed cylinders, and spheres on a body-centered cubic 

lattice. Unlabeled white regions indicate two-phase coexistence, and dark regions 

indicate three-phase coexistence. Reproduced from reference 31. 
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Both types of asymmetry lead to the observation of the hexagonally packed cylinder 

phase along the equal volume isopleth (though the asymmetric diblock case is difficult 

to compare because it was calculated for much different relative homopolymer chain 

lengths).  

All of the previously described systems have matched chemistry between the 

homopolymers and diblock. A different type of system has been investigated by the 

Balsara research group. For these studies, instead of A/B/A-B systems, A/B/A-C 

systems, where polymers B and C exhibit LCST phase behavior, were designed; 

because of the competing interactions in these systems, they are more similar to 

oil/water/surfactant systems.36-41 A phase diagram for one of these systems is shown in 

Figure 1.9. As in small-molecule systems, the phase boundaries are diagonal, rather 

 

Figure 1.9. Phase diagram for A/B/A-C system containing E/polyisobutylene/E-

polypropylene investigated by Lee et al. 2P, M, and L indicate two-phase, 

microemulsion, and lamellar regions. Microemulsions labeled 10b and 9b had a 

droplet structure, while 11a was bicontinuous. Reproduced from reference 37. 
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than vertical, and a range of microemulsion structures from droplet to bicontinuous 

were observed via TEM.  

A system attempting to extend ternary polymer blend phase behavior to systems 

incorporating functional block copolymers was investigated by Fleury and Bates.42 

Multiblock copolymers containing C and E have been shown to have appealing optical 

and mechanical properties. To create a microemulsion incorporating a CEC triblock, 

CEC was mixed with P and a symmetrically designed CECEC–P amphiphilic 

hexablock (where the CECEC sequence and P block have equal molar volume). In this 

system, both the CEC triblock and CECEC–P hexablock were disordered at all 

experimentally accessible temperatures; the use of a disordered amphiphile further 

differentiates this system from typical ternary blend systems, which use ordered 

diblocks. In spite of this, a bicontinuous microemulsion was observed in CEC/P-rich 

blends. However, the creation of porous CEC template by the microemulsion structure 

was not realized due to the inability to find a sufficiently selective solvent. In Chapter 5, 

this work is extended to a system with an ordered triblock and hexablock.  
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Chapter 2  
Phase behavior of conformationally asymmetric ternary blends 

 

2.1 Introduction 

Interest in ternary polymer blends containing immiscible A and B homopolymers 

along with an amphiphilic A-B diblock copolymer has been primarily motivated by the 

bicontinuous microemulsion phase that is found in volumetrically balanced 

homopolymer-rich blends.1,2 This phase has a combination of properties that distinguish 

it from the self-assembled morphologies typically observed in bulk block copolymer 

systems: bicontinuity, isotropy, and relatively large domain spacing. These properties 

make it attractive for use as a template for creating porous materials.3-9 

However, many questions about the phase behavior of ternary polymer blend 

systems remain unanswered. The typical experimentally investigated system consists of 

model polymers with low molecular weight dispersity, well-characterized interaction 

parameters, and volumetrically symmetric homopolymers and diblock copolymer. 

Systems containing polymers of practical interest may deviate from these idealities, and 

the influence of these deviations may cause the desired microemulsion phase to be 

difficult or impossible to access.  

Zhou et al. investigated a ternary blend containing poly(ethylene-alt-propylene) and 

poly(butylene oxide) which exhibited unusual phase behavior.10 The temperature range 

over which the microemulsion phase was observed (often referred to as the depth of the 

microemulsion channel) was much smaller than typical, and was cut off at low 

temperature by an ordered phase with hexagonal symmetry. This phase behavior was 

attributed to conformational asymmetry – a difference in the statistical segment lengths 
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of the two polymers. The conformational asymmetry present in this system was larger 

than in any previously investigated ternary blend. 

However, questions remain about the influence of conformational asymmetry in 

ternary blends. Zhou et al.’s system was not designed to investigate the effect of 

conformational asymmetry, but rather to investigate the effect of shear on 

microemulsions in which the two domains have matched viscosity.11 As a result, while 

it was conformationally asymmetric, it was not tremendously so. Furthermore, the 

system was not amenable to analysis via TEM due to the lack of a glass transition or 

crystallization above room temperature in either component, preventing real space 

imaging of the hexagonal phase and microemulsion. 

In this chapter, two conformationally asymmetric ternary blend systems are 

described: poly(cyclohexylethylene) (C)/poly(ethylene-alt-propylene) (P) and 

C/poly(ethylene) (E). Both systems are significantly more conformationally asymmetric 

than any previously reported system, and both systems can be imaged via TEM due to 

the hard C and E components.   

 

2.2 Experimental Techniques 

2.2.1 Anionic Synthesis 

Most polymers described in this thesis were synthesized by sequential anionic 

polymerization followed by catalytic hydrogenation.12 Styrene monomer (Aldrich) was 

purified by stirring over di-n-butyl magnesium (1.0 M solution in heptanes, Aldrich) at 

40 °C twice successively with vacuum distillation. Isoprene (Acros Organics) and 

butadiene (Aldrich) monomers were purified by stirring over n-butyl lithium (2.5 M 

solution in hexanes, Aldrich) at 0 °C  in the same manner. In all anionic syntheses, 

purified cyclohexane (HPLC grade, Fisher-Scientific) was added to a sealed reactor 
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under 3‒5 psig positive Argon pressure. The reaction initiator, sec-butyl lithium (1.4 M 

solution in cyclohexane, Aldrich), was injected into the reactor and allowed to stir for a 

minimum of 15 minutes prior to addition of monomer. Following monomer addition, 

the reaction was allowed to proceed at 40 °C for a minimum of 6 hours prior to 

termination or addition of the next monomer. In the case of block copolymers, an 

aliquot was taken from the reactor prior to addition of the second monomer for analysis 

by size exclusion chromatography. Reactions were terminated with degassed methanol. 

Methanol (HPLC, Aldrich) was purged with argon for a minimum of 45 minutes, then 

injected into the reactor. After 30 minutes, the reaction solutions were precipitated into 

a stirred 3:1 mixture of methanol and isopropanol. The polymer products were allowed 

to settle, and excess liquid was decanted off. Further solvent removal was accomplished 

by drying in a vacuum oven.  

 

2.2.2 Catalytic Hydrogenation/Deuteration 

Heterogeneous catalytic hydrogenation was used to produce saturated polymers 

from their unsaturated precursors.13 Hydrogenation of polyisoprene (I) produces 

poly(ethylene-alt-propylene) (P), that of polystyrene (S) produces 

polycyclohexylethylene (C), while poly(1,4 butadiene) (B14) produces polyethylene (E). 

A Pt-Re silica-supported catalyst (provided by Dow Chemical) was combined with 

polymer dissolved in cyclohexane and heated to 170 °C for 12 hours under 500-600 

psig H2. Following hydrogenation, the saturated polymer was filtered to remove the 

catalyst; in the case of polymers containing polyethylene, heat was applied to the 

filtration housing to keep the polymer in solution. Hydrogenated polymers were 

precipitated into a 3:1 mixture of methanol and isopropanol, filtered or decanted to 

remove excess solvent, then dried in a vacuum oven.  
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Blends used in small angle neutron scattering were prepared a using partially 

deuterated polymer. These polymers were prepared using the same precursors and 

hydrogenation conditions, but with substitution of D2 gas for H2. A density gradient 

column was used to assess the density of the hydrogenated and deuterated polymers. 

The density measurements were used to determine the extent of deuterium substitution 

and exchange. From these values, a corrected high-temperature melt density was 

calculated and used to prepare blends containing the deuterated polymer. 

 

2.2.3 Size Exclusion Chromatography 

Polymer molecular weights and dispersities were measured using size exclusion 

chromatography (SEC) using three 5 mm Phenomenex Phenogel columns held at 30 °C, 

a Waters 410 differential refractometer, and tetrahydrofuran (HPLC grade, J. T. Baker) 

as the mobile phase. Polystyrene homopolymer and aliquot molecular weights were 

determined by direct comparison with polystyrene standards (EasiCal PS-2, Polymer 

Laboratories). Polybutadiene and polyisoprene homopolymer molecular weights were 

determined using polystyrene standards and Mark-Houwink parameters (KS = 8.63, αS = 

0.736, KB14 = 25.2, αB14 = 0.727, KI = 15.7, αI = 0.731). The molecular weight 

distributions of catalytically hydrogenated polymers were measured to ensure that chain 

degradation did not occur during hydrogenation. Polymers containing polyethylene, 

which is insoluble in tetrahydrofuran, were measured using a Polymer Laboratories PL-

GPC 220 held at 135 °C with 1,2,4-trichlorobenzene as the mobile phase.  

 

2.2.4 Nuclear Magnetic Resonance Spectroscopy 

Proton nuclear magnetic resonance spectroscopy (1H NMR) was used to quantify 

block copolymer compositions and to confirm quantitative hydrogenation. All polymers 
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except those containing polyethylene were dissolved in deuterated d1-chloroform 

(99.8%, Aldrich) or d6-benzene (99.8%, Aldrich) and scanned at room temperature 

using a Varian INOVA 300 MHz or 500 MHz spectrometer. Polymers containing 

polyethylene were dissolved in d8-toluene (99.6%, Aldrich) at 75 °C and analyzed using 

a Varian INOVA 300 MHz spectrometer held at 75 °C. All hydrogenated polymers 

described in this thesis were completely hydrogenated. 

 

2.2.5 Blend preparation 

Blends were prepared by one of two methods: freeze drying from benzene solution, 

or co-precipitation from toluene solution. The freeze drying procedure was used for all 

systems except those that contain E-2.1 (see Table 2.1), which was insoluble in boiling 

benzene. For the freeze-drying procedure, an appropriate amount of material was 

weighed into a vial and dissolved in benzene at 70 °C. The vials were immersed in 

liquid nitrogen, then dried under vacuum to remove most of the solvent. Finally, the 

blends were heated to 150 °C under vacuum for several hours to remove any residual 

solvent. For the co-precipitation procedure, an appropriate amount of material was 

weighted into a vial and dissolved in toluene at 90 °C. Solutions were then decanted 

into a 10:1 excess of cold methanol. The precipitated polymer was filtered then dried 

under vacuum at 150 °C to remove excess solvent. Published melt densities at 140 °C 

(adjusted to account for deuteration in the case of blends prepared for SANS) were used 

to calculate the amount of material necessary to achieve a target volume fraction (0.920, 

0.784, and 0.790 g/cm3 for C, E, and P, respectively).14 
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2.2.6 Small-angle neutron scattering 

SANS experiments were performed on the NG-7 30 m instrument at the National 

Institute for Standards and Technology (NIST) in Gaithersburg, Maryland. A neutron 

wavelength of 7 Å was used with sample-to-detector distances of 13 m, 3 m, and 1 m, 

while a wavelength of 8 Å was used with a distance of 15 m. Blends were pressed into 

discs and loaded into quartz cells, which were prepared by gluing together two quartz 

discs and a 1.5 mm aluminum spacer ring using red silicone gasket-sealing glue. All 

samples were annealed above any known or suspected TODT for 10 min, then cooled to 

the lowest temperature of experimental interest prior to exposure to the neutron beam. 

Data at successive temperatures were collected on heating. All measured scattering 

patterns were nearly azimuthally isotropic, and were averaged to produce one-

dimensional plots of intensity vs the scattering wave vector q = 4πλ-1sin(θ/2). Scattering 

data were corrected for background and empty cell scattering, sample transmission, 

sample thickness, and detector sensitivity. Incoherent scattering, measured as the 

average scattering intensity at high q from pure homopolymer (and CEC) samples, was 

subtracted from blend scattering data. Data reduction was performed using the Igor Pro 

package provided by NIST. 

 

2.2.8 Rheology 

Rheological measurements were performed to locate thermal transitions between 

ordered microphase separation and disordered liquid-like behavior. Samples were 

pressed into discs and loaded onto 25 mm diameter parallel plates in a strain-controlled 

Rheometrics Scientific ARES rheometer. When possible, samples were heated above 

any known or suspected TODT before cooling to the initial experimental temperature. 

Isothermal frequency sweeps were conducted over a range of 0.01 to 100 rad/s. For 
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each test, a strain amplitude that maximized torque while remaining in the linear 

viscoelastic regime was chosen.  

 

2.2.9 Transmission Electron Microscopy (TEM) 

TEM was used to create real space images of the morphologies exhibited by select 

blends. Blends were prepared for analysis by first heating them in a 1 mL flame-

sealable ampoule to a temperature greater than TODT under dynamic vacuum to remove 

air from the sample. They were then flame-sealed to preserve a static vacuum. Samples 

were again heated above TODT
 for 30 minutes, then cooled to the temperature of interest 

and annealed for a minimum of 16 hours. Finally, samples were quickly removed from 

heat and plunged into a dry ice/isopropanol bath to fix the blend morphology. All 

samples contained at least one of polycyclohexylethylene or polyethylene; the rapid 

quench fixes the morphology through either the glass transition or crystallization, 

respectively. 

Annealed samples were removed from ampoules and a small face was cut using a 

razor blade and/or diamond knife. All polymers investigated in this thesis lack natural 

contrast, and were thus stained with ruthenium tetroxide to create contrast between 

microphases. Faced samples were taped to the lid of a 10 mL vial containing 30-50 mg 

of ruthenium chloride hydrate (99.98%, Sigma-Aldrich) which was subsequently mixed 

with 4 mL of sodium hypochlorite (Sigma-Aldrich). The cap containing the polymer 

sample was sealed, exposing it to the generated RuO4 vapor for 4 hours. Following 

staining, samples were left exposed to air in a fume hood overnight. 

Sectioning was performed using a Reichert UltraCut S Ultramicrotome at room 

temperature fitted with a MicroStar diamond knife. While many samples contained 

rubbery components, the staining procedure causes them to harden significantly, 
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allowing them to be sectioned at room temperature, allowing for the collection of a 

large number of relatively large sections. Sections of approximately 70 nm were cut 

while the knife boat was filled with water. After several sections were cut, a copper grid 

(Veco Handle Grids, 400 mesh) was lowered onto the sections briefly, then drawn away 

quickly. The grid was then placed on a damp lens tissue to draw the water through the 

grid holes, fixing the sections to the surface of the grid. In some cases, samples were 

further stained by exposing the grid to a solution containing RuO4 (0.5% stabilized 

aqueous solution, PolySciences, Inc.) for 10-30 minutes. Polyethylene crystals resist 

staining by RuO4, leaving E microphases white during imaging. The mechanism of 

contrast between rubbery P and glassy C phases may be more complicated, but is 

believed to be primarily due to the difference in diffusivity in each phase.15-18 
 

2.2.10 Optical transmittance measurements 

Optical transmittance measurements were used to determine the cloud points and 

other thermodynamic transitions of polymer blends. Figure 2.1 illustrates the apparatus 

used. A 50 mW HeNe laser emits a beam that is passed through a neutral density filter 

to reduce its intensity. The beam then passes through a polymer blend sample held at a 

constant temperature by a large copper heating block. The samples are contained within 

1 mL flame-sealable ampoules, held at either static vacuum by flame sealing or under 

dynamic vacuum throughout the experiment. Because of the cylindrical shape of the 

ampoules, the laser beam is spread as it passes through the sample; a lens downstream 

focuses the spread beam onto a detector. An Omega CN3251 temperature controller is 

used to control the temperature of the heating block. Labview software was used to 

program the temperature controller and record the measured temperature and detector 

signal. The raw signal is in units of voltage, but data presented here are shown in 
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arbitrary normalized units. In some cases, magnetic stir bars and a stir plate were used 

to stir samples.   
 

 

 

Figure 2.1. Schematic of transmittance apparatus. Polymer sample is the hatched region 

in the center of the heating block. Dashed lines indicate the beam path. 
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2.3 Results 

To investigate the influence of conformational asymmetry on the phase behavior of 

ternary polymers blends, two systems were synthesized. Table 2.1 summarizes the 

characteristics of the component polymers in each system.  

Table 2.1. Molecular characteristics of synthesized polymers 

Polymer Mn 

(kg/mol)a 

Nb Mw/Mn
c fC

d f14
e εf 

C-5.0 5.0 76 1.08 1 -  

P-4.4 4.4 79 1.10 0 0.95 2.2 

CP-21.7 21.7 357 1.08 0.52 0.94  

C-2.6 2.6 40 1.09 1 -  

E-2.1 2.1 37 1.07 0 0.92 3.2 

CE-13.2 13.2 217 1.03 0.51 0.91  

a. Number average molecular weight, determined from SEC performed on unsaturated precursors. b. 

Volumetric degree of polymerization, based on 118 Å3 reference volume at 140 °C. c. Molecular weight 

dispersity. d. Volume fraction C. e. Fraction 1,4-addition in polydienes. f. Conformational asymmetry 

ratio, defined in Equation 1.6 

 

All polymers have relatively low molecular weight dispersity, as illustrated in the 

SEC trace for the poly(styrene-block-1,4 butadiene) precursor to CE-13.2 (SB-13.2) in 

Figure 2.2. Polymer microstructure and composition were determined via 1H NMR; the 

NMR spectrum of SB-13.2 is shown in Figure 2.3. The two pairs of immiscible 

homopolymers have been synthesized with matched molar volumes, expressed with the 

volumetric degree of polymerization N. Diblocks are nearly volumetrically symmetric 
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and have approximately five times larger N than the homopolymers in each blend 

system. This common choice places the theoretical diblock TODT and homopolymer TC 

at approximately the same temperature; mean-field theory predicts (χNAB)ODT = 10.5 

and (χNH)C = 2, where χ is the Flory-Huggins interaction parameter, which scales as χ ~ 

1/T. Both systems were chosen for their combination of a high conformational 

asymmetry ratio and the ability to capture a blend morphology from high temperature 

via solidification of C or E. When combined with a suitable staining technique, this 

latter property allows for the use of TEM to image the blends.  

Because the phase behavior of interest is located in and near the region where 

bicontinuous microemulsions are typically observed, both blend systems have been 

investigated along an isopleth of equal homopolymer volumes. This specification 

 

Figure 2.2. SEC trace for the poly(styrene-block-1,4 butadiene) precursor to CE-13.2. 

The slight tail at high elution volume indicates a very small amount of terminated 

homopolymer. 
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allows for the construction of phase diagrams with only two independent parameters: 

the temperature and the homopolymer composition φH (φH = 1 – φAB). Blends from each 

system will be referred to as either CPnn or CElnn where nn is the volume percent of 

homopolymer in that blend (the “l” indicates the lowest of three molecular weight 

diblocks in a series of CE systems; systems containing the other two diblocks are 

described in Chapter 3). The phase behavior of ternary blends along such an isopleth 

can usually be divided into three regions at temperatures below TODT or TC. Block-

copolymer rich blends (low φH) typically form ordered lamellae. Homopolymer rich 

blends (high φH) macrophase separate, while intermediate blends form bicontinuous 

microemulsions and potentially other ordered phases. 

 

 

 

Figure 2.3. NMR specturm for the poly(styrene-block-1,4 butadiene) precursor to CE-

13.2. Integrated peak areas are indicated by the bold lines. 
 



   31 

 

2.3.1 CP Rheology 

The phase behavior of block copolymer-rich ordered blends was principally 

investigated rheologically. Monitoring the dynamic moduli of a blend as a function of 

temperature at a fixed strain frequency typically shows an abrupt decline at the TODT.19-

21 Additionally, monitoring the dynamic moduli as a function of strain frequency at a 

constant temperature can be used to identify whether a blend is exhibiting a liquid-like 

viscoelastic response. Figure 2.4 shows a dynamic temperature ramp and dynamic 

frequency sweeps performed above and below TODT for blend CP81, while Figure 2.5 

shows dynamic temperature ramps for a number of ordered blends.  

The sudden change in the value of the dynamic moduli seen in Figure 2.4a near 217 

°C is consistent with a transition from an ordered, microphase-separated state to a 

disordered melt. Dynamic frequency sweeps confirm this interpretation, showing a shift 

from nearly parallel moduli to terminal behavior. The deviation of G’ from typical 

terminal scaling of ω2 at low frequency is due to a lack of torque on the rheometer, 

introducing significant experimental error. As shown in Figure 2.5, the TODT of the 

blends does not change significantly as a function of blend composition. Unlike the 

conformationally asymmetric PEP-PBO system investigated by Zhou et al., no order-

order transitions were observed rheologically. At higher homopolymer composition 

than shown in Figure 2.5, the available torque was too low to conclusively identify any 

thermodynamic transitions rheologically. 

 

2.3.2 CP Optical Transmittance 

Cloud points in the macro-phase separated region are typically measured using 

optical transmittance. Investigation of these cloud points is limited to temperatures less 

than 300 °C due to the possibility of thermal degradation. Samples containing greater 
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than 92% homopolymer were observed to be opaque and white at low temperatures. 

Heating these samples to temperatures in the range of 280 °C to 300 °C for periods of 

up to 8 hours did not result in optical clarity, suggesting that the critical point and cloud 

points are at experimentally inaccessible temperatures. While the system was designed 

such that the diblock TODT (rheologically determined to be 218 °C) and TC of a binary 

homopolymer blend should be at the same temperature, such an experimental 

observation is not unusual. The most likely reason for this discrepancy is a difference in 

the experimentally measured effective χ parameter for diblocks and homopolymers of 

the same chemistry.22 
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Figure 2.4 a) Dynamic temperature ramp of blend CP81 at 5 rad/s. b) Dynamic 

frequency sweeps. Arrow indicates TODT. 
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Figure 2.5 Dynamic temperature ramps of various CP blends. G’ is the solid line, G” is 

the bold solid line. CP0 is presented in Pa, while successive curves are shifted vertically 

by factors of 300 for clarity. 
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2.3.3 CP Small Angle Neutron Scattering 

Blends used in SANS experiments were prepared using partially deuterated C-5.0 

(dC-5.0) with an average of 0.8 deuterons per chemical repeat unit (DPR, measured via 

a density gradient column). This unusual result is due to a larger than typical amount of 

isotopic exchange which occurred as a result of a modified experimental procedure. 

Most polymer precursors are hydrogenated or deuterated under 500 psig of gas 

pressure; in the case of dC-5.0, the D2 cylinder was low, and only 300 psig was 

available. To ensure complete saturation of the polystyrene precursor, the reaction was 

run three times successively, filtering and replacing the catalyst after each reaction. 

Because isotopic exchange was believed to be relatively minor, the result was 

unanticipated.23 In the first reaction, the polymer likely saturated or nearly saturated 

with deuterium. In subsequent reactions, little saturation occurs. Instead, exchange 

between the D2, the polymer, and the cyclohexane solvent is significant. The chemical 

structures of the polymer and solvent in this case are quite similar. Assuming that the 

two are equally likely to adsorb and exchange and that all D2 gas is consumed by 

exchange (reasonable due to the enthalpic preference for C-D rather than C-H bonds), 

the result should be a scrambling of C-D bonds leading to a uniform distribution 

between solvent and polymer. Based on these assumptions and using the van der Waals 

equation of state, a simple calculation of the total mole fraction of deuterium after three 

reactions, nd/(nd+nh) yields fd, average = 0.055. Similarly converting the measured number 

of deuterons per repeat unit of dC-5.0 to an isotopic mole fraction yields fd, polymer = 

0.056. Considering the simplicity of this calculation, the numbers agree remarkably 

well. Unfortunately, because the result was unexpected, a sample of the cyclohexane 

was not preserved for investigation of its deuterium content. 

SANS patterns of blends CP90, CP91, and CP92 are shown in Figure 2.6. SANS 

measurements were made at a range of temperatures from 150 °C to 210 °C on heating. 
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Incoherent scattering from pure homopolymer species has been subtracted. The data 

point shown at lowest q is the first which is influenced significantly by the beam stop; 

all data at lower q have been discarded. All scattering patterns show a single broad peak 

at low q, consistent with a microemulsion structure. The Teubner-Strey model 

(Equation 1.1) has been used to fit the experimental data.24 The domain spacing (d), 

correlation length (ξ), and amphiphilicity factor (fa), described by Equations 1.2-1.4 in 

Chapter 1, are presented in Table 2.2. 

 

 

 

Figure 2.6. SANS patterns for a) CP90, b) CP91, and c) CP92. Data points are shown as 

open circles. The solid lines are fits to the Teubner-Strey microemulsion scattering 

model. Data at 150 °C are presented at absolute intensity; data for subsequent 

temperatures have been shifted vertically by factors of 10. 
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Figure 2.6, continued. SANS patterns for a) CP90, b) CP91, and c) CP92. Data points 

are shown as open circles. The solid lines are fits to the Teubner-Strey microemulsion 

scattering model. Data at 150 °C are presented at absolute intensity; data for subsequent 

temperatures have been shifted vertically by factors of 10. 
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Table 2.2. CP blend system microemulsion characteristics from Teubner-Strey fits 

 
CP90 CP91 CP92 

T 
(°C) 

d (nm) ξ (nm) fa d (nm) ξ (nm) fa d (nm) ξ (nm) fa 

150 110 42.8 -0.71 132 57.1 -0.76 147 70.2 -0.80 

160 107 39.4 -0.69 129 52.8 -0.74 146 67.8 -0.79 

170 107 43.5 -0.74 127 51.7 -0.73 146 60.9 -0.75 

180 106 47.3 -0.78 127 53.0 -0.75 144 63.9 -0.77 

190 106 51.3 -0.81 126 50.5 -0.73 145 58.7 -0.73 

210 107 46.7 -0.76 129 49.4 -0.70 147 45.9 -0.59 

Errors in d, ξ, and fa are 3 nm, 3 nm, and 0.04, respectively. 

Most of the data fit the model extremely well. The greatest deviation from the fit is 

seen in blend CP90 at temperatures below 180 °C. In this case, the high-q side of the 

peak is sharper than the model predicts. This behavior is common in polymer 

microemulsions, though it is not always noted or commented upon because it is less 

apparent when the data are not plotted on log-log axes. In this case it is likely due to a 

nonequilibrium state which is evolving toward coexistence of microemulsion and 

lamellae, as revealed by TEM micrographs of a blend with similar composition. The 

domain spacing, correlation length, and amphiphilicity factors of the blends are not 

strongly affected by temperature and are typical of microemulsions.25  
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2.3.4 CP Transmission electron microscopy 

TEM micrographs of diblock CP-21.7 and of blends CP86, CP89, CP90, and CP91 

are presented in Figures 2.5 through 2.9. Unlike all other TEM images presented in this 

thesis, TEM on diblock CP-21.7 (CP0) was performed on a JEOL 1210 instrument 

instead of the FEI Tecnai Spirit Bio-Twin.  

 

Figure 2.7. TEM micrograph of CP0 quenched from 150 °C. A lamellar morphology 

with d = 20 nm is observed. Scale bar is 200 nm. 
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The samples were stained with ruthenium tetraoxide to provide contrast. The 

staining mechanism is reported to be based on differences in how the staining agent 

diffuses through different phases.18 In literature reports of TEM on block copolymers 

containing C and P, P typically appears darker. In the present study, however, this does 

not appear to be the case. In Figures 2.6-2.9, one domain appears smooth and dark, 

while the other domain appears lighter but with dark splotches. Due to the fact that C 

and P are present in volumetrically equal amounts in all blends, it is difficult to infer 

from the morphology which microphase is which. However, insight was available from 

hierarchically structured microemulsions containing similar morphologies and   

chemistry. In this system, reported upon in detail in Chapter 5, similar smooth and 

mottled phases were observed. However, due to the hierarchical phase separation which 

occurs, it is possible to conclusively identify the mottled phase as P. A possible 

explanation for this phenomenon is that as RuO4 diffuses through a blend and reacts 

with polymer chains, small RuO2 particles are deposited.17 These particles are initially 

deposited relatively uniformly throughout a particular domain. In the glassy C domain, 

they are fixed in place in this uniform distribution, leading to a smoothly contrasted 

area. In the rubbery P domains, they have sufficient mobility to diffuse around and 

aggregate, leading to the dark splotches seen in TEM micrographs. The reason this 

phenomenon is not observed in previous studies may have to do with domain size, 

domain connectivity, or molecular mobility. Previous TEM investigations of CP 

systems have been performed on diblocks or multiblock copolymers, not blends. In 

these systems, the rubbery chains are tethered to the glassy phase; the polymer blends 

investigated here, on the other hand, have free homopolymer chains which can move 

about and relax more readily. 
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A lamellar morphology is observed in CP0, CP86, and CP89. The domain size 

swells from 20 nm for the pure diblocks to 50 nm for CP86. The lamellae in CP89 

exhibit less long range order and a larger amount of variance in the domain size. The 

region of lamellae highlighted in Figure 2.9 has a domain size of 70 nm. The bright 

areas in this and other images are holes in the section. 

 

Figure 2.8. TEM micrograph of CP86 quenched from 170 °C. A lamellar morphology 

with d = 50 nm is observed. Scale bar is 500 nm. 
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 Blend CP90 exhibits coexistence of lamellae and microemulsion. This phase 

behavior has been previously observed in A/B/A-B systems via scattering experiments, 

but has not been conclusively observed in TEM.26,27 The domain spacing of the lamellae 

is 95 nm. Determining the domain spacing of the microemulsion is difficult due to the 

unusual contrast in this system. In systems with strong contrast, a Fourier transform can 

be used to assess the domain size; however, in this case, no peaks were evident in a 

FFT. Using software with a simple ruler tool, features ranging from 120 nm to 260 nm 

 

Figure 2.9. TEM micrograph of CP89 quenched from 150 °C. A weakly-ordered 

lamellar morphology with d = 70 nm is observed. Scale bar is 200 nm. 
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were measured.  CP91 exhibits a similar microemulsion structure to that of CP90, but 

no coexisting morphologies are observed. A Fourier transform was again unsuccessful, 

but features ranging from 120 nm to 250 nm were measured.  

 

 

Figure 2.10. TEM micrograph of CP90 quenched from 170 °C. Coexisting lamellar 

and microemulsion phases are observed with dlam = 95. Scale bar is 1 μm. 
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Figure 2.11. TEM micrograph of CP91 quenched from 170 °C. A bicontinuous 

microemulsion morphology is observed. Scale bar is 500 nm. 
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2.3.5 CEl Rheology 

Figure 2.12 shows dynamic temperature ramps for a several CEl blends. As in the 

CP system, low torque at temperatures above TODT made conclusive identification of 

terminal viscoelastic behavior difficult. Arrows indicate identified TODTs. For blends 

CEl85 and CEl86, the dynamic moduli appear to change in a gradual and continuous 

manner, consistent with rheological measurements performed on microemulsions in 

other systems.28 

 

2.3.6 CEl Optical Transmittance 

Temperature controlled optical transmittance measurements were used to determine 

cloud points of both binary C/E homopolymer blends and ternary CEl blends that are 

rich in homopolymer. The cloud point data for the symmetric binary blend (fC = fE = 

0.5) and the binodal curve are presented in Figure 2.13 and Figure 2.14, respectively. 

The binodal curve was constructed using measurements like that shown in Figure 

2.13 for each binary blend composition. Measurements were made on cooling at a rate 

of 1 °C/min. Heating the samples back above the cloud point after phase separation 

occurred resulted in remixing, though sometimes with significant hysteresis; after 

allowing equilibration above the cloud point, cooling curves were reproducible. As 

shown in Figure 2.14, the binodal curve is somewhat asymmetric, with fE,critical ≈ 0.37. 

Using the expression for the free energy of mixing from the Flory-Huggins model, and 

assuming that χ is independent of composition, the critical blend composition can be 

calculated using Equation 2.1: 



   46 

  

 

Figure 2.12. Dynamic temperature ramps of various CEl blends. G’ is the solid line, G” 

is the bold solid line. CEl0 (diblock CE-13.2) is presented in Pa, while successive 

curves are shifted vertically by factors of 300 for clarity. 
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=,  (2.1) 

where NC and NE are the volumetrically normalized extents of polymerization of the C 

and E homopolymers in the blend, respectively. This equation can be used in 

combination with the measured fE, critical to calculate the homopolymer asymmetry ratio 

NE/NC required to produce such an asymmetric binodal curve: 2.25. While there is some 

uncertainty in the measured molecular weights used to calculate N the small amount of 

asymmetry that could result from this is insufficient to explain the observed fE, critical. 

This suggests that the χ parameter in this system exhibits some compositional 

dependence. Cloud points were additionally observed in ternary blends CEl87, CEl88, 

and CEl92 at 197 °C, 205 °C, and 209 °C, respectively. 

 

2.3.7 CEl Small Angle Neutron Scattering 

Blends used in SANS experiments were prepared using partially deuterated C-2.6 

(dC-2.6) with an average of 2.2 DPR. As was the case in the CP blend system, this 

result is due to a modified hydrogenation procedure which resulted in isotopic 

exchange. In this case, the deuteration reaction was again performed with a D2 cylinder 

which was below typical operating pressure. To ensure complete saturation at this lower 

pressure, the reaction procedure was performed twice (in the case of the CP system, it 

was performed three times). The resulting deuterium content is intermediate to that 

expected from reaction stoichiometry (DPR = 6) and that observed in dC-5.0. 
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Figure 2.14. Cloud points of binary C/E homopolymer blend. 

 

 

Figure 2.13. Optical transmittance of symmetric binary C/E blend. 
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SANS patterns of blends CEl84, CEl85, and CEl86 are presented in Figure 2.15. 

Measurements were made at 110 °C, 120 °C, 130 °C, and 140 °C on heating, and 

incoherent background scattering has been subtracted from the presented data. All data 

show a single broad peak which has been fit with excellent agreement to the Teubner-

Strey model. presents the domain size, correlation length, and amphiphilicity factors for 

each blend and temperature, calculated from the Teubner-Strey fit parameters.  

 

 

 



   50 

   

 

 

Figure 2.15. SANS patterns for a) CEl84, b) CEl85, and c) CEl86. Data points are 

shown as open circles. The solid lines are fits to the Teubner-Strey microemulsion 

scattering model. Data at 110 °C are presented at absolute intensity; subsequent 

temperatures have been shifted vertically by factors of 4. 
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2.3.8 CEl Transmission electron microscopy 

TEM micrographs of diblock CE-13.2 and of blends CEl82, CEl83, CEl84, CEl85, 

and CEl86 are presented in Figures 2.14-2.19. All samples were annealed at the noted 

temperature overnight then stained in the bulk with ruthenium tetraoxide. Crystalline 

polyethylene domains appear bright, while glassy polycyclohexylethylene domains 

appear dark. In some images, long straight lines can be seen which stretch across the 

entire area; these lines are grooves in the section caused by small defects in the diamond 

knife. 

The diblock CE-13.2 exhibits a lamellar morphology with a domain spacing of 16 

nm. Coexistence of lamellar and microemulsion morphologies is observed in blend 

CEl82. The domain spacing of the lamellar region is 33 nm. Unlike in the CP system, 

the contrast in the CE system is sufficient for Fourier transform analysis. The peak in 

the FFT for the disordered region of CEl82 corresponds to a length scale of 50 nm. 

Blends CEl83, CEl84, CEl85, and CEl86 all display a microemulsion morphology with 

length scales of 50 nm, 58 nm, 59 nm, and 63 nm, respectively.  

Table 2.3. CE blend system microemulsion characteristics from Teubner-Strey fits 

 
CEl84 CEl85 CEl86 

T 
(°C) 

d (nm) ξ (nm) fa d (nm) ξ (nm) fa d (nm) ξ (nm) fa 

110 57.8 38.3 -0.89 58.9 38.9 -0.89 64.9 41.2 -0.88 

120 55.8 32.1 -0.86 56.8 36.8 -0.89 62.9 42.1 -0.89 

130 53.6 27.1 -0.82 54.5 32.0 -0.86 60.6 35.9 -0.87 

140 52.2 21.9 -0.75 52.0 25.6 -0.81 58.5 29.1 -0.81 

Errors in d, ξ, and fa are 3 nm, 3 nm, and 0.04, respectively. 
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Figure 2.16. TEM micrograph of diblock CE-13.2 quenched from 120 °C. A lamellar 

morphology with d = 16 nm is observed. Scale bar is 100 nm. 
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Figure 2.17. TEM micrograph of CEl82 quenched from 120 °C. Coexisting lamellar and 

microemulsion phases are observed with dlam = 33 and dμE = 50 nm. Scale bar is 500 nm. 
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Figure 2.18. TEM micrograph of CEl83 quenched from 120 °C. A tubular 

microemulsion morphology with d = 50 nm is observed.  Scale bar is 500 nm. 
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Figure 2.19. TEM micrograph of CEl84 quenched from 120 °C. A tubular 

microemulsion morphology with d = 58 nm is observed. Scale bar is 1 μm. 
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Figure 2.20. TEM micrograph of CEl85 quenched from 120 °C. A tubular 

microemulsion morphology with d = 59 nm is observed. Scale bar is 500 nm. 
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Figure 2.21. TEM micrograph of CEl86 quenched from 120 °C. A tubular 

microemulsion morphology with d = 63 nm is observed. Scale bar is 500 nm. 
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2.4 Discussion 

In both systems, TC is significantly higher than expected based on the value of 

NA/NAB = α and the measured TODT of the diblock. Assuming that a single χ parameter 

can describe the free energy of mixing of both a diblock and homopolymer pair of 

identical chemistry, designing a system with NA = NB and α = 0.2 should result in TODT 

≈ TC. In the CP system, TC is greater than TODT by at least 80 °C, while in the CEl 

system it is greater by nearly 100 °C. In a detailed study of diblock copolymer and 

homopolymer blend thermodynamics, Maurer et al. measured χ using SANS for EP 

diblocks and an E/P binary homopolymer blend.22 While in both cases the interaction 

parameter followed the form χ = aT-1+b, the experimentally measured values of a and b 

for the diblocks and homopolymer pairs differed considerably. The authors attributed 

this difference to the importance of chain stretching and fluctuation-induced 

polarization near the ODT in the case of the diblock. Consistent with the results 

reported here, a review of ternary blend systems with comparable values of α shows that 

TC is typically greater than TODT.2,10,26,29 Only a single A/B/A-B ternary polymer blend 

with α ≈ 0.2 reports TC < TODT.1  

A more unusual result is the significant asymmetry in the measured binodal cloud 

point curve for the binary C/E homopolymer system, shown in Figure 2.14. As 

mentioned, the Flory-Huggins model prediction for the critical point is relatively 

insensitive to N (Equation 2.1), thus the measured asymmetry cannot plausibly be due 

to error in the molecular weight measurement of the constituent homopolymers. For 

many experimental studies of ternary blends, the critical blend composition is assumed 

to be 0.5 and the full binary phase diagram is not investigated. For all ternary blend 

cases where the binary phase diagram is measured, the phase behavior is symmetric, or 

nearly so.1,10,26 However, many experimental systems exhibit a composition dependence 

in the measured interaction parameter, and a variety of empirical functionalities have 
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been used to describe this behavior.30-33 Qian et al. used the functionality expressed in 

Equation 2.2 to describe the phase behavior of blends exhibiting UCST, LCST, 

combined UCST and LCST, “hourglass”, and closed-loop phase separation behavior.32 

 

)1)(ln( 2
22212

1 φφχ ccbTa
T
a

++++=  (2.2) 

 

Using a simplified form of Equation 2.2, with a2 = c2 = 0, a fit was performed using 

the data from Figure 2.14 to generate the binodal and spinodal curves. Figure 2.22 

illustrates the data and the fit, while Figure 2.23 compares the measured χ for the 

homopolymer blend to a literature value of χ measured using a series of symmetric CE 

diblocks of varying molecular weight.34 The temperature dependence of χblend is 

significantly greater than χdiblock, resulting in χblend > χdiblock over most of the 

 

Figure 2.22. Binodal and spinodal curves fit to C/E binary cloud point data using 

Equation 2.2 with a2 = c2 = 0, a1 = 75 K, b = -0.1035, and c1 = 0.5. 
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experimentally accessible temperature range. In contrast, in the E/P diblock and blend 

investigated by Maurer et al., the opposite was observed. However, typically χ is 

measured via SANS or through rheologically observed order-disorder transitions; no 

comparison of this type has been previously reported for χ determined from a binodal 

cloud point curve. As a result, it is difficult to draw strong conclusions from the result.  

The phase behavior of the φA = φB isopleth in ternary A/B/A-B polymer blends has 

been investigated in a number of different systems, with nearly universal phase 

behavior reported.2 Typically, a narrow region of microemulsion can be found at 

homopolymer compositions intermediate to swollen lamellae and macrophase 

separation. Phase diagrams for the CP and CEl systems, focusing on the homopolymer-

rich region, are presented in Figure 2.24 and Figure 2.25. 

 

Figure 2.23. χC-E as measured from cloud point measurements and diblock TODTs.  
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 In both cases, the observed phase behavior is typical of ternary blends. The order-

disorder transition line, established by rheological measurements, extends quite close to 

the microemulsion channel. For CP blends in the lamellar region near the 

microemulsion channel, low torque on the rheometer prohibited conclusive 

identification of TODT. However, as seen in Figure 2.8 and Figure 2.9, TEM performed 

on blends CP86 and CP89 clearly shows a swollen lamellar morphology. TEM was also 

used to identify a region of coexistence of lamellae and microemulsion for blend CP90. 

The phase diagram has been drawn with a speculative phase boundary between these 

coexisting microstructures and microemulsion at higher temperatures. This line is 

drawn on the basis of the SANS data for blend CP90, which show a poorer fit to the 

 

Figure 2.24. Isopleth phase diagram for CP blend system. Filled squares = 

rheologically measured TODTs, × = SANS consistent with μE, open circles = 

compositions and temperatures investigated with TEM. Solid lines indicate measured 

phase boundaries, dashed line indicates speculated phase boundary.  
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Teubner-Strey model at temperatures below 180 °C. On the right side of the phase 

diagram, macrophase separation was observed. As with the previously discussed binary 

blend, none of the phase-separating ternary blends were observed to mix at 

experimentally accessible temperatures. 

The phase behavior of the CEl system is similar. Rheologically measurable TODTs 

extend closer to the microemulsion channel, likely because of the greater amount of 

torque available at lower temperatures. The microemulsion channel extends from φH = 

0.83 to 0.86. As in the CP system, coexistence of lamellae and microemulsion was 

observed on the diblock-rich side of the channel. The cloud points of several ternary 

blends were measured using optical transmittance. The decrease in the cloud point 

 

Figure 2.25. Isopleth phase diagram for CEl blend system. Filled squares = 

rheologically measured TODTs, × = SANS consistent with μE, triangles = cloud point, 

open circles = compositions and temperatures investigated with TEM. Solid lines 

indicate measured phase boundaries, dashed line indicates speculated phase boundary.  
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temperature with increasing diblock content is typical, and is due to the compatibilizing 

effect of the diblock.  

The polymer pairs used in this study were chosen because they are both amenable to 

investigation via TEM of a quenched melt morphology and because they are highly 

conformationally asymmetric. Polymer pairs that are conformationally asymmetric have 

different radii of gyration at equal molar volume. The parameter ε, defined in Equation 

2.3: 
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 is a convenient way of describing conformational asymmetry (polymer A is always 

chosen such that ε > 1); unlike definitions involving the statistical segment length, ε is 

defined independently of N and thus independently of the chosen reference volume, 

allowing for ease of comparison between different experimental systems.  

Conformational asymmetry has been hypothesized to have an effect on polymer 

thermodynamics due to its influence on non-local mixing entropy. Two molecules with 

equal volumes but different Rg cannot be arbitrarily exchanged without perturbing their 

equilibrium chain conformations.35 Differences in the ability of two conformationally 

asymmetric polymer chains to stretch are predicted to shift the phase boundaries in 

block copolymers.36 For an AB diblock with βA
2 > βB

2, stretching A chains causes less 

of an entropic penalty than stretching B chains. As a result, interfaces tend to curve 

toward the A domain, resulting in both a broadening of the composition range over 

which phases which feature curvature toward the A domain are observed and a shift in 

the phase boundaries toward higher A content.  
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Self-consistent field theory (SCFT) calculations of the interfacial bending elasticity 

of a saturated diblock monolayer predict curvature toward the larger Rg domain, as in 

bulk dibocks.37 While ternary blends with ε as high as 1.44 had been investigated 

previously, the effect of conformational asymmetry was not considered experimentally 

until Zhou et al.’s investigation of a poly(ethylene-alt-propylene)/poly(butylene oxide) 

(OB) system, with ε = 1.61.10 The phase behavior observed in this system represents the 

greatest experimentally observed departure from the above described “universal” 

behavior, and is illustrated in Figure 1.7. The microemulsion channel is cut off at low 

temperature by an ordered region where a hexagonally symmetric phase was observed. 

This hexagonal phase extends over a relatively broad composition range, and 

coexistence with the lamellar phase is observed on the diblock-rich side of the region. 

The “depth” of the microemulsion channel, described by the difference between the 

TODT of the most homopolymer-rich lamellar blend and the TODT of the hexagonal phase 

beneath the microemulsion region, is only 10-15 °C. Order-order transitions between 

the hexagonal and lamellar phases were also observed rheologically. Because both 

polymers in this system are viscoelastic liquids at room temperature, TEM could not be 

used to identify the hexagonal phase or to view the structure of the microemulsion.  

Along a volumetrically symmetric isopleth, the observation of an asymmetric phase 

(such as one with hexagonal symmetry) must be due to the influence of some 

asymmetric features within the system. A number of asymmetries are possible, such as 

homopolymer molar volume, diblock volume fraction, interaction parameter (for 

example an A/B/A-C ternary blend), and radius of gyration (conformation). Many of 

these factors can be controlled in the design of the system of investigation. Table 2.4 

summarizes the asymmetry parameters of experimentally investigated A/B/A-B blends 

from the literature and this work.  
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Considering other potential asymmetries to be controlled, Zhou et al. attributed the 

unusual phase behavior observed in the POB system to conformational asymmetry. They 

hypothesized that differences in the ability of the two homopolymer chains to stretch 

result in a new entropic term in the free energy expression, resulting in the larger Rg 

Table 2.4. Asymmetry parameters of A/B/A-B blends 

 
ε α fAB γ 

EED 1.00 0.152 0.52 1.14 

EOE 1.11 0.232 0.45 1.05 

SI 1.23 0.1239 0.51 1.08 

  0.1539 0.50 1.08 

  0.1927 0.50 1.20 

  
0.3829 0.50 1.22 

  
0.7429 0.50 1.20 

POE 1.30 0.1626 0.50 1.12 

EP 1.44 0.211,2 0.50 1.04 

POB 1.61 0.1210 0.51 1.07 

CP 2.22 0.22 0.52 1.04 

CE 3.20 0.18 0.51 1.08 

Polymer abbreviations not defined elsewhere: EE, poly(ethylethylene); D, 

poly(dimethylsiloxane); OE, poly(ethylene oxide). ε = conformational asymmetry 

parameter, defined in Equation 2.3. α = (NANB)1/2/NAB, fAB = diblock volume fraction 

of the first named component, γ = NA/NB where polymer A is chosen such that γ > 1. 

Hexagonally symmetric phase observed in bolded systems. 
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species packing more favorably in the continuous matrix of the hexagonally symmetric 

phase (which was assumed to be hexagonally packed cylinders). However, the details of 

this proposed term were not developed. Notably, this argument has the interface curving 

toward the smaller Rg component (in agreement with the experimental observation); 

recall that SCFT predicts the opposite. 

 Examination of Table 2.4 reveals that this somewhat qualitative argument fails to 

predict aberration from typical ternary blend phase behavior. A hexagonally symmetric 

phase has been observed in two systems: the discussed POB system and an EOE system 

investigated by Hillmyer et al. This EOE system represents one of the most 

conformationally symmetric polymer pairs investigated, yet still exhibits a hexagonally 

symmetric phase in roughly the same region as that observed in the POB system. 

However, a complicating factor in this system is the larger than typical deviation from 

volumetric symmetry in the diblock. While no experimental investigation on the effect 

of diblock volume fraction in ternary blends has been conducted, SCFT calculations by 

Janert and Schick predict a constant-temperature phase triangle for a blend with α = 1 

and f = 0.54.38 Though this value of α is quite different from that typically used in 

experimental systems, the calculation does predict a region of hexagonally arranged 

cylinders along the 50/50 volumetric isopleth.  

In spite of their significant conformational asymmetry, neither the CP nor CEl 

system exhibits the hexagonal phase. Scattering and TEM experiments did not find any 

hexagonal symmetry, and rheological temperature ramps did not encounter any order-

order transitions. These results suggest that conformational asymmetry does not have a 

strong influence on the phase behavior of ternary blends. However, it is difficult to 

explain the results observed in Zhou et al.’s POB system without invoking 

conformational asymmetry, as it is symmetric in every other regard.  
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While asymmetric ordered phases were not observed in the CP or CEl system, a 

more subtle interfacial asymmetry is evident when examining TEM micrographs from 

each system. While bicontinuous microemulsions are typically depicted as having zero 

mean curvature, that is, having interfaces which prefer to curve toward neither phase, it 

is possible for a microemulsion to remain bicontinuous while having a preferred 

interfacial curvature. Such cases have been identified in small molecule 

water/oil/nonionic surfactant blends which form microemulsions.40 Close inspection of 

Figure 2.21 reveals many dark circular cross-sections (corresponding to C domains) 

surrounded by light regions (corresponding to E domains) in blend CEl86. However, the 

opposite case is never observed: there are no E domains which are not continuous in the 

two dimensions of the microsection. The same can be seen in all other CEl blends and 

in all CP blends as well. Consistent with Zhou et al.’s observations, the curvature in 

both systems is toward the domain of the smaller Rg component. Still, it is difficult to 

draw conclusions due to the lack of available data on bicontinuous microemulsions with 

asymmetric interfaces. In many systems TEM is difficult or impossible, and the only 

strong evidence for microemulsion phase behavior comes from neutron or x-ray 

scattering experiments. However, microemulsions ranging in structure from droplet to 

bicontinuous are not easily distinguished via SANS or SAXS.24 Of the systems 

described in Table 2.4, only four have been investigated with TEM: one of the SI 

systems, the EP system, and the CP and CEl systems reported here. Published TEM 

images from the SI system are too poorly resolved to identify the microemulsion 

structure in any detail.29 Images of the EP system are, upon close investigation, 

consistent with those presented here; E domains are continuous in two dimensions, 

while P domains are isolated, often in circular cross-sections. The bias in curvature 
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appears closer to neutral in the EP system than in those described here, but again, the 

smaller Rg species is found on the inside of the curved interface.  

Because of this consistently observed asymmetry in otherwise symmetric systems, 

consideration must be given to more subtle and overlooked types of asymmetry. 

Already mentioned is the potential sensitivity to diblock copolymer volume fraction 

(fAB); a deviation of 0.02 from symmetry is generally considered acceptable, but may in 

fact be significant. A related issue is the temperature dependence of fAB and other 

volumetrically sensitive variables. The volume fractions of the diblocks reported here 

are based on the polymer densities at 140 °C, but are subject to thermal expansivity.14 

However, this effect is slight. Using the coefficients of thermal expansion for 

polyethylene and polystyrene (a measured value for polycyclohexylethylene could not 

be found in the literature) and fS(140 °C) = 0.50, thermal expansion results in fS(280 °C) 

= 0.49.41 Chain coil dimensions are also subject to temperature change, but again, the 

effect is slight.42 Finally, slight irregularities in anionic polymer synthesis, such as early 

termination or coupling of the diblock, are typically unreported. These irregularities 

could potentially have an impact on phase behavior not only through the introduction of 

additional homopolymer (due to termination when the second monomer is added) 

and/or triblock (due to coupling when terminating the reaction), but also due to the 

effect of these unwanted reactions on fAB. For example, if, during the synthesis of a 

50/50 diblock, 10% of all active chains terminate prior to growth of the second 

monomer, then the measured fAB will be 0.5, but the actual fAB will be 0.526. 

 

2.5 Summary 

Two highly conformationally asymmetric ternary polymer blend systems were 

synthesized and investigated. While the phase behavior was expected to be impacted 
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significantly by conformational asymmetry, both systems exhibit behavior that is 

typical of the established “universal” phase behavior for polymer ternary blends. Some 

asymmetry is seen in the structure of the observed microemulsions; there is a bias in 

curvature toward the smaller Rg domain in all TEM images of microemulsion phases. 

This curvature is in the opposite direction as that predicted due to the influence of 

conformational asymmetry by SCFT calculations.36,37 Other asymmetries present in 

these and other experimentally investigated systems are slight. However, the sensitivity 

of the phase behavior toward, for example, compositional diblock asymmetry, is not 

well understood.  
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Chapter 3  
Effect of diblock chain length on ternary polymer blend phase 

behavior 

3.1 Introduction 

Most experimentally investigated ternary blend systems use model polymers and 

diblock copolymers that can be disordered at experimentally accessible temperatures.1-7 

Practical interest in ternary blends is driven by the appealing properties of the 

bicontinuous microemulsion. Systems of interest incorporating functional 

homopolymers likely will not have well-characterized thermodynamics (i.e., the 

segment-segment interaction parameter χ will be unknown) and as a result, order-

disorder transitions may be inaccessible. In such strongly segregated systems, it is not 

known whether the bicontinuous microemulsion phase behavior is still accessible.  

In this chapter, two ternary blend systems are described and compared with the CEl 

system described in Chapter 2. All three systems contain poly(cyclohexylethylene) (C) 

and poly(ethylene) (E) homopolymers of the same molecular weight and a 

corresponding diblock of varying molecular weight. By changing the molecular weight 

of the diblock while using the same homopolymers, the effect of increased segregation 

strength can be investigated while keeping the homopolymer-rich portion of the phase 

diagram at experimentally accessible temperatures. The CE system was chosen because 

of its moderate interaction parameter, broad available temperature window, and ease of 

investigation via TEM. 

 

3.2 Experimental Techniques 

Most of the experimental techniques used for the studies described in this chapter 

were similar or identical to those described in Chapter 2. Therefore, only differences in 
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the methods will be described explicitly in this chapter. For complete experimental 

details, see Chapter 2. 

 

3.2.1 Optical transmittance 

The observation of a light scattering phenomenon that coincides with the order-

disorder transition in ternary blends was used in conjunction with rheological 

measurements or in lieu of them to determine TODT for some blends. The origin of this 

phenomenon is discussed in detail in Chapter 4. The apparatus and method were the 

same as described in Chapter 2. In some experiments, crossed polarizers were used to 

measure the static birefringence rather than the transmittance. 

 

3.2.2 Small-angle x-ray scattering 

Synchrotron SAXS experiments were carried out using equipment maintained by 

the DuPont-Northwestern-Dow Collaborative Access Team at the Advanced Photon 

Source at Argonne National Lab. The x-ray wavelength and sample-to-detector distance 

employed were 0.729 Å and 4.04 m, respectively. Temperature control was achieved 

using a Linkam DSC chamber with a helium purge. Samples were heated above any 

known TODTs prior to cooling to the temperature of experimental interest. Two-

dimensional scattering data were averaged azimuthally to produce 1-D plots of intensity 

vs q.  

 

3.3 Results 

Three symmetric CE diblock copolymers and two corresponding homopolymers 

were synthesized. Three blend systems were prepared from these polymers; all three 

blend systems contain the same homopolymers and one of the three diblocks. The 
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system containing the lowest molecular weight diblock (CE-13.2) was described in 

detail in Chapter 2. Attention in this chapter will focus on the two blend systems 

containing larger molecular weight diblocks, though comparisons will be drawn to the 

previously described system. The characteristics of the polymers are summarized in 

Table 3.1. 

 

Table 3.1. Molecular characteristics of homopolymers and diblocks 

Polymer Mn (kg/mol)a Nb Mw/Mn
c fC

d TODT (°C)e αf 

C-2.6 2.6 40 1.09 1 - - 

E-2.1 2.1 37 1.07 0 - - 

CE-13.2 13.2 217 1.03 0.51 162 0.18 

CE-18.9 18.9 310 1.06 0.51 317 0.12 

CE-38.0 38.0 625 1.03 0.51 > 320 0.06 

a. Number average molecular weight, determined from SEC performed on unsaturated precursors. b. 

Volumetric degree of polymerization, based on 118 Å3 reference volume at 140 °C.8 c. Molecular 

weight dispersity. d. Volume fraction C based on melt densities at 140 °C. 8 e. Order-disorder transition 

temperature, measured rheologically. f. α = (NCNE)1/2/NCE. 

 

Blends from each of the three blend systems will be referred to as CElnn, CEmnn, 

or CEhnn where the letters l, m, and h refer to the low, medium, or high molecular 

weight diblock and nn is the volume percent homopolymer. Thus, for example, blend 

CEm30 contains 15% C-2.6, 15% E-2.1, and 70% CE-18.9.  
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Most experimentally investigated ternary blend systems use diblocks with α = 

(NANB)1/2/NAB = 0.2, where NA, NB, and NAB are the volumetric degrees of 

polymerization of the homopolymers and diblock, respectively. This choice places the 

theoretically predicted TODT of the diblock and TC of the homopolymer blend at 

approximately the same temperature. In the systems investigated here, TC is fixed due to 

the common homopolymers, while TODT moves upward as NAB is increased.  

Using mean-field theory, Broseta and Fredrickson predicted that the transition from 

an ordered lamellar microphase to macrophase separation occurs directly at an 

unbinding transition line, which intersects the line of order-disorder transitions and 

cloud points at an isotropic Lifshitz point.9 In physical systems, fluctuations result in the 

stability of the microemulsion phase in the region where the unbinding transition is 

predicted to occur.1 In spite of this failure of mean field theory, the quantitative 

predictions that it makes about the location of the unbinding transition and Lifshitz 

point are useful as predictors of the approximate blend composition at which the 

microemulsion can be found. The mean-field predictions for the blend homopolymer 

composition (φL) and incompatibility (χN)L of the isotropic Lifshitz point are given in 

Equations 3.1 and 3.2: 

221
1
α

ϕ
+

=L  (3.1) 

( ) )21(2 2αχ +=LN  (3.2) 

Using Equation 3.1, the predicted regions of microemulsion behavior in the CEl, 

CEm, and CEh systems are at φ = 0.94, 0.97, and 0.99, respectively. In Chapter 2, 

microemulsion behavior is observed in CEl in the range φ = 0.83 to 0.86, somewhat 

lower than the prediction. However, the predicted trend of an increase in φL with a 

decrease in α has been confirmed for a series of systems with 0.19 < α < 0.74, so it is 
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expected that the microemulsion channel will move toward the homopolymer-rich side 

of the phase diagram in systems CEm and CEh. Quantitative estimation of TL, the 

predicted temperature of the Lifshitz point (corresponding in physical systems to the top 

of the microemulsion channel), is more difficult due to the fact that the functionality of 

χ must be known or estimated. However, considering Equation 3.2 and the limit of 

(χN)L as α approaches zero, (χN)L approaches 2, which is the same as the critical 

incompatibility for a symmetric homopolymer blend. 

 

3.3.1 CEm Rheology  

Dynamic temperature ramps used to measure TODT for the diblock CE-18.9 and various 

blends are presented in Figure 3.1 and Figure 3.2, respectively. CE-18.9 exhibits a very 

high TODT at 317 °C; caution must be used when conducting experiments at 

temperatures greater than 300 °C, as the polymers may degrade over time. In this case, 

 

Figure 3.1. Dynamic temperature ramp of diblock CE-18.9. 
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the temperature ramp was only measured once, and the sample was quickly ramped 

from 280 °C to 320 °C and back without a high temperature anneal. Consistent with an 

order-disorder transition (and inconsistent with depolymerization or other thermal 

degradation processes), the moduli were observed to partially recover their initial values 

upon cooling. The partial, rather than full, recovery in this case is due to the very low 

viscosity of the disordered polymer at such high temperatures; when the polymer 

disordered above 317 °C, some of the sample flowed out of the parallel plates in the 

rheometer, resulting in reduced torque during the cooling cycle.  

Order-disorder transitions were also observed in blends CEm30, CEm60, CEm80, 

 

Figure 3.2. Dynamic temperature ramps of various CEm blends. G’ is the solid 

line, G” is the bold solid line. CEm85 and CEm87 have been shifted downward 

for clarity. Arrows indicate TODT. 
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and CEm85, as shown in Figure 3.2. Homopolymer-rich blends with φH > 0.85 instead 

show a gradual decline in the dynamic moduli, as illustrated by blend CEm87. No 

order-order transitions were observed in any CEm blends rheologically. 

 

3.3.2 CEm Small-angle neutron scattering 

Blends used for SANS experiments were prepared with the same partially 

deuterated C-2.6 homopolymer described in Section 2.3.7 of Chapter 2 with an average 

of 2.2 DPR. SANS patterns of blends CEm87, CEm88, CEm89, and CEm90 are 

presented in Figure 3.3. Measurements were made at 110 °C, 125 °C, 140 °C, 155 °C, 

170 °C, 185 °C, and 200 °C on heating, and incoherent background scattering has been 

subtracted from the data.  

The Teubner-Strey microemulsion model has been used to fit the scattering data.10 

At high temperatures, the model produces a good fit for each blend composition. 

However, in most blends, a broad shoulder at approximately 2qpeak is apparent at lower 

temperatures. The likely origin of this shoulder, which is inconsistent with the Teubner-

Strey model, is described in the discussion section. Table 3.2 summarizes the domain 

size, correlation length, and amphiphilicity factors for each blend and temperature, 

calculated from the Teubner-Strey fit parameters.  
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Figure 3.3. SANS patterns for a) CEm87, b) CEm88, c) CEm89, and d) 

CEm90. Data points are open circles. The solid lines are fits to the Teubner-

Strey microemulsion scattering model. Data at 110 °C are presented at absolute 

intensity; subsequent temperatures have been shifted vertically by factors of 10. 
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Figure 3.3, continued. SANS patterns for a) CEm87, b) CEm88, c) CEm89, and 

d) CEm90. Data points are open circles. The solid lines are fits to the Teubner-

Strey microemulsion scattering model. Data at 110 °C are presented at absolute 

intensity; subsequent temperatures have been shifted vertically by factors of 10. 
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3.3.3 CEm Small-angle x-ray scattering 

Unlike SANS, blends used for SAXS were not prepared with a precise sample 

thickness. Additionally, thermally diffuse scattering is difficult to account for, and the 

data cannot be readily converted to an absolute intensity scale. SAXS patterns for 

blends CEm85, CEm86, CEm87, and CEm88, taken at 160 °C, are presented in Figure 

3.4. The measured intensity of each curve has been adjusted such that the peaks are of 

comparable intensity. The difference in the slope of I at high q for the various blends is 

due to background correction issues rather than structural differences. 

In blends CEm85, CEm86, and CEm87, two overlapping peaks are observed: a 

sharp peak at higher q, and a broad peak at lower q. The domain spacings (calculated as 

2π/qpeak) for the sharp peak (qsharp) are 45 nm, 46 nm, and 52 nm for CEm85, CEm86, 

and CEm87, respectively, while for the broad peak they are 61 nm, 62 nm, and 61 nm. 

While the sharpness of the higher q peak suggests that it corresponds to an ordered 

phase, few higher-order reflections are observed; a very slight bump can be seen in the 

 

Figure 3.4. SAXS patterns at 160 °C for blends CEm85, CEm86, CEm87, and CEm88. 
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SAXS patterns of CEm85, CEm86, and CEm87 at 3qsharp, consistent with a symmetric 

lamellar morphology. Blend CEm88 shows only a broad peak at low q, associated with 

a domain spacing of 67 nm.  

Compared to the SANS patterns for CEm87, the SAXS patterns show a notable 

discrepancy. Only a single broad peak with a slight high-q shoulder was observed via 

SANS, while the SAXS pattern clearly shows two overlapping peaks. Unlike TEM 

experiments (shown in the following section), the annealing times for samples 

investigated with SANS and SAXS were comparable. One possible explanation is that 

the phase behavior in this region is very strongly composition dependent; blends used 

for SANS experiments include a deuterium labeled C homopolymer, and are as a result 

slightly compositionally different from those used in other experiments. Additionally, 

greater resolution is available in SAXS experiments; the absence of a peak in SANS 

may be due to difficulty resolving it. 

 

3.3.4 CEm Transmission electron microscopy 

TEM micrographs of diblock CE-18.9 and of blends CEm85, CEm86, CEm87, 

CEm88, and CEm89 are presented in Figures 3.5-3.11. Samples were prepared and 

annealed as described in detail in Chapter 2. As in the CEl system, also described in 

Chapter 2, when stained with RuO4, crystalline E domains appear bright, while glassy C 

domains appear dark. CE-18.9 was quenched from 190 °C, while blends CEm85, 

CEm86, CEm87, and CEm88 were quenched from 150 °C. Blend CEm89 was 

quenched from 111 °C and 170 °C. 

A lamellar morphology with a domain spacing of 21 nm was observed in diblock 

CE-18.9. Blend CEm85 also exhibits a lamellar morphology with a domain spacing of 

42 nm. Blends CEm86, CEm87, and CEm88 all exhibit coexisting lamellar and 
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hexagonal morphologies. Because TEM only allows for a two-dimensional view of the 

blends, the projection and orientation of these morphologies into two dimensions must 

be considered. For example, when viewing hexagonally packed cylinders from a 

direction perpendicular to the cylinder axis, they appear as alternating layers, consistent 

with a lamellar morphology (regions with this projection are highlighted with black 

arrows in Figure 3.9). In most cases it is still possible to distinguish between a lamellar 

domain and a cylindrical domain due to the differences in how various orientations of 

the morphology project into two dimensions. When lamellae are oriented nearly parallel 

to the plane of the section, the projected domain size appears very large. An example of 

this projection is highlighted in Figure 3.8 with a black arrow. Such a projection is not 

possible with a cylindrical morphology. The domain sizes measured from TEM images 

of the lamellar phase in blends CEm86, CEm87, and CEm88 are 44 nm, 48, nm, and 52 

nm, respectively (all are within the margin of error of approximately 4 nm of each 

other), while those of the hexagonal phase are 60, 63, and 69 nm. 

Blend CEm89 was investigated via TEM at two temperatures: 111 °C and 170 °C. 

These temperatures were chosen based on the observed difference in the SANS 

patterns; at 170 °C, CEm89 produced a scattering pattern that fit the Teubner-Strey 

model quite well, while at 110 °C a broad shoulder at 2qpeak was observed. The TEM 

image taken of the sample quenched from 170 °C is quite similar to the microemulsions 

observed in the CEl blend series (described in detail in Chapter 2, and seen in Figures 

2.17 and 2.18). While the morphology appears isotropic, there is an apparent bias in the 

interfacial curvature of the domains toward the darker C domain. The domain size, 

measured from an FFT of the image, is 70 nm. When quenched from 111 °C, the 

morphology is similarly isotropic with a bias in curvature toward the C domain. 

However, the interfaces in this case are not merely bending toward C, but tend to 
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produce well-defined circular cross-sections. In some areas of the image, longer tube-

like structures of dark C within light E can be seen. The domain size at 111 °C as 

measured via FFT is 94 nm. At both temperatures the structure is intermediate between 

that of a neutrally curved bicontinuous microemulsion and an isolated droplet 

microemulsion. While it is difficult to tell from a two-dimensional cross-section 

whether the structure remains bicontinuous, similar tubular microemulsions in small-

molecule systems have been confirmed to be bicontinuous via NMR self-diffusion 

methods not applicable to polymer systems.11  
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Figure 3.5. TEM micrograph of diblock CE-18.9 quenched from 190 °C. A lamellar 

morphology with d = 21 nm is observed. Scale bar is 100 nm. 
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Figure 3.6. TEM micrograph of blend CEm85 quenched from 150 °C. A lamellar 

morphology with d = 42 nm is observed.  Scale bar is 500 nm. 
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Figure 3.7. TEM micrograph of blend CEm86 quenched from 150 °C. Coexisting 

lamellar and hexagonal phases are observed with dlam = 44 nm and dhex = 60 nm. Scale 

bar is 500 nm. 
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Figure 3.8. TEM micrograph of blend CEm87 quenched from 150 °C. Coexisting 

lamellar and hexagonal phases are observed with dlam = 48 nm and dhex = 63 nm. Scale 

bar is 1 μm. Black arrow highlights a region of lamellae where are parallel to the plane 

of the section. 
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Figure 3.9. TEM micrograph of blend CEm88 quenched from 150 °C. Coexisting 

lamellar and hexagonal phases are observed with dlam = 52 nm and dhex = 69 nm. Scale 

bar is 1 μm. Black arrows highlight regions where the cylinder axes are aligned parallel 

to the plane of the section. 
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Figure 3.10. TEM micrograph of blend CEm89 quenched from 111 °C. A tubular 

microemulsion structure with d = 94 nm is observed. Scale bar is 500 nm. 
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Figure 3.11. TEM micrograph of blend CEm89 quenched from 170 °C. A tubular 

microemulsion structure with d = 70 nm is observed. Scale bar is 500 nm. 
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3.3.5 CEh Rheology  

As the molecular weight of the diblock in blend series CEl, CEm, and CEh 

increases, so too does the temperature of the order-disorder transition. The diblock used 

in CEh blends, CE-38.0, has a predicted TODT based on the measured χ parameter for 

CE diblocks of 587 °C, well above the degradation temperature for polyolefins. 

However, swelling this diblock with the low molecular weight homopolymers results in 

a predicted decrease in TODT with φH, sloping toward the predicted Lifshitz point. In the 

previously described systems, TODT of the blends has been investigated using 

rheological dynamic temperature ramps. In the case of blend system CEh, the 

combination of very high TODT with blends primarily composed of low molecular 

weight unentangled homopolymers results in very low torque on the rheometer. In some 

cases, samples flow out of the rheometer at high temperature, making the experiment 

difficult or impossible. Figure 3.12 presents a dynamic temperature ramp for blend 

 

Figure 3.12. Dynamic temperature ramp of blend CEh90. 
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CEh90, with a TODT at 230 °C. The large amount of scatter in the data at high 

temperature is due to low torque, which prevented analysis via dynamic frequency 

sweep. 

 

3.3.6 CEh Optical transmittance and birefringence  

An alternative method of measuring TODT in ordered polymers is static 

birefringence.12-14 This method has the advantage of being insensitive to the polymer’s 

rheological properties. Additionally, it is possible to conduct the entire experiment 

under dynamic or static vacuum (rheological measurements are conducted under 

nitrogen atmosphere, but samples are usually exposed to air at high temperature during 

loading), making the technique especially useful for samples with high TODTs. 

Additionally, an optical transmittance phenomenon was observed at TODT when 

 

Figure 3.13. Temperature controlled birefringence (grey curve) and non-polarized 

transmittance (black curve) for blend CEh80.  
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conducting experiments without crossed polarizers. The origin of this phenomenon is 

discussed in Chapter 4. Figure 3.13 presents the polarized and non-polarized results for 

blend CEh80. The displayed curves were recorded on cooling at a rate of 1 °C/min; 

heating curves show very little hysteresis, and curves recorded at 2 °C/min are nearly 

identical.  

During cooling, a sudden increase in transmitted intensity in the polarized 

experiment is coincident with a sharp dip in the transmitted intensity in the non-

polarized experiment at 274 °C. As elaborated upon in Chapter 4, this phenomenon is 

coincident with rheologically measured TODTs as well. The sharp decline in 

transmittance in the non-polarized experiment in the range of 115-130 °C is also 

discussed in Chapter 4; briefly, it is consistently observed in several blend systems but 

 

Figure 3.14. TODT measured for CEh blends using optical transmittance. Dashed line 

extrapolates TODT line.  
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does not appear to correlate with blend phase behavior. The transmittance phenomenon 

was used to identify TODT in blends ranging from φH = 0.8 to φH = 0.93; these results are 

summarized in the partial phase diagram presented in Figure 3.14. Blends CEh94 and 

CEh95 lack the “dip” feature and instead show a continuous (and reversible) transition 

from optically transparent at high temperature to opaque at low temperature, illustrated 

for blend CEh94 in Figure 3.15.   

   

 

Figure 3.15. Transmittance curve for CEh94, illustrating the continuous transition 

from transparent at high temperature to opaque at low temperature. Heating curve 

shown. 
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3.3.7 CEh Small-angle neutron scattering 

Blends used for SANS experiments were prepared with the same partially 

deuterated C-2.6 homopolymer described in Section 2.3.7 of Chapter 2 with an average 

of 2.2 DPR. SANS patterns of blends CEh90, CEh91, CEh92, CEh93, and CEh94 are 

presented in Figure 3.16. Measurements were made at temperatures from 120 °C to 220 

°C on heating, and incoherent background scattering has been subtracted from the data.  

 

  

 

Figure 3.16. SANS patterns for a) CEh90, b) CEh91, c) CEh92, d) CEh93, and e) 

CEh94. Data points are shown as open circles. Data at 120 °C are presented at absolute 

intensity; subsequent temperatures have been shifted vertically by factors of 10. 
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Figure 3.16, continued. SANS patterns for a) CEh90, b) CEh91, c) CEh92, d) 

CEh93, and e) CEh94. Data points are shown as open circles. Data at 120 °C are 

presented at absolute intensity; subsequent temperatures have been shifted vertically 

by factors of 10. 
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Figure 3.16, continued. SANS patterns for a) CEh90, b) CEh91, c) CEh92, d) 

CEh93, and e) CEh94. Data points are shown as open circles. Data at 120 °C are 

presented at absolute intensity; subsequent temperatures have been shifted vertically 

by factors of 10. 
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Unlike in the previously described blend systems, few of the SANS patterns from 

the investigated CEh blends are consistent with the Teubner-Strey microemulsion 

model. Throughout most of the temperature range in blends CEh90, CEh91, and CEh92, 

two overlapping peaks are observed: a broad peak at low q and a slightly narrower peak 

at higher q. As revealed by TEM, this scattering is due to the coexistence of two 

microstructures, one with hexagonal symmetry (corresponding to the low q peak) and 

another with a lamellar morphology (corresponding to the high q peak). These 

structures are not directly evident from the SANS experiment due to the lack of higher 

order Bragg scattering peaks. 

Blends CEh93 and CEh94 appear similar to the CEm blends. At temperatures above 

180 °C, a single broad peak with a shoulder around 2qpeak is observed. At some of these 

temperatures, a Teubner-Strey model fit has been performed. The scattering patterns at 

low temperatures in all blends are similar. Generally, no peak is observed; at low q the 

slope of the scattering intensity is nearly zero, while at high q it follows Porod scaling (I 

~ q-4), indicative of scattering from interfaces. The low q data are difficult to interpret; a 

peak may be present, but at too low q to access. The limited resolution at such low q 

also contributes to this issue. TEM images (detailed below) reveal very large structures 

consistent with length scales corresponding to a q range near and below the limit of the 

SANS experiment. 

Domain spacings (d = 2π/qpeak) at selected temperatures for the blends are plotted in 

Figure 3.17. For blends CEh90, CEh91, and CEh92, d is shown only at those 

temperatures where the two peaks were resolvable. For CEh93 and CEh94, only those 

temperatures where a peak was clearly resolved are plotted. 

 

 



   102 

 

 

3.3.8 CEh Small-angle x-ray scattering 

SAXS was performed on blends CEh93, CEh94, and CEh95 at 160 °C; the 

azimuthally integrated patterns are presented in Figure 3.18. The measured intensity of 

each curve has been adjusted such that the peaks are of comparable intensity. The 

patterns are similar to those recorded via SANS for CEm and CEh blends; a single 

broad peak is accompanied by a broad shoulder at approximately 2qpeak. The length 

scales corresponding to the peaks in the scattering patterns (calculated as 2π/qpeak) are 

160 nm, 200 nm, and 230 nm for blends CEh93, CEh94, and CEh95, respectively. 

 

 

Figure 3.17. Domain spacing (d) from SANS as a function of temperature for the 

various blends and morphologies. Morphologies are associated with a particular 

shape (square, circle, or triangle), while blend compositions are associated with a 

shading style (open, cross, filled, top half, and right half). Error bars fall within the 

size of the symbols. 
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3.3.9 CEh Transmission electron microscopy 

TEM micrographs of diblock CE-38.0 and of blends CEh80, CEh88, CEh90, 

CEh91, CEh92, CEh93, CEh94, CEh95, and CEh96 are presented in Figures 3.19-3.28. 

Samples were quenched from a variety of temperatures; these temperatures, along with 

the domain sizes measured from TEM, are summarized in Table 3.3. 

The diblock and blends CEh80 and CEh88 exhibit a lamellar morphology. Blends 

CEh90, CEh91, and CEh92 all show coexistence of lamellar and hexagonally packed 

cylinder morphologies. The volume fraction of the cylindrical phase grows as the 

fraction of homopolymer is increased, though quantitative analysis of the relative 

amount of each phase is not possible from a two-dimensional section. The 

morphologies observed in these blends are quite similar to those seen in CEm86, 

CEm87, and CEm88. As in the CEm blends, the CEh blends with hexagonal ordering 

 

Figure 3.18. SAXS patterns at 160 °C for blends CEh93, CEh94, and CEh95. 
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have features which suggest that they are cylindrical in nature, rather than spherical. 

However, in some areas of this phase, the features are less ordered or even disordered. 

In these regions, while some evidence of cylindrical features is present, the aspect ratio 

is much shorter and many areas do appear more spherical in shape.  

The disordered phase exhibited in CEh93 is very similar to the disordered regions in 

CEh92, but no coexisting phases are observed. Mostly circular features are seen, but 

many elongated or tube-like features are observed as well. In contrast, the features in 

Table 3.3. Summary of TEM on CEh blends 

  d (nm) 

φH T (°C) LAM HEX Droplet 

0 260 35   

80 170 54   

88 170 76   

90 150 95 139  

91 170 94 142  

92 180 105 148  

92 220   120a 

93 140   235a 

94 180   235 

95 180   N/Ab 

96 210   N/Ab 
 

a) Elongated or tubular features observed. b) High droplet size dispersity 

prevented measurement. Reported values are are subject to approximately 

10% error. 
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CEh94, CEh95, and CEh96 are uniformly circular, suggesting a microemulsion of 

isolated C droplets in a matrix of E. CEh95 (and CEh96, to a lesser extent) appears to 

have an unusually large dispersity in the droplet size. While this is suggestive of a 

coarsening process associated with macrophase separation, the appearance of this blend 

is very different from previously imaged phase separating ternary blends, where 

coexisting A in B and B in A droplet microemulsions were observed.1 To determine if 

coarsening was occurring in CEh95, the blend was annealed for 72 hours (the standard 

preparation technique used a 16 hour anneal) and reimaged; approximately the same 

droplet size and dispersity were observed. The droplet size dispersity made 

determination of the average droplet size difficult; features ranging in size from 100 nm 

to 1.5 µm were measured. 
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Figure 3.19. TEM micrograph of diblock CE-38.0 quenched from 260 °C. A lamellar 

morphology with d = 35 nm is observed. Scale bar is 500 nm. 
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Figure 3.20. TEM micrograph of blend CEh80 quenched from 170 °C. A lamellar 

morphology with d = 53 nm is observed. Scale bar is 500 nm. 
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Figure 3.21. TEM micrograph of blend CEh88 quenched from 170 °C. A lamellar 

morphology with d = 76 nm is observed. Scale bar is 1 µm. 

 



   109 

 

 

 

 

 

Figure 3.22. TEM micrograph of blend CEh90 quenched from 150 °C. Coexisting 

lamellar and hexagonal phases are observed with dlam = 95 nm and dhex = 139 nm. Scale 

bar is 1 µm. 
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Figure 3.23. TEM micrograph of blend CEh91 quenched from 180 °C. Coexisting 

lamellar and hexagonal phases are observed with dlam = 94 nm and dhex = 142 nm. Scale 

bar is 1 µm. 
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Figure 3.24. TEM micrograph of blend CEh92 quenched from 180 °C. Coexisting 

lamellar and hexagonal phases are observed with dlam = 105 nm and dhex = 148 nm. 

Scale bar is 5 µm. 
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Figure 3.25. TEM micrograph of blend CEh92 quenched from 220 °C. A tubular 

microemulsion structure with d = 120 nm is observed. Scale bar is 5 µm. 
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Figure 3.26. TEM micrograph of blend CEh93 quenched from 140 °C. A tubular or 

droplet microemulsion structure with d = 235 nm is observed. Scale bar is 1 µm. 
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Figure 3.27. TEM micrograph of blend CEh94 quenched from 180 °C. A droplet 

microemulsion structure with d = 235 nm is observed. Scale bar is 1 µm. 
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Figure 3.28. TEM micrograph of blend CEh95 quenched from 180 °C. A droplet 

microemulsion with high droplet size dispersity is observed. Scale bar is 1 µm. 
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Figure 3.29. TEM micrograph of blend CEh96 quenched from 210 °C. A droplet 

microemulsion with high droplet size dispersity is observed. Scale bar is 500 nm. 
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3.4 Discussion 

The ternary blends systems described in this chapter were designed to investigate 

the effect of increased segregation strength (χN) on the phase behavior, especially near 

the microemulsion channel. This was accomplished by varying the diblock molecular 

weight while using the same homopolymers, resulting in small values of α = NH/NAB 

(typical systems use α ≈ 0.2). By fixing the homopolymer molecular weight, TC is fixed, 

and thus the homopolymer-rich side of the phase diagram remains in an experimentally 

accessible temperature range. A previous study by Messé et al. investigated the effect of 

varying α in the opposite manner – by using a fixed diblock with varying 

homopolymers – and in the opposite direction – values of  α equal to or greater than 0.2 

were probed.5 Their results showed that the composition of the microemulsion channel 

is roughly predicted by Equations 3.1 and 3.2. Thus, one might expect the 

microemulsion channel to move toward higher homopolymer composition in blend 

systems CEm (α = 0.12) and CEh (α = 0.06) compared to that of CEl (α = 0.18, 

described in Chapter 2).  

While that general trend is followed, the observed phase behavior in these systems 

is significantly more complicated. Phase diagrams for the CEm and CEg systems, 

focusing on the homopolymer-rich region, are presented in Figure 3.30 and Figure 3.31. 

The phase behavior of these systems, which are relatively similar to one another, 

departs from that of model blend systems in several ways. A region of coexisting 

lamellar and hexagonally symmetric phases is found in both systems on the diblock-rich 

side of the microemulsion region. The hexagonal phase, which appears to be composed 

of cylinders, is never observed independently of lamellar phase. The microemulsion 

phases observed via TEM in both systems show a significant bias in the interfacial 

curvature toward the C domain. In some cases, the microemulsion structure may still be 

bicontinuous, while in others an isolated droplet structure is evident. Though droplet 
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microemulsions have been reported in more complicated A/B/AC and 

ABA/C/ABABA-C ternary blend systems,15-21 this is the first evidence of an 

equilibrium droplet structure in A/B/AB blends. 

Some discrepancies are evident in the CEm phase diagram. SANS experiments 

showed no strong evidence of ordered phases in blends CEm87 and CEm88, while 

TEM micrographs of blends prepared with the same composition show coexisting 

lamellar and hexagonal morphologies. SAXS data from CEm87 have two primary 

peaks; somewhat consistent with the TEM, a weak secondary Bragg peak is seen at a q 

value which is three times that of the sharper primary peak, indicating a symmetric 

 

Figure 3.30. Phase diagram for CEm blend system. Solid lines indicate measured 

phase boundaries. Dashed lines indicate speculated phase boundaries. Open and 

filled circles indicate temperatures and compositions where SANS patterns were 

consistent with the Teubner-Strey model and those that had a high-q shoulder. 

Squares, triangles, and stars indicate morphologies observed via TEM. 
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lamellar morphology. SAXS from CEm88, however, are more consistent with the 

SANS results than TEM. One significant difference in the experiments is the annealing 

time. Samples prepared for TEM were annealed for 16 hours, while those for scattering 

experiments were annealed for approximately 10 minutes. The disordered morphologies 

seen via SANS may be metastable microemulsion-like phases that, over the course of a 

longer anneal, reach the equilibrium phase behavior observed via TEM (the domain 

spacing measured with SANS is approximately equal to that of the hexagonal phase 

observed in TEM).  This does not explain the difference between the SAXS and SANS 

results, however. A second issue is the difference in the compositions of the blends. 

Blends prepared for SANS contain a deuterated C homopolymer, and are thus 

 

Figure 3.31. Phase diagram for CEh blend system. Solid lines indicate measured 

phase boundaries. Dashed lines indicate speculated phase boundaries. Squares, 

triangles, stars, and circles indicate morphologies observed via TEM. 
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compositionally slightly different from blends used in other experiments. While blends 

were prepared carefully and with a margin of error of less than 0.3% volume, the phase 

behavior in this region of the phase diagram is very sensitive to composition, as evident 

in the dramatic difference in the structure of blends CEm88 and CEm89 when viewed 

via TEM. 

The SANS patterns in both blend systems have some unusual features. A broad 

shoulder at 2qpeak is seen in all CEm blends at low temperature and in CEh93 and 

CEh94 at high temperatures. Several different factors could lead to such a feature. The 

shoulder could be due to weak Bragg scattering. Scattering from lamellae produces a 

Bragg peak at 2q*, while that from hexagonally packed cylinders produces peaks at 

√3q* and 2q*; domain size dispersity, weakly ordered grains, and smearing due to the 

limited resolution of the SANS instrument may cause such peaks to appear as a broad 

shoulder. However, this is likely not the case. For symmetric or nearly symmetric 

lamellae, the 2q* peak is not typically observed due to the presence of a zero in the 

form factor, as seen in the SAXS results for CEm blends (Figure 3.4).22 Additionally, 

the shoulder is of similar appearance (but slightly different magnitude) in each of the 

blends CEm87, CEm88, CEm89, and CEm90, but TEM results at multiple temperatures 

for CEm89 show a disordered morphology. Thus the scattering from the other blends is 

likely of the same origin. 

A second possibility is the influence of multiple scattering. Multiple scattering 

occurs when a scattered neutron is scattered one or more additional times in the sample 

before reaching the detector. This happens when the contrast is very high or the sample 

is thick. Microemulsions can scatter quite strongly, and multiple scattering has been 

observed in small molecule microemulsions.23 Typically, the significance of multiple 

scattering in a particular sample can be estimated using the beam transmission 
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measurement. Transmissions of greater than 30% are generally considered to be free of 

multiple scattering artifacts. In the CEm blends, the transmission ranged from 24% to 

42%. Transmissions were measured at 200 °C, where the scattering intensity was 

lowest, while the shoulders in the scattering patterns were observed at lower 

temperatures where the scattering intensity was higher. As a result, the effect of 

multiple scattering warrants consideration. Silas and Kaler investigated the effect of 

multiple scattering in small molecule microemulsions, and developed a procedure for 

simulating multiple scattering effects on the Teubner-Strey model.23 Following their 

method, a multiply scattered fit is illustrated using the SANS pattern for CEm88 at 140 

°C in Figure 3.32. As illustrated by the fit, multiple scattering causes a broad shoulder 

to appear at 2q*. While this is consistent with the measured SANS patterns, multiple 

scattering additionally results in increased incoherent scattering, which was not 

 

Figure 3.32. Effect of multiple scattering on Teubner-Strey model. Open circles show 

the SANS pattern of CEm88 at 140 °C. Solid line shows the multiply-scattered 

Teubner-Strey model fit. 
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observed. Combining this observation with the intermediate values of transmissions, 

multiple scattering is not the likely origin of the shoulder.  

The broad shoulder in the SANS patterns is not typically observed in polymer 

microemulsions (though in some reports, SANS data are plotted on linear axes, which 

make the feature less apparent). However, similar features are not uncommonly seen in 

small molecule microemulsions.24-27 Because the Teubner-Strey model cannot account 

for the shoulder, a more physically motivated model is sometimes used to fit SANS data 

from microemulsions. Ignoring for a moment the case of bicontinuous microemulsions, 

which have somewhat complicated geometry, a model for microemulsion scattering can 

be constructed by considering a droplet microemulsion. Spherical form factors and 

structure factors are readily calculable and have been used to successfully fit SANS data 

from microemulsions.25,28-32 The model used here, developed for disperse colloidal 

systems and described in detail by Kotlarchyk and Chen, will be briefly summarized.28 

The form factor amplitude for a sphere of radius r: 
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includes an exponential term to allow for a diffuse interface (associated with a thickness 

tint) rather than a sharp one.33,34 Polydispersity is accounted for by averaging F(q,r) over 

a Gaussian distribution (taking both the square average and the average of the square): 
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where f(r) is the Gaussian distribution function (which includes a mean radius, R, and 

standard deviation, σ). Using a monodisperse hard-sphere structure factor calculated 

from the solution to the Percus-Yevick equation, S(q,rHS,η),35,36 the scattering intensity 

can be expressed as: 
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where rHS and η are the hard-sphere radius volume fraction, respectively. For a more 

detailed fit, the constant of proportionality K can be expressed as a function of the 

scattering length density and sphere volume, but here only the q-dependent part of the 

function is of interest and K is arbitrarily scaled to produce a fit. While droplet size 

dispersity is incorporated into the form factor, disperse structure factors are not 

available. The monodisperse hard-sphere structure factor is used because it is readily 

calculable, but because it does not directly describe the system of interest, the model 

parameters rHS and η should not be considered strictly physical. As a result, they may 

deviate from the mean form factor radius R and the actual polymer volume fraction. 

Finally, the model was smeared using the resolution function for the SANS apparatus.37 

The results of a fit using this disperse droplet model on the SANS pattern from 

CEm89 at 110 °C are shown in Figure 3.33; the model parameters are summarized in 

the caption. The fit is quite good, and includes the observed broad shoulder. While this 
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may seem to imply that blends with such scattering patterns have a droplet 

microemulsion structure, the same model can produce patterns without the shoulder, 

and microemulsions that are known to have a droplet structure through alternative 

experiments often do not have a shoulder.10 In fact, a considerable amount of effort has 

been expended on attempting to determine the structure of microemulsions through 

SANS experiments without success.38 The droplet model can produce scattering 

patterns without the shoulder by increasing the standard deviation of the Gaussian 

distribution. Figure 3.34 compares the fit produced using two sets of droplet model 

parameters with the Teubner-Strey model. The droplet model has a steeper decay in I at 

high q compared to the Teubner-Strey model. This slope is very sensitive to the 

interfacial thickness parameter, tint. While the value of tint was chosen to match the data 

 

Figure 3.33. SANS pattern for CEm89 at 110 °C and fit to disperse droplet model. R 

= 51 nm, σ = 7.4 nm, tint = 4 nm, rHS = 48.5 nm, η = 0.5. 
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points in Figure 3.33, these data are sensitive to error in the subtracted incoherent 

scattering, so strong conclusions should not be drawn on the basis of this difference. 

TEM images of CEm89 quenched from 111 °C (where the shoulder was observed in 

SANS) and 170 °C (where SANS was consistent with the Teubner-Strey model) were 

taken in an attempt to image any structural difference that may be responsible for the 

scattering patterns. In both cases the structure is disordered with a bias in the interfacial 

curvature toward the darker C domain. At 111 °C, the light E domain more frequently 

forms well-defined circular rings that fully enclose the C domain. Overall, the structures 

are not that different and are consistent with a cylindrical or tube-like microemulsion.11 

The shoulder in the scattering pattern may be a result of the microemulsion becoming 

 

Figure 3.34. Comparison of SANS patterns from the disperse droplet model and 

Teubner-Strey. Thick dashed curve is the fit to the droplet model shown in Figure 

3.33, solid curve is the same droplet model with a broader droplet size distribution, 

and dotted curve is the Teubner-Strey model.  
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more “hard-sphere-like”, i.e., more uniform and with more well-defined interfaces. A 

similar feature has been observed in light scattering patterns from spinodally 

decomposing polymer blends and in porous glasses, neither of which have droplet 

structure.39,40  

The most significant departure from typical ternary blend phase behavior in both 

systems is the appearance of a hexagonally symmetric phase that coexists with lamellae. 

Hexagonal symmetry has been observed via scattering in two previously reported 

A/B/A-B systems, one containing poly(ethylene oxide) (OE) and E, and one containing 

poly(ethylene-alt-propylene) (P) and poly(butylene oxide) (OB).2,6 While the unusual 

phase behavior of the EOE system may be due to the somewhat asymmetric diblock 

copolymer (fE = 0.45), in the POB system the appearance of the hexagonal phase was 

attributed to the influence of conformational asymmetry. Chapter 2 describes the design 

and characterization of two conformationally asymmetric blend systems with α ≈ 0.2. 

No evidence of a hexagonally symmetric phase was found in either system. CEm and 

CEh have the same chemistry (and thus are equally conformationally asymmetric) as 

CEl, but contain longer diblocks, leading to a smaller value of α. Unfortunately, a 

control study using long diblocks with conformationally symmetric polymers has not 

yet been performed.  

As discussed in detail in Chapter 2, self-consistent field theory calculations of the 

interfacial bending elasticity of conformationally asymmetric polymer monolayers 

predict curvature toward the domain with the larger radius of gyration (Rg).41,42  In blend 

systems CEm and CEh, the interface in both the hexagonally symmetric phase and the 

microemulsions is curved toward the C domain, which has the smaller Rg. While the 

systems described in Chapter 2 did not exhibit a hexagonal phase, the interface in 

microemulsion-forming blends bends toward the smaller Rg domain, consistent with the 
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observations in this chapter. Because this observation is the opposite of that anticipated 

by theory, alternative origins of asymmetry are considered in Chapter 2, such as the 

influence of slight diblock asymmetry or small amounts of additional homopolymer due 

to termination during diblock synthesis. An additional issue in CEl, CEm, and CEh is 

the observed concentration dependence of χ in the binary homopolymer blends. It is 

possible these factors may be exacerbated by the longer and more effective amphiphile 

in systems CEm and CEh, leading to the appearance of the hexagonal phase along the 

isopleth.  While the systems reported in Chapter 2 were compared with the behavior of 

the POB system, based on chain length that system is in fact most comparable to CEm; 

in both cases α = 0.12. Unlike in the POB system, where the microemulsion phase 

behavior was cut off by the hexagonal phase at low temperatures, microemulsions are 

available quite “deep” in the channel in CEm and CEh. 

While reports of hexagonal phases and microemulsions with asymmetric structure 

are uncommon in ternary polymer blends, many systems have only been investigated 

with a combination of scattering and rheology. In the CEm and CEh systems, if the 

TEM data are discarded, there is scant evidence for the hexagonal phase. No order-

order transitions were observed rheologically. SANS experiments in CEm have only a 

single peak, and the two primary peaks seen via SAXS could easily be interpreted as 

coexistence of lamellae and microemulsion, since no higher order Bragg peaks are 

evident. Two peaks are seen via SANS in the CEh system, but again could be 

interpreted as lamellae and microemulsion. As discussed, the precise geometry and 

interfacial curvature of microemulsions is not evident from scattering experiments. As a 

result, many studies of model polymer ternary blend systems could have easily 

overlooked such phase behavior. These results illustrate the importance of TEM in the 
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investigation of ternary blends, though it is not always possible in systems containing 

polymers which are liquids at room temperature. 

In the cylindrical and droplet microemulsions observed in blends CEh93, CEh94, 

CEh95, and CEh96, the morphologies visually appear to be rich in C. This appearance 

is perplexing, because the blends were prepared with equal amounts of each 

homopolymer and show no signs of corresponding E-rich macrophase separated 

regions. However, consideration of spherical packing density and the projection of the 

three-dimensional morphology into two dimensions reveals that the appearance of the 

droplets in the TEM images is consistent with their composition. Farr and Groot used a 

one-dimensional approximation to predict the packing fraction of a simulation of 

disperse hard spheres.43 Using a moderately high value of the packing fraction from 

their prediction curve for a log-normal size distribution (a conservative choice since a 

lower spherical volume fraction would be easier to rationalize), and modeling the 

droplet microemulsion as core-shell hard spheres (where the cores represent the C 

domains and the combined shell and void space represent the E domains), the volume 

fraction of C and E in the observed droplet microemulsions can be estimated. Figure 

 

Figure 3.35. Definition of dimensions in core-shell model (left) and depiction of 

bimodal packing of such spheres (right).  
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3.35 illustrates the core-shell model. The core has radius r, while the shell has a 

thickness R-r. The hard sphere packing fraction, ΦS, is equal to the sum of the core (ΦC) 

and shell (ΦSh) volume fractions, with the remainder of the volume in the interstitial 

void. From the definition of the volume fraction, it can be shown that: 
3/1
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With this relationship, we can calculate the ratio r/R necessary to allow for core-shell 

packing with given values of ΦC and ΦS. Taking ΦS = 0.7 (from Farr and Groot), we are 

interested in the result for ΦC = 0.5, corresponding to volumetric symmetry in the 

droplet microemulsion. Equation 3.8 yields r/R = 0.90. To determine if this is consistent 

with the observed blends, the thickness of the E layer between C spheres was measured 

from TEM images. The measured ratio of r/R is within error identical to the calculated 

requirement, indicating that the observed morphology is consistent with the prepared 

volume fraction. 

Moving away from the phase behavior in and near the microemulsion channel, the 

predictions of Broseta and Fredrickson can be qualitatively evaluated.9 Figure 3.36 

compares the phase diagrams of the three systems CEl, CEm, and CEh. Only TODT 

measurements are shown, along with a general indication of the location of the 

microemulsion channel. Microemulsion behavior likely extends to higher temperatures 

than indicated; open points represent the highest temperature at which experiments were 

conducted. Equation 3.1 predicts the composition of the Lifshitz point (φL); in 

experimental systems, this roughly corresponds to the composition of the 

microemulsion channel. The predicted values of φL for CEl, CEm, and CEh are 0.94, 

0.97, and 0.99. In all cases, this prediction overestimates the experimental observation, 

but the qualitative trend is observed. Equation 3.2 predicts the incompatibility of the 
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Lifshitz point, (χN)L, which approaches 2 for small values of α, the same as the critical 

incompatibility of a binary homopolymer blend. Because the same homopolymers are 

used in each blend series, the Lifshitz point should approach TC = 260 °C. The closest 

physically measured point in the experimental systems described here is the TODT of the 

most homopolymer-rich blend that forms an ordered phase. As shown by Figure 3.36, 

this prediction is also followed in a qualitative sense.  

The motivation for investigating ternary blends with long diblocks was to ascertain 

the availability of the bicontinuous microemulsion in more highly segregated systems. 

Systems of practical interest may follow similar design considerations (small 

homopolymers, long diblocks) in order to incorporate the desired polymer chemistry 

 

Figure 3.36. Order-disorder transition lines for CEl (filled triangles), CEm (filled 

squares), and CEh (filled diamonds). CEl and CEm lines measured rheologically, 

CEh line measured via transmittance. Open symbols show lowest φH and highest 

temperature where microemulsion phase behavior was observed in each system. 

Dashed line extrapolates TODT line for CEh system.  
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while keeping the homopolymer-rich side of the phase diagram at experimentally 

accessible temperatures. Unfortunately, the results suggest that while microemulsions 

are still available in such systems, their structure tends toward isolated droplets rather 

than interpenetrating bicontinuous networks. The blend systems investigated in this 

chapter are symmetric in all respects except for conformational asymmetry, but as 

discussed in Chapter 2, the effect of conformational asymmetry on the phase behavior 

of ternary blends is not understood. Furthermore, the observed curvature in the 

interfaces of the blends is in the opposite direction to theoretical predictions 

incorporating conformational asymmetry. Further studies of such systems, along with 

studies of the influence of diblock asymmetry and homopolymer molecular weight 

asymmetry may be necessary in order to determine the origin of the asymmetric phase 

behavior. 

 

3.5 Summary 

The phase behavior of three ternary polymer blend systems with identical chemistry 

but with varying diblock molecular weight was investigated and compared. As the 

diblock molecular weight increases, the curvature of the interfaces in microemulsions 

increases, leading to cylindrical and droplet microemulsions. This phase behavior 

inhibits access to the more desirable symmetric bicontinuous microemulsion 

morphology. In the two systems with higher diblock molecular weight, coexistence of 

lamellae and hexagonally packed cylinder phases was observed. The shift in the 

microemulsion channel toward higher homopolymer volume fractions and higher 

temperatures is qualitatively consistent with theoretical predictions. Further studies are 

necessary to determine which factors contribute to the observation of asymmetric 

phases. 
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Chapter 4  

Light scattering phenomena in ternary polymer blends 

Portions adapted with permission from “Habersberger, B. M.; Lodge, T. P.; Bates, F. S. 

Macromolecules 2012, 45, (19), 7778-778”. Copyright 2012 American Chemical 

Society. 

4.1 Introduction 

Transmittance measurements are commonly used to measure cloud point 

temperatures and other light scattering transitions such as micellization and gelation. In 

ternary polymer blend systems, homopolymer-rich blends phase-separate; this portion 

of the phase diagram is typically investigated with transmittance measurements. In the 

course of characterizing the polymer blend systems described in the previous two 

chapters, some ordered blends were noted to exhibit unusual light-scattering features as 

revealed through temperature-ramp transmittance measurements. The most significant 

of these features is a dip in transmittance that coincides with TODT. This phenomenon is 

specific to blend systems; it is not observed in bulk block copolymer systems.   

In this chapter, a variety of experiments designed to uncover the physical origins of 

the light scattering phenomena are described. While some aspects of the transmittance 

measurements were briefly discussed in Chapter 3, the structural changes in the blends 

that lead to the light scattering were not considered. Here, transmittance measurements 

are compared with rheological dynamic temperature ramps, birefringence 

measurements, SAXS, and TEM. The ternary blend systems investigated are the same 

four described in Chapters 2 and 3.  
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4.2 Experimental 

The experimental techniques used in this chapter were nearly the same as those 

described in Chapters 2 and 3. Some small deviations from the standard techniques 

were used; only these deviations will be described in detail here. 

 

4.2.1 Small-angle X-ray scattering 

SAXS experiments described in this chapter were performed during a 3 °C/min 

heating ramp. This was accomplished using a remotely-controlled Linkam DSC with a 

helium purge; automated beam exposures were taken at regular intervals. 

 

4.2.2 Transmission electron microscopy 

Most TEM samples were prepared as described in Chapter 2, with a minimum 16-

hour anneal at the temperature of interest. Some samples described in this chapter were 

instead quenched during a heating ramp in order to capture the state of the blend during 

transmittance experiments. Those samples for which this method was used are so noted. 

 

4.2.3 Differential scanning calorimetry 

Differential scanning calorimetry (DSC) was performed using a TA Instruments 

Q1000 DSC. In each experiment, 3-5 mg of a polymer sample were placed in a 

hermetically sealed pan and heated to 170 °C (well above glass transitions and melting 

temperatures) to clear the thermal history. Experiments were performed at a heating and 

cooling rate of 10 °C/min; two heating and cooling cycles were used in each 

experiment. Reported glass transition temperatures (Tg) were measured during the 

second heating ramp. 
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4.3 Results 

The experiments described in this chapter were performed on the ternary blend 

systems described in Chapters 2 and 3. In total, there are four blend systems, CP, CEl, 

CEm, and CEh, each containing two homopolymers and a corresponding diblock. The 

polymers used in each of these blends are described in detail in Tables 2.1 and 3.1. Each 

blend system was investigated along the volumetrically symmetric isopleth. The details 

of most of the phase behavior are described in previous chapters. The results presented 

in this chapter are only related to the observation of a light scattering phenomenon that 

coincides with the order-disorder transition of homopolymer-rich blends. This 

phenomenon was observed in all four blend systems, though investigative efforts 

focused on systems CP, CEm, and CEh.  

 

4.3.1 Transmittance 

In many cases, transmittance experiments were performed both on heating and 

cooling at temperature ramp rates of 1 °C/min and 2 °C/min. All four transmittance 

curves for blend CP85 are presented in Figure 4.1. These data are representative of the 

typical behavior of ordered blends. The transmittance curves are independent of the 

heating or cooling rate. Some differences are seen in the heating and cooling curves. 

The dip feature at high temperature (associated with TODT) is observed at slightly lower 

temperatures during cooling cycles than heating cycles. This is commonly observed in 

other methods of measuring TODT and is due to nucleation of the ordered phase being a 

slower process than disordering it. The shift in the transmittance curve at lower 

temperature is seen in both heating and cooling cycles, but is notably sharper during 
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heating. Unless otherwise noted, further transmittance results presented in this chapter 

are heating curves recorded at 1 °C/min. 

In addition to being insensitive to the chosen rate of heating, the dip feature is stable 

at a constant temperature over extended periods of time. To investigate whether the dip 

is an equilibrium phenomenon, blend CP88 was heated at 1 °C/min to 193 °C, held at 

that temperature for 20 minutes, then again heated at 1 °C/min to 210 °C. As illustrated 

in Figure 4.2, the shape of the feature is unaffected by this modified procedure. 

Additionally, Figure 4.3 illustrates heating curves for blend CEm85 at three heating 

rates: 1 °C/min, 0.5 °C/min, and 0.25 °C/min. The curves are nearly identical. These 

results suggest that the phenomenon is either not associated with a coarsening 

phenomenon or that coarsening, if it is occurring, is very slow. 

  

 

Figure 4.1. Transmittance curves for blend CP85. Successive curves have been 

shifted vertically in increments of 0.3 for clarity.  
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Figure 4.2. Transmittance curve for blend CP88, heating at 1 °C/min. The 

temperature was held constant at 193 °C, resulting in a spot on the curve due to the 

accumulation of noise at that temperature.  

 

Figure 4.3. Transmittance curves for blend CEm85 at various heating rates. 0.5 

°C/min and 0.25 °C/min curves shifted vertically for clarity. 
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Figure 4.1 illustrates the most common features seen in transmittance measurements 

and is representative of blends known to form lamellae at low temperatures. Two other 

types of behavior were observed less frequently. Transmittance curves for blends 

CEm88, CEh91, CEh92, and CEh93 – all of which show coexisting lamellar and 

hexagonal phases when investigated via TEM – followed the general trend illustrated in 

Figure 4.4. At low temperatures, the samples are opaque; upon heating, a local 

maximum in transmittance is observed, followed by a steep increase toward optical 

clarity. A relatively sharp transition between the clear high temperature behavior and 

the scattering seen at lower temperatures is observed at 225 °C for CEh92. The third 

type of transmittance behavior, in contrast, is a more gradual change from optically 

clear to opaque (and vice versa). This was seen in blends CEh94 and CEh95, and shown 

in Figure 3.15. Rather than presenting transmittance results together, further results will 

be presented along with complementary experiments (rheology, SAXS, etc.) for ease of 

 

Figure 4.4. Transmittance curve for blend CEh92, heating at 1 °C/min. Inset plots 

the same data with a logarithmic transmittance axis.  
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comparison.  

To account for any potential artifacts due to the glass transition of the C 

homopolymers, a control experiment was performed on C-2.6; the transmittance curve 

is presented in Figure 4.5. The drop in transmittance observed at 88 °C on cooling is 

due to cracks and voids forming in the brittle polymer due to thermal stress. Upon 

heating, the sample becomes transparent again at a higher temperature as the sample 

softens. Transmittance experiments performed on blends were typically conducted at 

temperatures above 110 °C, so this effect is not seen in other experiments. 

  

4.3.2 Rheology and transmittance 

As described in Chapter 2, transmittance experiments were conducted to determine 

the phase separation temperatures of binary homopolymer blends and homopolymer-

 

Figure 4.5. Transmittance curve for homopolymer C-2.6, heating at 1 °C/min.  
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rich ternary blends. When conducting this experiment on homopolymer-rich blends 

which form ordered structures, a dip in the transmitted intensity was consistently 

observed at temperatures that coincide with the rheologically measured order-disorder 

transition temperature (TODT). Figure 4.6 compares the dynamic storage modulus G’ 

with the transmitted intensity of several CP blends as a function of temperature, while 

Figures 4.7, 4.8, and 4.9 illustrate the same comparison for a single blend in systems 

CEl, CEm, and CEh, respectively. 

Transmittance experiments were conducted using neutral density filters to attenuate 

the intensity of the laser. This was necessary to keep the intensity at a moderate level 

that was neither too bright nor too dim for the detector. Additionally, cylindrical 

ampoules were used to contain the polymer blends. These ampoules caused the beam to 

spread due to a lensing effect; a downstream lens focused the spread beam onto the 

detector. The lens and neutral density filters were adjusted for each experiment; as a 

result, the intensity scale of each experiment was different. Because of these issues, the 

transmittance curves can be compared quantitatively on the temperature axis but only 

qualitatively on the intensity axis. For most experiments, an RTD probe with precision 

of ±0.1 °C was used to measure the temperature of the heating block. However, due to 

damage to the RTD probe, a type-K thermocouple with precision of ±1 °C was used in 

some experiments. This reduction in temperature resolution can be seen in Figure 4.3 

(and elsewhere). 
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Figure 4.6. Transmittance (grey curves, left axis) and dynamic storage modulus (black 

curves, right axis) for CP blends. CP75 G’ in Pa, other G’ curves are shifted vertically 

for clarity. Numbers to the right of rheology curves indicate log10 of the shift factors. 

Dotted line connects rheology curves for CP85 conducted at different temperatures 

(with different shift factors).  

 

 

 

 



   145 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.7. Transmittance (grey curve, left axis) and dynamic storage modulus 

(black curve, right axis) for blend CEl70, heating at 1 °C/min.  

 

Figure 4.8. Transmittance (grey curve, left axis) and dynamic storage modulus 

(black curve, right axis) for blend CEm85, heating at 1 °C/min.  
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A second significant feature can be seen in the transmittance curves for CP blends at 

approximately 135 °C (a similar feature is seen in CEm and CEh blends at 120 °C and 

discussed in later sections). For blend CP85, a rheological dynamic temperature ramp 

experiment was conducted in the temperature range of this feature; as illustrated in 

Figure 4.6, the dynamic moduli show a continuous and featureless decline, inconsistent 

with a possible order-order transition.  

 

4.3.3 Differential scanning calorimetry 

DSC was used to measure the glass transition of the polymer components and a 

blend. Tg of homopolymers C-2.6 and C-5.0 are 106 °C and 124 °C, respectively. DSC 

was performed on blends because the transmittance shift feature appears to be related to 

the glass transition. Figure 4.10 compares the transmittance measurement with the 

 

Figure 4.9. Transmittance (grey curve, left axis) and dynamic storage modulus 

(black curve, right axis) for blend CEh90, heating at 1 °C/min.  
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temperature derivative of the DSC heat flow measurement (the derivative is shown 

because Tg is easily visually distinguished by a peak in the signal) for blend CP86. The 

Tg of C-5.0 in the blend is almost identical to that observed in the pure homopolymer. 

The peak in DSC precedes the shift in transmittance by about 12 °C. A similar 

comparison for a CE blend is complicated by the difficulty of measuring Tg for blends 

containing semicrystalline E; the strong melting signal obscures the glass transition. 

However, independent DSC experiments on C-2.6 and transmittance experiments on CE 

blends reveal a comparable 14 °C difference between the shift feature (at 120 °C, see 

Figure 4.11) and Tg. 

  

 
Figure 4.10. Transmittance (black curve) and DSC (grey curve) for blend CP86. 

Transmittance at 1 °C/min, DSC at 10 °C/min, both measured on heating. 
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4.3.4 Birefringence 

As discussed in Chapter 3, ordered polymer morphologies with noncubic lattices 

exhibit optical birefringence. This phenomenon can be used to identify order-order and 

order-disorder transitions.1-3 For some polymer blends, transmittance experiments were 

conducted with crossed polar filters to measure the birefringence. Transmittance and 

birefringence signals for blends CEm85 and CEh80 are compared in Figure 4.11, while 

those for CEh93 are shown in Figure 4.12. 

CEm85 and CEh80 exhibit an increase in the birefringence signal that coincides 

with the dip in the transmittance, consistent with an order-disorder transition. 

Interestingly, birefringence increases at temperatures near and below the shift in 

transmittance in both blends. Possible explanations for this behavior will be considered 

in the discussion section. 

 

Figure 4.11. Transmittance (black curve) and birefringence (grey curve) for blends 

CEm85 and CEh80, heating at 1 °C/min. CEm85 curves shifted vertically by one 
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Figure 4.12 compares the transmittance and birefringence curves for blend CEh93, 

which exhibits different transmittance behavior than most blends. The birefringence 

signal at high temperature does not fall to zero; this does not necessarily mean that the 

blend is birefringent at these temperatures, but instead that the signal has reached a 

baseline. Slight misalignment of the polar filters results in some light “leaking” through. 

At low temperatures, the birefringence signal falls below this baseline; this indicates 

that the loss in signal is not necessarily due to a change in the polarization state of the 

light, but due to the strong scattering of the light preventing it from reaching the 

detector. Thus the birefringence signal is coupled to the transmittance. As a result, when 

the birefringence signal follows the transmittance, as it does at temperatures less than 

205 °C, it is difficult to be confident that the change in signal is a real birefringence 

phenomenon and not merely a result of this coupling. At higher temperatures this issue 

is not significant. Interestingly, unlike the previously described blends, the 

 

Figure 4.12. Transmittance (black curve) and birefringence (grey curve) for blend 

CEh93, heating at 1 °C/min. 



   150 

 

birefringence signal for CEh93 falls to its baseline value about 10 °C above the 

transition in the transmittance signal associated with TODT.  

  

4.3.5 Small-angle X-ray scattering 

SAXS was performed over the temperature range 200-240 °C on blends CP86 and 

CEh88 to investigate the structural changes in the blend throughout the dip in the 

transmittance signal. For comparison, the transmittance curves for these blends, typical 

of ordered blends, are presented in Figure 4.13 and Figure 4.14. The SAXS experiments 

were performed by setting a Linkam DSC stage to ramp from 200 °C to 240 °C at a rate 

of 3 °C/min; exposures were taken at regular intervals. Figures 4.14 and 4.15 present 

SAXS curves over 3 °C intervals for CP86 and CEh88, respectively.  
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Figure 4.13. Transmittance curve for blend CP86, heating at 1 °C/min.  

 

 

Figure 4.14. Transmittance curve for blend CEh88, heating at 1 °C/min. 
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To clear the thermal history of the polymer blends, the samples were heated to 245 

°C, then cooled to 200 °C and annealed for 12 minutes prior to the initiation of the 

temperature ramp. In both cases, it is not clear that the sample reached equilibrium in 

this amount of time; scans performed during the 12 minute anneal showed that the 

sharper peak was growing in intensity, while the broader peak was diminishing. 

Unfortunately, time constraints demanded that the experiments begin before the 

 

Figure 4.15. SAXS patterns for blend CP86 collected during temperature ramp, 

heating at 3 °C/min. Successive curves shifted vertically for clarity. 
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scattering curve reached a steady state. As a result, strong conclusions should not be 

drawn about the exact structure of the blends from these data. 

In both cases, heating the ordered or partially ordered blends initially results in a 

decrease in q* (corresponding to an increase in the length scale of correlations). This 

observation is in contrast to the typical behavior of block copolymers near the order-

 

Figure 4.16. SAXS patterns for blend CEh88 collected during temperature ramp, 

heating at 3 °C/min. Successive curves shifted vertically for clarity. Arrows 

highlight q* and 2q* for the 200 °C curve. 
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disorder transition, where a monotonic and continuous or nearly continuous increase in 

q* is observed upon heating.4,5 For large values of χ (corresponding typically to low 

temperatures), block copolymers are stretched by the unfavorable interactions of the 

two components.6 At higher temperatures, these interactions are weaker, leading to a 

smaller radius of gyration for the polymer chain. In ternary blends, the domain size is 

not strictly associated with the radius of gyration of the copolymer because it acts as an 

amphiphile, concentrated at the interface.7-9 However, one still might expect the domain 

size to shrink as temperature increases for the same reasons as bulk block copolymers; 

in fact, aside from the anomalous behavior near TODT, this is observed.  

For CEh88, further increase in the temperature results in an increase in q*. At high 

temperatures, for homogeneous disordered blends, the scattering should primarily be 

 

Figure 4.17. q* vs 1/T and T for CP86. Filled circles indicate the sharp peak, while 

open circles indicate the broad peak. Error bars for the sharp peak fall within the 

size of the symbol. 
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due to the correlation hole of the diblock.10 As a result, q* at high temperatures in CP86 

should also follow this trend; in the experiments described here, sufficiently high 

temperatures to recover this behavior may not have been reached. Figures 4.16 and 4.17 

plot q* as a function of temperature for the resolvable peaks in CP86 and CEh88, 

respectively. Notably, the minimum of the dip in transmittance (228 °C) does not 

correspond to the minimum in q* observed via SAXS (218 °C) for CEh88. 

 

4.3.6 Transmission electron microscopy 

TEM was performed on select blends in order to directly visualize the 

microstructures associated with the observed transmittance phenomena. Blends were 

quenched from the noted temperatures above and below the shift feature and near the 

 

Figure 4.18. q* vs 1/T and T for CEh88. Filled circles indicate the sharp peak, 

while open circles indicate the broad peak. Error bars for the sharp peak fall within 

the size of the symbol. 
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dip feature. Because the dip feature occurs over a relatively narrow temperature range, 

the images should not be considered directly representative of the equilibrium 

morphology at the quench temperature. While blends were quenched as rapidly as 

possible, some change in the morphology may occur in the few seconds required to 

vitrify the sample.  

Blends CP86 and CEh88 (the same blends investigated via SAXS) were 

investigated at temperatures near TODT. Additionally, temperatures above and below the 

low-temperature shift in the transmittance were investigated for some blends. TEM 

images from CP86 are difficult to interpret due to the unusual contrast present in the CP 

system (described in detail in Chapter 2), but are provided here for completeness. For 

ease of comparison, TEM images of the blends at temperatures not associated with the 

phenomena of interest are reproduced from Chapters 2 and 3; those figures which are 

reproductions are so noted. Figures 4.19, 4.20, 4.21, and 4.22 show TEM images of 

blend CP86 quenched from 130 °C (below the shift), 170 °C (above the shift), 210 °C 

(low temperature side of the dip), and 215 °C (high temperature side of the dip), 

respectively. For comparison with the associated transmittance phenomena, see Figure 

4.6. Figures 4.23, 4.24, 4.25, and 4.26 show TEM images of blend CEh88 

(transmittance presented in Figure 4.14) quenched from 170 °C (above the shift), 230 

°C, 234 °C, and 238 °C, respectively (throughout the dip; temperatures on the high side 

were chosen to attempt to account for the slight cooling that may occur before the 

sample is vitrified during the quench). Blends CEm85 and CEh80 were only 

investigated at temperatures associated with the low temperature shift in transmittance 

and not with the high temperature dip. Figures 4.27 and 4.28 show TEM images of 

CEm85 quenched from 115 °C and 150 °C, while Figures 4.29, 4.30, and 4.31 show 
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blend CEh80 quenched from 110 °C, 120 °C, and 170 °C. Transmittance curves for 

CEm85 and CEh80 were presented in Figure 4.11. 

As reported in Chapters 2 and 3, most blends form lamellar morphologies. For blend 

CEh88, near TODT (and within the associated dip in transmittance), mostly-disordered 

structures are observed. In the sequence of images quenched from 230 °C, 234 °C, and 

238 °C, short-range lamellar order is observed which decreases in correlation length as 

the blend is heated. The images share some similarity with those taken of 

microemulsions, though the short-range order has not been previously observed. Blends 

CEm85 and CEh80, when quenched from below the shift feature, reveal the same 

lamellar microstructure as when quenched from above it.  

All of the previously described blends investigated via TEM were annealed for a 

minimum of 16 hours at the indicated temperatures. Separate experiments were 

performed on select blends by beginning a transmittance temperature ramp experiment, 

then quenching the samples when they reached the transmittance phenomenon of 

interest. Figures 4.32 and 4.33 show blend CEh89 quenched from 220 °C and blend 

CEm85 quenched from 177 °C; both samples were quenched during heating ramps. For 

reference, Figure 4.19 shows the transmittance curve for CEh89. For this TEM 

experiment, blend CEm85 was re-prepared because the sample used in other 

experiments was consumed. Figure 4.3 shows the transmittance curve for the re-

prepared blend; note that due to slight compositional differences, TODT is observed 

approximately 5 °C cooler than shown in Figure 4.11. CEh89 shows coexistence of 

lamellae and microemulsion, while CEm85 shows coexistence of lamellae and a 

mostly-disordered structure with short range lamellar order, as seen in CEh88 at 230 °C. 
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Figure 4.19. Transmittance curve for blend CEh89, heating at 1 °C/min. 
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Figure 4.20. TEM micrograph of CP86 quenched from 130 °C. A lamellar morphology 

with d = 65 nm is observed. Scale bar is 500 nm. 
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Figure 4.21. TEM micrograph of CP86 quenched from 170 °C following a 16 hour 

anneal. A lamellar morphology with d = 50 nm is observed. Scale bar is 500 nm. 

Reproduced from Figure 2.8. 
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Figure 4.22. TEM micrograph of CP86 quenched from 170 °C. Scale bar is 500 nm. 
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Figure 4.23. TEM micrograph of CP86 quenched from 215 °C following a 16 hour 

anneal. A disordered morphology is observed. Scale bar is 500 nm. 
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Figure 4.24. TEM micrograph of CEh88 quenched from 170 °C following a 16 hour 

anneal. A lamellar morphology with d = 76 nm is observed. Reproduced from Figure 

3.21. Scale bar is 1 μm. 
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Figure 4.25. TEM micrograph of CEh88 quenched from 230 °C following a 16 hour 

anneal. A lamellar morphology with small grains and d = 87 nm is observed. Scale 

bar is 1 μm. 
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Figure 4.26. TEM micrograph of CEh88 quenched from 234 °C following a 16 hour 

anneal. A tubular disordered morphology with d = 93 nm is observed. Scale bar is 1 

μm. 
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Figure 4.27. TEM micrograph of CEh88 quenched from 238 °C following a 16 hour 

anneal. A tubular disordered morphology with d = 94 nm is observed. Scale bar is 1 

μm. 
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Figure 4.28. TEM micrograph of CEm85 quenched from 115 °C following a 16 

hour anneal. A lamellar morphology with d = 57 nm is observed. Scale bar is 500 

nm. 
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Figure 4.29. TEM micrograph of CEm85 quenched from 150 °C following a 16 

hour anneal. A lamellar morphology with d = 42 nm is observed. Reproduced from 

Figure 3.6. Scale bar is 500 nm.  
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Figure 4.30. TEM micrograph of CEh80 quenched from 110 °C following a 16 hour 

anneal. A lamellar morphology with d = 82 nm is observed. Scale bar is 1 μm.  
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Figure 4.31. TEM micrograph of CEh80 quenched from 120 °C following a 16 hour 

anneal. A lamellar morphology with d = 66 nm is observed. Scale bar is 500 nm.  
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Figure 4.32. TEM micrograph of CEh80 quenched from 170 °C following a 16 hour 

anneal. A lamellar morphology with d = 54 nm is observed. Reproduced from Figure 

3.20. Scale bar is 500 nm.  
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Figure 4.33. TEM micrograph of CEh89 quenched from 220 °C. Coexistence of 

lamellae and microemulsion is observed. Scale bar is 1 μm.  
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Figure 4.34. TEM micrograph of CEm85 quenched from 177 °C. Coexistence of 

lamellae and a fluctuating disordered phase is observed. Scale bar is 500 nm.  
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4.4 Discussion 

Free energy considerations require a window of two-phase coexistence between 

regions of single-phase equilibria in multicomponent systems. This was recognized by 

Bates et al. in the first study of polymeric bicontinuous microemulsion, though they did 

not find any experimental evidence for such a window.7 While coexistence of 

bicontinuous microemulsion and lamellar phases has been observed via scattering in 

some experimental systems,9,11 to date, no evidence has been found for an extended 

region of two-phase coexistence associated with the order-disorder transition. Mean-

field calculations support a two-phase window, but in phase diagrams produced from 

such calculations, the window is too small to be displayed.12 Many of the features 

associated with the dip in transmittance observed in this chapter are consistent with 

phenomena associated with two-phase coexistence; and this is the primary hypothesis 

that will be discussed, though alternative explanations will be considered. Two-phase 

coexistence causes light scattering when the two phases have refractive index contrast 

and when the domains coarsen to length scales comparable to the wavelength of light. 

In the systems described here, the two coexisting phases would be lamellae and a 

microemulsion or fluctuating microemulsion-like disordered phase. Because phase 

separation should occur along the isopleth, the monomer content, and thus the average 

refractive index, of each phase should be nearly equal. However, the phases may be 

slightly enriched in one homopolymer due to small asymmetries (conformational, 

diblock volume fraction, etc.). Additionally, the lamellar phase is birefringent, possibly 

leading to refractive index contrast due to the random alignment of domains.  

While the transmittance phenomena described here have not been reported 

previously, similar SAXS results were described by Corvazier, et al.13 In a ternary blend 

system containing polystyrene (S), polyisoprene (I), and a corresponding SI diblock, 
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temperature-controlled SAXS experiments performed on homopolymer-rich blends 

revealed that the domain spacing d (d = 2π/q*) exhibited a local maximum near TODT, as 

observed in blend CEh88 in Figure 4.16. This behavior was not observed in blends 

containing with φH < 0.29; in symmetric bulk block copolymer systems, no change in d 

at TODT is typically observed,4 though in some cases, a small discontinuity is seen.14,15 

The transmittance phenomenon described here is similarly absent from diblock-rich 

blends, though the compositional boundary of the behavior has not been precisely 

measured. SAXS measurements performed on CP86 and CEh88 behave similarly, 

showing an increase in d in the vicinity of TODT and in the case of CEh88, a subsequent 

decrease in d upon further heating. However, the quality of the SAXS data described 

here is poorer: The blends were likely not at equilibrium when the temperature ramps 

began; the observed peaks were at low q, where parasitic background scattering was 

significant; and relatively few blends were investigated in comparison. Still, it is likely 

that the same physical phenomenon is responsible for the behavior observed by 

Corvazier et al. via SAXS and that observed via transmittance described here.  

Coexisting sharp and broad peaks were observed in the SAXS patterns of blends 

CEh88 and CP86. Because the peaks were still evolving in time when the temperature 

ramp experiments began, it is not possible to conclusively assign them to equilibrium 

coexisting ordered and disordered phases, but such scattering patterns are entirely 

consistent with this hypothesis. Corvazier et al. did not report two scattering peaks, 

though of the five blends they describe in which a local maximum in d was seen in the 

vicinity of TODT, SAXS curves for only one (at relatively few temperatures) are shown 

in detail. It is possible that two peaks associated with coexisting phases overlapped 

significantly due to their similar domain spacing and the limits of resolution of the 

instrument.  
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Several TEM images of blends point to coexistence of lamellae and a disordered 

phase within the temperature range associated with the dip in transmittance. Samples 

investigated via TEM were prepared two different ways: blend CEh88 was investigated 

at several temperatures after annealing at those temperatures for a minimum of 16 

hours, while blends CEh89 and CEm85 were quenched during a transmittance 

temperature ramp experiment. The two procedures were chosen in order to both capture 

the structure of the blends during a transmittance experiment and to image any 

coarsening of the blends which may occur over a lengthier time period. Figure 4.33 and 

Figure 4.34, taken from blends CEh89 and CEm85, show coexistence of lamellae and a 

disordered phase. In both blends, the presumably coarsening ordered and disordered 

domains range in size from approximately a micron to tens of microns.  In the case of 

CEh89, the disordered phase is identifiable as a microemulsion, while in CEm85, the 

disordered phase has small regions of very local lamellar order. This highly fluctuating 

and partially ordered state is also observed in blend CEh88 when quenched from 230 

°C. When quenched from 234 °C, the partially ordered regions are smaller and less 

frequent, and when quenched from 238 °C the blend appears entirely disordered, though 

still with some microemulsion-like structure. However, at all temperatures investigated 

in blend CEh88, coexisting ordered domains were not observed. At 230 °C and 234 °C, 

coexisting ordered and disordered domains may be the equilibrium state, but the 

domains may have coarsened to such an extent that the entire area investigated via TEM 

captures only a single domain. The morphology seen at 238 °C may similarly represent 

only one of two phases, but this quenching temperature is near the boundary of the dip 

in transmittance and the observed structure instead be the single equilibrium phase at 

this temperature. 



   177 

 

Potential coarsening in the blends was also investigated using the transmittance 

experiments shown in Figure 4.2 and Figure 4.3. Figure 4.2 illustrates an experiment in 

which a blend was annealed for 20 minutes at a temperature within the dip feature 

during a temperature ramp. This temperature appears as a large spot in the curve due to 

the accumulation of noise at that temperature, but a decrease in the transmittance signal 

– consistent with coarsening – is not observed. Figure 4.3 illustrates an experiment in 

which multiple temperature ramps were performed on a single sample at three different 

rates: 1.00 °C/min, 0.50 °C, and 0.25 °C. The size and shape of the dip feature is 

insensitive to the rate, again inconsistent with a coarsening process. However, the 

previously described TEM images are strongly suggestive of both two-phase 

coexistence and coarsening (when the blends are annealed for 16 hours). The failure to 

observe coarsening via transmittance experiments may be due to the long time scale 

over which it occurs. Coarsening in phase separation processes is primarily driven by 

minimization of surface tension; in the case of coexisting ordered and disordered phases 

of nearly equal monomeric composition, the surface tension is vanishingly small. 

External fields, such as gravity, can exacerbate coarsening, but the density difference 

between the two phases should also be vanishingly small.  

These transmittance results also raise the question of the physical origin of the 

scattering. Light scattering in coarsening mixtures occurs when features reach length 

scales comparable to that of incident light and when there is a refractive index 

difference between the two phases. Based on TEM images of blends quenched during 

temperature ramp experiments, domains of up to tens of microns are formed in a 

relatively short amount of time – a few minutes. Additionally, the average monomer 

content, which determines the average refractive index in each phase, should be nearly 

the same. The origin of scattering in this system may, as a result, be somewhat 
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complicated relative to more common light scattering from, for example, phase 

separation of immiscible homopolymers. Contrast between the ordered lamellar phase 

and the various disordered phases may arise due to polarization effects associated with 

the birefringent lamellar phase.1 Alternatively (or additionally), some scattering could 

be due to the locally ordered (but randomly oriented) regions observed in the fluctuating 

disordered state (seen in Figure 4.25 and Figure 4.34). Such regions, which range in size 

from approximately 300 to 700 nm, appear in high concentration, accounting for over 

50% of the area in the disordered state. Light scattering has been observed in systems of 

dispersed birefringent liquid crystal droplets, which similarly have very local order and 

random orientation within a disordered matrix.16 The scattering may also be similar in 

origin to that from polycrystalline polymers with random density and orientation 

fluctuations.17 It is difficult to experimentally distinguish which of these possible 

explanations is correct because isolation of the fluctuating disordered state is 

impractical; the phase is always observed or believed to be observed in coexistence with 

an ordered lamellar phase. It is possible that both phenomena contribute to the observed 

dip in transmittance.  

An additional, simpler source of scattering is present in some blends. Symmetric 

swelling of the diblocks with homopolymers leads to large domain sizes in 

homopolymer-rich blends. For example, the transmittance curve for blend CEh88 (see 

Figure 4.14) shows a gradual transition from transparent to opaque as the blend is 

cooled. TEM images of this blend, shown in Figure 4.24, reveal a lamellar domain 

spacing of 76 nm at 170 °C. Block copolymer domain sizes typically increase with 

decreasing temperature to minimize the interfacial area as the Flory-Huggins interaction 

parameter increases; this force is balanced by the entropic penalty for stretching chains. 

While a theoretical calculation of the transmittance of a lamellar phase is difficult, the 
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solution for a random dispersion of spheres is readily available through Mie Theory and 

is a suitable substitute for qualitative estimation of the transmittance of blends as a 

function of feature length scale. Such a calculation reveals that for the sample thickness 

used in the experiments described here, slight scattering (approximately 85% 

transmission) is seen for sphere diameters of 50 nm, while 150 nm spheres lead to less 

than 5% transmission.18 Though these numbers may quantitatively change for a lamellar 

microstructure, they demonstrate that it is reasonable to expect such structures with 

domain sizes approaching 100 nm to scatter light significantly. 

Compared to the typical transmittance curves measured in lamellae-forming blends, 

blends known to form coexisting lamellae and hexagonal microstructures have very 

different light scattering behavior, as illustrated in Figure 4.4 (TEM images of these 

coexisting structures can be seen in Figure 3.24). In general, these blends scatter light 

significantly more than lamellae-forming blends. Because this phase behavior is only 

found in relatively homopolymer-rich blends, some or most of the scattering is due to 

the size of the microstructures; the domain spacing of the hexagonal phase in blend 

CEh92, for example, is 148 nm. Additional scattering may come from optical 

differences between the larger lamellar and hexagonal domains. As with the blends 

which show coexisting lamellar and disordered domains, it is difficult to separate the 

scattering from each potential source. However, the strong temperature dependence of 

the transmittance curve is strongly suggestive that the primary source of light scattering 

is due to the large domain spacings of the ordered phases.  

While most of the discussion and analysis has focused on the transmittance dip 

feature associated with TODT, a second feature was consistently observed in lamellae-

forming blends. A shift in the transmittance is observed in CP blends around 135 °C 

(see Figure 4.6) and in CE blends at around 120 °C (Figure 4.11). This feature is 
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insensitive to the blend composition and even the blend components (that is, the shift is 

observed at the same temperature in CEm and CEh blends which have different 

diblocks). Unlike the dip feature, no rheological phenomenon was observed to coincide 

with the shift. TEM images taken below and above the shift in CEm85 (Figure 4.28 and 

Figure 4.29) and CEh80 (Figure 4.30, Figure 4.31, and Figure 4.32) show no change in 

the lamellar morphology of the blends. Birefringence measurements show an increased 

signal below the shift feature. In ordered block copolymers, the birefringence signal is 

sensitive to the morphology, grain size, and refractive index difference between the two 

phases.2,3 Since TEM measurements confirm that the morphology is constant, this 

suggests that the grain size or refractive indices change in the vicinity of the shift. While 

detailed analysis of the grain size via TEM was not performed, no significant change is 

evident (and a sudden, temperature-dependent change in grain size is difficult to 

physically rationalize). The temperature functionality of the index of refraction of 

polyolefins is primarily due to density change from thermal expansion. A change in the 

density (or coefficient of thermal expansion) could account for shift in transmittance. 

Both CP and CE systems have a glassy polycyclohexylethylene component; due to 

molecular weight differences, Tg (measured via DSC) of C-5.0 in the CP system is 124 

°C, while that of C-2.6 in the CE system is 106 °C (for polymer details, see Table 2.1). 

These temperatures do not coincide with the shift in transmittance, but the difference 

between them is similar to the difference between the observed shift in the two systems. 

Thus the shift may be due to changes in the physical properties of the blend components 

as the C component nears Tg. One possible physical change that could result in such 

scattering is microcracking within the brittle C domain due to differential thermal 

expansion. 



   181 

 

With the interpretation of the dip feature as indicative of a region of two-phase 

coexistence, phase diagrams for ternary blend systems can be redrawn using the lower 

and upper temperature boundaries of the dip as the boundaries of the two-phase 

window. In reality, the window can be broader (but not narrower) than this because the 

blends may phase separate before the onset of scattering. While blends from all four 

systems were investigated, the CP system was investigated most comprehensively in 

composition. A phase diagram for the CP system with the boundaries of the 

transmittance dip is presented in Figure 4.35.  
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An additional speculative boundary has been drawn on this phase diagram on the 

basis of TEM images of coexisting lamellar and disordered phases. In some cases, the 

disordered phase appears to have typical bicontinuous or tubular microemulsion 

structure, while in others, regions of local partial ordering are seen. Though a 

comprehensive study of the boundary between these two behaviors was not performed, 

CEh88 (Figure 4.25) exhibited local lamellar ordering, while CEh89 (Figure 4.33) 

shows a clear microemulsion structure, suggesting a relatively sharp transition between 

the two regions.  

 

Figure 4.35. Isopleth phase diagram for CP blend system including two-phase 

window. Filled squares = rheologically measured TODTs, × = SANS consistent with 

μE, open circles = compositions and temperatures investigated with TEM, up and 

down triangles = top and bottom of transmittance dip, respectively. Solid lines 

indicate measured phase boundaries, dashed line indicates extrapolated phase 

boundary, dotted line indicates speculated boundary between microemulsion and 

other disordered states. 
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While neither an extended two-phase window nor the locally correlated disordered 

states have been observed in previously investigated ternary blend systems, an extended 

region of microemulsion-like fluctuation-influenced phase behavior was predicted by 

Düchs et al. in Monte Carlo studies of ternary polymer blends.12,19 This behavior is 

predicted as a lamellar phase is heated toward TODT. Fluctuations lead to defective 

lamellae, then to what the authors call a “defect-driven microemulsion”. This is 

contrasted with a “genuine microemulsion” found in more homopolymer-rich blends, in 

the location of the typical microemulsion channel. The structural distinction between 

these two phases is not the same as that observed here; instead of distinguishing them 

on the basis of short-range order, they are distinguished by the difference between the 

mean-field predicted length scale of the adjacent ordered phase and the length scale of 

the disordered phase from the simulation. Defect-driven microemulsions have nearly 

the same length scale, while genuine microemulsions have larger features. A phase 

boundary between the two regions is drawn similarly to that suggested here in Figure 

4.35. 

Investigations of the fluctuating disordered state just above TODT have been 

performed by Sakamoto and Hashimoto for diblocks.5,20 TEM images of this state 

reveal an isotropic bicontinuous structure lacking the very local ordering seen in the 

blends described here. This discrepancy is easily explained by the physical differences 

between the two systems. Because of chain connectivity, the length scale of 

composition fluctuations in diblocks is limited, and only local monomeric composition 

fluctuations can occur. This is not the case in ternary blends, where three species are 

present; fluctuations in monomeric composition are not limited in the same manner as 

bulk diblocks due to the presence of free homopolymer, and fluctuations in the local 

diblock composition may lead to the short-range ordering seen in the coexisting 
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disordered phase. Additionally, observation of a saturated disordered state is more 

difficult in a bulk system due to the lack of a two-phase window. The structure imaged 

by Sakamoto and Hashimoto is unlikely to be the closest possible equilibrium 

disordered state to the ordered state for this reason. Microscopy studies of fluctuating 

polymer states may be easiest in ternary blend systems as a result; the need for precise 

temperature control around TODT is eliminated by the broad temperature and 

composition window in which the phase can be observed. 

 

4.5 Summary 

Ternary blends exhibit optical transmittance phenomena during temperature ramps. 

A dip in the transmittance signal at the same temperature as the rheologically measured 

TODT is most likely due to the coexistence of lamellar and disordered phases, as revealed 

by SAXS and TEM. The structure of the disordered phase transitions from a highly 

fluctuating state having short-range lamellar order to a microemulsion phase as 

homopolymer content increases. Another transmittance feature, a shift in the 

transmittance consistently observed at lower temperatures, does not correlate with 

structural changes in the blends, and may instead be due to changes in the physical 

properties of the C homopolymers as they approach Tg. These results confirm the 

existence of and provide a practical method for measuring the two-phase window. 

Because of the weak temperature sensitivity of the fluctuating disordered state 

compared with bulk block copolymers, ordered polymer blends may make excellent 

systems for studying the effects of fluctuations in block copolymers 
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Chapter 5  

Phase behavior of hierarchically phase separating ternary polymer 

blends 

  

Habersberger, B. M.; Bates, F. S.; Lodge, T. P. Soft Matter 2012, 8, (12), 3429-3441. - 

Portions adapted by permission of The Royal Society of Chemistry  
 

5.1 Introduction 

The bicontinuous microemulsion phase (BμE), typically found in ternary blends 

containing two immiscible homopolymers and a corresponding diblock copolymer, has 

several characteristics that make it attractive for use in templating nanoporous 

materials.1,2 Compared with typical self-assembling block copolymer systems, which 

typically have a characteristic length scale in the range of 10–50 nm, BμE domain 

spacings range from 50–250 nm. Additionally, BμEs are disordered and isotropic, 

eliminating the need for pore alignment techniques.  

Zhou et al. first demonstrated a versatile method for templating nanoporous 

monoliths from a BμE.3 In a polystyrene (S)/polyisoprene (I)/S-I ternary blend, samples 

that formed a BμE in the melt were quenched through the glass transition temperature 

of S. The sample was then exposed to S2Cl2 vapor, crosslinking the I. Finally, the S 

homopolymer was washed out with solvent. The resulting monolith preserved the 

bicontinuous structure of the BμE, but was very brittle due to the quantitative 

crosslinking reaction. This result highlights the weakness of creating porous templates 

from A/B/A-B ternary blends: the resulting monolith is primarily composed of low 

molecular weight homopolymer (highly crosslinked in this case). Incorporation of tough 

or otherwise functional polymers is a challenge due to the sensitive thermodynamics of 

ternary blend systems.  
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More recently, Jones and Lodge produced porous BμE templates of polyethylene 

(E) by an analagous route, except solidification was achieved by crystallization of E.4-8 

In a subsequent step, this template was backfilled with various precursor materials that 

were cured in situ. The polyethylene was then removed with solvent, leaving behind a 

monolith or film of the target material templated by the microemulsion. This approach, 

when combined with a target material which has substructure or porosity, can produce 

hierarchically structured or hierarchically porous materials.9 

In this chapter, an alternative approach for incorporating functional materials into 

BμEs is described. Multiblock copolymers containing polycyclohexylethylene (C) and 

polyethylene (E) or poly(ethylene-alt-propylene) (P) have been shown to have highly 

desirable mechanical and optical properties.10,11 Fleury and Bates blended a 

“symmetric” CECEC–P hexablock containing equal amounts of CECEC and P with 

separate CEC and P chains to produce a BμE with the goal of creating porous templates 

of CEC.12 This system was designed to mimic the behavior of A/B/A-B ternary blends; 

however, unlike typical blend systems where the diblock is ordered at experimentally 

accessible temperatures, the amphiphilic hexablock in this study was disordered. 

Additionally, the CEC triblock was disordered as well. Nevertheless, SAXS and TEM 

measurements indicated the successful formation of a BμE, but the creation of porous 

templates was not realized due to the inability to find a sufficiently selective solvent.  

The system described here is very similar to that used by Fleury and Bates, 

containing a CEC triblock, P homopolymer, and CECEC-P amphiphilic hexablock. 

However, the molecular weights of the various components have been increased, 

leading to the formation of ordered structures in both CEC and CECEC-P. The effect of 

this change is twofold: the ordered hexablock makes the system more comparable to 
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well-investigated A/B/A-B ternary blends, and the ordered triblock allows for the 

possibility of hierarchical ordering.  

 

5.2 Experimental 

5.2.1 Polymer synthesis.  

Polymers were synthesized by sequential anionic polymerization as described in 

Chapter 2. The synthesis and characterization of the CECEC–P was reported 

previously.13  

Heterogeneous catalytic hydrogenation was used to produce saturated polymers 

(described in detail in Chapter 2). Blends used in small angle neutron scattering were 

prepared using partially deuterated CEC triblock (dCEC). This triblock was prepared 

using the same precursor and hydrogenation conditions, but with substitution of D2 gas 

for H2. A density gradient column was used to assess the density of the hydrogenated 

and deuterated triblocks: 0.930 g/mL and 0.985 g/mL, respectively. Because both C and 

E blocks are deuterated simultaneously and because of the possibility of isotopic 

exchange, the number of deuterons per monomeric unit in each block cannot be 

ascertained. Assuming that the deuterons are stoichiometrically distributed between C 

and E blocks, the average number of deuterons per repeat unit is 2.7 for E and 8.0 for C. 

Such an extent of deuteration should be sufficient to provide contrast between both the 

CEC and P chains and the C and E domains. These values, which are higher than 

anticipated based on simple stoichiometry, result from proton-deuteron exchange under 

excess D2 facilitated by the Pt-Re catalyst.14  
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5.2.2 Small-angle neutron scattering  

SANS experiments were performed on the NG-7 30 m instrument at the National 

Institute for Standards and Technology (NIST) in Gaithersburg, Maryland. Blends 

XP90 and XP92 were prepared and exposed on a separate trip from all other blends, and 

were the only blends exposed using a 15 m sample-to-detector distance and 8 Å 

wavelength. All samples were annealed at 200 °C for 10 min, then at 116 °C for 4 h 

prior to exposure to the neutron beam.  

 

5.2.3 Scanning electron microscopy  

SEM experiments experiments were conducted at the Characterization Facility at 

the University of Minnesota with a Hitachi S-900 electron microscope operating at 2 kV 

using a secondary electron detector. Samples were fractured under liquid N2, mounted 

on brass shims, and coated with approximately 2 nm of Pt using a VCR High 

Resolution Indirect Ion-Beam Sputtering System prior to imaging. Samples were 

annealed and quenched following the same procedure as that for TEM samples 

(described in Chapter 2), then washed with tetrahydrofuran and dried under vacuum to 

selectively remove P.  

 

5.2.4 Cloud point measurements  

The phase behavior of binary blends of CEC and P was roughly estimated by visual 

identification of cloud points. Binary blends were freeze-dried, then annealed at 260 °C, 

where a single clear phase was observed at all compositions. The samples were 

subsequently cooled in 5 °C increments until turbidity was observed. Select samples 

were annealed below this temperature to confirm macroscopic coarsening into two 

layers then annealed with stirring at 260 °C, where a return to a single clear phase was 
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observed. The cloud point of the 50/50 blend of CEC and P, which falls along the 

isopleth of primary investigation, was determined more precisely by monitoring the 

transmittance of a 633 nm HeNe laser through the sample as it was cooled at 1 °C/min, 

using the apparatus and methods described in Chapters 2 and 4. 

 

 

5.3 Results 

Characteristics of the high molecular weight CECEC–P hexablock have been 

reported previously.13 The relative molecular weights of CECEC-P and CEC were 

chosen to balance the desire for a lengthy amphiphile versus the need to avoid strongly 

mismatched C-E block lengths. Molecular characteristics of the three blend components 

are summarized in Table 5.1. 

 

5.3.1 Rheology  

Due to the proximity of the glass transition temperature (Tg) of C and the melting 

temperature (Tm) of E, Tg in the blends could not be determined by DSC and was 

Table 5.1 Molecular characteristics of hierarchical ternary blend components 

Polymer fC
a fE

a fP
a Mn (kg/mol)b Nc PDIb TODT (°C)d 

CECEC–P 0.307 0.201 0.492 101 1700 1.07 >300 

CEC 0.491 0.509 - 15.0 251 1.05 118 

P - - 1 13.4 239 1.04 - 

a. Volume fractions based on 1H NMR on unsaturated precursors. b. Determined by SEC on unsaturated 

precursors. c. Volumetric extent of polymerization in the melt based on 118 Å3 reference volume. d. 

Measured rheologically. 

 

 



   192 

 

instead measured rheologically. A dynamic temperature ramp experiment on sample 

XP89 yielded a broad peak in tan(δ) at 103 °C, shown in Figure 5.1. This Tg value is 

assumed to be comparable at all other investigated blend compositions. 

The order-disorder transition temperature (TODT) of a block copolymer can usually 

be determined by monitoring the low frequency dynamic moduli (G’ and G”) as a 

function of temperature.15-17 In liquid-like disordered block copolymer melts, G’ and G” 

exhibit terminal frequency dependences of ω2
 and ω1, respectively. Typically, a single 

low frequency can be probed as the sample temperature is ramped; a sharp drop in the 

value of the dynamic moduli indicates that it has passed through TODT. The dynamic 

temperature ramp for the CEC triblock, which exhibits a TODT of 118 °C, is shown in 

Figure 5.3.  

 

Figure 5.1. Dynamic temperature ramp measurement of tan(δ) for XP89. The broad 

peak at 103 °C indicates the rheologically measured Tg. 
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Dynamic frequency sweeps reveal that the CECEC–P hexablock is ordered up to at 

least 300 °C; higher temperatures could not be probed due to the possibility of sample 

degradation. In A/B/A–B ternary blends, addition of A and B homopolymer to the 

symmetric A–B diblock typically swells and destabilizes the lamellae, resulting in a 

lower TODT as the diblock volume fraction is decreased.2 While only blends with low 

CECEC–P composition were investigated here, a similar result is seen. Figure 5.2 

shows dynamic temperature ramps and dynamic frequency sweeps for several CEC/P-

rich blends. 

Figure 5.2 illustrates the decline in TODT from > 300 °C for CECEC–P to about 155 

°C for blends XP91-94. As revealed by SANS and TEM (below), the TODT measured 

here corresponds to the disordering of CEC and P domains, rather than that of C and E 

domains. Ordering of the CEC phase within the blends was not observed rheologically. 

Due to the low TODT of the CEC triblock, samples used in SANS and TEM experiments 

(described below) were annealed at temperatures very close to the glass transition 

temperature of the C blocks within the blends. To estimate the time required to reach 

equilibrium at 115 °C, blend XP91 was ramped to that temperature and mechanically 

probed at a constant frequency of 0.01 rad/s. The dynamic moduli were monitored until 

they reached stable values, which occurred after approximately 24 hours. 
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.  

 

Figure 5.3. Dynamic temperature ramp of CEC at ω = 0.05 rad/s. TODT is observed 

at 118 °C 

 

 

Figure 5.2. Dynamic frequency sweeps above and below TODT and dynamic 

temperature ramps of blends XP83 and XP91-94 at ω = 0.05 rad/s. 
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Figure 5.3, continued. Dynamic frequency sweeps above and below TODT and 

dynamic temperature ramps of blends XP83 and XP91-94 at ω = 0.05 rad/s. 
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Figure 5.3, continued. Dynamic frequency sweeps above and below TODT and 

dynamic temperature ramps of blends XP83 and XP91-94 at ω = 0.05 rad/s. 
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5.3.2 Small-angle neutron and x-ray scattering  

The morphology of the blends was probed at multiple temperatures using SANS. 

Samples used for SANS were prepared using deuterated CEC triblock (dCEC) rather 

than the hydrogenated triblock used in other experiments. SANS and synchrotron SAXS 

patterns were also obtained for dCEC and CEC, respectively. In each case, samples 

were raised above any known or suspected TODT, then allowed to cool at an ambient rate 

to 116 °C. XP blends and dCEC were then annealed for 4 hours prior to exposure. The 

CEC sample used for SAXS was annealed for 10 minutes at 116 °C. At each subsequent 

temperature, XP blends were annealed for 10 minutes prior to exposure. Figure 5.4 

shows 1-D SANS and SAXS profiles for CEC and dCEC at 116 °C, and Figure 5.5 

shows 1-D SANS profiles for blends XP86-92 at 116 °C, 140 °C, and 180 °C.  
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Figure 5.4. SANS and SAXS patterns at 116 °C for dCEC and CEC, respectively. 
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Figure 5.5. 1-D SANS patterns for samples XP86-92. Data at 116 °C shown at 

absolute intensity; successive curves have been shifted vertically by factors of 50. 
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Figure 5.5, continued. 1-D SANS patterns for samples XP86-92. Data at 116 °C 

shown at absolute intensity; successive curves shifted vertically by factors of 50. 

 

 



   201 

 
 

 

 

Figure 5.5, continued. 1-D SANS patterns for samples XP86-92. Data at 116 °C 

shown at absolute intensity; successive curves shifted vertically by factors of 50. 
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In all samples, two primary peaks are seen (marked q1* and q2* in Figure 5.5a, but 

present in all SANS patterns), potentially indicative of self-assembly on two disparate 

length scales. In blends XP86-89, higher order peaks that index to 2q1* and 3q1* are 

present at 116 °C, suggesting a large length scale lamellar morphology. The intensity of 

these peaks diminishes as the amphiphilic hexablock concentration is reduced, 

consistent with a decrease in the range over which the layered domains are correlated. A 

shoulder at 2q1* is also present in most blends at 140 °C. At 180 °C, q1* is broadened 

significantly, and all higher order peaks are absent. This is consistent with the dynamic 

temperature ramps, which indicate a TODT between 150 °C and 170 °C for blends at 

these and similar compositions. A second primary peak (q2*) appears at a q value that is 

 

Figure 5.5, continued. 1-D SANS patterns for samples XP86-92. Data at 116 °C 

are shown at absolute intensity, while successive curves have been shifted 

vertically by factors of 50. 
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independent of blend composition. While no higher order reflections are seen, the peak 

does broaden and diminish in intensity when the blends are heated from 116 °C to 140 

°C, consistent with the rheologically observed CEC TODT of 118 °C.  

In a prior report on hierarchically structured blends, similar scattering patterns were 

produced from a lower molecular weight blend system of the same architecture.12 In this 

and other studies combining C, E, and P blocks of differing lengths, two primary 

scattering peaks can be associated with correlation of grouped CEC (or CECEC) and P 

chains or blocks at low q, and with C and E blocks at high q.13,18,19 The system studied 

here is consistent with this interpretation. Additionally, the measured q2* value of 0.037 

Å−1 is comparable to the bulk CEC q* value of 0.040 Å−1. Thus, q1* indicates 

correlation between the CEC and P domains at length scale d1, while q2* indicates 

correlation between C and E domains within CEC at length scale d2.  

SANS experiments on blends XP90 and XP92 were performed separately from 

those on the other blends, and using settings that allowed access to a slightly lower q 

range. In both cases, an upturn in the scattering at low q is apparent. While such 

features can be due to macroscopic phase separation, this is probably not the case. The 

upturn is present in both blends even at 180 °C, where the blends are optically 

transparent (they are bluish-white to white at lower temperatures, typical of materials 

with features on the length scale associated with q1*). Furthermore, when investigated 

with TEM (below), no large inhomogeneities were seen. Thus this scattering may be 

due to small amounts of macroscopic contaminants in the blends or to defects in the 

quartz windows used to contain them. 
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5.3.3 Transmission electron microscopy  

TEM images of blend components CEC and CECEC–P are shown in Figure 5.6.  It 

is reported that the RuO4 staining agent preferentially stains by selective diffusion; 

rubbery P and non-crystalline E phases should appear darkest, followed by glassy C and 

crystalline E.20 In Figure 5.6a, alternating layers of light E and darker C are consistent 

with the expected lamellar morphology for a 50/50 ABA triblock. The domain spacing, 

estimated from a Fourier transform, is 17.5 nm, which is acceptably consistent with that 

estimated from SANS (15.9 nm). Figure 5.6b shows a morphology similar to that 

reported by Zuo et al. in CEC-P and CEC-P-CEC multiblocks, where the CEC/CECEC 

and P phases form tube or sheet-like domains with little long range order.19 Here, the 

contrast is not sufficient to visualize any segregation between C and E.  
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Figure 5.6. TEM micrographs of (a) CEC and (b) CECEC–P quenched from 115 

°C. Scale bars are 200 nm. 
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Due to the Tg,C of 103 °C, quenching blends from the melt should affix the melt 

morphology at room temperature. Micrographs of blends XP89-91 quenched from both 

115 °C and 130 °C are presented in Figures 5.7 through 5.12. In each blend, alternating 

layers of two phases can be seen at 130 °C, while at 115 °C the morphology appears 

isotropic. At both temperatures, possible finer substructures can be seen. At 130 °C, 

XP89, XP90, and XP91 exhibit alternating lamellae, in which layers of a relatively 

uniform shade alternate with layers that appear mottled. This mottling is consistently 

present in one phase in all blend TEM images, and is suspected to be an artifact of the 

staining procedure. Unlike at 130 °C, the large structures shown at 115 °C exhibit no 

periodicity. Within the less-mottled phase in XP89, alternating light and grey layers can 

be seen (inset). The spacing between the light layers is 16 nm, which compares 

favorably with the domain spacing associated with q2* of 17.0 nm. On this basis, this 

phase, which is quite clearly distinct from the mottled phase, is interpreted as CEC-

containing. The mottling is thus indicative of P. This staining phenomenon may be due 

to the aggregation of RuO2 particles which are deposited when the RuO4 vapor staining 

agent oxidizes the polymer chain.21,22 In the large domains of the rubbery P phase, the 

particles have significantly more mobility than those which are deposited in the glassy 

and semicrystalline CEC phase, allowing them to aggregate. As a result of variations in 

the density of the mottling, the average brightness of the P phase varies relative to that 

of the CEC phase. Note that not all TEM micrographs presented here are shown at a 

scale where the mottling is resolvable. 

The XP89 blend quenched from 115 °C was prepared by a slightly different 

annealing and quenching procedure than the other blends. In order to prepare a large 

enough sample of appropriate geometry for evaluating mechanical properties, XP89 

was annealed while applying 4 N of force in a Rheometrics Scientific ARES rheometer 
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under nitrogen atmosphere for 36 hours. This larger sample was then quenched in an ice 

water bath; all other samples were quenched in a dry ice/isopropanol bath. While the 

rapid dry ice quench significantly inhibits crystallization of E, the ice water quench 

combined with the larger sample geometry leads to a lower rate of cooling. The 

increased contrast that allows visualization of the lamellae within the CEC phase of 

XP89 at 115 °C is due to the increased crystallinity and/or crystal size of the E resulting 

from this slower quench. Combining this quenching difference with the observed nearly 

identical shape and position of the SANS peak at q2* for each blend composition, it is 

likely that these lamellae are present but not visible due to insufficient contrast in XP90 

and XP91 at 115 °C in the non-mottled regions. 

TEM images captured for blends XP92 and XP93 at 130 °C are presented in Figure 

5.13 and Figure 5.14, respectively. At these compositions, majority lamellar 

morphologies are no longer observed. Though the contrast present is poor, XP92 lacks 

the long-range order observed in blends XP89, XP90, and XP91 at 130 °C. The inset 

highlights one of many small regions of XP92 that appear lamellar; these regions 

account for less than 10% of the area of TEM sections. XP93, on the other hand, 

appears to have a similarly bicontinuous morphology at 130 °C to that of XP89 and 

XP90 at 115 °C. Blends XP94 and XP95, shown in Figure 5.16 and Figure 5.17, both 

exhibit a disordered droplet-like morphology. The observed trend from XP89 to XP95 

at 130 °C of swollen lamellae transitioning to bicontinuous and droplet microemulsions 

is consistent with the phase behavior of model A/B/A–B blend systems. 

Figure 5.15 and Figure 5.18 show micrographs of blends XP93 and XP95 quenched 

from 115 °C. While XP93 appears to be bicontinuous, its morphology is distinctly 

different from that observed at 130 °C and may represent a transitional state between a 

neutral interfacial curvature BμE and a droplet morphology. XP95 exhibits nearly 
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identical droplet microstructures at both 115 °C and 130 °C. Though the three-

dimensional morphology of the blends is difficult to describe from TEM images, the 

general trend from XP89 to XP95 at 115 °C appears to be a gradual transition from a 

bicontinuous structure to isolated droplet-like domains of CEC in a matrix of P. The 

length scale of the features also increases from approximately 200 nm to 500 nm.  
  

 

Figure 5.7. TEM micrograph of XP89 quenched from 130 °C. Scale bar is 200 

nm.  

 



   209 

 

 

 

 

  

 

Figure 5.8. TEM micrograph of XP89 quenched from 115 °C. Scale bar is 500 

nm. 
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Figure 5.9. TEM micrograph of XP90 quenched from 130 °C. Scale bar is 200 

nm.  
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Figure 5.10. TEM micrograph of XP90 quenched from 115 °C. Scale bar is 200 

nm.  
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Figure 5.11. TEM micrograph of XP91 quenched from 130 °C. Scale bar is 200 

nm.  
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Figure 5.12. TEM micrograph of XP91 quenched from 115 °C. Scale bar is 200 

nm.  
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Figure 5.13. TEM micrograph of XP92 quenched from 130 °C. Scale bar is 1 μm.  
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Figure 5.14. TEM micrograph of XP93 quenched from 130 °C. Scale bar is 200 

nm.  
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Figure 5.15. TEM micrograph of XP93 quenched from 115 °C. Scale bar is 500 

nm.  
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Figure 5.16. TEM micrograph of XP94 quenched from 130 °C. Scale bar is 500 

nm.  
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Figure 5.17. TEM micrograph of XP95 quenched from 130 °C. Scale bar is 500 

nm.  
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Figure 5.18. TEM micrograph of XP95 quenched from 115 °C. Scale bar is 500 

nm.  
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5.3.4 Scanning Electron Microscopy 

Porous templates of XP93 quenched from 130 °C and of XP89, XP93, and XP95 

quenched from 115 °C were prepared by soaking a portion of each sample in 

tetrahydrofuran (THF) for 16 hours followed by drying under vacuum. The samples 

were weighed before and after the solvent soak, and the change in mass was consistent 

with complete removal of the P phase. While semicrystalline E is insoluble in THF, C is 

somewhat soluble, and in the bulk, CEC is swollen significantly when exposed to THF. 

Nevertheless, soaking the blends in THF appears to selectively remove P without 

significantly altering the structure of the CEC, suggesting a possible E wetting layer at 

the phase interface. The macroscopic size and shape of the XP89 and XP93 samples 

were preserved through the solvent washing process, while only small chunks and 

powder remained from XP95. SEM images of Pt-coated freeze-fractured surfaces of 

porous blends are presented in Figure 5.19 and Figure 5.20.  

 

Figure 5.19. SEM image of Pt-coated porous template produced from XP93 at 

130 °C. Scale bar is 1 micron. 
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Figure 5.20. SEM images of Pt-coated porous templates produced from (a) XP89, 

(b) XP93, and (c) XP95 at 115 °C. Scale bars are 1 micron. 
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The images shown in Figure 5.19 and Figure 5.20 are representative of any area of 

the freeze-fractured surfaces; no large deformities in the sample structure were 

observed. The general trend observed via TEM of increased interfacial curvature toward 

the CEC domain as hexablock volume fraction is reduced is seen here as well. XP89 

and XP93 produce similarly structured porous materials, which resemble porous 

templates produced from bicontinuous microemulsions.3,8 Consistent with TEM 

observations of these samples, XP93, when quenched from 115 °C, appears to have a 

structure which is intermediate to the bicontinuous and droplet morphologies seen in 

XP89 and XP95, respectively. In the case of XP95, removal of P has left behind 

spherical droplets of CEC and hexablock which have coalesced. The length scale of 

features seen in all three samples is consistent with those observed via TEM, and their 

geometry reinforces the interpretation of the staining contrast.  

 

Figure 5.19, continued. SEM images of Pt-coated porous templates produced 

from (a) XP89, (b) XP93, and (c) XP95 at 115 °C. Scale bars are 1 micron. 
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5.4 Discussion 

While the architectures of the polymers used in this study are relatively complex, 

the blend system was designed to mimic simpler systems of A and B homopolymers 

blended with an A–B diblock.2 In a previous study with the same chemistry and chain 

architecture, both the amphiphilic hexablock and the CEC triblock were melt disordered 

at all temperatures above Tm of E.12 The introduction of an ordered CECEC–P 

hexablock makes the system more analogous to well-studied A/B/A–B ternary blend 

systems, while the controllable ordering of the CEC triblock introduces the potential for 

truly hierarchical microphase separation. Additionally, the binary phase behavior of 

blends of CEC and P was investigated in order to establish that they macrophase 

separate analogously to homopolymers. The binary phase diagram is shown in Figure 

 

Figure 5.21. Cloud points of the binary CEC/P blends. Error bars for the cloud 

point of the 50/50 blend, which was measured more precisely, fall within the size of 

the symbol. 
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5.21. While Flory-Huggins theory predicts a symmetric two-phase region with a critical 

point at φc = 0.5 for binary polymer blends of equal molar volume, significant 

asymmetry is observed here. This asymmetry is likely due to a combination of 

competing interactions due to the multiple chemistries (and consequently multiple χ 

parameters) and conformational asymmetry of the blend components.23,24 

The temperature-dependent interaction parameters for the three polymer pairs have 

been reported in the literature; at all experimentally accessible temperatures, χEP < χCP < 

χCE.25-27 The hexablock has been designed as a “symmetric” diblock analogue, with 50% 

of its volume corresponding to each of P and CECEC. As a consequence of the chain 

sequence and the relative magnitude of the interaction parameters, the CECEC sequence 

may behave as a “block” which can, as a whole, potentially microphase separate from 

the P block. While CECEC–P segregation and hierarchical ordering have been 

observed, there has been some debate as to the order of segregating events. Because the 

synthesized hexablocks have been either homogeneously disordered or ordered at all 

experimentally accessible temperatures, a sequence of CECEC–P segregation followed 

by C-E segregation has not been observed on cooling from a disordered melt, leading to 

the suggestion that C-E segregation forces the system to have more unfavorable 

interfacial contacts, precipitating CECEC–P segregation.13    

A phase diagram summarizing the phase behavior of the blends is presented in 

Figure 5.22. Note that some phase boundaries must be considered speculative. At the far 

right side, T2φ denotes the temperature where a 50/50 blend of CEC and P macrophase 

separates, measured via temperature controlled optical transmittance. By analogy to 

A/B/A–B systems, CEC/P-rich blends should macrophase separate at decreasing 

temperatures as amphiphilic CECEC–P is added. Typically these temperatures can be 

measured by optical transmittance; however, in this blend system the length scales of 
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samples which appear to be only microphase separated are sufficiently large to scatter 

light. Samples containing 10% or less CECEC–P are visually bluish-white to white. 

Transmittance measurements (not shown) confirm a transition from optically clear at 

high temperature to opaque at the temperatures of experimental interest for TEM. 

Modeling the blends as spherical droplets of CEC in a matrix of P, a Mie scattering 

calculation confirms that blends with features on length scales consistent with those 

measured via TEM should transmit very little light in spite of the small refractive index 

difference.28 Thus, measurement of macrophase separation temperatures could not be 

 

Figure 5.22. Phase diagram for XP blend system. Filled squares indicate 

rheologically measured TODTs. Filled triangle indicates T2φ. Dashed line indicates 

TODT of CEC. Dotted line indicates speculated two phase envelope. Solid lines 

approximate phase boundaries. L = lamellar phase, B = bicontinuous 

microemulsion, D = droplet microemulsion, H-B and H-D = hierarchically 

microphase separated bicontinuous and droplet microemulsions, respectively 

(schematic diagrams of these morphologies are depicted in Figure 16). 
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realized due to the inability to distinguish optically between micro- and macrophase 

separation. As this light scattering was not anticipated, other techniques for measuring 

these temperatures, such as SANS, were not used. The composition and temperatures 

represented by the dotted line are speculative and are not intended to be quantitative. 

The region of principal experimental interest is found in the center of Figure 5.22. 

Above the rheologically determined blend TODTs, broad SANS peaks are consistent with 

correlation hole scattering, indicative of a homogeneous melt.29 Figure 5.23 shows the 

domain spacing associated with q1* measured with SANS (calculated as 2π/q1*) and 

TEM (calculated from the peak in a Fourier transform) as a function of temperature for 

each of the blends (SANS data collected at 160 °C and 200 °C were not presented in 

detail in this report). At high temperature, all of the blends converge toward a single 

 

Figure 5.23. Blend domain size as a function of temperature measured by SANS 

(open symbols) and TEM (filled symbols). Error bars for SANS fall within the size 

of the symbols. 
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length scale of 65 ±5 nm, as expected for homogeneous blends of similar composition. 

At lower temperatures, as the blends microphase separate, some divergence is seen. 

Notably, XP92, which displayed a disordered microphase-separated morphology when 

quenched from 130 °C and viewed with TEM, has a much larger domain spacing 

measured by SANS at 140 °C than blends XP89, XP90, and XP91, which adopt a 

lamellar morphology at 130 °C. Domain sizes calculated from TEM at 130 °C are in 

reasonable agreement with those derived from SANS at 140 °C. However, at 

temperatures below the CEC TODT there is a very significant difference between the two 

measurements. The cause of this disparity is likely the different length of annealing time 

for the two experiments: blends used for SANS were annealed for 4 hours prior to 

exposure, while blends prepared for TEM were annealed for 36 hours. As discussed in 

the rheological results section, the estimated time required for a blend to reach 

equilibrium at 115 °C is 24 hours, likely due to the close proximity to Tg. On this basis 

we conclude that the domain sizes derived from TEM are more accurate and 

representative of the equilibrium structure. 

 The phase behavior of the blends above and below the TODT of CEC is notably 

different. As shown in Figures 5.7 through 5.12, blends XP89-91 all quite clearly 

exhibit a lamellar morphology at 130 °C. Consistent with the scattering patterns from 

this and other similar systems, and remarkably similar to what is seen in A/B/A–B 

systems, these are interpreted as alternating lamellae of P and CECEC from the 

hexablock swollen with P and CEC, respectively. At this temperature, no evidence was 

seen via SANS or TEM which indicated C-E ordering. TEM images of XP92 at 130 °C 

are very different from those blends containing slightly more amphiphile. While 

alternating lamellae can be seen in some small regions of the blend, the bulk 

morphology is disordered. While the contrast in XP92 is too poor to conclusively 
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identify the disordered morphology observed as a BμE, XP93 when quenched from 130 

°C appears bicontinuous. On this basis XP92, intermediate in composition to the 

observed lamellar and BμE phases, exhibits coexistence of the two, which has been 

observed previously in ternary blend systems via scattering (and via TEM as described 

in Chapters 2, 3, and 4).30,31 Droplet phases are observed at higher compositions. The 

range of compositions over which this phase extends is not known, and it may in fact 

not be an equilibrium structure, but rather a result of macroscopic phase separation 

which is kinetically arrested by the amphiphilic hexablock. However, the size and shape 

of the droplets is quite uniform, which is atypical of TEM or SEM images of 

macrophase separation.2 Additionally, investigations of the ternary blend systems 

described in Chapters 2 and 3 reveals droplet and other asymmetric microemulsion 

structures in conventional A/B/A-B blends, further emphasizing how similar the 

complex hierarchical system’s phase behavior is to model systems. Dynamic frequency 

sweeps and dynamic temperature ramps on blends XP92-94 suggest an order-disorder 

transition temperature, which is not typically observed in microemulsion blends.32-34  

At 115 °C, XP89, XP90, and XP91 appear to have a disordered and bicontinuous 

morphology. Strikingly, C-E lamellae which are aligned perpendicularly to the CEC/P 

interface can be identified within one phase in blend XP89. This orientation is likely a 

result of the enthalpic preference for creating E-P interfaces, as argued by Fleury and 

Bates.13 As discussed, the results suggest that these lamellae are present in all blends 

investigated via TEM at this temperature. A representative schematic of this 

interpretation of the blend morphologies at 115 °C is shown in Figure 5.24. 

Furthermore, it is apparent that the ordering transition of the CEC triblock drives the 

change in the larger morphology from lamellae to a disordered microemulsion-like 

state. Though the thermodynamics governing this unanticipated and unprecedented 
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result are likely complex, our working hypothesis is that microphase separation of the 

CEC breaks the symmetric interactions of the CECEC–P amphiphile. In a number of 

studies on A/B/A–C ternary blends, Balsara et al. show temperature-induced transitions 

from microemulsions to lamellae which result from asymmetric interactions of the A–C 

diblock with the A and B homopolymers.35-40 While the CECEC–P and CEC have 

differing C-E block lengths and slightly different C-E compositions, when C and E form 

a homogeneous phase CECEC–P may still behave as a symmetric amphiphile. Once the 

CEC orders, however, there is an entropic penalty for mixing the longer blocks of the 

CECEC portion of the hexablock with the smaller domains preferred by the CEC. This 

asymmetry may lead to increased interfacial curvature toward the CEC domain, 

triggering a phase transition. XP93, the only blend in which the BμE phase was 

identified at 130 °C, also appears to have a bicontinuous structure at 115 °C. However, 

both TEM and SEM suggest that its structure is transitional between that of a 

bicontinuous and droplet morphology; this transition, also seen at 130 °C, is consistent 

with the hypothesis of an asymmetric amphiphile. 
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Figure 5.24. Schematic diagrams of the proposed lamellae-in-bicontinuous (H-B) and 

lamellae-in-droplet (H-D) microemulsion phases. Black, white, and grey regions 

represent E, C, and P domains respectively. Hierarchical structure (d1*/d2*) not drawn 

to scale. 
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A motivating interest in extending ternary blend systems beyond simple A/B/A–B 

architectures is the potential to produce porous templates of the microemulsion phase 

which are primarily composed of some tough or otherwise functional block copolymer. 

While CEC monoliths were successfully produced from this system, as shown in Figure 

5.20, the materials did not possess the desired mechanical properties associated with 

tough multiblocks. Following the THF wash and drying, the templates were extremely 

brittle, and care needed to be taken to prevent them from breaking with small amounts 

of hand force. Due to this low toughness, detailed mechanical properties were not 

measured. The brittle nature of these templates is likely due to both the low molecular 

weight of the triblock and to the alignment of the CEC lamellae, which, as shown in 

Figure 5.8, extends across the whole CEC domain. Previous reports have shown that 

while CEC can have attractive mechanical properties, it is very brittle in the case of well 

aligned lamellar domains.41 This phenomenon is due to the lack of chain bridging or 

looping in the C domain, allowing cracks to propagate through the unentangled, brittle 

C. In future work, it may be possible to improve the toughness of such porous templates 

by designing the system around a CECEC pentablock instead of a CEC triblock. 

Nevertheless, SEM images of these porous templates provide insight into the three-

dimensional structure of the quenched blends, showing a progression of increased 

curvature toward the CEC phase as the fraction of CECEC–P is reduced.  

Apart from the hexablock itself, significant attention has not been paid to the far left 

side of the phase diagram. Previously published SAXS data suggest that this hexablock 

forms a lamellar morphology over a broad range of temperatures.13 While the domain 

spacing seen in Figure 5.6b is consistent with that measured by SAXS (~70 nm) and 

some local translational symmetry is seen, it does not strongly resemble typical block 

copolymer lamellae. While the inability to disorder this hexablock may suggest that it is 
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in some kinetically trapped state, higher molecular weight polymers of identical 

chemistry and architecture exhibit the typically seen long range order when viewed via 

TEM. The observed morphology may be a result of competition between reducing the 

least-favorable C-E interfacial area and configurational entropy, as discussed by Zuo et 

al.19  

 

5.5 Summary 

The phase behavior of a ternary blend system containing CEC, P, and a 

“symmetric” CECEC–P amphiphilic hexablock with hierarchical ordering has been 

characterized using a combination of rheology, SANS, TEM, and SEM. In contrast to a 

previous report on a similar system, the hexablock in this study was chosen because it 

forms an ordered morphology in the bulk. Additionally, the CEC triblock has an 

experimentally accessible order-disorder transition temperature. Phase behavior above 

this CEC TODT is similar to analogous A/B/A–B systems, with the disordered CEC and 

P swelling the lamellae of the CECEC–P. A BμE phase, along with a droplet 

microemulsion, was identified in blends with low composition of hexablock. 

Interestingly, in samples which form lamellae at higher temperatures, cooling below the 

TODT of CEC triggers a transition to a hierarchical morphology which resembles the 

BμE. Disordered bicontinuous domains of CEC and P are present at a large (d1 ≈ 200 

nm) length scale, while within the CEC domain, alternating C-E lamellae are observed 

with periodicity d2 = 16 nm. Porous templates of this hierarchically structured 

morphology were produced by washing the blends with THF to remove P. 

Unfortunately, the mechanical properties of these templates were poor as a result of the 

aligned CEC microstructure. Nevertheless, these blends extend ternary blend phase 

behavior to significantly more complex linear architectures with multiple levels of 
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ordering, allowing for the incorporation of a wide variety of functional multiblock 

copolymers into systems capable of accessing the desirable bicontinuous microemulsion 

morphology.  
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Chapter 6  

Solvent selective hydrogen-deuterium exchange on saturated 

polyolefins 

6.1 Introduction 

Small-angle neutron scattering (SANS) is a powerful technique1  that can be used to 

probe single chain conformational statistics,2 blend phase behavior,3-5 block copolymer 

and surfactant self-assembly,6,7 micellization,8-10 and micelle equilibration.11,12 By 

virtue of selective deuterium labeling, single chains or parts of chains can be examined 

even in multicomponent phases. The conventional way to accomplish selective labeling 

is to synthesize the polymer of interest using isotopically labeled monomers. This 

versatile approach has the drawbacks of being expensive and of producing labeled and 

unlabeled polymers with slightly different molecular weight averages and distributions; 

exactly matched protonated and deuterated polymer pairs are preferred for many 

experiments. Another option is available if the polymer of interest can be prepared from 

an unsaturated precursor, such as poly(ethylene-alt-propylene) from poly(isoprene) or 

poly(cyclohexylethylene) from poly(styrene); saturation with deuterium leads to a 

partially labeled product, which, when blended with the matched hydrogenous version, 

permits interrogation of single chain configurations in the melt, glassy or crystalline 

states by SANS.  

A third option, direct catalytic H-D exchange, is in principle optimal in many cases, 

especially for polyolefins. Given that polyolefins such as poly(ethylene) and 

poly(propylene) account for more than 90% (by volume) of the synthetic polymer 

market and that these materials exist in many different structural variants due to 

advances in catalyst technology, it is particularly important to enable SANS analysis of 

such products after polymerization. An ideal process would exchange a controlled 
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fraction of protons with deuterons randomly on each chain without altering the 

molecular weight average or distribution. While there has recently been renewed 

interest in H-D exchange on small molecules and some alkane oligomers,13-15 catalytic 

H-D exchange on polymers has received relatively little attention in the literature.16–18 

In pioneering work, Nicholson and Crist demonstrated exchange of up to 60% on 

poly(ethylene) using a rhenium catalyst.19 However, their method has drawbacks: 

deuterium was exchanged from excess d6-cyclohexane (which is very expensive) and 

the catalyst was reported to be sensitive to polar impurities, requiring thorough drying 

of all reaction components. In this chapter, a related method for producing partially 

deuterated polyolefins, a technique that is both facile and free of the above drawbacks, 

is described. Furthermore, the results demonstrate that the extent of H-D exchange is 

strongly influenced by the molecular structures of the saturated hydrocarbon polymer 

and solvent.  

 

6.2 Experimental methods 

6.2.1 Materials  

Table 6.1 summarizes the characterization of the polymers used in exchange 

reactions. High-density poly(ethylene) (HDPE) and isotactic poly(propylene) (iPP) 

were used as received, while poly(ethylene-alt-propylene) (PEP) was prepared by 

hydrogenating a poly(isoprene) precursor (94% 1-4 and 6% 3-4 addition) using the 

heterogeneous Pt-Re/SiO2 catalyst. PEP was recovered by precipitating into methanol 

then drying under vacuum. A relatively smaller number of experiments and analysis 

were performed on C-5.0, a poly(cyclohexylethylene) homopolymer described in 

Chapter 2. 
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6.2.2 Exchange reactions  

In each experiment, 5.0 g of HDPE, iPP, PEP, or C-5.0 were combined with 2.0 g of 

a Pt-Re/SiO2 catalyst (provided by the Dow Chemical Co.) in 450 mL of solvent 

(decalin, decane, isooctane, heptane, or cyclohexane from Sigma-Aldrich) in a sealed 

reactor and pressurized with 600 psi of D2 at 170 °C for 16 hours. Following the 

reactions, various procedures were used to recover the polymers. Semicrystalline 

polymers in decane or decalin were heated to a temperature at which they dissolved (> 

130 °C), filtered to remove the catalyst, then allowed to cool and precipitate, after 

which they were filtered again to remove solvent. Semicrystalline polymers in heptane 

or isooctane were first filtered at room temperature to remove most of the solvent, then 

the polymer/catalyst mixture was re-dissolved in xylenes and the above procedure was 

repeated. PEP in heptane was filtered at room temperature then precipitated into 

methanol. Each polymer was dried thoroughly under vacuum before further 

Table 6.1. Characteristics of polymers used in exchange reactions 

Polymer Origin Mn (kg/mol) Mw (kg/mol) 

HDPE Dow 21a 52a 

iPP Aldrich 97b 340b 

PEP 
Anionic 
synthesis 

98c 110c 

C-5.0d 
Anionic 
synthesis 

5.0c 5.4c 

 

a) Measured via SANS. b)As described by the vendor. c) Measured via SEC of the 

polyisoprene precursor using universal calibration against polystyrene standards. d) 

C-5.0 as described in Chapter 2.  
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characterization was performed. In the case of semicrystalline polymers, approximately 

80% of the reaction solvent, containing 2.1–3.5% deuterium, was recovered. 

 

6.2.3 NMR  

Nuclear magnetic resonance (NMR) spectroscopy was used to assess the deuterium 

content of PEP and the various solvents. 1H and 2H NMR experiments were performed 

on a Bruker Avance III spectrometer at 500 MHz and 76 MHz, respectively. Samples 

for 1H NMR were prepared in d6-benzene with pyridine as an internal standard, while 

those for 2H NMR were prepared in heptane with d6-benzene as an internal standard.  

 

6.2.4 Density measurements  

The deuterium content of semicrystalline polymers was assessed using density 

measurements made with a density gradient column. The column was prepared with a 

mixture of ethylene glycol and isopropanol and calibrated using glass beads of known 

density. Measurements were made a minimum of two days after the insertion of at least 

4 small pieces of the sample of interest into the column. For all samples, the pieces all 

came to rest within 1 mm of each other, consistent with a margin of error of less than 

1%. 

 

6.2.5 Small-angle neutron scattering  

For SANS experiments, blends of unmodified HDPE and HDPE reacted in 

isooctane were prepared by dissolving an appropriate amount in boiling xylenes, then 

precipitating the solution into cold methanol. After drying under vacuum, blends were 

pressed into discs and sealed between two quartz windows with a 1.5 mm spacer. SANS 
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experiments were performed at 150 °C using the High Flux Isotope Reactor at Oak 

Ridge National Laboratory. Measured scattering patterns were azimuthally isotropic and 

were averaged to produce one-dimensional plots of intensity vs the scattering wave 

vector q = 4πλ-1sin(θ/2). Scattering data were corrected for background and empty cell 

scattering, sample transmission, sample thickness, and detector sensitivity. 

 

6.2.5 FTIR 

Fourier transform infrared spectroscopy was performed on HDPE samples pressed 

to a uniform thickness of 50 μm. Transmission measurements were made directly on 

these films. 

 

6.3 Results and Discussion  

A summary of the extent of deuterium exchange for polymers and solvents is shown 

in Table 6.2, where y denotes the total fraction of hydrogens replaced by deuterium. 

Table 6.2. Summary of deuterium exchange experiments 

Polymer Solvent ypolymer ysolvent fpolymer
a fsolvent

b 

HDPE Decalin < 0.01 0.035 0 1 

HDPE Decane 0.32 0.024 0.1 0.7 

HDPE Heptane 0.56 0.021 0.2 0.6 

HDPE Isooctane 0.68 0.013 0.3 0.4 

iPP Decane < 0.01 0.027 0 1 

iPP Isooctane < 0.01 0.010 0 0.3 

PEP Heptane 0.23 0.017 0.2 0.5 

C-5.0 Cyclohexane 0.07 N/A N/A N/A 
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Deuterium content was assessed using a density gradient column for HDPE and iPP and 

via 1H and/or 2H NMR for PEP and the various solvents. Figure 6.1 shows the 2H NMR 

spectrum for isooctane from the exchange reaction of HDPE in isooctane. The NMR 

experiment was conducted on a measured solution of isooctane, d6-benzene, and 

heptane, which does not appear in the spectrum due to its lack of deuterium. Using the 

measured amounts of the various components, the deuterium content of the isooctane 

was measured. The isooctane peak at 1.7 ppm is associated with the lone proton (or 

deuteron) bonded to the tertiary carbon on each molecule; the ratio of the integral of this 

peak and the larger isooctane peak should be 1:17 if deuterium is stoichiometrically 

exchanged on the molecule. The slight deviation from this value is more than the 

margin of error associated with the technique (5-10%) and indicates that exchange 

slightly disfavors this proton. An approximate mole balance on deuterons in the reactor 

 

Figure 6.1. NMR spectrum of isooctane solvent from exchange reaction with 

HDPE. d6-benzene was added as an internal calibrant. Peak integrals shown below 

spectrum. 
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was calculated based on the initial D2 pressure, the volume of the solvent, the mass of 

polymer, and the extents of exchange; these values are reported in Table 6.2. Size 

exclusion chromatography (SEC) was performed at 135 °C or 160 °C in 

trichlorobenzene for HDPE and iPP, respectively, and at room temperature in 

tetrahydrofuran for PEP to confirm that chain scission did not occur. Figure 6.2 

compares SEC traces of the products of exchange reactions performed on HDPE, iPP, 

and PEP. For HDPE and iPP, use of the low-boiling solvents heptane or isooctane 

results in the loss of some high molecular weight chains, reducing the dispersity and 

shifting the molecular weight average. This phenomenon, observed previously by 

Nicholson and Crist (who used cyclohexane), vanishes when a high-boiling solvent is 

used. Additionally, the entire SEC curve was preserved when PEP, which has 

significantly higher molecular weight, was reacted in heptane. Combining these 

observations, we attribute the observed reduction in molecular weight dispersity to 

unintended partial fractionation that occurs when semicrystalline polymers are re-

dissolved for filtration, rather than molecular weight-selective irreversible adsorption, 

as previously suggested.19  Also, typically one would expect chain-breaking reactions or 

crosslinking to increase the dispersity.  

Significant H-D exchange was observed on HDPE in the case of the acyclic solvents 

decane, heptane, and isooctane, but not for decalin. Differences in the adsorption 

enthalpy of cyclic and linear solvents are hypothesized to drive selective adsorption. 

Cyclohexane and decalin are known to undergo dehydrogenation reactions on platinum 

at comparable temperatures.20–23 While an excess of H2/D2 gas prevents 

dehydrogenation products, decalin likely forms a dehydrogenated chemisorbed species 

with a greater per-site adsorption enthalpy than linear alkanes.23 This adsorption-

dehydrogenation, desorption-hydrogenation process both consumes available D2 and 
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inhibits adsorption of the acyclic polymer. In similar reactions conducted on 

poly(cyclohexylethylene) in cyclohexane, exchange was modestly successful because 

the polymer chains contain 6-membered rings that can effectively compete with the 

solvent through a similar process. Adsorption enthalpy in linear alkanes is roughly 

proportional to the number of carbons,24 driving selective adsorption and H-D exchange 

on HDPE in heptane and decane. Exchange was most successful in isooctane. 

Compared to the linear alkanes, isooctane has fewer available conformations that 

accommodate multi-site adsorption; the steric effects of tert-butyl groups are known to 

inhibit adsorption in small molecules.25 Thus, branched solvents are less effective at  

 

Figure 6.2. SEC traces of a) HDPE, b) iPP, and c) PEP exchanged in various 

solvents. Bold curves are the unmodified polymers; dashed, dot-dashed, dotted, and 

thin curves following reaction in heptane, decane, decalin, and isooctane, 

respectively. For clarity, curves which preserve the molecular weight distribution 

are shifted upward, while those which reduce Ð are shifted downward. 
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Figure 6.2, continued. SEC traces of a) HDPE, b) iPP, and c) PEP exchanged in 

various solvents. Bold curves are the unmodified polymers; dashed, dot-dashed, 

dotted, and thin curves following reaction in heptane, decane, decalin, and 

isooctane, respectively. For clarity, curves which preserve the molecular weight 

distribution are shifted upward, while those which reduce Ð are shifted downward. 
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competing with HDPE for adsorption and exchange. It should be emphasized that the 

highest degree of exchange reported, 68%, is the result of a single reaction step, and is 

more than adequate for SANS.  Mutiple reaction cycles could be used if a higher degree 

of exchange were required. 

Remarkably, under the same reaction conditions almost no discernible H-D 

exchange occurred with iPP. 2H NMR experiments conducted on iPP at 140 °C in 

decane showed that the deuterium content was above natural abundance (0.0156%) but 

less than the margin of error associated with the density gradient technique (ca. +/- 

0.6%). While the regularly branched structure of iPP must play some role in this 

surprising difference from the HDPE result, comparison to H-D exchange on small 

molecule linear and branched alkanes reveals that while the presence of quaternary 

carbons inhibits exchange, normal and methyl-alkanes exchange readily.25-28 In an effort 

to elucidate the mechanism responsible for this result, the same reaction was performed 

on the model polymer, PEP, with an intermediate degree of methyl branching. 

Consistent with its structure, primarily containing alternating ethylene and propylene 

units, the extent of exchange was intermediate to that of HDPE and iPP. 1H NMR 

experiments show that primary, secondary, and tertiary C-H bonds on PEP undergo 

nearly stoichiometrically proportional amounts of exchange, as shown in Figure 6.3. 

This result implies that the adsorption enthalpy of ethylene and propylene units is 

roughly equal, suggesting that the influence of the methyl groups in suppressing isotope 

exchange in iPP can be attributed to steric effects of the local chain conformation. 

Further insight into the importance of the local chain structure on adsorption is gained 

by considering the conformation of a crystallized polymer chain, illustrated 

schematically in Figure 6.4. Unlike poly(ethylene), which can adopt a “flat” (planar zig-

zag) conformation amenable to adsorption at multiple catalyst sites, isotactic PP 
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crystallizes in a helical conformation.29 The bond rotations necessary to transform this 

conformation into one that allows adjacent repeat units to adsorb are thwarted by 

significant steric hindrance. Accordingly, we conclude that a relatively insignificant 

amount of iPP participates in the adsorption and exchange process due to its inability to 

compete with the solvents for adsorption.  

 

Figure 6.3. 1H NMR spectra (a) and cumulative integral of spectra (b) of PEP and 

dPEP. 
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 Small-angle neutron scattering (SANS) measurements were performed to determine 

the distribution of deuterium both among and on the polyethylene chains. The extent of 

exchange measured via density difference represents an average of the total deuterium 

content. Thus y = 0.68 could represent 68% of polymer chains being quantitatively 

exchanged, while 32% remain unmodified (Tanzer and Crist reported such a result for 

PE on a rhodium catalyst18); all chains evenly exchanged to an extent of 0.68; or some 

intermediate between these two extremes. Additionally, exchange may occur in such a 

way that leads to long blocky sequences of labeling rather than a uniform distribution 

across any particular chain. Using HDPE exchanged in isooctane, results for the pure 

labeled and unlabeled polymers (φD = 1 and 0) and for blends containing φD = 0.5 and 

φD = 0.9 are presented in Figure 6.5, where φD is the volume fraction of labeled chains 

in the blend. Incoherent scattering, measured from the asymptotic value of I at high q 

for the pure labeled and unlabeled polymers, has been subtracted from the blends. The 

solid line is a fit to the Random Phase Approximation prediction for a binary mixture of 

polymers. The relevant equations, simplified for an isotopic blend, are as follows:31,1 

 

Figure 6.4. Models of the chain conformations of crystalline (a) poly(ethylene) and 

(b) isotactic poly(propylene). Backbone carbons are black, while others are grey. 
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where bD (53.0 fm) and bH  (-3.3 fm) are the average sums of the scattering lengths of 

the atoms in a four carbon repeat unit of volume v = 0.118 nm3  for partially labeled and 

unlabeled chains, respectively, and q is the scattering wave vector. N is the number of 

repeat units per polymer molecule and a = 8.4 Å is the statistical segment length of 

HDPE.32 The segment-segment interaction parameter, χ = 5.3×10-4, was estimated 

 

Figure 6.5. SANS data for HDPE labeled in isooctane. The solid curve was 

calculated using Equations 1-3. Inset compares the composition-normalized 

scattering of blends with φD = 0.5 and 0.9.  
 



   249 

 

following the method used by Nicholson and Crist.19 To account for dispersity, the 

weight averaged product of N and the form factor P was used, as described by Equation 

6.2. Here, xi and Ni refer to the mole fraction of chains with extent of polymerization Ni. 

Fitting was performed using a molecular weight distribution curve obtained from SEC; 

while keeping the shape of the curve (the dispersity) fixed, the molecular weight (and 

hence N) was shifted to obtain a satisfactory fit. 

As shown in Figure 6.5, the model results in an excellent fit of the data with Nw = 

920, corresponding to Mw = 52 kg/mol. (Using SEC at 135 °C and universal calibration 

against polystyrene standards yields Mw = 80 kg/mol. This value is subject to the choice 

of Mark-Houwink parameters, and many are available; Mw based on SANS is reported 

because it is not influenced by this arbitrary choice). The inset compares the scattering 

data for the two blends normalized by the composition dependent term φD(1- φD); N is 

sufficiently low that the first term in Equation 6.1 dominates the small χ parameter for 

isotopic blends.33,34 This correction causes the data to fall on nearly the same curve, 

confirming the homogeneity of the labeled chains. Balsara et al. used a modified 

version of Equation 6.1 to account for statistical variance in the average amount of 

deuterium on each chain.35 This model predicts quantifiable excess scattering, which is 

not observed in our blends, providing further confirmation that the overall average 

extent of exchange is reflected in each polymer molecule.   

A significant amount of forward scattering is seen in the pure labeled polymer. Such 

scattering is common in both partially and quantitatively labeled polymers35,36 and is 

most likely the result of impurities in the sample, such as small water droplets. (The 

scattering length densities of air and water are close to that of unlabeled HDPE. 

However, the contrast factors for water and air with the labeled polymer increase by a 
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factor of 60 or 100, respectively. Similarly, other forms of organic contamination only 

contrast significantly with labeled chains.)  

Additional information about the local distribution of deuterium is available through 

infrared spectroscopy. In the methylene rocking region, 500-750 cm–1, the in-phase 

rocking modes are highly sensitive to irregularities in the local distribution of 

deuterium.37 As a result, for example, -(CHD)- groups isolated among –(CH2)- groups 

absorb at a different frequency than long sequences of –(CHD)-. The FTIR results for 

the various labeled HDPE polymers are shown in Figure 6.6. Some peaks are 

highlighted: (CH2)n>4 at 725 cm–1, isolated –(CHD)- at 660 cm–1, (CHD)n>4 at 590 cm–1, 

and (CD2)n>4 at 525 cm–1. Unlabeled peaks represent intermediate chain sequences to 

those described. The split peak at 725 cm–1 for the unmodified HDPE is due to in-phase 

and out-of-phase rocking motions which are polarized along different crystallographic 

axes; this effect vanishes when the crystal structure is disrupted by solvation, melting, 

or introduction of irregularities.38,39  

The inset of Figure 6.6 compares the ratio of the integrated area of the (CH2)n>4 peak 

for each exchanged polymer (A)  to the area of the unmodified HDPE (AH). This area is 

roughly proportional to the concentration of sequences of five CH2 groups. A statistical 

model was used to generate the curve, which predicts the concentration of (CH2)5 as a 

function of y if exchange happens in an entirely random fashion. The measured data 

points fall significantly above the curve, suggesting that at a very local scale, the 

exchange may be non-uniform. However, as shown by the SANS experiments, this 

local “blockiness” does not extend to length scales probed by small angle scattering. 
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6.4 Conclusions 

These results identify a simple and efficient method for preparing isotopically 

labeling polyolefins, with the exception of isotactic poly(propylene). This new tool for 

characterizing the conformational properties and phase behavior is particularly 

applicable to commercially relevant polyolefins (e.g., metallocene based), where the use 

of deuterated monomers is not feasible; specimens produced in industrial scale 

polymerization facilities can now be evaluated directly. The sensitivity of the exchange 

reaction to both solvent and polymer structure offers insight into the mechanism of 

competitive adsorption and exchange. At length scales probed by SANS, the polymer 

chains are uniformly labeled, although FTIR reveals some degree of local blockiness.  

 

 

Figure 6.6. FTIR spectra of HDPE labeled in various solvents. Inset compares the 

normalized ratio of the 725 cm–1 peak measured from FTIR (squares) to a random 

exchange model (solid curve).  
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