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ABSTRACT 

 

This dissertation demonstrates the preparation of blocky brominated syndiotactic 

polystyrene (sPS-co-sPS-Br) copolymers with tailored chain sequences using a simple, post-

polymerization functionalization method conducted in the heterogeneous gel state, and 

investigates the effect of sPS reaction state and sPS/solvent gel morphology on the copolymer 

microstructure and thermal properties. Gel-state (Blocky) brominated copolymers were prepared 

from a 10 w/v% sPS/carbon tetrachloride (CCl4) gel and a 10 w/v% sPS/chloroform (CHCl3) gel 

in a matched set containing 6−32 mol% p-bromostyrene (Br-Sty) units. For comparison, a matched 

set of randomly brominated copolymers was prepared using a homogeneous solution-state 

(Random) reaction method and a set of brominated copolymers was prepared using a heterogenous 

powder-state (Powder) reaction method. The degree of bromination was evaluated using 1H 

nuclear magnetic resonance (NMR) spectroscopy. Powder-state bromination produced 

copolymers with a limited degree of functionalization of up to 12 mol% Br and required a threefold 

longer reaction time than the gel-state method conducted on the sPS/CHCl3 gel, demonstrating that 

the powder-state method is time-consuming and the dense sPS powder is incapable of producing 

copolymers with high Br-content. Microstructural characterization provided by 13C NMR 

spectroscopy, showed that bromination of sPS produces multiple peaks in the quaternary carbon 

region of the NMR spectrum, signifying through-bond communication between neighboring 

styrene and Br-Sty monomers. This work provides the first high-resolution comonomer 

sequencing of brominated sPS copolymers. Characterization of the quaternary carbon spectrum, 



 

assisted by band selective gradient heteronuclear multiple bond correlation (bsgHMBC) 

spectroscopy, electronic structure calculations, and simulated statistically random copolymer 

chains, revealed that each resonance peak could be assigned to a styrene or Br-Sty unit that exists 

in the center of a unique sequence of five monomers (i.e., a pentad) along the copolymer chain 

(e.g., ssssb where s = styrene and b = brominated styrene). Our comonomer sequencing method 

demonstrated that the Blocky and Powder copolymers have block-like character. Remarkably, the 

Blocky copolymers exhibit notably higher degrees of blockiness and larger fractions of sssss and 

bbbbb pentads at low Br-contents (i.e., 32 mol% Br), relative to the Powder copolymers, 

confirming their blocky microstructure. Quenched films of the Blocky copolymers, analyzed using 

ultra-small-angle (USAXS) and small-angle X-ray scattering (SAXS), show micro-phase 

separated morphologies that are reminiscent of conventional block copolymer phase behavior, 

supporting that the Blocky copolymers contain distinct segments of pure sPS and segments of 

randomly brominated sPS. Crystallization behavior of the copolymers, examined using differential 

scanning calorimetry (DSC), demonstrates that the Blocky copolymers are more crystallizable and 

crystallize faster at lower supercooling compared to their Random analogs. Simulations of blocky 

copolymers were developed based on the semicrystalline gel morphology to rationalize the effect 

of gel-state functionalization on copolymer microstructure and crystallization behavior. The 

simulations confirm that restricting the accessibility of the brominating reagent to monomers well 

removed from the crystalline fraction of the gel network produces copolymers with a greater 

prevalence of long runs of pure sPS that is advantageous for preserving desired crystallizability of 

the resulting blocky copolymers. To investigate the effect of sPS/solvent gel morphology on 

copolymer microstructure and crystallization behavior, the sPS/CCl4 and sPS/CHCl3 copolymers 

were compared directly. Characterization of the sPS/solvent gels using USAXS/SAXS, revealed 



 

that the gels exhibit different morphologies and average lamella thicknesses. Microstructural 

analysis showed that the sPS/CHCl3 copolymers contain larger fractions of sssss pentad and a 

greater degree of blockiness. The sPS/CHCl3
 copolymers contain larger phase domains, supporting 

that these copolymers contain longer distinct segments of pure sPS and randomly brominated sPS 

in a multiblock-like microstructure. In addition, the sPS/CHCl3 copolymers are more crystallizable 

during conditions of rapid cooling and crystallize faster at low supercooling relative to their 

sPS/CCl4 analogs. Simulated average chains of the Blocky copolymers, generated from the 

empirical pentad sequence distributions, provide strong evidence that the runs of pure sPS in the 

Blocky copolymers originate from the crystalline stems within the crystalline lamellae. Thus, the 

simulations support that semicrystalline blocky brominated copolymers with tailored chain 

sequences, phase behavior, and crystallization properties and can be prepared simply by changing 

the gelation solvent.  
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Kristen Felice Noble 

 

GENERAL AUDIENCE ABSTRACT 

 

Block copolymers are a class of large molecules (polymers) that are made up of two or 

more chains (blocks) of different smaller units (monomers) linked together at one of each of the 

chain ends. When the monomers that make up each block have distinctly different chemical 

properties, the blocks may be capable of self-assembling into well-ordered physical structures, 

which give the block copolymer unique material properties that are different, and often better than 

the properties of the individual blocks alone (homopolymers). Block copolymers have thus 

received tremendous attention with respect to controlled preparation, tailored structure 

development, and customized physical properties, for their potential use in self-assembled, 

nanostructured materials. Nevertheless, the generally difficult procedures and conditions required 

to make (polymerize) block copolymers with controlled sequences limits the scope of their 

commercial application. As an alternative to conventional polymerization methods, this 

dissertation demonstrates a comparatively simple physical method to make copolymers that 

contain significantly non-random (blocky) monomer sequences, starting with a homopolymer and 

using a reagent to modify units along the polymer chain. This post-polymerization method is 

conducted in the homopolymer’s gel state, in which segments of the homopolymer chains are 

effectively shielded from the reagent. The homopolymer, syndiotactic polystyrene (sPS), was used 

as a model to conduct a fundamentical investigation into the effects of the polymer reaction state, 

i.e., gel, solution, or powder, and the gel structure (morphology) on the copolymer structure and 

properties. The gel-state was found to produce copolymers with a high degree of modification and 



 

a greater degree of blockiness than the solution-state and powder-state. Copolymers prepared from 

the gel state exhibited properties that are characteristic of conventional block copolymers. 

Furthermore, using the gel-state method, blocky copolymers with tailored chain sequences and 

properties were prepared by simply changing the gel morphology. Thus, reaction in the gel-state 

is demonstrated as a simple physical approach to polymer design and synthesis that will be useful 

in the development of next-generation functionalized materials through the modification of low-

cost commodity polymers. As an advancement to the manner in which nanostructured materials 

are created, these tailored materials will greatly enhance the convenience of block copolymers for 

a wide variety of applications including structural and biomechanical materials, and polymeric 

membranes for energy conversion and water purification systems. 
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Block copolymers are a unique class of macromolecules, characterized by two or more 

chemically distinct polymer segments (i.e., blocks) linked together through covalent bonds at one 

of each of the segment ends.1,2 The simplest and most thoroughly investigated block copolymer 

architecture is the linear AB diblock copolymer, which consists of a linear sequence of A monomer 

units covalently attached to a linear sequence of B monomer units. Modern living chain growth 

polymerization methods, free radical polymerization methods, and two-step oligomer coupling 

reactions used to control the sequencing of monomers have also led to more complex block 

copolymer architectures including ABA triblock copolymers, segmented/multiblock (AB)n
 

copolymers, graft-branched copolymers, and a variety of star block systems. In comparison to 

random copolymers of identical comonomer composition, which exhibit properties that are 

intermediate between those of the parent homopolymers, and often predictable based on 

comonomer content obeying a simple rule-of-mixtures, block copolymers exhibit remarkable 

properties that stem from the individual character or function of their discrete blocks. The chemical 

nature of the different repeating monomers in the blocks, the number of blocks, block lengths, 

comonomer sequence distributions, and chain architectures (e.g., linear, graft-branched, star, etc.) 

define the copolymer’s operative physical and chemical properties.3-5 Moreover, thermodynamic 

immiscibility among chemically dissimilar blocks often drives self-assembly into well-ordered, 

micro-phase separated morphologies, as depicted in Figure 1.1, that can significantly enhance the 
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material properties. Block copolymers have thus received tremendous attention with respect to 

controlled synthesis, tailored morphological development, and customized physical properties 

with potential uses in self-assembled, nanostructured materials including structural and 

biomechanical materials, polymeric membranes for energy conversion and water purification 

systems, and blend compatibilization.6-8 The technological applicability of block copolymers is 

promising; however the generally arduous procedures required for block copolymer synthesis that 

often involve inert atmospheric conditions, well-controlled, sequential reaction timings, 

specialized initiators, and high purity monomers and solvents, often limits the utilization of block 

copolymers in commercial products.9,10 As a distinct alternative to the complex polymerization 

mechanisms and synthetic protocols employed in the conventional formation of block copolymers, 

this dissertation demonstrates that blocky copolymers with tailored chain sequences and micro-

phase separated morphologies can be achieved using a comparatively simple post-polymerization 

functionalization method carried out on a semicrystalline homopolymer in its heterogeneous gel 

state. This review begins with an overview of gradient copolymers and polydisperse block 

copolymer architectures, which can demonstrate similar physical properties to conventional 

monodisperse block copolymers. Post-polymerization functionalization methods carried out in 

heterogeneous reaction states are discussed. Semicrystalline polymer gels, gelation mechanisms, 

and gel morphology are discussed in detail, with particular emphasis on syndiotactic polystyrene 

(sPS) as a model semicrystalline homopolymer for the heterogeneous gel-state functionalization 

method. 
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Figure 1.1. Pictorial representation of a segmented/multiblock copolymer and the micro-phase separated 

morphology into which the block copolymer can self-assemble. 

 

The precise block copolymer architecture is not required to obtain copolymers with micro-

phase separated morphologies. For example, gradient copolymers differ from conventional block 

copolymers in that the transition from one monomer sequence to the other comonomer is gradual 

along the chain (gradient or tapered) as opposed to the abrupt transition between comonomers in 

block copolymers. Nevertheless, gradient copolymers can demonstrate similar physical properties 

to block copolymers, including their ability to self-assemble into ordered domains.11-16 Micro-

phase separation in block copolymers is governed by thermodynamic incompatibility between the 

dissimilar comonomer segments, copolymer composition, volume fraction of the monomer 

species, and the Flory-Huggins interaction parameter (χ). In addition, linear gradient copolymers 

must exhibit relatively high molecular weights, sufficiently narrow gradient segment lengths, and 

a critical segregation strength, χN, (where N is the chain length) of ca. 30 (relative to 10.5 in block 

copolymer), in order to phase separate.15 High molecular weights can actually be advantageous in 

copolymers because they improve the mechanical strength of the copolymer and adjust the order-

Micro-phase separated 

morphology

Block copolymer
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disorder transition temperature (i.e., the transition from the ordered phase to the homogenous 

disordered phase, χODT) to more industrially-feasible processing temperatures, which can be 

challenging to achieve in block copolymer systems through modern synthetic methods. Gradient 

copolymers with strong gradients, similar to the comonomer sequence of block copolymers, 

generally phase separate more-readily than gradient copolymers with weak gradients. Gradated 

sequence structure tends to increase the size of phase domains and generates diffuse “blurred” 

interfacial regions between the chemically distinct domains that vary in breadth depending upon 

gradient strength, copolymer composition, and sample heterogeneity (i.e., polydispersity).17-20 In 

gradient copolymer-based membranes, the diffuse phase boundary generates highly continuous 

phase domains, which improves the membrane’s transport properties over random and block 

copolymers without destroying the membrane’s mechanical integrity.21 Dispersity in the 

composition of gradient copolymers results in increased phase domain sizes, which suggests that 

the effective segregation between monomer components increases with greater 

polydispersity.14,17,18 

Block length polydispersity has also been reported to play a significant role in the phase 

behavior of block copolymers. Much of the understanding of the physical and morphological 

properties of polydisperse block copolymers is based on physical theories of polymer solutions 

and mixing.22-26 Dobrynin and Leibler22 simulated polydisperse multiblock copolymers and 

observed that increasing the block length polydispersity reduced the Flory-Huggins interaction 

parameter (χ) of the order-disorder transition (χODT). Furthermore, self-consistent field theory and 

random phase approximation have provided insight into the phase behavior of simulated 

multiblock copolymers, and support that χODT decreases significantly with increasing 

polydispersity at a fixed volume fraction of A units (ϕA).23,24 A decrease in χODT demonstrates an 
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increase in the order-disorder transition temperature through stabilization of the ordered phase.25,26 

Greater polydispersity was also found to lower the critical molar mass required to bring about 

micro-phase separation and leads to increased phase domain sizes.24,26-28 Empirical investigations 

of the effect of polydispersity on phase behavior have primarily employed AB diblock copolymers 

that contain a polydisperse A block and a monodisperse B block.29-32 Other studies have focused 

on multicomponent blends of monodisperse block copolymers, in which the blend compositions 

are varied systematically to control the polydispersity while maintaining a constant ϕA.33-36 These 

investigations demonstrate that polydisperse copolymers contain large phase domain sizes, 

consistent with the behavior predicted by the theoretical findings.37,38 The intriguing phase 

behavior of gradient copolymers and polydisperse multiblock copolymers reveals the relevance of 

developing new, straightforward, technologically-feasible methods to prepare copolymers with 

polydisperse, block-like distributions of comonomers. 

 

1.1.1. Heterogeneous powder state modification 

Heterogeneous reaction states are often employed in post-polymerization functionalization 

reaction schemes, in order to introduce functional groups to polymers that are insoluble in common 

reaction solvents.39 Unlike in a homogeneous solution where monomer units have an equal 

likelihood of reacting with a functionalizing reagent resulting in a statistically random copolymer, 

in the heterogeneous reaction state, monomer units that are far removed from the solid-liquid phase 

boundary are inaccessible to the functionalizing reagent, resulting in a non-random (i.e., blocky) 

distribution of functional groups along the chains. Copolymers prepared using heterogeneous 

reaction methods often exhibit properties that differ from solution-state (random) copolymers of 
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similar functional group content, attributed to their blocky microstructure.40,41 Genzer and 

co-workers,40-45 used results from experiments and simulations to extensively investigate the non-

homogeneous bromination of atactic polystyrene (aPS) in poor solvents, where polymer chains are 

in a collapsed conformation. In the collapsed state, portions of the chains were effectively shielded 

from the brominating reagent, resulting in blocky brominated styrene sequences. The copolymers 

prepared in poor solvents adsorbed to a silica surface more strongly than copolymers prepared in 

good solvents. Simulations of the heterogeneous post-polymerization functionalization reaction 

supported that introducing a brominating reagent to aPS in its collapsed state produces copolymer 

chains that contain more consecutive styrene monomers and more segments of consecutive 

brominated styrene monomers that are capable of adsorbing to a suitable surface.  

In addition to exhibiting properties that differ from their solution-state analogs, simulations 

by Khokhlov and Khalatur46,47 suggest that copolymers prepared using a heterogeneous post-

polymerization functionalization method will exhibit properties that depend on the polymer 

morphology. In their study, simulated protein-like AB copolymers were prepared by reassigning 

surface units in a dense A homopolymer globule to B units. The folding properties of the protein-

like AB copolymers were compared to that of simulated random copolymers and simulated 

random-block copolymers of the same A/B composition. The simulated random-block copolymers 

contained the same average length of A and B sequences (blocks) as the protein-like copolymers, 

however the A and B blocks were distributed along the chains based on a Poisson distribution. In 

simulations, the protein-like copolymers transitioned from a globular state to a coil state at higher 

temperatures and with faster kinetics than the analogous random and random-block copolymers, 

demonstrating that the protein-like copolymers inherited properties of the parent homopolymer 

globule. 



7 

1.1.2. Heterogeneous surface modification 

Surface treatment of polymer films with a functionalizing reagent can be used to impart 

useful functionalities that enhance the physicochemical properties (e.g., adhesion, wettability, etc.) 

of the material.48 The strength of the reagent, inherent properties of the polymer (e.g., porosity), 

and duration of the reaction influence the extent and depth of the polymer modification. For 

example, Borriello and coworkers49 investigated the post-polymerization sulfonation of solution 

cast and compression-molded sPS films, evaluating the interplay between sulfonating reagent 

diffusion and polymer phase morphology on sulfonation heterogeneity across the films. Solution 

cast films of sPS, which contain a porous crystalline phase and solvent swollen amorphous phase, 

demonstrate uniform sulfonation, attributed to rapid diffusion of sulfonating reagent through 

nanoporous phases in the film. In contrast, compression-molded films, which contain non-porous 

crystallites in a densely-packed amorphous chain matrix, exhibited a decreasing sulfonation 

gradient from the film’s surface to interior, consistent with slow diffusion of sulfonating reagent 

into the dense, non-porous, solid-state “bulk” film. The results of their analysis were similar to that 

observed for the sulfonation of atactic (amorphous) polystyrene films.50 Though the copolymer 

microstructures were not investigated, the heterogeneous reaction conditions used in these studies 

are expected to produce copolymers with a non-random distribution of functional groups whose 

sequence distributions depend on the film morphology. 

1.1.3. Heterogeneous gel-state functionalization reaction schemes 

Semicrystalline polymer gels are composed of lamellar crystallites that act as physical 

cross-links linking together a percolating network of solvent swollen amorphous chains.51 Reports 

of heterogeneous gel-state functionalization reactions in the literature set a precedent for utilizing 

gel-state reaction conditions to produce blocky copolymers.52,53 For example, we recently 
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demonstrated that the heterogeneous sulfonation of sPS and the sulfonation and bromination of 

poly(ether ketone) (PEEK) gels yields copolymers with blocky copolymer microstructures.52,53 

The gel-state functionalized sPS and PEEK copolymers demonstrated superior crystallizability and 

faster crystallization kinetics compared to their solution-state random analogs. In addition, 

quenched films of the gel-state brominated PEEK copolymers exhibited micro-phase separated 

morphology, similar to the phase behavior of conventional block copolymers. In contrast, solution-

state brominated PEEK copolymer analogs displayed a phase-mixed state. Based on a random 

phase approximation, the critical value of the χODT, above which the homogeneous mixed phase 

becomes unstable, is inversely proportional to the blockiness, referring to the state of segregation 

of comonomer units along the chains.22,54 Thus, phase separation is favored for copolymers with a 

high degree of blockiness, while a homogeneous, phase-mixed state is favored for copolymers 

with a low degree of blockiness. The gel-state brominated PEEK copolymers must therefore 

contain a highly blocky microstructure. Venditto and coworkers55 showed that exposing an aerogel 

of semicrystalline sPS to chlorosulfonic acid results in preferential sulfonation of the gel’s 

amorphous component. While copolymer microstructure was not directly explored in their 

investigation, the sulfonated aerogel was found to maintain the original gel morphology and 

showed superior water uptake relative to an unsulfonated analog. Ultimately, these results 

demonstrate that copolymers with a blocky microstructure can retain the properties of the pure 

homopolymer with the added advantage of distinct properties attributed to the functional 

component. 

Gel-state functionalized blocky copolymers are anticipated to have unique phase-separated 

morphologies unattainable in diblock copolymers, random copolymers, and monodisperse 

multiblock copolymers, stemming from block length polydispersity and blockiness that originates 
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from the gel morphology.56,57 The rest of this introduction will focus on the gelation mechanisms 

of semicrystalline polymers and gel morphology, starting with a brief overview of polymer gels 

and giving particular emphasis to sPS/solvent gels.  

 

1.1.4. Polymer gels 

Polymer gels are dilute or moderately dilute, three-dimensional (3D) continuous polymer 

networks that display solid-like behavior while physically confining a liquid or gas within the 

continuous network structure.58 Gels can be handled and placed in an excess of solvent without 

irreversibly damaging the gel network.59 Flory established a widely used classification system for 

polymer gels that is based on the network structures shown in Figure 1.2.60 Soaps and clays are 

examples of Type 1 gels, consisting of well-ordered lamellae arranged in parallel through 

electrostatic or van der Waals forces or dipolar interactions. Type 2 gels are covalent, i.e., 

chemically cross-linked, polymer networks. Covalent polymer gels (e.g., thermosets) are formed 

by reacting a polymer with a polyfunctional cross-linking agent or through a photochemical 

reaction between polymer chains that is often initiated by ultraviolet light (curing). Suitable liquids 

or gases can then adsorb into the pores of the cross-linked 3D network. Polymer gels with networks 

that form through the physical aggregation of polymer chains, i.e., physically cross-linked gels, 

are classified as Type 3 gels. Type 4 gels are particulate disordered structures consisting of liquid-

swollen, overlapping supramolecular particles. Protein aggregates are an example of 

supramolecules that form Type 4 gels. 

Physical polymer gels (Type 3) achieve an interconnected network structure through the 

formation of intermolecular physical bonds that act as junction points, i.e., physical cross-links, in 
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the continuous gel network. Physical cross-links can form via hydrogen bonding, ionic 

aggregation, host-guest interactions, complex formation, crystallization, helix formation, or phase 

separation.51 The physical cross-links are often thermally labile and are created and destroyed by 

simply cooling and heating, respectively. Thus, physical polymer gels are often termed 

thermoreversible gels. 

Semicrystalline polymer gels are formed from miscible mixtures of a semicrystalline 

polymer and a suitable solvent. Crystallization packs chain segments tightly together in lamellar 

crystallites that act as physical cross-links, confining the solvent molecules within the amorphous 

component of the polymer network. Heating the semicrystalline gel to a sufficiently high 

temperature melts the crystallites, destroying the interconnected network. Conversely, lowering 

the solution temperature to a suitable crystallization temperature induces crystallization, 

reconstructing the physically cross-linked network of crystallites. Examples of homopolymers that 

form semicrystalline gels include syndiotactic poly(methyl methacrylate),61 poly(phenylene 

sulfide),62 poly(vinyl chloride),63 poly(vinylidene fluoride),64 isotactic polypropylene65 and 

stereoregular polystyrene.66-69 The tactically pure syndiotactic polystyrene (sPS) is an ideal model 

homopolymer for gel-state functionalization chemistries because it forms semicrystalline 

thermoreversible gels with a broad range of halogenated and aromatic hydrocarbon solvents.70 



11 

 
Figure 1.2. Pictorial representations of Flory’s gel classifications: (a) Type 1: well-ordered lamellar gel (bilayer 

sheet); (b) Type 2: covalent polymer network (chemically cross-linked); (c) Type 3: polymer network formed 

through physical aggregation of polymer chains (physically cross-linked); and (4) Type 4: particulate disordered 

structure. 

1.1.5. Syndiotactic polystyrene 

Polystyrene is a well-recognized commercial plastic used in applications that include food 

and general storage containers and protective packaging materials.71 This processable form of 

polystyrene consists of phenyl groups that are randomly distributed on either side of the carbon 

backbone, which is designated as atactic, where tacticity refers to the configuration of monomer 

units along the chain. In 1986, the synthesis of syndiotactic polystyrene with high tactic purity was 

first reported.72 Syndiotactic polystyrene is a semicrystalline stereoregular form of polystyrene 

consisting of styrene units that alternate from side to side with respect to the carbon chain 

backbone. 

Syndiotactic polystyrene exhibits complex polymorphic behavior that is based on four 

main crystalline forms.73-76 The molecular chain conformations of the crystalline forms are shown 

in Figure 1.3. In the α- and β-forms, chain segments arrange in an all-trans-planar zigzag (T4) 

conformation. The α-form has a hexagonal unit cell of nine chains that are arranged in three-chain 

clusters in hexagonal columns, while the β-form is characterized by an orthorhombic unit cell of 

(a) (b)

(d)(c)
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four chains.77 Crystallites in the α- and β-form consist of chain-folded lamellae. The α-form 

crystallites are reported to be thinner than the β-form crystallites on average, and are expected to 

exhibit loosely looped (fringed micelle-like) surface chain folds, based on the relatively low 

density of the α-form (ρ = 1.033 g cm-3).78 Conversely, the higher density β-form crystallites (ρ = 

1.067 g cm-3) are expected to exhibit non-adjacently re-entering (switchboard-like) surface chain 

folds.78 Crystal structures of the trans-planar zigzag conformation form by annealing from the glass 

(cold-crystallization) or upon cooling from the melt (melt-crystallization). The α-form is 

kinetically favorable and is formed preferentially from amorphous sPS upon annealing above 200 

°C, or by melt-crystallization at temperatures well below the melting temperature (ca. 270 °C).79 

Crystallization from the melt at high temperatures (> 260 °C) favors the formation of the 

thermodynamically stable β-form. 

The δ- and γ-forms are defined by chain segments in a s(2/1)2 helical (TTGG) 

conformation. Solvent molecules induce the formation of the helical conformation through 

polymer-solvent (host-guest) interactions. The δ-form crystal structure has a monoclinic unit cell 

and can be further characterized by a co-crystalline molecular complex phase wherein solvent 

molecules reside either in the cavities of the helix between the chains (clathrate) or in continuous 

channels between the helical chains (intercalate, also referred to as the ϵ-form).70,77,80,81 The 

chemical nature of the guest molecule, which effects the polymer-solvent interactions, has been 

reported to influence the size of the δ-form crystallites. In particular, the correlation length (i.e., 

the distance over which structural order is maintained) along the axis perpendicular to the chain 

axis in the crystal has been reported by Daniel and co-workers to increase with increasing strength 

of the polymer-solvent interactions.82,83 In these reports, however, the relationship between the 

guest chemical nature and the strength of the interactions is not well understood. 



13 

Solvent extraction by supercritical carbon dioxide (scCO2) removes the guest solvent 

molecules from the cavities, resulting in a nanoporous emptied δ-form (δe).
84-86 Evaporative drying 

processes (e.g., annealing above the glass transition temperature) also remove the guest solvent 

molecules, however tension at the solvent-vapor interface collapses the nanopores resulting in a 

new monoclinic unit cell, designated as the γ-form.87 The γ-form is also formed directly using 

solvents that are incapable of intercalating into the cavities between the helical chains (e.g., 

acetone, 1,1,2,2-tetrachloroethane).77 The helical crystal structures are believed to be chain-

extended due to enhanced chain rigidity that results from the formation of polymer-solvent 

molecular complexes.75 The thermal and solvent processing conditions that can be used to obtain 

the crystalline forms of sPS are summarized in Scheme 1.1. 

Crystallites of the α-form transform to the δ-form upon exposure to solvent. The β-form 

crystallites do not transform to the δ-form, and thus can potentially co-exist with crystallites in the 

δ-form.77 The β-form has also been reported to form during solvent processing conditions.70,74,82,88 

Gowd et al.77 speculate that the mechanism for crystallization to the β-form in the presence of 

solvent molecules proceeds at elevated temperatures by way of a transformation of δ-form 

crystallites to the thermodynamically more stable β-form. However, temperature versus polymer 

 
Figure 1.3. Molecular chain conformations of the crystalline forms of sPS. The TTGG helical conformation contains 

cavities into which suitable guest molecules can be adsorbed. Adapted with permission from Elsevier.77 

Cavity
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concentration phase diagrams of sPS in a broad range of solvents suggest that the β-form 

crystallites form through a nucleation and growth process, which is discussed in more detail below 

in subsection 1.1.7.74,88 The helical δ-form crystallites form the crystalline physical cross-links 

observed in sPS/solvent gels. 

1.1.6. Gelation mechanisms 

Syndiotactic polystyrene gels, like many other semicrystalline polymer gels,61-65,67,69 form 

from homogeneous solutions of the polymer and a suitable solvent upon cooling the solution 

(monophasic) below the solution-gelation (sol-gel) transition, which induces a liquid-liquid phase 

separation (biphasic) that is followed by crystallization.59,68 Gelation is dependent on solvent, 

polymer content, and temperature. Figure 1.4 shows a typical temperature versus polymer 

concentration phase diagram for a semicrystalline polymer that displays liquid-liquid phase 

separation with an upper critical solution temperature (UCST).89 The phase diagram is divided into 

three regions. In the monophasic region, above the binodal (coexistence) curve, the 

polymer/solvent system exists as a homogenous mixture. Below the binodal curve, two biphasic 

Scheme 1.1. Schematic representation of the crystallization and interconversion pathways between the polymorphs 

of sPS. Dotted lines indicate transitions that occur either in the presence of supercritical CO2 (γ → β) or excess 

solvent in the amorphous phase. Reprinted with permission from Elsevier.77 
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regions emerge that derive from a liquid-liquid phase separation, the metastable region between 

the binodal and spinodal curves and the unstable region below the spinodal curve. Within the 

unstable region, infinitesimal fluctuations in composition and density result in spinodal 

decomposition (i.e., rapid unmixing), generating a continuous polymer-rich phase and a 

continuous polymer-poor phase of interconnected morphology. Crystallization occurs in the 

polymer-rich phase, establishing a gel network structure. In the metastable region, liquid-liquid 

phase separation proceeds via a nucleation and growth mechanism at localized nucleation sites. At 

low polymer concentration, the nucleation sites exist in polymer-rich regions that are dispersed by 

a polymer-poor solvent matrix, resulting in a morphology of disconnected globules of 

semicrystalline polymer. At high polymer concentration, polymer-poor regions are dispersed 

within a polymer-rich phase, producing a continuous semicrystalline network that contains 

dispersed solvent clusters. Thus, the gel morphology is highly dependent on temperature, polymer 

concentration, and the mechanism of liquid-liquid phase separation. 

 
Figure 1.4. Temperature versus polymer concentration phase diagram for a polymer solution that exhibits an upper 

critical solution temperature (Tc) at a critical concentration (ϕc).  
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1.1.7. Syndiotactic polystyrene/solvent gelation and gel morphology 

Syndiotactic polystyrene gels consist of fibrillar network structures that form via liquid-

liquid phase separation followed by crystallization in the polymer-rich phase, generating a 

continuous gel network. Crystallization occurs through a solvent induced process in which 

polymer-solvent interactions transform randomly coiled chain segments into short s(2/1)2 helical 

segments.74,77 Over time, the short helical segments form longer helical segments and aggregate 

into δ-form crystalline lamellae that act as junction points in the physical gel network. The fibrillar 

crystalline component that constitutes the gel network is often referred to as the δ phase or 

molecular complex phase, based on the presence of the helical δ-form co-crystalline polymorph. 

The temperature versus polymer concentration phase diagram of sPS/solvent gels is 

complicated by the polymorphic behavior of sPS. Figure 1.5 shows a typical temperature versus 

polymer concentration phase diagram for sPS. The sPS in bromoform (CHBr3) phase diagram was 

constructed by De Rudder and co-workers88 using thermal transition information obtained from 

differential scanning calorimetry (DSC). In this study, sPS/CHBr3 samples of varying polymer 

content were homogenized at high temperature, cooled to a low temperature to observe the 

exothermic transitions (gelation or crystallization), and then reheated to observe the endothermic 

transition (melting). Gelation was evident at polymer contents between 10−50 mol%, indicated by 

a low temperature exotherm (open circles) and a relatively low temperature endotherm (filled 

circles) ascribed to the s(2/1)2 helical δ phase. At intermediate polymer content, in the range 50−70 

mol% sPS, both gelation and crystallization are observed, demonstrated by the coexistence of the 

s(2/1)2 helical δ phase and trans-planar zigzag β-form crystallites. This behavior appears to suggest 

the occurrence of competing processes of spinodal decomposition and nucleation and growth in a 

transition toward the metastable region of the phase diagram. Above 70 mol% sPS, the phase 
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diagram shows only crystallization and melting of β-form crystallites. sPS/solvent systems that 

contain a trans-planar zigzag β phase have been reported to exhibit a lamellar morphology of 

interconnected lamella crystallites. Though the sPS/solvent systems that display a lamellar 

morphology have been reported as paste-like gels in the literature, these systems appear to be better 

defined as a suspension of crystallites rather than a semicrystalline polymer gel.60,70,82,90 

The stability of the helical δ phase, and thus the fibrillar gel network structure in 

sPS/solvent systems, is dependent on solvent quality. In good solvents, like CHBr3, the helical δ 

phase is observed even at high polymer content.88 As solvent quality decreases, the stability of the 

helical δ phase has been reported to also decrease.74 For example, in the sPS/CHCl3 solvent system, 

a very good solvent for sPS, the melting of β-form crystallites is not observed until polymer 

concentrations of at least 40 mol%. Meanwhile, in the sPS/TCB solvent system, a reportedly poor 

solvent for sPS, the melting of β-form crystallites was observed at just 20 mol% sPS. In non-

complexing solvents, the β phase has been found to form preferentially.70,90 This gelation behavior 

suggests that polymer-solvent interactions between the polymer chains and a good solvent leads 

 
Figure 1.5. Phase diagram of sPS in bromoform. Adapted with permission from De Rudder, J.;  Berghmans, H.;  De 

Schryver, F. C.;  Bosco, M.; Paoletti, S., Macromolecules 2002, 35 (25), 9529-9535.88 Copyright 2002 American 

Chemical Society. 

 = gelation

⚫ = melting point gelation

 = crystallization

◼ = melting point crystals

 = melting point bromoform
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to the preferential formation of helical chain conformations that consist of co-crystalline molecular 

complexes. 

The ability of a solvent to form molecular complexes with sPS is dependent on the size of 

the solvent molecule and the solvent quality. Mochizuki et al.70 conducted a broad investigation of 

solvents that are able to form gels with sPS. Remarkably, out of the 62 solvents tested, 38 formed 

polymer-solvent molecular complexes with sPS that resulted in a fibrillar gel network of the 

s(2/1)2 helical δ phase. Syndiotactic polystyrene is capable of forming polymer-solvent molecular 

complexes with solvents whose molecular volume ranges from 69−153 Å3 and whose Fedors’ 

solubility parameter (SP) value ranges from 8.8−12.3 (cal/cm3)1/2, around the calculated SP value 

of sPS (10.4 (cal/cm3)1/2).  

Depending on solvent quality, the morphology of a sPS/solvent system can change 

significantly over a relatively narrow concentration range.70 As discussed above, good solvents 

like CHBr3 and CHCl3 form continuous fibrillar gel network structures even at high polymer 

concentrations of ca. 50 and 40 mol% sPS, respectively.74,88 Figure 1.6 compares the morphology 

of sPS/benzyl alcohol systems ranging in polymer concentration from 0.9 w/w% to 13.6 w/w%. 

Benzyl alcohol is a relatively poor solvent for sPS and exhibits an SP value of ca. 12 (cal/cm3)1/2 

and a molecular volume of 110 Å3.70 At low polymer content, 0.9 w/w% and 2.7 w/w%, the 

morphology of the sPS/solvent system consists of a continuous fibrillar network ascribed to the 

s(2/1)2 helical δ phase.70 In contrast, at concentrations of just 4 w/w% and above the morphology 

is remarkably different, consisting of lamellar spherulitic structures of the β-form crystalline phase.  

Thus, the morphology of the sPS/solvent system is clearly dependent on the polymer content and 

again, on the solvent quality. 
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For sPS/solvent systems that are capable of forming gels with sPS, the polymer-solvent 

interactions strongly impact the gel morphology, e.g., the structural order, size, and thickness of 

the crystallites, and the clustering of crystallites in the polymer-rich phase of the gel network. 

Kobayashi et al.91  investigated the structure formation and gelation of sPS/solvent systems using 

Fourier transform infrared spectroscopy (FTIR). They observed that solutions of sPS in benzene, 

carbon tetrachloride (CCl4), and 1,2-dichlorobenzene (o-DCB) contained aggregates of ordered 

s(2/1)2 helical conformations (i.e., crystal clusters) at concentrations below the critical 

concentration required for the formation of a continuous physical gel network, i.e., below 

concentrations of 0.2 w/v%. The authors termed these stable s(2/1)2 helical aggregate structures 

“microgels.” Solutions of sPS in CHCl3, a better solvent for sPS, were also investigated. Microgels 

were not observed in the sPS/CHCl3 systems and the critical concentration for gelation was higher 

(2.2 w/v%) than in the sPS/CCl4 and sPS/o-DCB systems. In addition, the evolution of 

conformational order (i.e., gelation) in the sPS/CHCl3 system required a long period of time. The 

mechanisms of conformational ordering were classified into types. In the sPS/CHCl3 system 

 
Figure 1.6. SEM micrographs of sPS/benzyl alcohol systems after drying under vacuum. Initial polymer 

concentrations are included above or below the images. The 0.9 w/w% and 2.7 w/w% systems are gels with fibrillar 

network structure. The 4.0−13.6 w/w% systems are paste-like particle suspensions and contain lamellar structures. 

Adapted with permission from Elsevier.70 

0.9 w/w% 2.7 w/w% 4.0 w/w%

6.4 w/w% 8.0 w/w% 13.6 w/w%
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conformational order arose from the aggregation of several helical chain segments, where the 

number of helical chain segments required to form a stable aggregate was reported to increase with 

temperature. In the poor solvent systems, a self-organization mechanism involving a single helical 

chain segment was recognized at temperatures below room temperature. Morphological 

characterization of the sPS/CHCl3 gels provided by small angle neutron scattering (SANS) and 

Fourier transform infrared (FTIR) spectroscopy experiments revealed that the sPS/CHCl3 gel 

morphology was remarkably different from that of the sPS/CCl4 and sPS/o-DCB gels.92 At early 

times, the sPS/CHCl3 demonstrated sol-type behavior, characterized by small star-like segmental 

aggregates that were connected to each other over long distances. Over a long period of time, 

several hours to days, an immobilized gel structure developed. The SANS profiles and infrared 

spectra strongly suggested that the aggregates of helical chain segments in the sPS/CHCl3 were 

poorly developed, the s(2/1)2 helical conformations were disordered, and the gel morphology 

consisted of loosely packed helical chain aggregates. Specifically, they described the sPS/CHCl3 

gel morphology as being situated “in between those of a well-developed cluster (a continuous 

fractal object) and an ensemble of starlike segmental coagulates which entangle each other.”92 

Conversely, the sPS/CCl4 and sPS/o-DCB systems exhibited typical gel-type behavior and well-

ordered s(2/1)2 helical chain segments. Thus, lower polymer solubility appears to favor polymer 

aggregation. When a high density of aggregation states is present in the polymer-rich phase, faster 

gelation rates are observed. 

 The impact that solvent quality has on the sPS/solvent gel morphology is evidenced by the 

observable differences in the sPS/solvent gel turbidity.82,83 The visible light transmittance of 

sPS/solvent gels has been reported to range from 0.6% to 79% depending on the gelation solvent.83 

Daniel and co-workers82,83 compared the gel light transmittance of a broad range of sPS/solvent 
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gels to the size of crystallites in the direction perpendicular to the chain axis provided by wide-

angle X-ray diffraction (WAXD). Gel transparency was reported to decrease with increasing 

crystallite size; though, the largest crystallite sizes were found to be ca. 14 nm, too small to 

effectively scatter visible light (ca. 380 nm < λVis < 470 nm). The authors therefore suggested that 

gel turbidity must also indicate an increase in the size of the crystalline domains along the direction 

perpendicular to the chain axis. Based on the findings of Kobayashi et al., the visible light 

scattering in the sPS/solvent gels appears to be caused by clusters of crystallites within the gel 

network, whose presence depends on the gelation solvent.91,92 Morphological characterization of 

sPS/solvent gels using ultra-small-angle X-ray scattering (USAXS) experiments to investigate 

large structural features in the gel network has not been reported in the literature. 

 

As discussed previously, the semicrystalline polymer gel is composed of tightly packed 

chain segments in lamella crystallites that act as physical cross-links bound together by a 

percolating network of solvent swollen amorphous chains. When a functionalizing reagent is 

introduced to the heterogeneous gel network, it is sterically excluded from the crystalline 

component, and thus only reacts with monomer units in the accessible interconnecting amorphous 

component. Using this straightforward post-polymerization functionalization approach, the 

resulting copolymer is likely to contain a blocky copolymer microstructure of separate segments 

of randomly functionalized “blocks” and un-functionalized “blocks” originating from monomer 

units that were isolated within the crystalline domains of the gel network, represented in Scheme 

1.2. Here, the term “blocky copolymer” is used as a description of gel-state functionalized 

copolymers, implying a significant degree of non-randomness in the distribution of comonomers 
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along the copolymer chain, as well as significant block length polydispersity relative to that of 

conventional segmented/multiblock copolymers. Gel-state functionalized blocky copolymers are 

anticipated to have unique phase-separated morphologies unattainable in diblock copolymers, 

random copolymers, and monodisperse segmented/multiblock copolymers, stemming from their 

block length polydispersity and blockiness that originates from the gel morphology. Given the 

ability to control the precise morphology of the semicrystalline gel network, specifically through 

changing the polymer concentration, gelation solvent, and/or gelation conditions, copolymers that 

contain distinct blocks of highly functionalized segments with tunable sequence distributions, 

chemical composition, and copolymer properties are anticipated.  

Scheme 1.2. Schematic representation of the post-polymerization functionalization of a semicrystalline polymer in 

the (left) homogeneous solution-state (Random) and (right) heterogeneous gel-state (Blocky). 

 

 

Block copolymers are a unique class of macromolecules that have received tremendous 

attention with respect to controlled synthesis, tailored morphological development, and 

customized physical properties. The self-assembly of block copolymers into well-ordered, micro-

phase separated morphologies, driven by thermodynamic immiscibility between the chemically 
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dissimilar blocks, can significantly enhance the material properties of block copolymers, rendering 

them useful for a broad range of potential applications in self-assembled, nanostructured materials. 

Nevertheless, the arduous procedures required for block copolymer synthesis generally limits the 

scope of their commercial application. As a distinct alternative to the complex polymerization 

mechanisms and synthetic protocols employed in the conventional formation of block copolymers, 

a physical polymer chemistry approach is proposed to produce blocky copolymer microstructures 

in semicrystalline polymers using a post-polymerization functionalization method carried out in a 

heterogenous gel state. Reports of heterogeneous reaction schemes in the literature set a precedent 

for utilizing gel-state reaction conditions to produce copolymers with blocky microstructures and 

tailored chain sequences. Semicrystalline thermoreversible polymer gels are composed of a 

physically cross-linked network of tightly packed chain segments in lamella crystallites tied 

together by a percolating network of solvent swollen amorphous chains. When a functionalizing 

reagent is introduced to the heterogeneous gel network, it is sterically excluded from the crystalline 

component, and thus only reacts with monomer units in the accessible interconnecting amorphous 

component. The resulting copolymer is thus likely to contain a blocky distribution of functional 

groups with un-functionalized “blocks” originating from monomer units that were isolated within 

the crystalline domains of the gel network. Copolymers that contain a highly blocky 

microstructures are expected to show similar physical properties to block copolymers, including 

their ability to self-assemble into ordered domains. Syndiotactic polystyrene is an ideal model 

polymer for this simple gel-state functionalization approach because of its ability to form 

semicrystalline thermoreversible gels in a broad range of solvents. Given the ability to control the 

precise gel morphology, specifically through changing the polymer concentration, gelation 

solvent, and gelation conditions, copolymers that contain distinct blocks of highly functionalized 
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segments with tunable sequence distributions, chemical composition, and copolymer properties 

are anticipated.  

This dissertation demonstrates the bromination of sPS in the homogeneous solution-state 

and the heterogeneous gel and powder states to produce random and blocky brominated sPS 

(sPS-co-sPS-Br) copolymers, respectively. The purpose of this research was to investigate the use 

of gel-state bromination as a simple and facile post-polymerization functionalization method to 

prepare semicrystalline blocky copolymers with relatively high degrees of functionality. Chapter 

2 reports the first post-polymerization bromination of sPS in solution and in the heterogeneous 

gel-state to produce a matched set of random and blocky brominated copolymers. In Chapter 3, 

the first high-resolution comonomer sequencing of brominated sPS copolymers is reported, based 

on pentad assignments of the quaternary carbon region of the quantitative 13C NMR spectrum. 

Described in Chapter 3 is the development of a comonomer sequencing method for brominated 

sPS copolymers that has been used to obtain a deeper understanding of the relationship between 

the sPS/solvent gel morphology and the copolymer microstructure and degree of blockiness that 

results from gel-state functionalization. The structure-property relationship between the 

sPS/solvent gel morphology and the copolymer microstructure and thermal properties is further 

investigated in Chapter 4 through the comparison of a matched set of gel-state brominated 

copolymers prepared from an sPS/CCl4 gel and an sPS/CHCl3 gel. Chapter 5 describes the blocky 

bromination of sPS copolymers using a post-polymerization functionalization method carried out 

in the heterogeneous powder state to investigate the effect of the heterogeneous reaction state on 

the copolymer microstructure, degree of blockiness, and crystallization behavior. Finally, 

conclusions of this research, its broader impacts, and suggested future work are provided in 

Chapter 6.  
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This work demonstrates the successful blocky bromination of syndiotactic polystyrene 

(sPS-co-sPS-Br) copolymers containing 6-30 mol% p-bromostyrene units, using a post-

polymerization functionalization method conducted in the heterogeneous gel state. For 

comparison, a matched set of randomly brominated sPS-co-sPS-Br copolymers was prepared using 

homogeneous (solution-state) reaction conditions. The degree of bromination and copolymer 

microstructure were evaluated using 1H and 13C nuclear magnetic resonance (NMR) spectroscopy. 

The NMR spectra of gel-state (Blocky) and solution-state (Random) copolymers exhibit strikingly 

different resonance frequencies and peak intensities above 6 mol% Br and provide direct evidence 

that functionalization in the gel state produces copolymers with non-random “blocky” 

microstructures. Quenched films of the Blocky copolymers, analyzed using ultra-small-angle X-

ray scattering (USAXS) and small-angle X-ray scattering (SAXS), show micro-phase separated 

morphologies, which further supports that the Blocky copolymers contain distinct segments of 
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pure sPS and segments of randomly brominated sPS unlike their completely Random analogs. 

Crystallization behavior of the copolymers, examined using differential scanning calorimetry 

(DSC), demonstrates that the Blocky copolymers are more crystallizable and crystallize faster at 

lower supercooling compared to their Random analogs. Computer simulations of the blocky 

copolymers were developed based on the semicrystalline morphology of a 10 w/v% sPS/CCl4 gel, 

to rationalize the effect of heterogeneous functionalization on copolymer microstructure and 

crystallization behavior. The simulations were found to agree with the microstructural analysis 

based on the NMR results and confirm that restricting the accessibility of the brominating reagent 

to monomers well removed from the crystalline fraction of the gel network produces copolymers 

with a greater prevalence of long, uninterrupted sPS homopolymer sequences. Thus, the blocky 

microstructure is advantageous for preserving desired crystallizability of the resulting blocky 

copolymers. 

 

Block copolymers are a class of macromolecules, characterized by two or more chemically 

distinct polymer segments linked together through covalent bonds.1, 2 The individual 

characteristics of the discrete block segments, for example the chemical nature of the repeating 

monomers, block lengths and distribution, number of blocks, and chain architectures, govern the 

chemical and physical properties of the block copolymer. Moreover, the thermodynamic 

immiscibility between chemically dissimilar blocks often drives self-assembly into well-ordered, 

micro-phase separated morphologies that can significantly enhance the material properties. The 

technological applicability of block copolymers is promising; however, the generally arduous 

procedures for block copolymer synthesis, often involving inert atmospheric conditions, well-
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controlled, sequential reaction timings, specialized initiators, and high purity monomers and 

solvents, generally limits the scope of their commercial application. To achieve crystallizable 

block copolymers, stereo/regiocontrolled living polymerization mechanisms are generally 

necessary, which presents an additional challenge that often requires the development of system-

specific catalysts and significant synthetic skill.3 

As a distinct alternative to the complex polymerization mechanisms and synthetic protocols 

employed in the conventional formation of block copolymers, our recent efforts have demonstrated 

that blocky copolymer microstructures can be achieved using comparatively simple post-

polymerization functionalization chemistries carried out on semicrystalline homopolymers in their 

heterogeneous gel state.4, 5 Herein, the term “blocky copolymer” will be used as a description of 

gel-state functionalized copolymers, implying a significant degree of non-randomness in the 

distribution of comonomers along the copolymer chain.  

Gels of crystallizable homopolymers (e.g., sPS) are composed of tightly packed chain 

segments in lamella crystallites that act as physical cross-links bound together by a percolating 

network of solvent swollen amorphous chains.6-10 When a functionalizing reagent is introduced to 

the heterogeneous gel network, it is sterically excluded from the crystalline component, and thus 

only reacts with monomer units in the accessible interconnecting amorphous component. Using 

this straightforward post-polymerization functionalization approach, the resulting copolymer is 

likely to contain separate segments of randomly functionalized “blocks” and un-functionalized 

“blocks” originating from monomer units that were isolated within the crystalline domains of the 

gel. By controlling the precise morphology of the semicrystalline gel, specifically the crystallite 

dimensions and degree of crystallinity, distinct blocks of highly functionalized segments with 

tunable sequence distributions and chemical compositions are anticipated. 
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Heterogeneous functionalization reaction schemes reported in the literature set a precedent 

for utilizing gel-state reaction conditions to produce copolymers with blocky microstructures. For 

example, we recently demonstrated that the heterogeneous sulfonation of sPS4 and poly(ether ether 

ketone)5 (PEEK) gels, yields ionomers with a blocky distribution of functionalities along the 

chains. The gel-state sulfonated sPS and PEEK ionomers demonstrated superior crystallizability 

and faster crystallization kinetics compared to their solution-state sulfonated random analogs, 

consistent with copolymers with blocky microstructures. Similarly, Venditto and coworkers11 

showed that exposing a gel of semicrystalline syndiotactic polystyrene (sPS) to chlorosulfonic acid 

results in preferential sulfonation of the gel’s amorphous component. While evidence of a blocky 

microstructure was not directly explored, their heterogeneous method is effectively equivalent to 

our gel-state sulfonation approach4, 12, 13 to produce blocky copolymers. In earlier work, Borriello 

and coworkers14 investigated the post-polymerization sulfonation of solution cast or compression-

molded sPS films, evaluating the interplay between sulfonating reagent diffusion and reaction 

processes on sulfonation heterogeneity across the films. Solution cast films demonstrated uniform 

sulfonation, attributed to rapid diffusion of sulfonating reagent through nanoporous phases in the 

film. In contrast, compression-molded films exhibited a decreasing sulfonation gradient from the 

film’s surface to interior, consistent with slow diffusion of sulfonating reagent into the non-porous, 

solid-state “bulk” film. This result is also similar to that observed for the sulfonation of atactic 

polystyrene (aPS) films.15 Genzer and coworkers16-21 used experimental and theoretical results to 

extensively investigate the bromination of aPS in poor solvents, where polymer chains are in a 

collapsed conformation. In this collapsed state, portions of the chains were effectively shielded 

from the brominating reagent, resulting in blocky brominated styrene sequences. Others have 

performed post-polymerization bromination22 or acetylation23 on suspended sPS powders, though 
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copolymer microstructure was not investigated in these studies. Ultimately, to produce sPS-based 

copolymers that retain crystallizability of the sPS component with the added advantage of distinct 

properties attributed to the functional component, block or blocky copolymer microstructures are 

required.24-26  

This work reports the first post-polymerization bromination of sPS in solution and in the 

heterogeneous gel-state to produce a matched set of random and blocky brominated sPS 

(sPS-co-sPS-Br) copolymers (Scheme 2.1). The purpose of this research was to prepare 

semicrystalline blocky copolymers with relatively high degrees of functionality using a facile, 

post-polymerization functionalization method. To investigate how the specific distribution of 

functional groups along the chains effects copolymer properties, NMR spectroscopy was used to 

evaluate the copolymer microstructure, X-ray scattering techniques were used to investigate the 

copolymer film morphology, and differential scanning calorimetry (DSC) was used to probe the 

crystallizability and crystallization kinetics of the copolymers. In order to obtain further insight 

into the effect of gel-state bromination on copolymer microstructure and to rationalize the effect 

of copolymer microstructure on the observed crystallization behavior, computer simulations of the 

random and blocky copolymers have been developed. Through this work, post-polymerization 

functionalization carried out in the gel state is proven to be a facile approach to prepare 

semicrystalline sPS-co-sPS-Br copolymers with blocky microstructures and tunable crystallization 

properties. Given a wealth of aromatic Br substitution chemistries,27-29 the broader scope of this 

work is to use these blocky brominated sPS copolymers as templates to produce new functional 

materials with desirable physical and chemical properties that originate from the easily obtained 

blocky microstructure. 
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Scheme 2.1 Schematic representation of sPS bromination via post-polymerization functionalization in solution and 

in the heterogeneous gel state. Reproduced by permission of The Royal Society of Chemistry. 

 

 

2.3.1. Materials 

Syndiotactic polystyrene (Questra® 102) of 300,000 g mol-1 weight average molecular 

weight (Mw) was obtained from Dow Chemical Company. Carbon tetrachloride (CCl4), 1,1,2,2-

tetrachloroethane (TCE), and 1,2-dichloromethane (DCM) were purchased from Fischer Scientific 

Company. Bromine (Br2) was obtained from Sigma Aldrich®. The Lewis acid catalyst, ferric (III) 

chloride (FeCl3), was purchased from VWR International LLC. All chemicals and reagents were 

used as received. 

2.3.2. Gel-state bromination to produce Blocky copolymers 

To prepare the gel, sPS (2.5 g, 0.83 μmol) pellets were first dissolved in CCl4 (25 mL) in 

a pressure vessel at 120-140 °C, then removed from heat to promote gel formation. The gel formed 

within a period of one hour and was stored at room temperature for ca. 24 h prior to use. Using a 

spatula, the gel was broken into small pieces (ca. 1-3 mm), transferred to a round bottom flask and 

dispersed in DCM (final sPS concentration of 3 w/v%). After addition of FeCl3 (68 mg, 0.42 
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mmol), the flask was placed in an ice bath and purged with argon for 30 min. To brominate the 

sPS gel, a stock solution of 50 w/w% Br2 in DCM (4.3 mL Br2, 0.084 mol) was added dropwise 

to the reaction vessel over two hours. In order to minimize bromination of the backbone by 

bromine radicals (Br●), the reaction was carried out in the dark under argon at room temperature.27 

To control the degree of bromination, reactions were halted after 6, 18, 24, or 51 hours by pouring 

the suspensions into stirred methanol. All samples were purified by dissolving in TCE, filtering, 

and precipitating in methanol to recover a white product. Prior to analysis, samples were ground 

into homogenous powders, washed by soxhlet extraction in hot methanol for ca. 24 h, and dried 

under vacuum at 110 °C for ca. 18 h. 

2.3.3. Bromination in the solution-state to produce Random copolymers 

To prepare the solution, sPS pellets (2.0 g, 0.67 μmol) were dissolved in TCE (25 mL) at 

130 °C. The solution temperature was lowered to 50 °C, FeCl3 (5 mol% based on the amount of 

Br2) was added, and the solution was purged with argon for ca. 30 min. Bromine stock solution 

was added dropwise and the reaction was allowed to proceed for 2 h in the dark under argon at a 

final sPS concentration of 1 w/v%. To control the degree of bromination, reactions were carried 

out using mol ratios of Br2 to styrene monomer of 0.10:1, 0.30:1, 0.40:1, or 0.70:1. Reaction 

solutions were poured into stirring methanol, filtered, washed, and dried to yield an off-white 

product. Samples were purified by dissolving in TCE and precipitating in methanol. All samples 

were homogenized by grinding, washed by soxhlet extraction in hot methanol for ca. 24 h, and 

dried under vacuum at 110 °C for ca. 18 h. 
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2.3.4. NMR spectroscopy 

Microstructure analysis was carried out using nuclear magnetic resonance (NMR) 

spectroscopy. 1H NMR, 1H-13C heteronuclear single quantum coherence (gHSQC), and 1H-13C 

band-selective heteronuclear multiple bond correlation (bsgHMBC) experiments were recorded at 

room temperature in CDCl3 or TCE-d2 on an Agilent U4-DD2 400 MHz spectrometer. 

Quantitative 13C NMR experiments were recorded at room temperature in TCE-d2 on a Bruker 

Avance II 500 MHz spectrometer (C13IG parameter set, proton decoupled, relaxation delay of 6 

sec, O1P of 95, and sweep width of 150 ppm). Determination of the degree of bromination (mol% 

Br) from the 1H NMR spectrum is described in the Results and Discussion section. 

2.3.5. Thermal properties and crystallization kinetics 

Copolymer thermal transitions and crystallization kinetics were probed using differential 

scanning calorimetry (DSC, TA Instruments DSC Q2000) under continuous nitrogen flow to 

minimize polymer degradation. To investigate crystallizability under specific cooling conditions, 

samples were first annealed at 300 °C for 3 min to erase thermal history, then cooled to 0 °C at 

−60 °C min-1
 (rapid cool) or −10 °C min-1 (slow cool). Isothermal crystallization from the melt 

(300 °C held for 5 min and cooled at −60 °C min-1) was carried out at 190 °C for 2 h. All heating 

scans were recorded at 10 °C min-1. TA Instruments Universal Analysis software was used to 

determine glass transition temperatures (Tg), crystallization temperatures at maximum exothermic 

heat flow (Tc), and melting temperatures at maximum endothermic heat flow (Tm). To ascertain 

crystallization half-times (t1/2), defined as the time at which a material attains 50% of its maximum 

crystallinity, samples were subjected to isothermal crystallization at specific crystallization 

temperatures below Tm. The isothermal crystallization profiles (heat flow versus time) were 

analyzed using the following approach: 
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(1) 

where Fc(t) is the bulk fractional crystallinity of the functionalized copolymer systems, equal to 

the heat evolved during isothermal crystallization at a specific time t divided by the total heat 

evolved during the isothermal crystallization process. The resulting crystallization isotherms (Fc 

versus time) were used to determine t1/2 by extrapolating Fc at 0.5 to the time axis, and these t1/2 

values were used as a comparative measure of the overall rate of bulk crystallization. 

2.3.6. Ultra-small-angle and small-angle X-ray scattering 

Films were prepared from powders of the sPS homopolymer and Random and Blocky 

copolymers by melt pressing between Kapton sheets at 30 °C above Tm for 20 s at 2200 psi then 

for 20 s at 4500 psi, followed by quenching in ice water to prevent sPS crystallization. Ultra-small-

angle X-ray scattering (USAXS) and small-angle X-ray scattering (SAXS) experiments were 

performed at the Advanced Photon Source beamline 9ID-C at Argonne National Laboratory.30-32 

The USAXS instrument was configured in standard mode with an X-ray energy of 21 keV (λ = 

0.5895 Å), X-ray photon flux of ca. 1013 mm-2 s-1, and a combined q range of 0.0001–1.3 Å-1 (q 

= 4π/λ sin(θ), where λ is the wavelength and θ is one-half of the scattering angle). The USAXS 

and SAXS profiles were acquired sequentially and merged into a single data set using the Irena 

SAS package.33 The observed scattering features in the desmeared USAXS/SAXS profiles were 

analyzed using the Unified Fit, described in the Irena tool suite.33 

2.3.7. Wide-angle X-ray diffraction 

Wide-angle X-ray diffraction (WAXD) experiments were performed using a Rigaku 

MiniFlex II X-ray diffractometer emitting X-rays with a wavelength of 0.154 nm (Cu Kα). Samples 
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were scanned from 5° to 35° 2θ at a scan rate of 0.250° 2θ min-1 and a sampling window of 0.050° 

2θ at a potential of 30 kV and current of 15 mA. All WAXD data were analyzed using the PDXL 

2 software package to obtain WAXD intensity versus 2θ profiles. 

2.3.8. Simulations of random and blocky copolymer microstructures 

Representative chain microstructures resulting from the homogeneous and heterogeneous 

reaction states for sPS bromination were simulated using a code created with MATLAB® R2017a 

programming software (the code used for these simulations is provided in section 2.8). For each 

degree of functionalization, the MATLAB® code simulates 1000 homopolymer chains of 1442 

monomer units (based on our sPS sample, Mw = 300K; Đ = 2.0). To simulate the random 

microstructure resulting from homogeneous solution-state functionalization, monomers along the 

chain are selected at random up to the desired degree of bromination. To simulate the blocky 

microstructure resulting from functionalization in the semicrystalline gel state, an inaccessible 

fraction of monomers, representing crystalline chain segments in the physical gel, was first 

established prior to random bromination of the remaining accessible fraction, representing the 

amorphous chain segments of the gel. The rationalization for the specific inaccessible fraction of 

monomers used in these simulations is based on the measured degree of crystallinity in a 10 w/v% 

sPS/CCl4 gel and is discussed in more detail below in the Results and Discussion section. For each 

simulated polymer chain, the length and frequency of consecutive styrene (S) and Br-styrene (B) 

units, and the prevalence of each unique triad sequence (e.g., SSS, BBB, etc.) is calculated. 
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2.4.1. Microstructure analysis using NMR spectroscopy 

To investigate the sPS-co-sPS-Br copolymer microstructure, gel-state (Blocky, B-x%) and 

solution-state (Random, R-x%) copolymers were prepared in a matched set of approximately x = 

6, 15, 20, and 30 mol% brominated styrene (Br-Sty) units and analyzed by NMR spectroscopy. 

Figure 2.1 shows the aromatic region of the 1H NMR spectra of the Random and Blocky 

copolymers (for full spectra, see Figure S2.1). Compared to pure sPS, new proton resonances 

appear in the 1H NMR spectrum of the sPS-co-sPS-Br copolymers at 1.23, 1.58−1.75, 6.27−6.38, 

and 7.11−7.22 ppm, corresponding to the methylene (H(bʹ)) and methine (H(aʹ)) protons, and the 

aromatic protons (H(2ʹ) and H(3ʹ)) of Br-Sty monomers, respectively. Resonance assignments 

were verified by homonuclear and heteronuclear two-dimensional (2D) NMR experiments 

included in Figure S2.3 and Figure S2.4. To verify the absence of backbone bromination, the total 

peak areas of the methylene (H(b), H(bʹ)) and methine (H(a), H(aʹ)) group resonances for 

brominated and un-brominated monomers were compared and found to be consistent with the 

expected 2:1 ratio. The mol% Br was derived from the fraction of ortho-proton resonances of 

Br-Sty monomers (H(2ʹ), 6.27−6.38 ppm) to the total area of styrene (H(2)) and Br-Sty ortho-

proton resonances (6.27−6.60 ppm). Notably, the degree of bromination increased with increasing 

mol ratio of Br2 to styrene monomer when the polymer was dissolved in solution and increasing 

reaction time in the presence of homopolymer gel, validating that the reaction methods effectively 

control the degree of functionalization. 
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Figure 2.1. Aromatic region of the 1H NMR spectra of (left) solution-state Random and (right) gel-state Blocky 

copolymers increasing in mol% Br from top to bottom. For comparison, spectra are referenced to CDCl3 and 

normalized over 6.27−6.60 ppm. The asterisk (*) indicates solvent resonance. The arrows highlight differences 

between spectra. Reproduced by permission of The Royal Society of Chemistry. 

Comparing the 1H NMR spectra of Random and Blocky copolymers reveals significant 

differences in their peak intensities and proton chemical shifts, despite their similar Br-contents. 

For the Random copolymers, resonances attributed to un-brominated styrene units (e.g. H(2) and 

H(3,4)) broaden with increasing functionalization, consistent with a decrease in the sequence 

length of pure homopolymer segments (dashed arrows in Figure 2.1). In contrast, the Blocky 

copolymers exhibit sharp proton resonances similar to that of pure sPS even at high mol% Br. This 

behavior suggests that the Blocky copolymers contain a greater fraction of uninterrupted sPS 

segments compared to their Random analogs. In addition, the H(3ʹ) proton resonances of Blocky 

Br-Sty units appear to shift downfield with increasing degree of functionalization, indicated by the 

solid arrows in Figure 2.1. The high frequencies and strong intensities of the H(3ʹ) resonances in 

Blocky B-21% and B-29% are consistent with an accumulation of neighboring electronegative p-

bromostyrene units, a strong indicator that these copolymers have numerous dyads and triad 

sequences of Br-Sty monomers. Notably, the shape of the H(3ʹ) peak in B-29% is also consistent 
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with that observed for a highly brominated (59 mol% Br) sPS-co-sPS-Br copolymer prepared via 

copolymerization by Guo and co-workers.34 Overall, the microstructural information provided by 

1H NMR yields strong evidence that gel-state bromination produces copolymers with long 

segments of consecutive styrene units and segments of densely brominated sPS, characteristic of 

a blocky copolymer microstructure. 

Quantitative 13C NMR spectroscopy was used to provide a deeper insight into the 

microstructure of the Random and Blocky copolymers. Figure 2.2 shows the aromatic carbon 

spectral region of the sPS homopolymer and sPS-co-sPS-Br copolymers (for full spectra see 

Figure S2.2). Upon para-substitution of the phenyl rings with bromine, new carbon resonances 

appear in the 13C NMR spectrum. The new resonances at 40.0 and 43.6 ppm are attributed, 

respectively, to the methine (C(aʹ)) and methylene (C(bʹ)) carbons of Br-Sty monomers. The 

resonances at 129.2 and 130.9 ppm are assigned, respectively, to the ortho- (C(2ʹ)) and meta-

carbons (C(3ʹ)) of brominated phenyl rings. Multiple peaks are observed between 118.8−119.3 and 

142.9−144.9 ppm, attributed to the Br-substituted phenyl carbons (C‒Br, C(4ʹ)) and the quaternary 

phenyl carbons of brominated (C(1ʹ)) and un-brominated (C(1)) monomers, respectively. 

Throughout the Blocky copolymer series, carbon resonances of un-brominated styrene monomers 

are sharp and intense compared to their Random analogs, indicated by arrows in Figure 2.2. 

Similar to the behavior observed in the 1H spectra above, this further suggests that the blocky 

copolymer microstructure is comprised of long segments of pure sPS, even at high Br-contents. 
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Figure 2.2 Aromatic C(2-4) and C(2ʹ-4ʹ) resonances in the 13C NMR spectra of the (left) Random and (right) Blocky 

copolymers increasing in mol% Br from top to bottom. For comparison, spectra are referenced to TCE-d2 and 

normalized over 127.0−132.5 ppm. Reproduced by permission of The Royal Society of Chemistry. 

Chemical shifts in 13C NMR spectra are highly dependent on the electronic environments 

of the carbon nuclei, which can be used to evaluate comonomer sequence distribution and provide 

insight into the short-range microstructure of a copolymer.35, 36 For the sPS-co-sPS-Br copolymers, 

the C(4ʹ) resonance appears to be sensitive to copolymer microstructure, demonstrated by the 

appearance of multiple peaks in the 13C NMR spectra of the Random and Blocky samples with 

increasing mol% Br (Figure 2.2). The C(4ʹ) region of Blocky B-29% exhibits five distinct peaks. 

The sharp C(4ʹ) peak at 119.4 ppm in Blocky B-29% does not appear in the spectrum of Random 

R-31%, but is consistent with the chemical shift of C(4ʹ) observed in sPBrS homopolymers.34 Thus, 

this peak is characteristic of a copolymer with long segments of consecutive Br-Sty units. 

Interestingly, prior to this research, only chemical shifts of the backbone and C(1) carbons of 

polystyrene and poly(styrene-co-bromostyrene) copolymers were thought to be sensitive to 

copolymer microstructure.35 Due to complexities arising from stereoirregularity, attempts by 

others to evaluate copolymer “blockiness” and comonomer sequence distribution in halogenated21, 
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36, 37 and sulfonated38, 39 atactic polystyrene-based copolymers by NMR have been generally 

unsuccessful.35, 39, 40 However, with the high tactic purity of syndiotactic polystyrene, this work 

further demonstrates that 13C NMR spectroscopy can be used to evaluate comonomer sequence 

distribution.41, 42 

The most profound evidence for microstructural differences between the Random and 

Blocky copolymers is observed by comparing the quaternary C(1) and C(1ʹ) carbon spectra, shown 

in Figure 2.3. For the Random samples, bromination of sPS produces multiple new peaks that 

increase in intensity with increasing Br-content. The multiple peaks signify through-bond 

communication between neighboring brominated and un-brominated styrene monomers, and 

likely provide a unique fingerprint of the copolymer microstructure originating from the specific 

comonomer sequence distribution. For the Blocky samples, the quaternary carbon peak 

distributions and intensities differ strikingly from their Random analogs at all degrees of 

bromination, which is emphasized by the new resonance in Blocky B-21% and B-29% at 

143.1−143.3 ppm. Based on the C(1ʹ) chemical shift of the sPBrS homopolymer34 which occurs at 

143.1 ppm, our assignment of this new peak is to a Br-Sty triad (BBB). By integrating this peak 

relative to the full range of the C(1) and C(1ʹ) resonances, the prevalence of the BBB triad in 

Blocky B-29% is found to be approximately 17%. This high prevalence for the Blocky sample is 

remarkable given that the quaternary carbon spectrum of Random R-31% does not exhibit a 

distinct peak at 143.1−143.3 ppm, demonstrating that random bromination results in a relatively 

low abundance of BBB triad. Our efforts to assign the remaining quaternary carbon peaks in the 

Random and Blocky copolymers to triad and pentad sequences and with comparison to simulations 

of random and blocky copolymer microstructures is discussed in Chapter 3. In summary, our 

initial microstructural analysis using NMR spectroscopy proves that the bromination method can 
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be used to manipulate copolymer sequence; solution-state bromination produces random 

copolymers while gel-state bromination clearly produces sPS-co-sPS-Br copolymers with blocky 

microstructures. 

 
Figure 2.3 C(1) and C(1ʹ) NMR spectra of the (left) Random and (right) Blocky copolymers increasing in mol% Br 

from top to bottom. For comparison, spectra are referenced to TCE-d2 and normalized over 127.0−132.5 ppm. 

Reproduced by permission of The Royal Society of Chemistry. 

2.4.2. Thermal transitions 

DSC thermograms of the sPS homopolymer and the Random and Blocky copolymers after 

rapid cooling from the melt to 0 °C at −60 °C min-1 are shown in Figure 2.4. The heating trace of 

pure sPS displays two endothermic events, the glass transition at 98 °C and an intense melting 

endotherm at 272 °C. At approximately 6 mol% Br, both the Random and Blocky copolymers 

crystallize during cooling and exhibit similar depression in their melting temperatures, Tm, relative 

to pure sPS. Bromine groups attached to a crystallizable polymer can act as physical defects along 

the polymer chains, limiting crystallizability and lamella thickness. It is not surprising then that 

both copolymer series show a depression in Tm with increasing Br-content as a consequence of 

shorter crystallizable chain segments and thus thinner crystallites.23, 26, 27, 43 Nonetheless, it is 
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important to note that the melting point depression for the Random copolymers occurs to a much 

greater extent compared to the Blocky copolymers, despite their analogous Br-contents (see 

Figure S2.5).  

Above 6 mol% Br, the Blocky copolymers show an exothermic event observed between 

150-200 °C (Figure 2.4), ascribed to cold crystallization during heating. Cold crystallization 

during the heating scan following a rapid cool is attributed to a reduction in the rate of 

crystallization.23, 26 During conditions of slow cooling (−10 °C min-1), the crystallization exotherm, 

Tc, decreases in temperature and intensity with increasing Br-content, which also reflects a 

reduction in the rate of crystallization (see Figure S2.6). In distinct contrast to the behavior of the 

Blocky samples, the 18 mol% Br and above Random samples do not crystallize under the thermal 

conditions of this experiment. This behavior demonstrates that the Blocky samples are much more 

crystallizable throughout the copolymer series. Remarkably, the Blocky B-29%, which has 

approximately one Br-Sty for every three styrene monomers, is still crystallizable and exhibits a 

melting endotherm at 210 °C. This result strongly implies a blocky distribution of Br-Sty units 

along the copolymer chains. 

 
Figure 2.4 DSC heating scans of the sPS homopolymer and the (left) Random and (right) Blocky copolymers after 

rapid cooling from the melt (300 °C) at −60 °C min-1. Heating rate: 10 °C min-1. Reproduced by permission of The 

Royal Society of Chemistry. 
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To further examine the effect of blocky versus random microstructure on crystallizability, 

the weight percent crystallinity (%Xc) was calculated from the area under the melting endotherm 

(ΔHf) with respect to the heat of fusion of 100% crystalline pure sPS44 (ΔHf° = 82.6 J g-1). Table 

2.1 summarizes the thermal properties and %Xc of the sPS homopolymer and the Random and 

Blocky samples after slow cooling (−10 °C min-1) and 2 h isothermal crystallization at 190 °C. 

Consistent with findings of Genzer et al.45, the glass transition temperatures for both the Random 

and Blocky copolymers increase with degree of bromination, which is attributed to hindered 

rotations of the bulky p-bromostyrene units. For the Random copolymers, it is clear that the 

crystallizability is severely limited at degrees of bromination of 16% or more, in agreement with 

the work of Bae et al.27 In contrast, the Blocky copolymers demonstrate a much greater aptitude 

for crystallization. For example, after isothermal crystallization at 190 °C, the Blocky B-21% 

yields a degree of crystallinity of Xc = 18% that constitutes 58% of the crystallinity of pure sPS, 

compared to only Xc = < 1% for the lower Br-content Random R-18% sample. Again, the much 

greater crystallizability for the Blocky samples is strongly suggestive of a highly blocky 

microstructure23, 27. For WAXD profiles of the sPS homopolymer and sPS-co-sPS-Br copolymers 

after isothermal crystallization, see Figure S2.7. 
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Table 2.1 Thermal properties and weight percent crystallinity of the sPS homopolymer and the Random and Blocky 

copolymers measured using DSC. Reproduced by permission of The Royal Society of Chemistry. 

Sample 

After slow cooling 

at −10 °C min-1 

After 2 h isothermal 

crystallization at 190 °C 

Tg(°C) Tm(°C) Tc(°C)a Xc(%) Tm(°C) Xc(%) 

sPS 100 270 237 31 270 31 

B-6% 102 249 215 24 249 28 

B-15% 106 234 187 17 234 21 

B-21% 105 222 180 16 222 18 

B-29% 107 213 -- 4 218 5 

R-6% 100 245 204 23 245 28 

R-11% 96 227 175 25 230 27 

R-16% 105 215 -- <1 216 18 

R-18% 106 -- -- 0 213 <1 

R-31% 111 -- -- 0 -- 0 
 

Tg = glass transition temperature; Tm = temperature at maximum endothermic heat flow; aTc = temperature at 

maximum exothermic heat flow during the cooling scan; Xc = weight percent crystallinity derived from the area 

under the melting endotherm (ΔHf) and the heat of fusion of 100% crystalline pure sPS (ΔHf
° ) according to the 

relationship Xc = 
∆𝐻𝑓

∆𝐻𝑓
° × 100%. Dashes (--) indicate no thermal transition detected. All samples were heated to 300 

°C and annealed for 3-5 min prior to cooling to erase thermal history. Reproduced by permission of The Royal 

Society of Chemistry. 

2.4.3. Crystallization kinetics 

To investigate how the distribution of bromine defects along the chains affects the 

crystallization kinetics of the brominated copolymers, the Random and Blocky samples were 

subjected to isothermal crystallization at specific temperatures below Tm. To achieve rapid 

crystallization, chain segments of sufficient length, i.e., stems, of uninterrupted styrene units are 

required to assemble into stable crystalline domains. Br-Sty monomers encountered at the crystal 

growth front are structural defects that are consequently excluded from attaching to the growing 

crystallite. This process of rejection of a defective stem and diffusion of a new stem to the melt-

crystal interface ultimately slows the rate of crystallization. Figure 2.5 shows the t1/2 versus 

temperature profiles for the Random and Blocky copolymers. At approximately 6 mol% Br, both 

the Random and Blocky samples crystallize relatively fast; although, the Blocky B-6% sample 

exhibits shorter t1/2 values than the Random R-6% (note the different y-axis scales). Above 6 mol% 
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Br, the Blocky copolymers crystallize much faster, in under 15 min, and at lower supercooling 

compared to their Random analogs. For the highly brominated Blocky B-29% sample, the t1/2 at 

190 °C is 8 min. In contrast, the Random R-27% sample (not shown) was unable to crystallize 

during the isothermal crystallization experiments, even at high supercooling (2h at 140 °C). These 

differences in crystallization kinetics between the Random and Blocky samples are attributed to 

the effect of microstructure on the probability of encountering a defective stem. As will be 

demonstrated below in the Simulations subsection, the blocky microstructure provides a greater 

prevalence of crystallizable segments (i.e., runs of consecutive styrene units of sufficient length) 

along the polymer chains compared to the random microstructure. With more crystallizable stems, 

the blocky microstructure minimizes the time-consuming rejection/replacement process, and thus 

is capable of crystallizing in a shorter period of time. 

 
Figure 2.5 Crystallization half-time (t1/2) versus temperature profiles for the (left) Random and (right) Blocky 

copolymers. The t1/2 scales are different to clearly demonstrate the rapid crystallization kinetics, small t1/2 times, 

exhibited by the Blocky samples. Reproduced by permission of The Royal Society of Chemistry. 

2.4.4. Morphological characterization 

USAXS/SAXS experiments were used to investigate the morphology of quenched films of 

the sPS-co-sPS-Br copolymers. The USAXS/SAXS profiles of the sPS homopolymer and the 

Random and Blocky copolymers are shown in Error! Reference source not found.. The scattering p

rofiles of the Random copolymers are featureless with a q-4 dependence between 0.04 – 0.4 nm-1, 
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which is consistent with the profile of the sPS homopolymer. In contrast, the Blocky copolymers 

exhibit excess scattering from a large-scale morphological feature at low q, between 0.03 – 0.1 

nm-1. The Blocky B-29% sample also exhibits a second scattering feature at higher q, between 0.1 

– 1 nm-1. The dimensions of the features were determined using the Unified Fit model, summarized 

in Table S2.1. The low q scattering feature, present only in the Blocky copolymers, fits to a 

dimension of ca. 30 nm and is consistent with a micro-phase separated morphology. The presence 

of this feature suggests that the “blockiness” originating from the gel-state functionalization is 

sufficient to drive phase development that is somewhat reminiscent of conventional block 

copolymer phase behavior. The physical and molecular origins of this large-scale feature observed 

in the USAXS profiles of the Blocky copolymers are attributed to a thermodynamic immiscibility 

between the electron-dense brominated sPS segments and the pure runs of sPS within the blocky 

microstructure of the functionalized chains. 

 
Figure 2.6 USAXS/SAXS profiles of quenched films of the sPS homopolymer and the (left) Random and (right) 

Blocky copolymers. Films were prepared from powders of the homopolymer or copolymers by melt pressing 

between Kapton sheets at 30 °C above Tm for 20 s at 2200 psi then for 20 s at 4500 psi, followed by quenching in 

ice water to prevent sPS crystallization. For clarity, data points are connected and vertically offset. Reproduced by 

permission of The Royal Society of Chemistry. 

The high q feature near q = 0.2 nm-1, present only in the SAXS profile of the Blocky B-29% 

sample, fits to a dimension of 5.1 nm, which is surprisingly the same as the lamella thickness of 
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semicrystalline sPS46 (5.1 nm). However, since this sample was quenched from Tm + 30 °C (250 

°C), it is not expected to contain crystalline sPS lamella. To investigate the origin of the high q 

scattering feature, the melt-quenched samples of Blocky B-29%, Random R-27%, and the sPS 

homopolymer were analyzed using WAXD. As expected, the WAXD data in Figure 2.7(a) shows 

that the Random R-27% and the sPS homopolymer are completely amorphous. In distinct contrast, 

however, the Blocky B-29% sample exhibits a sharp crystalline reflection at 19.1° 2θ. It is 

important to note that this prominent reflection is not typically observed for melt-crystallized 

sPS.47 Interestingly, the new prominent crystalline reflection at 19.1° 2θ, is similar to that 

previously observed in the diffractogram of an sPS copolymer that was polymerized with a high 

content (83 mol%) of p-chlorostyrene (19.4° 2θ), which was attributed to crystallization of the 

p-chlorostyrene units.48 In addition, Guo et al.34 reported that an sPS copolymer polymerized with 

a high content (59 mol%) of p-bromostyrene exhibits a high melting point of Tm = 317 °C, 

attributed to crystalline p-bromostyrene segments. In the DSC data for the Blocky B-29% sample, 

Figure 2.7(b), a distinct melting endotherm is observed at 304 °C. It is important to note that this 

melting endotherm is above the equilibrium melting point of pure sPS47 and well above the 

temperature from which the WAXD and SAXS samples were quenched. Based on these WAXD 

and DSC data and the previous evidence of crystallization of halogenated sPS,48 it appears that 

runs of Br-Sty units in the Blocky B-29% sample are capable of crystallizing even at this relatively 

low Br-content. While further analysis of this intriguing observation will be the subject for future 

investigations, these data strongly suggest that the gel-state bromination process is capable of 

producing a copolymer microstructure that can contain distinct sequences of Br-Sty units in 

segments of significant length. Consequently, we tentatively propose that the high q SAXS 
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scattering feature observed in the melt quenched Blocky B-29% sample is attributed to the long 

period of crystalline Br-Sty segments. 

 
Figure 2.7 (a) Wide-angle X-ray diffraction profiles of the melt-quenched Blocky B-29%, Random R-27%, and 

the sPS homopolymer samples, and (b) DSC heating scans of the Blocky B-29%, Random R-27%, and the sPS 

homopolymer samples following 1 h isothermal crystallization at 190 °C. Reproduced by permission of The 

Royal Society of Chemistry. 

2.4.5. Simulations of copolymer microstructure 

To help rationalize the effect of copolymer microstructure on crystallization behavior after 

solution-state and gel-state functionalization, simulations of random and blocky copolymers were 

developed. The random microstructure resulting from homogeneous solution-state 

functionalization, is simulated by selecting monomers along a chain by random choice up to the 

desired degree of bromination. To simulate the blocky microstructure resulting from 

functionalization in the gel state, an inaccessible fraction of the total monomers in a chain is first 

established prior to random bromination of the remaining accessible fraction. Based on our 

hypothesis that the functionalizing reagent is sterically restricted to the solvent swollen amorphous 

chains within the semicrystalline gel, the inaccessible fraction of monomers is chosen to represent 

the fraction of monomers that are isolated within and in close proximity to the crystalline 
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component of the gel network. From our XRD analysis (Figure S2.8), the degree of crystallinity, 

%Xc, of a 10 w/v% sPS/CCl4 gel was determined to be 44%. In addition, it should also be 

recognized that chain segments in close proximity to the crystallites that emanate directly from the 

basal surfaces of the crystalline lamella may be locally restricted in their conformations (i.e., a 

rigid amorphous fraction), which could also limit reagent accessibility. Based on the measurements 

of Cebe and coworkers,49 the rigid amorphous fraction for sPS is estimated to be 11%. Thus, 

combining the measured %Xc of the gel with the estimated rigid amorphous fraction, our first 

approximation for the inaccessible fraction within the heterogeneous gel network is estimated (for 

the purposes of this preliminary simulation) to be 55%. 

With the inaccessible fraction set, the blocky chain microstructure is constructed by first 

randomly selecting a monomer along the polymer chain of a given length (1442 monomer units 

long based on our sPS sample, Mw = 300K; Đ = 2.0). Next, that monomer and its ± 26 neighboring 

monomers are removed from the list of functionalizable monomers, resulting in an inaccessible 

block of 53 monomers. This chosen number of monomers in the inaccessible block is based on (1) 

an average lamella thickness for solvent-crystallized sPS46 of 5.1 nm; (2) the s(2/1)2 helical 

structure of the -form crystal structure of sPS50 with 4 monomer units per identity period (c-axis 

dimension of the unit cell = 0.77 nm); and (3) the reasonable assumption that an attached stem has 

at least one fold. The process of selecting monomers for the inaccessible fraction is repeated until 

55% of the monomers are marked inaccessible. Lastly, the remaining monomers within the 

accessible fraction are functionalized by random choice up to the desired degree of bromination. 

For each degree of functionalization, the simulation generates 1000 polymer chains of 1442 

monomers and calculates the frequency of a sequence length of j consecutive styrene units along 

each simulated chain. According to Flory’s theory of crystallization in copolymers51, the 
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probability (Pζ) that a randomly selected styrene unit in the chain exists in a crystallizable chain 

segment of at least ζ styrene units is given by: 

 

(2) 

where wj is the probability that a unit chosen at random is a styrene unit in a sequence of length j, 

calculated by multiplying the mole fraction of styrene units (XSty) by the fraction of styrene units 

occurring in j sequences (jSty). For this work, ζ is defined as 26 monomer units, the average number 

of styrene monomers in one crystalline stem of an sPS crystallite.10 (Note that the probability of 

consecutive brominated styrene units can also be computed. For an example, see Figure S2.9.) 

As shown in Figure 2.8, the probability of selecting a crystallizable styrene monomer (i.e., 

a monomer within a defect-free sequence of 26 monomer units) rapidly declines with increasing 

degree of bromination for the simulated random copolymers and falls below 1% at 18 mol% Br. 

This infrequency of crystallizable styrene monomers at 18 mol% Br is in excellent agreement with 

the experimentally-determined crystallizability of Random R-18%, which exhibits less than 1 wt% 

crystallinity after 2 h isothermal crystallization at 190 °C (Table 2.1) and very slow crystallization 

at high supercooling (Figure 2.5). Above 18 mol% Br, the probability of encountering a defect-

free stem is very low, and thus the random copolymers are not predicted to be crystallizable. This 

prediction is in agreement with the amorphous nature of the Random R-31% sample; however, it 

is recognized that crystallization of styrene segments shorter than 26 units is possible, which is 

supported by the significant crystallizability (Table 2.1) observed in the Random R-16% sample. 

In contrast to the predicted behavior of the random copolymers, the simulated blocky 

copolymers retain approximately 38% of their styrene monomers in crystallizable segments, even 

at 30 mol% Br. This result of the blocky simulation is in excellent agreement with the high 
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crystallizability and rapid crystallization kinetics observed for the empirical Blocky copolymers. 

For example, the Blocky B-21% sample is capable of rapidly crystallizing (t1/2 less than 2 min) to 

a degree of 18 wt% during isothermal crystallization at 190 °C. Thus, the agreement between these 

simulated copolymers and experiment validates the basis of our blocky copolymer simulation and 

confirms our hypothesis that restricting accessibility of the functionalizing reagent to monomers 

in the amorphous component of the gel network produces copolymers with a high prevalence of 

crystallizable homopolymer segments. 

 
Figure 2.8 Probability that a styrene unit selected at random exists in a crystallizable segment of at least 26 

consecutive styrene units from simulations of theoretical blocky (gel-state) or random (solution-state) 

copolymers. Results based on 1000 polymer chains of 1442 monomer units. Error bars represent one standard 

deviation. Reproduced by permission of The Royal Society of Chemistry. 

Another valuable outcome of these simulations is the ability to construct representative 

copolymer chain sequences for qualitative and quantitative comparison of the random and blocky 

microstructures. From the simulations, representative 29 mol% Br random and blocky copolymer 

chains were created, shown in Figure 9. By inspection, it is clear that the simulated blocky 29 

mol% Br copolymer exhibits longer segments of consecutive styrene units (open circles) compared 

to the simulated random copolymer. It is worth emphasizing that the distribution of these styrene 
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“blocks” along the chain depends only on the position of the units that were randomly selected for 

the inaccessible fraction. For a quantitative comparison, the triad sequences can be counted along 

the simulated chains and grouped into one of the six possible unique triad combinations (i.e., SSS, 

[SSB/BSS], BSB, SBS, [SBB/BBS], or BBB). The prevalence of encountering a given triad 

sequence is then calculated as a percentage of all unique triads counted along the simulated chains. 

For the simulated 29 mol% Br blocky copolymer shown in Figure 2.9, this analysis yields a %BBB 

of 12% and %SSS of 57%. As noted above, the 13C NMR results for the empirical Blocky B-29% 

sample yielded a BBB prevalence of 17% from spectral integration of the resonance at 

143.1−143.3 ppm. Similarly, the SSS prevalence for this sample was measured by integration of 

the C(1) NMR spectrum at 144.8−145.4 ppm and found to be 57%. These empirical values are in 

good agreement with the values determined from the simulations, which further supports the 

validity of this simulation approach. An initial assessment of the difference between 12% 

(simulation) and 17% (empirical) for the BBB prevalence suggests that the empirical samples are 

more “blocky” than our preliminary model predicts. We are currently exploring a detailed analysis 

of the 13C NMR results from these copolymers aimed at developing a high-resolution sequencing 

protocol for further refinement of a microstructural model for blocky copolymers. 
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Figure 2.9 Representative 29 mol% Br (top) random and (bottom) blocky copolymer chains derived from 

simulations. Each comonomer sequence is 1 of the 1000 copolymer chains of 1442 monomer units generated in the 

simulations. The particular sequence selected has a prevalence of pure styrene pentads (SSSSS, where S = styrene) 

that is most similar to the average number of SSSSS for all 1000 simulated chains. Open circles = styrene; Filled 

circles = Br-Sty. Reproduced by permission of The Royal Society of Chemistry. 

 

This work demonstrates the bromination of sPS in solution and in the heterogeneous gel 

state to produce random and blocky sPS-co-sPS-Br copolymers, respectively. The purpose of this 

research was to prepare semicrystalline blocky copolymers with relatively high degrees of 

functionality using a facile, post-polymerization functionalization method. Using our 

heterogeneous gel-state bromination method, a crystallizable 29 mol% Br sPS-co-sPS-Br 

copolymer was produced, demonstrating that this method favorably affects the bromination 

reaction to produce a blocky microstructure. When the brominating reagent is introduced into the 

heterogeneous gel network, it is excluded from the crystalline component and reacts with styrene 

monomers in the amorphous component. Based on the microstructural analysis of the Random and 



71 

Blocky samples provided by NMR spectroscopy, gel-state bromination produces sPS-co-sPS-Br 

copolymers with long segments of un-functionalized styrene “blocks” and segments of randomly 

functionalized “blocks” in a blocky microstructure. The USAXS/SAXS profiles of quenched films 

of the Blocky copolymers support that these distinct segments of pure sPS and randomly 

brominated sPS are capable of producing a micro-phase separated morphology attributed to 

thermodynamic immiscibility. The Blocky copolymers demonstrate superior crystallizability and 

faster crystallization kinetics at lower supercooling compared to their Random analogs. The 

microstructure of representative random and blocky copolymers generated from simulations of the 

homogeneous/heterogeneous bromination methods, affirms that restricting access of the 

functionalizing reagent to monomers well removed from the crystalline fraction of the gel network, 

produces copolymers with a greater prevalence of crystallizable sPS segments, which is 

advantageous for preserving desired crystallizability of the resulting blocky copolymers. 

This work provides a fundamental investigation of the post-polymerization bromination of 

sPS, demonstrating that blocky sPS-co-sPS-Br copolymers can be prepared using a straightforward 

physical method of post-polymerization functionalization in the heterogeneous gel state. Given the 

high tactic purity and sequence specific 13C NMR resonances, sPS is an ideal investigatory 

polymer for the gel-state functionalization reaction scheme. Future efforts will be focused on 

developing a deeper understanding of the relationship between gel morphology and the resulting 

copolymer microstructure in order to ultimately control the comonomer sequence distribution of 

sPS-co-sPS-Br copolymers. We anticipate that the dependence of sPS gel morphology on gelation 

solvent7, 8, 52 will present avenues of further investigation into controlling the degree of blockiness 

in sPS-based copolymers. This research also lays the groundwork to synthesize other sPS-based 
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blocky copolymers with useful functionalities through simple substitution of the labile bromine 

functional groups. 
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1H NMR spectra were recorded using the following parameters: pulse sequence s2pul, 5 

sec relaxation delay, 64 scans, 1.6622 μsec pulse width, and an acquisition time of 2.5559 sec. The 

full 1H NMR spectra of the sPS homopolymer, Random R-31%, and Blocky B-29% are shown in 

Figure S2.1. Between 1.58-1.75 ppm, there are two distinct chemical shifts assigned to H(aʹ) 

protons based on the heteronuclear single quantum coherence (HSQC) NMR spectra (see Figure 

S2.3). The two H(aʹ) resonances are indicative of two different nuclei environments of the Br-Sty 

monomers. Based on the HSQC spectra, the more downfield resonance (H(aʹ1)) is assigned to a 

Br-Sty with one neighboring Br-Sty and the more upfield (H(aʹ2)) resonance is assigned to a Br-

Sty with two Br-Sty neighbors. For Blocky B-29%, the relative intensity of the H(aʹ2) peak to the 

H(aʹ1) peak is greater than that of Random R-31%, indicating a greater prevalence of Br-Sty triads 

in the Blocky copolymer. 

 
Figure S2.1 Full 1H NMR spectra of pure sPS and the Blocky B-29% and Random R-31% sPS-co-sPS-Br 

copolymers. 1H NMR spectra were recorded at room temperature and are referenced to CDCl3 and normalized over 

the range 6.27-6.60 ppm. Asterisks (*) indicate solvent resonances. Reproduced by permission of The Royal Society 

of Chemistry. 
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The full quantitative 13C NMR spectra of the sPS homopolymer, Random R-31%, and 

Blocky B-29%, recorded using a C13IG pulse program, proton decoupled (NOE−), 6 sec 

relaxation delay, 7680 scans, O1P of 95, and sweep width of 150 ppm, are shown in Figure S2.2. 

 
Figure S2.2 Full 13C NMR of pure sPS and the Blocky B-29% and Random R-31% sPS-co-sPS-Br copolymers. The 

spectra were recorded at room temperature and are referenced to TCE-d2 and normalized over the range 127.0-132.5 

ppm. Asterisks (*) indicate solvent resonances. Reproduced by permission of The Royal Society of Chemistry. 

The gHSQC and band-selective heteronuclear multiple bond correlation (bsgHMBC) 

spectra of Random R-30% and Blocky B-29%, shown respectively in Figure S2.3 and Figure 

S2.4, were used to assign peaks in the 1H and 13C NMR spectra. 
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Figure S2.3 1H-13C gHSQC NMR spectra of (a) Random R-31% and (b) Blocky B-29% referenced to CDCl3. The 

spectra are cut to improve the clarity of the aromatic and aliphatic regions. Reproduced by permission of The Royal 

Society of Chemistry. 

 

 
Figure S2.4 bsgHMBC NMR spectra of (left) Random R-31% and (right) Blocky B-29% referenced to TCE-d2. The 

spectra are cut to improve the clarity of the aromatic and aliphatic regions. Reproduced by permission of The Royal 

Society of Chemistry. 

The relationship between melting temperature and degree of bromination for the sPS 

homopolymer and Random and Blocky copolymers is shown in Figure S2.5. The reported 

multiple Tm per sample represent each endothermic peak maximum in the differential scanning 

calorimetry (DSC) heating scans shown in Figure 2.4. Melting point depression is greater in the 

Random samples, which is consistent with thinner crystallites and supports that the Random 

copolymers have shorter segments of consecutive styrene units relative to their Blocky analogs. 
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Figure S2.5 Melting temperature (Tm) versus degree of bromination for the Random and Blocky copolymers after 

the samples were rapidly cooled from the melt at −60 °C min-1. The melting temperature is defined here as the 

temperature in the heating scan at the peak(s) of the melting endotherm. Dashed lines are linear fits to the highest 

melting temperatures and are shown to guide the eye. Reproduced by permission of The Royal Society of Chemistry. 

The DSC thermograms of the sPS homopolymer and Random and Blocky copolymers 

during slow cooling from the melt to 0 °C at −10 °C min-1 are shown in Figure S2.6. For both 

series, the crystallization exotherm, Tc, decreases in temperature and intensity with increasing Br-

content, which reflects a reduction in the rate of crystallization23, 26. For the Blocky samples, the 

Tc occur at lower supercooling compared to their Random analogs, demonstrating that these blocky 

copolymers crystallize at a faster rate. The faster crystallization kinetics is also supported by the 

ability of Blocky B-21% to crystallize during the slow cooling conditions. In contrast, at and above 

16 mol% Br, the Random samples do not crystallize under these conditions.  

 
Figure S2.6 DSC slow cooling scans (−10 °C min-1) for the sPS homopolymer and the (left) Random and (right) 

Blocky copolymers. Reproduced by permission of The Royal Society of Chemistry. 
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To further investigate the crystallinity of the copolymers, samples were melt crystallized 

at 190 °C for 2 h and analyzed using wide-angle X-ray diffraction (WAXD). Figure S2.7 shows 

the diffraction patterns of the sPS homopolymer and the Random and Blocky copolymers after 

isothermal crystallization. Observed in the diffractograms of the Random copolymers with 6-16 

mol% Br-content and the Blocky copolymers with 6-21 mol% Br-content are crystalline 

reflections that are consistent with the diffraction pattern of the melt-crystallized sPS 

homopolymer sample. For the highly brominated Random samples, above 16 mol% Br, the 

copolymers are completely amorphous. Observed in the diffraction pattern of Blocky B-29% is a 

new crystalline reflection at 19.3°, which we discuss in further detail in the Morphological 

characterization subsection. 

 
Figure S2.7 Wide-angle X-ray diffractograms of the (left) sPS homopolymer and the (center) Random and (right) 

Blocky copolymers, after 2 h isothermal crystallization at 190 °C. The powder samples were heated to 300 °C, held 

for 5 min to erase the thermal history, cooled to 190 °C at −60 °C min-1, held for 2 h, then cooled to 0 °C at −60 °C 

min-1, and held for 5 min. The WAXD profiles are vertically offset to facilitate a comparison of the peak positions 

and arranged top to bottom in order of increasing Br-content. Reproduced by permission of The Royal Society of 

Chemistry. 

The WAXD profiles of an sPS quenched film, prepared from sPS pellets by melt pressing 

between Kapton sheets at 300 °C followed by quenching in ice water to prevent sPS crystallization, 

and a 10 w/v% sPS/CCl4 gel that was dried under vacuum at 80 °C for 24 h, are shown in Figure 

S2.8. Microsoft Excel software with Solver was used to fit the amorphous and crystalline 
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components of the diffractograms to Gaussian distributions. The fit of the amorphous component 

of the sPS film was used to fit the amorphous component of the 10 w/v% sPS/CCl4 gel by keeping 

the position of the Gaussian peaks constant and adjusting the peak amplitude and width. The 

percentage of the crystalline component in the gel was calculated from the total area of the 

crystalline component relative to the area of the full diffractogram and found to be 44%. 

 
Figure S2.8 In black, diffractograms of (left) an sPS quenched film and (right) a 10 w/v% sPS gel from CCl4 dried 

under vacuum at 80 °C for 24 h. Red curve = overall curve fitting; green curve = fit of the amorphous component; 

Blue curves = individual Gaussian distributions composing the amorphous component. Reproduced by permission 

of The Royal Society of Chemistry. 

The probability of selecting a Br-Sty monomer that exists in a sequence of at least three 

consecutive Br-Sty monomers (i.e., BBB triads) in the simulated random and blocky copolymer 

chains of 0-30 mol% Br is shown in Figure S2.9. For the simulated 30 mol% Br random 

copolymer, the percentage of Br-Sty monomers in BBB triads or longer is less than 5%. In contrast, 

the simulated 30 mol% Br blocky copolymer has a significantly higher prevalence of Br-Sty 

monomers in sequences of at least three consecutive Br-Sty, demonstrating that the simulated 

blocky copolymer chains have segments that are densely brominated. 



79 

 
Figure S2.9 Probability that a Br-Sty monomer selected at random exists in a segment of at least three consecutive 

Br-Sty units from simulations of the theoretical blocky (gel state) or random (solution state) copolymer 

microstructures. Results based on 1000 polymer chains of 1442 monomer units each. Error bars represent one 

standard deviation. Reproduced by permission of The Royal Society of Chemistry. 

The dimensions of the scattering features in the USAXS/SAXS profiles of the Blocky 

copolymer samples (Figure 2.6) were calculated using the Unified Fit model and are summarized 

in Table S2.1. 

Table S2.1. Dimensions of the scattering features in the USAXS/SAXS profiles of semicrystalline sPS and the 

Blocky copolymers. Reproduced by permission of The Royal Society of Chemistry. 

Sample low q (nm) high q (nm) 

sPS 

(semicrystalline)a 
 5.1 

B-15% 31.9 ± 0.1  

B-21% 29.7 ± 0.2  

B-29% 34.4 ± 0.2 5.12 ± 0.02 
 

aObtained from Wang et al.46  

The low q feature is between 0.0003 – 0.001 nm-1 and the high q feature is between 0.001 – 0.01 nm-1. 
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% This code simulates copolymers with specified degrees of functionalization 

%and random or blocky microstructures and then calculates (1) the sequence  

%length and frequency of consecutive units; (2) the probability that a unit  

%exists in a crystallizable segment; and (3) the prevalence of unique triad  

%sequences in the copolymer chain 
% This code was created using MATLAB® R2017a programming software 

  
% Authors: Alexandria M. Noble & Kristen F. Noble 

  
%% Variables 
chain_length = 1442;  % number of units in one chain 
amt = 0.55;  % fraction of inaccessible styrene units (for a random copolymer 

amt = 0) 
keep_size = 5;  % units in the inaccessible block (Note: for the purpose of 

demonstrating how the inaccessible block is created the below code is 

written for a keep_size of 5, however the code can be modified for any 

desired keep_size by following the format of 

Block_InaccessibleFraction.m, shown below. This work used a %keep_size of 

53. 
r = 1000;  % defines the iterative process that generates r number of chains 
ts = 3;  % defines that triad sequences will be counted (Note: the code can be 

modified for any desired sequence (e.g., pentads, heptads, etc.) by 

following the format of TriadSequenceCounting.m, shown below. 
l = 26;  % units in one crystallizable segment 
percent_functionalization = transpose(0.0:0.02:0.40);  % Simulated degrees of 

functionalization (0-40% at intervals of 2%) 

  

% The copolymer chain will contain 1’s to represent styrene (s) units and 0’s 

to represent brominated (b) styrene units. 

  
%% Outputs 
keep = [];  % stores the fixed styrene indices to create the inaccessible 

fraction 
chain_matrix = [];  % stores all chains for one degree of functionalization 
store_avg = []; % stores the average prevalence for each degree of 

functionalization 
store_sd = []; % stores the standard deviation of the prevalences for each 

degree of functionalization 
P = [];  % stores the probability that a 1 exists in a segment length of j 

consecutive 1 units 
store_P = [];  % stores the probability that a 1 exists in a crystallizable 

segment for each chain 
Table = [];  % stores the average and standard deviation of the probability 

that a 1 exists in a crystallizable segment for each degree of 

functionalization 

  
for vt = 1:size(percent_functionalization,1)  % for each degree of 

functionalization 
    store_P = []; 
    for uu = 1:r  % generates r number of chains and performs the following on 

each chain 
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        chain = transpose(ones(1,chain_length));  % creates a chain of 1's of 

length chain_length 
        q = round(amt*floor(chain_length));  % defines the number of 

inaccessible 1’s by the predefined amount (amt) 

         
        fixed_styrene = randsample(chain_length,q);  % selects the inaccessible 

1's by random chance 

  
%% run Blocky_InaccessibleFraction.m  % code below 

  
%% Blocky_InaccessibleFraction.m 
% This code establishes the monomer units in the inaccessible fraction 
% Note that for the purpose of demonstrating how the inaccessible block is 

%created the below code is written for a keep_size of 5, however the code can 

%be modified for any desired keep_size by following the format below. %This 

%work used a keep_size of 53. 
% This code was created using MATLAB® R2017a programming software 

         
% Authors: Alexandria M. Noble & Kristen F. Noble 

  
%% -- Begin Code Blocky_InaccessibleFraction -- %% 
        keep = [];  % stores the fixed styrene indices to create the inaccessible 

fraction 

         
        for k = 1:size(fixed_styrene,1)  % repeat until k is the size of the 

fixed styrene matrix (based on the predetermined percent 

functionalization and chain length) 
            while size(keep,1)< q  % while the size of the keep matrix is less 

than the number of inaccessible 1’s (q) established above 
                if keep_size == 5 
                    if fixed_styrene(k)-1<1  % prevents the styrene index from 

being less than 1 (if fixed_styrene = 1 then keep 1,2,3) 
                        keep = 

[keep;fixed_styrene(k);fixed_styrene(k)+1;fixed_styrene(k)+2]; 
                    elseif fixed_styrene(k)-1<2 
                        keep = [keep;fixed_styrene(k)-

1;fixed_styrene(k);fixed_styrene(k)+1;fixed_styrene(k)+2]; 
                    elseif fixed_styrene(k)+1 > chain_length  % prevents the 

styrene index from being greater than the chain length (if chain_length 

= 1442 and fixed_styrene = 1442 then keep 1440,1441,1442) 
                        keep = [keep;fixed_styrene(k)-2;fixed_styrene(k)-

1;fixed_styrene(k)]; 
                    elseif fixed_styrene(k)+2 > chain_length 
                        keep = [keep;fixed_styrene(k)-2;fixed_styrene(k)-

1;fixed_styrene(k);fixed_styrene(k)+1]; 
                    else 
                        keep = [keep;fixed_styrene(k)-2;fixed_styrene(k)-

1;fixed_styrene(k);fixed_styrene(k)+1;fixed_styrene(k)+2]; 
                    end 
                end 
            end 
            keep = unique(keep); 
        end 

         
%% -- End Code Blocky_InaccessibleFraction -- %%         
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        q2 = round(percent_functionalization(vt)*floor(chain_length));  % gives 

integer value for the percent functionalization (e.g., 40%*length of 

chain) 
        I2 = transpose(1:1:chain_length);  % converts a row of integer values 

into a column 

         
        xr = [];  % specifies which indices are in the accessible fraction based 

on indices in the inaccessible fraction 
        for n = 1:size(keep,1) 
            xr = [xr;find(I2 == keep(n))]; 
        end 

         
        I2(xr) = [];  % stores the indices not in keep 

         
        rand_bromine = randsample(I2,q2);  % selects at random without 

replacement indices in the chain 

         
        chain(rand_bromine,1) = 0;  % changes specified indices in rand_bromine 

to zeros 
        chain_matrix(:,uu) = chain; 

         
        x1 = find(chain == 0);  % identify bromines 
        x2 = find(chain == 1);  % identify indices where chain is equal to 1 

         
        chain_f(x1,1)={'b'};  % change all 0's in the chain to 'b' for bromine 
        chain_f(x2,1)={'s'};  % change all 1's in the chain to 's' for styrene 

         
        %% run TriadSequenceCounting.m  %code below 

         
%% TriadSequenceCounting.m 
% This code indexes the triad combinations in the chain, calculates the 

%frequency and prevalence of the unique triad sequences, and creates a matrix 

%of the average and standard deviation of the triad sequence prevalences 

%calculated from all generated chains 
% Note: this code can be modified for any sequence length (e.g., pentad, heptad, 

%etc.) 
% This code was created using MATLAB® R2017a programming software 

  
% Authors: Alexandria M. Noble & Kristen F. Noble 

  
%% -- Begin Code TriadSequenceCounting -- %% 
        tpseq = {};  % stores the triad sequences identified in the loop below 
        for i = 1:chain_length  % loop that repeats based on the chain length 
            if i <= chain_length-(ts-1)  % if the step (i) is less than or equal 

to the (chain length)-ts-1 
                indices =  i:1:i+(ts-1);  % then indices are selected as shown 
                if ts == 3 
                    tpseq = [tpseq; 

[char(chain_f(indices(1))),char(chain_f(indices(2))),char(chain_f(indic

es(3)))], {indices}]; % makes triad sequences from the chain 
                end 
            end 
        end 

         
        if ts == 3  % if calculating the prevalence of triad sequences 
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            k = 8;  % there are 8 possible sequences 

             
            C = {'sss'; 'ssb'; 'sbs'; 'sbb'; 'bss'; 'bsb'; 'bbs'; 'bbb'};  % 

creates an array of the 8 possible triad sequences 
            C = table(C,C,zeros(size(C,1),1),zeros(size(C,1),1));  % creates a 

table to store the triad sequences, their frequency, and their prevalence 
            C.Properties.VariableNames = {'SeqA','SeqB','Freq','Theo_Prev'}; 

             
            for i = 1:size(C,1)  % for each triad sequence in column SeqA, 

identify the unique triad sequences in the chain and count their frequency 

(e.g., C.SeqA(i)) 
                flipped = {fliplr(C.SeqA{i,1})};  % flip C.SeqA in order to 

count forward and reverse variants of the sequence 

                 
                if strcmp(C.SeqA(i),flipped)  % if SeqA equals the flipped SeqA 

(e.g., SeqA = 'sss') 
                    x = find(strcmp(C.SeqA(i),tpseq(:,1))); % identify the 

indices in tpseq where SeqA(i) occurs 
                    C.SeqB(i) = C.SeqA(i);  % SeqA == SeqB 
                    C.Freq(i) = size(x,1);  % obtain the size of x, which is 

the frequency of each of the symmetric triad sequences without double 

counting 

                     
                else  % if SeqA does not equal the flipped SeqA (SeqA(i) is 

asymmetric) 
                    C.SeqB(i) = flipped; % populate column SeqB with the 

appropriate variant from SeqA (e.g., 'ssb' = 'bss') 
                    x = size(find(strcmp(C.SeqA(i),tpseq(:,1))),1)+... 
                        size(find(strcmp(flipped,tpseq(:,1))),1); % obtain the 

size of tpseq for the locations of C.SeqA(i) and the variant in C.SeqB(i) 

and add the two size functions together to determine the overall frequency 
                    C.Freq(i) = x ;  % records the overall frequency of 

asymmetric SeqA(i) and its variant 
                end 
            end 
        end 

         
        C.Theo_Prev = C.Freq/size(tpseq,1);  % calculates the prevalence of 

each triad sequence as the ratio of the frequency to the total number of 

triads in the chain (size of tpseq) 

         
        prev(:,uu) = C{:,4};  % stores the prevalences for each triad sequence 

from all generated chains 
        avg_prev = mean(prev,2);  % calculates the average of the prevalences 
        sd_prev = std(prev,[],2);  % calculates the standard deviation of the 

prevalence 

          
%% -- End Code TriadSequenceCounting -- %% 

         
% Length and frequency of consecutive units 

         
        string = sprintf('%d',chain);  % Converts the chain matrix into a string 

with no spaces 
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        t1=textscan(string,'%s','delimiter','0','multipleDelimsAsOne',1);  % 

reads the consecutive 1's from the string using 0's as delimiters (to 

calculate the segment length of consecutive bromine, the delimiter should 

be changed from 0 to 1) 
        s = t1;  % computes the length of each consecutive segment in the string 
        data = cellfun('length',s);  % assigns the length of each segment (e.g., 

111 = 3, 111111 = 6) 

         
        [number_times segment_length] = hist(data, 1:(chain_length));  % makes 

matrices of the segment_lengths and their frequencies in the string 

         
        Table1 = transpose([segment_length;number_times]);  % converts the 

above arrays into one matrix of segment length and frequency 

         
% Calculate the probability that a 1 is from a segment of at least the 

crystallizable segment 

         
        j = Table1(:,1);  % segment lengths of consecutive styrene units 
        P = [];  % stores the probability that a 1 exists in a segment length 

of j consecutive 1 units 

         
        for t = 1:size(j,1)  % for each segment length 
            S = Table1(:,1).*Table1(:,2);  % calculates the number of 1’s in 

each segment length (segment length*frequency) 
            wj = (1-percent_functionalization(vt))*(S/(chain_length*(1-

percent_functionalization(vt))));  % probability that a unit chosen at 

random is a 1 and is a member of a sequence of j consecutive units 

             
            if j(t) < l  % if the segment length is less than that of the 

defined crystallizable segment (l) then P = 0 
                P = [P; 0];  % Probability based on Flory, P. J., Theory of 

Crystallization in Copolymers. T. Faraday Soc. 1955, 51 (0), 848-857. 
            elseif j(t) >= l 

                 
                P = [P;((j(t)-l+1)/j(t))*wj(t)];  % if the segment length is at 

least that of the defined crystallizable segment (l) then calculates 

probability based on Flory, P. J., Theory of Crystallization in 

Copolymers. T. Faraday Soc. 1955, 51 (0), 848-857. 

                 
            end 
        end 

         
        sumP = sum(P);  % sums all of the P’s to determine the probability that 

a unit chosen at random is a 1 from a crystallizable segment 
        store_P = [store_P;sumP];  % stores the probability that a 1 exists in 

a crystallizable segment for each chain 

         
    end 

  
    store_avg = [store_avg, avg_prev];  % stores the average of the prevalences 

(rows) for each degree of functionalization (columns) 
    store_sd = [store_sd, sd_prev];  % stores the standard deviation of the 

prevalences (rows) for each degree of functionalization (columns) 
    p1 = 100.*(mean(store_P));  % calculates the average of the store_P’s for 

each degree of functionalization 
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    p2 = 100.*(std(store_P));  % calculates the standard deviation of the 

store_P's for each degree of functionalization 
    Table = [Table; percent_functionalization(vt).*100,p1,p2];  % stores the 

degree of functionalization and the average and standard deviation of the 

probability that a 1 exists in a crystallizable segment 

     
end 
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This work demonstrates the first high-resolution comonomer sequencing of brominated 

syndiotactic polystyrene (sPS-co-sPS-Br) copolymers based on pentad assignments of the 

quaternary carbon region of the nuclear magnetic resonance (NMR) spectrum. To develop a 

comonomer sequencing method, copolymers were prepared using a post-polymerization 

bromination method carried out in the heterogeneous gel-state and homogeneous solution-state to 

produce a matched set of copolymers containing 6−30 mol% p-bromostyrene units. 

Characterization of the quaternary carbon spectrum using heteronuclear multiple bond correlation 

(HMBC) spectroscopy, electronic structure calculations, and simulated statistically random 

copolymers, revealed that the peaks in the quaternary carbon region could be assigned to styrene 

and brominated styrene (Br-Sty) units that exist in the center of a unique sequence of five 

monomers (i.e., a pentad) along the copolymer chain (e.g., ssssb where s = styrene and b = 

brominated styrene). Using the comonomer sequencing method, peak assignments have been 

established for all 20 unique pentad sequences that are possible for a copolymer that contains two 

different monomers. Comparison of the pentad sequence distributions of the brominated 

copolymers, calculated from the relative area of the peaks in the NMR spectrum, revealed that the 

gel-state Blocky copolymers have higher degrees of blockiness and significantly larger fractions 

of bbbbb pentad at relatively low Br-contents (i.e., 29 mol% Br). From the pentad sequence 



92 

distributions of the brominated copolymers, simulated average copolymer chains were developed, 

in order to obtain a deeper understanding of the relationship between the sPS/solvent gel 

morphology and the copolymer microstructure and degree of blockiness resulting from 

heterogeneous functionalization. The simulated average chains correctly predict that the Blocky 

copolymers contain a higher prevalence of crystallizable sPS segments, based on the copolymer 

microstructure and distribution of block lengths in the simulated chains, and confirmed by 

experimental results obtained from differential scanning calorimetry (DSC) experiments. Thus, 

the simulated average chains appear to be representative of average chains in their respective 

Blocky samples. The simulated average chains of the Blocky copolymers also predict the presence 

of long blocks of consecutive styrene units along the copolymer chains of at least 39 units, which 

is in excellent agreement with the estimated number of styrene units in a crystalline stem within 

the sPS/carbon tetrachloride (CCl4) gel network of approximately 38−40 units, determined from 

analysis of the intercrystalline scattering feature in the small-angle X-ray scattering (SAXS) profile 

of the as prepared sPS/CCl4 gel. This work thus affirms that during gel-state bromination, 

functionalizing reagent is impeded from reacting with monomers in the crystalline component of 

the gel network, producing copolymers with long runs of un-functionalized styrene units that 

originate from the crystalline stems within the crystalline lamellae. 

 

The physical properties of polystyrene (PS)-based copolymers depend upon the 

microstructure of the polymer chains, i.e., the tacticity of the repeating units and the sequence 

distribution of the monomers.1-7 In syndiotactic polystyrene (sPS), the styrene units are arranged 

in a regular stereochemical configuration, such that the phenyl rings alternate from side to side 

with respect to the carbon chain, which is confirmed by sharp signals in the 13C nuclear magnetic 
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resonance (NMR) spectrum. This stereoregularity allows the chain segments to adopt an ordered 

conformation and form crystalline regions. Nevertheless, for sPS-based copolymers, functional 

groups attached to the styrene phenyl ring can act as physical defects along the polymer chains, 

which limits copolymer crystallizability.2,8,9 Recently, we demonstrated a new post-

polymerization functionalization method carried out in the heterogeneous gel state that is capable 

of preparing semicrystalline brominated syndiotactic polystyrene (sPS-co-sPS-Br) copolymers 

with relatively high Br-content (i.e., 29 mol% Br).8 The gel-state bromination process is believed 

to restrict brominating reagent to monomers well removed from the crystalline component of the 

gel network, preserving long runs of consecutive styrene units along the chains. The gel-state 

brominated copolymers are more crystalline, more crystallizable, and crystallize faster than their 

random copolymer analogs prepared by a conventional solution-state bromination method, even 

at relatively high degrees of functionality. This crystallization behavior is attributed to a significant 

degree of non-randomness in the distribution of comonomers along the copolymer chain, which 

herein will be described as a copolymer with a “blocky” microstructure. To develop a deeper 

understanding of the relationship between the sPS/solvent gel morphology and the copolymer 

microstructure and degree of blockiness, the current work is focused on the development of the 

first high-resolution comonomer sequencing of sPS-co-sPS-Br copolymers by 13C NMR 

spectroscopy. 

The NMR signal of the phenyl ring quaternary (C(1)) carbon in PS and its phenyl-ring 

substituted derivatives exhibits high sensitivity to monomer addition stereochemistry (i.e., 

tacticity),10-17 composition,18,19 and comonomer sequence distribution.7,9,20,21 Nevertheless, due to 

complexities in the C(1) resonances that arise from stereoirregularity and the chemical similarity 

of para-substituted styrene monomers, attempts by others to evaluate the comonomer sequence 
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distribution of atactic polystyrene (aPS)-based copolymers by NMR have been generally 

unsuccessful.3,22-28 Our syndiotactic sPS-co-sPS-Br copolymers, with high tactic purity, exhibit 

high-resolution of the quaternary carbon resonances for styrene (C(1)) and brominated styrene (Br-

Sty, C(1′)) monomers that is now understood to be sensitive to neighboring monomers, which 

permits copolymer sequencing.7,9,19 This sensitivity is at the pentad level, i.e., the resonance 

frequency of a particular C(1) or C(1′) signal depends on the identity of that particular monomer’s 

neighboring and next-neighboring monomers in the polymer chain, such that every possible pentad 

combination of monomers presents a distinct chemical shift for the central C(1) or C(1′) nucleus.  

Assignment of the C(1) resonances to stereosequences or, for some syndiotactic PS 

copolymers, dyad or triad comonomer sequences, has been achieved by comparing the relative 

peak areas of the C(1) resonances to either Bernoullian13-17 (i.e., statistically random) or first- or 

second-order Markov (i.e., statistically non-random) models.7,9,29 For example, Hardwood et 

al.11,30,31 simulated polymer epimerization using a Monte-Carlo method to count the frequency of 

triad scombinations in simulated epimerized chains in order to assign triad stereosequences in 

partially epimerized isotactic polystyrene (iPS) samples. Using Bernoullian and hemiisotactic 

statistical methods to simulate homopolymer chains with a broad range of isotactic content, 

Miller32 was able to predict the elastomeric properties of polypropylene (PP) samples based on the 

presence of crystallizable isotactic blocks in theoretical PP copolymers and pentad sequence 

distributions from experiment. Model compounds of PS or its derivatives, i.e., oligomers of a 

parent polymer, have also been used to assign stereosequences of the C(1) resonance.10,18 

Cui et al.9 were recently able to assign the C(1) resonances in a syndiotactic styrene-co-4-

methylthiostyrene copolymer to triad combinations of monomers based on the conformity of the 

relative peak areas to first-order Markov statistics. These statistical models are particularly relevant 
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for copolymers prepared by direct polymerization methods, where the catalyst and monomer 

reactivity ratio often control the stereoregularity and composition of the growing polymer chain. 

Systematic changes to the monomer feed ratio or reaction time effect monomer conversion and 

thus, the relative peak areas observed in the 13C NMR spectrum can be compared to statistical 

probabilities in order to make peak assignments.7,9,29 For some copolymers, two dimensional (2D) 

heteronuclear NMR spectroscopy techniques may prove useful for identifying peaks that arise 

from specific monomers.20,26,27  

From the distribution of comonomer sequences, obtained from the relative area of the peaks 

in the 13C NMR spectrum, the copolymer block character (i.e., blockiness) and average block 

length of consecutive like monomers may be determined based on Bernoullian statistics.33-35 These 

calculated values are a useful addition to comonomer sequencing in that they provide deeper 

insight into the copolymer microstructure, which may help to explain observed differences in 

copolymer crystallization behavior and morphology for samples with similar comonomer content. 

For example, Randall33 was able to calculate the average block length of isotactic PP segments in 

amorphous and crystalline polypropylenes to investigate PP crystallizability. 

In this work, 13C NMR spectroscopy was used to investigate the copolymer microstructure 

and comonomer sequence distribution of ring brominated sPS copolymers prepared by a post-

polymerization functionalization method carried out in the heterogenous gel state. Gels of 

crystallizable homopolymers (e.g., sPS) are composed of tightly packed chain segments in lamellar 

crystallites that act as physical cross-links bound together by a percolating network of solvent 

swollen amorphous chains.36-40 When functionalizing reagent is introduced to the heterogeneous 

gel network, it is believed to be sterically excluded from reacting with monomer units in the 

crystalline component and thus, only reacts with monomers in the accessible interconnecting 
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amorphous component. Using this straightforward post-polymerization functionalization 

approach, the resulting copolymer is likely to contain separate segments of randomly 

functionalized “blocks” and un-functionalized “blocks” originating from monomer units that were 

isolated within crystalline domains of the gel.8,41,42 Thus, the block lengths of consecutive styrene 

units in the gel-state functionalized copolymers are anticipated to correspond with the average 

number of styrene units in a crystalline stem within the crystalline lamellae of the gel network. 

This work reports the first high-resolution comonomer sequencing of sPS-co-sPS-Br 

copolymers based on pentad assignments of the quaternary carbon region of the quantitative 13C 

NMR spectrum. The purpose of this research was to develop a comonomer sequencing method for 

brominated sPS copolymers in order to obtain a deeper understanding of the relationship between 

the sPS/solvent gel morphology and the copolymer microstructure and degree of blockiness that 

results from post-polymerization functionalization in the gel state. To develop the comonomer 

sequencing method, two series of copolymers were prepared in a matched set containing 6-30 

mol% p-bromostyrene units using a post-polymerization functionalization method carried out in 

the homogenous solution-state (Random) and heterogeneous gel-state (Blocky). The comonomer 

sequencing method was investigated using band selective gradient heteronuclear multiple bond 

correlation (bsgHMBC) spectroscopy, electronic structure calculations, and simulated random 

copolymers. Based on the experimentally-determined pentad sequence distributions, obtained 

from this comonomer sequencing method, simulated average chains were generated to predict the 

copolymer microstructure and distribution of block lengths in the brominated copolymers. To help 

rationalize the effect of copolymer microstructure and degree of blockiness on the crystallization 

behavior of the gel-state functionalized copolymers, differential scanning calorimetry was used to 

investigate copolymer crystallizability, X-ray scattering techniques were used to estimate the 
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average lamella thickness in the brominated copolymers, and these experimental data were 

compared to the block length distributions in the simulated average chains. X-ray scattering 

techniques were also used to estimate the average number of styrene units in a crystalline stem 

within the sPS/solvent gel network. This work affirms that post-polymerization functionalization 

carried out in the heterogenous gel state produces copolymers with long runs of un-functionalized 

styrene units that originate from the crystalline stems within the crystalline lamellae of the gel 

network. Given the ability to control the precise morphology of the semicrystalline gel network, 

specifically through changing the polymer concentration,43 gelation solvent,36-38,44 and/or gelation 

conditions,45 the broader scope of this work is to use the comonomer sequencing method and 

simulations to predict the copolymer microstructure and degree of blockiness of other sPS-based 

copolymers for the tailored design of new functional materials. 

 

3.3.1. Sample preparation 

The preparation of the Random and Blocky sPS-co-sPS-Br copolymers by homogeneous 

and heterogeneous post-polymerization bromination methods, respectively, is described in 

Chapter 2.8 Briefly, the Random copolymers (R-x%) were prepared by introducing a stock 

solution of bromine (Br2) in 1,1,2,2-tetrachloroethane (TCE) to a solution of sPS homopolymer 

(Questra® 102, 300,000 g mol-1 weight average molecular weight) in TCE. The reaction was 

carried out in the dark under argon and the molar ratio of Br2 to styrene monomer was varied to 

control the degree of bromination. The Random copolymers have p-bromostyrene (Br-Sty) 

compositions of approximately x = 6, 16, 18, and 31 mol%, determined by 1H NMR spectroscopy. 

The Blocky copolymers (B-x%) were prepared by introducing a stock solution of Br2 in 
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1,2-dichloromethane (DCM) to small pieces of a 10 w/v% sPS / carbon tetrachloride (CCl4) gel 

suspended in DCM. The reaction was carried out in the dark under argon and the reaction time 

was varied to control the degree of bromination. The Blocky copolymers have Br-Sty compositions 

of approximately x = 6, 15, 21, and 29 mol%. A 10 w/v% sPS/CCl4 gel was prepared for ultra-

small-angle (USAXS) and small-angle X-ray scattering (SAXS) experiments by dissolving sPS 

pellets in CCl4 at 120-140 °C in a pressure vessel, capturing a fraction of the 10 w/v% sPS/CCl4 

solution in a thin-walled, 3 mm outer diameter glass tube, and removing from heat to promote gel 

formation. A 10 w/v% sPS/CCl4 was prepared for wide-angle X-ray diffraction (WAXD) 

experiments by dissolving sPS pellets in CCl4 at 120-140 °C in a pressure vessel, followed by 

removing from heat to promote gel formation. The gel was stored at room temperature for ca. 24 

h to mimic the conditions prior to gel-state bromination. Then, the gel was broken into pieces with 

a spatula and immediately dried under vacuum at 70 °C for ca. 24 h. Melt-crystallized samples of 

the sPS homopolymer and the Random and Blocky copolymers were prepared by annealing the 

samples at 300 °C (or 325 °C for Blocky B-29%) for 5 min to erase thermal history, followed by 

isothermal crystallization for 2 h at 190 °C. 

3.3.2. NMR spectroscopy 

Microstructure analysis and comonomer sequencing of the sPS-co-sPS-Br copolymers was 

carried out using nuclear magnetic resonance (NMR) spectroscopy. 1H-13C band-selective gradient 

heteronuclear multiple bond correlation (bsgHMBC) experiments were recorded at room 

temperature in 1,1,2,2-tetrachlorethane-d2 (TCE-d2) on an Agilent U4-DD2 400 MHz 

spectrometer. Spin-lattice relaxation time, T1, experiments for 13C were measured at room 

temperature in TCE-d2 on a Bruker Avance II 500 MHz NMR spectrometer equipped with an LN2 

prodigy cryogenic BBO probe using inversion recovery with a power gated decoupling pulse 
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sequence (t1irpg). This pulse program produces a serial file (parameter mode = 2D), therefore the 

T1 experiment was carried out in a 2D mode with size of fid (32768, 9), 8 scans per increment, 40 

sec relaxation delay, and 9 variable delays (0.1, 0.2, 0.4, 0.8, 1.6, 3.2, 6.4, 12.8, 25.6 sec) from the 

variable delay list. The acquired data was processed using Topspin 3.2 software and T1 was 

calculated by an area fitting method. The calculated T1 values for the quaternary carbon of sPS 

homopolymer (C(1)) and a Random R-93% copolymer (C(1′)) were 0.68 sec and 0.71 sec, 

respectively. Quantitative 13C NMR experiments were recorded at room temperature in TCE-d2 on 

a Bruker Avance II 500 MHz spectrometer equipped with a LN2 Prodigy cryogenic BBO probe 

using a C13IG pulse program, proton decoupling (NOE−), 6 sec relaxation delay, 7680 scans per 

increment, O1P of 95, and sweep width of 150 ppm. The Line Fitting function in Mestrelab 

Research’s MestReNova x64 software was used to deconvolute and integrate the multiple peaks 

in the quaternary carbon region of the 13C NMR spectrum. The deconvolution method is discussed 

in more detail in the Results and discussion section. 

3.3.3. Thermal properties 

Copolymer crystallizability was probed used differential scanning calorimetry (DSC, TA 

Instruments DSC Q2000) under continuous nitrogen flow. Samples were first annealed at 300 °C 

(325 °C for Blocky B-29%) for 3 min to erase thermal history, then cooled to 0 °C at −10 °C min-

1, followed by heating at 10 °C min-1. TA Instruments Universal Analysis software was used to 

determine the area under the melting endotherm (ΔHf).  

3.3.4. X-ray scattering 

X-ray scattering techniques were used to characterize the morphology of a 10 w/v% 

sPS/CCl4 gel. Ultra-small angle (USAXS) and small-angle (SAXS) X-ray scattering experiments 
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were performed at the Advanced Photon Source beamline 9ID-C at Argonne National 

Laboratory.46-48 The USAXS instrument was configured in standard mode with an X-ray energy 

of 21 keV (λ = 0.5895 Å), X-ray photon flux of ca. 1013 mm-2 s-1, and a combined scattering 

vector, q, range of 0.0001–1.3 Å-1 (q = 4π/λ sin(θ), where λ is the wavelength and θ is one-half of 

the scattering angle). The desmeared USAXS and SAXS profiles were acquired sequentially and 

merged into a single data set using the Irena SAS package.49 SAXS experiments were performed 

on melt-crystallized samples of the sPS homopolymer and the Random and Blocky copolymers 

using a Rigaku S-Max 3000 3 pinhole SAXS system equipped with a rotating anode that emits 

X-rays with a wavelength of 0.154 nm (Cu Kα). The sample-to-detector distance was 1605 mm. 

The q range was calibrated using a silver behenate standard. Two-dimensional SAXS patterns were 

obtained using a fully integrated 2D multiwire, proportional counting, gas-filled detector with an 

exposure time of 2 h. The SAXS data were analyzed using the SAXSGUI software package to 

obtain radially integrated SAXS intensity versus q. The center-to-center intercrystalline domain 

spacing, i.e., long period (Lp), and average crystal thickness were calculated from the crystalline 

scattering feature of Lorentz-corrected SAXS profiles using the one-dimensional (1D) correlation 

function and a linear two-phase model. Wide-angle X-ray diffraction (WAXD) experiments were 

performed using a Rigaku MiniFlex II X-ray diffractometer emitting X-rays with a wavelength of 

0.154 nm (Cu Kα). Samples were scanned from 5° to 40° 2θ at a scan rate of 0.250° 2θ min−1 and 

a sampling window of 0.050° 2θ at a potential of 30 kV and a current of 15 mA. The WAXD data 

was analyzed using the PDXL 2 software package to obtain WAXD intensity versus 2θ profiles. 

The volume fraction of crystallinity, %Xc, was calculated from the WAXD profile through 

deconvolution of the crystalline and amorphous contributions and integration, according to 

Equation 1: 
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%𝑿𝒄 =
𝑰𝒄

𝑰𝒄 + 𝑰𝒂
 

(1) 

where Ic and Ia are the integrated intensities of the crystalline and amorphous contributions, 

respectively. To deconvolute the WAXD profile, the crystalline reflections and amorphous 

contributions were individually fit using Gaussian functions. 

3.3.5. Comonomer sequence counting in simulated random copolymer chains 

Simulated random copolymer chains were generated using a code created in-house with 

MATLAB® R2017a programming software. For each desired Br-content, the code simulates 1000 

homopolymer chains of 1442 monomer units (based on our sPS sample, Mw = 300K; Đ = 2.0) and 

selects monomers along the chain at random up to the desired degree of bromination. Along each 

chain, the frequency of each triad sequence (e.g., SSS, BBB, etc.) and pentad sequence (e.g., 

SSSSS, BBBBB, etc.) is counted. The prevalence of each of the 6 unique triad sequences and 20 

unique pentad sequences is calculated by dividing the frequency of a particular sequence by the 

total number of triad or pentad sequences, respectively, in the chain, which is discussed in more 

detail below in the Results and discussion section. 

3.3.6. Theoretical quaternary carbon chemical shifts 

Theoretical chemical shifts of the quaternary carbon nuclei in the 6 unique triad sequences 

were computed using electronic structure calculations. The calculation model consisted of three 

consecutive monomers terminated by two ethyl capping units. Geometry optimizations and 

harmonic frequencies were obtained using the B3LYP density functional and the def2svp basis set 

as implemented in Gaussian 09.50 NMR shielding tensors were computed using the Gauche 

Invariant Atomic Orbital formalism also in Gaussian. The reported chemical shifts for the 
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quaternary carbon nuclei of the central monomer in the triads were obtained via reference to the 

isotropic shielding of an internal tetramethylsilane standard calculated at the same level of theory. 

3.3.7. Simulated average copolymer chains based on the experimental pentad sequence 

distributions 

Simulated chains that represent the average copolymer chain sequence in the Random and 

Blocky copolymers, were created using a Fortran code created in-house. Chains are simulated from 

a short sequence of un-functionalized styrene units by subsequent additions of short sequences of 

un-functionalized and functionalized styrene units to the chain end. The rationalization for the 

specific short sequence that is added during each addition step is based on the difference between 

the average pentad sequence distribution of the simulated chain and the pentad sequence 

distribution from the NMR data and is discussed in more detail below in the Results and discussion 

section. 

 

3.4.1. 13C NMR spectroscopy and comonomer sequence distribution 

Quantitative 13C NMR spectroscopy was used to investigate the microstructure and 

comonomer sequence distribution of the solution-state (Random, R-x%) and gel-state (Blocky, 

B-x%) sPS-co-sPS-Br copolymers. For comparison, the Random and Blocky copolymers were 

prepared in a matched set of approximately x = 6, 15, 20, and 30 mol% brominated styrene (Br-Sty) 

units, determined from the 1H NMR spectra.8 Figure 3.1 compares the high-resolution, quaternary 

carbon (C(1) and C(1′)) NMR spectra of the sPS homopolymer and the Random and Blocky 

copolymers. The sPS homopolymer exhibits a single peak at 145.15 ppm that corresponds to the 

C(1) resonance of an un-functionalized styrene unit. Upon para-substitution of the styrene phenyl 



103 

rings with bromine, new resonances appear in the 13C NMR spectrum. For the Random 

copolymers, the new peaks increase in intensity with increasing Br-content. The multiple peaks in 

the sPS-co-sPS-Br copolymers signify through-bond communication between neighboring styrene 

and Br-Sty monomers and provides a unique fingerprint of the copolymer microstructure 

originating from the specific comonomer sequence distribution. For the Blocky copolymers, the 

quaternary carbon peak distributions and intensities differ discernibly from their Random analogs 

at all degrees of bromination, which is emphasized by the new resonance in Blocky B-21% and B-

29% at 143.1−143.3 ppm. These differences in peak distribution and intensity unambiguously 

show that copolymers prepared by gel-state bromination have a different comonomer sequence 

distribution compared to their solution-state analogs. 

The peaks in the quaternary carbon region appear to be clustered into 6 groups, which are 

labeled A−F in Figure 3.1 and are clearly observed in the spectrum of Random R-31%. The 

observed number of groups is in excellent agreement with the 6 unique triad combinations (8 total 

combinations) that are possible in a copolymer that contains two different monomers (i.e., SSS, 

[SSB/BSS], BSB, SBS, [BBS/SBB], and BBB, where S = styrene and B = Br-Sty). Thus, each 

group appears to originate from the quaternary carbon nucleus of a styrene or Br-Sty unit that 

exists in the center of a unique sequence of at least three monomers, i.e., a triad, along the 

copolymer chain. 
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Figure 3.1. The quaternary carbon region of the 13C NMR spectra for the (left) Random and (right) Blocky 
copolymers increasing in degree of bromination from top to bottom. The spectra were recorded at room 
temperature and are referenced to TCE-d2 and normalized over 127.0–132.5 ppm for comparison. 

The source of the quaternary carbon resonances as originating from either a styrene or 

Br-Sty unit was investigated by bsgHMBC spectroscopy. The quaternary carbon and aromatic 

H(3)/H(4)/H(3′) proton regions of the bsgHMBC spectra for Random R-31% and Blocky B-29% 

are presented in Figure 3.2. For both R-31% and B-29%, the quaternary carbon resonances in the 

144-145 ppm range are correlated to the H(3) and/or H(4) protons, indicating that these resonances 

originate from an un-functionalized styrene unit, C(1). The carbon resonances at lower frequency, 

in the 143-144 ppm range, are correlated to the H(3ʹ) proton, and thus originate from a Br-Sty unit, 

C(1′). Therefore, groups A−C were assigned to un-functionalized styrene units and groups D−F 

were assigned to Br-Sty units. 
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Figure 3.2. The quaternary carbon region of the bsgHMBC spectra for the (left) Random R-31% and (right) Blocky 
B-29% copolymers recorded in TCE-d2 at 25 °C. 

In order to further assign groups A-F to specific triad sequences of monomers, electronic 

structure calculations were used to compute theoretical chemical shifts for the quaternary carbon 

nuclei of the central unit in each of the 6 unique triad sequences. Figure 3.3 shows the optimized 

structure of the 6 unique triad sequences end-capped with ethyl units, and the computed chemical 

shifts. According to the density functional theory (DFT), the chemical shift of the quaternary 

carbon nucleus of the central styrene or Br-Sty unit in each triad sequence decreases in the 

following order: SSS > [SSB/BSS] > BSB >SBS > [BBS/SBB] > BBB. Thus, the quaternary 

carbon nucleus of a Br-Sty unit is predicted to resonate at a lower frequency than a styrene unit, 

consistent with the results from the bsgHMBC experiments (see Figure 3.2). In addition, the 

resonance frequency of a styrene or Br-Sty unit decreases with an increasing number of Br-Sty 

neighbors. This result strongly suggests that bromination of the C(4) carbon of the phenyl ring 

shields the quaternary carbon nucleus of styrene and neighboring styrene units from an applied 

external magnetic field. Based on the results of the electronic structure calculations, the bsgHMBC 

experiments, and previous evidence of the low frequency chemical shift of the quaternary carbon 

nucleus of a syndiotactic poly(4-bromostyrene) homopolymer19  (C(1′) = 143.1 ppm), groups A−F 

were assigned accordingly: A = SSS; B = SSB/BSS; C = BSB; D = SBS; E = SBB/BBS; and F = 
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BBB. From these assignments, it is clear that the Blocky B-29% copolymer has a larger fraction 

of BBB triad sequences along its chains relative to the Random R-31% analog (see Figure 3.1), 

despite their similar Br-content. Thus, solution-state bromination results in a relatively low 

abundance of BBB triad at 31 mol% Br. 

 
Figure 3.3. Theoretical chemical shifts for the quaternary carbon nuclei of the central monomer unit in the 6 unique 
triad sequences computed using electronic structure calculations. Geometry optimizations and harmonic 
frequencies were obtained using the B3LYP density functional and the def2svp basis set as implemented in 
Gaussian 09.50 NMR shielding tensors were computed using the Gauche Invariant Atomic Orbital formalism, also in 
Gaussian. The reported chemical shifts are referenced to the isotropic shielding of an internal tetramethylsilane 
standard calculated at the same level of theory. 

Within groups A−F, the quaternary carbon NMR spectra in Figure 3.1 display multiple 

peaks, demonstrating that the quaternary carbon nucleus is capable of communicating with its 

neighboring and next-neighboring styrene and Br-Sty unit. Thus, the individual peaks in the NMR 

spectrum appear to originate from the quaternary carbon nucleus of a styrene or Br-Sty unit that 

exists at the center of a sequence of five monomers, i.e., a pentad, along the copolymer chain. 

Table 3.1 provides the 20 unique pentad combinations (32 total combinations) that are possible 

for a copolymer that contains two different monomers, grouped by triad combination and 

organized by group assignment, A−F. The pentads in each group are arranged from top to bottom 

in order of increasing number of Br-Sty units that exist two units away from the central styrene or 
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Br-Sty unit. For the [SSB/BSS]- and [SBB/BBS]-based pentads with one next-neighboring Br-Sty 

unit, there are two possible pentad permutations, the [bssbs/sssbb], [bsbbs/ssbbb] and 

[bsbbs/sbbsb], [ssbbb/bbbss] pentads, which are arbitrarily arranged in order of increasing number 

of consecutive Br-Sty units. Based on the results of the theoretical chemical shifts from electronic 

structure calculations, which implies that bromination of a neighboring styrene unit shifts the 

resonance of a central styrene or Br-Sty unit to lower frequency, this order represents the order 

anticipated for the chemical shifts of the pentad sequences, where the sssss and bbbbb pentads 

represent the highest and lowest frequency peaks, respectively, in the NMR spectrum. 

Table 3.1 Triad and pentad comonomer sequences organized by group assignment, A−F. Styrene = S or s; Br-Sty = 

B or b. 

Group 

Comonomer Sequence 

Triad Pentad 

A SSS 

 s s s s s 

 s s s s b / b s s s s 

 b s s s b 

B SSB / BSS 

 s s s b s / s b s s s 

 s b s s b / b s s b s 

 s s s b b / b b s s s 

 b b s s b / b s s b b 

C BSB 

 s b s b s 

 b b s b s / s b s b b 

 b b s b b 

D SBS 

 s s b s s 

 s s b s b / b s b s s 

 b s b s b 

E BBS / SBB 

 s s b b s / s b b s s 

s b b s b / b s b b s 

 s s b b b / b b b s s 

 b b b s b / b s b b b 

F BBB 

 s b b b s 

 s b b b b / b b b b s 

 b b b b b 

The order of the pentad sequences in the NMR spectrum was investigated by calculating 

the average pentad sequence distribution in simulated random copolymers using a code created 
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in-house. The code simulates 1000 homopolymer chains of 1442 monomer units (based on our 

sPS sample, Mw = 300K; Đ = 2.0) and selects monomers along the chain at random up to the 

desired degree of bromination. Along each chain, the frequency of each unique pentad sequence 

(e.g., sssss, bbbbb, etc.) is counted, starting at the first unit and moving one unit at a time along 

the chain. For the 12 pentads with symmetric sequences (e.g., sbbsb and bsbbs), frequencies are 

added together to conform with the experimental results from NMR. The prevalence of the 20 

unique pentad sequences is then calculated by dividing the frequency of each unique pentad 

sequence by the total number of pentad sequences in the chain. The prevalence of these 20 pentads 

represents the pentad sequence distribution of the chain. The average pentad sequence distribution 

of 1000 simulated random copolymers with 31 mol% Br-content (Simulated r-31%) was calculated 

to compare to the NMR spectrum of Random R-31%. 

In order to compare the pentad sequence distribution of Simulated r-31% to R-31%, the 

NMR spectrum of R-31% was decomposed into its separate additive peak components using the 

Line Fitting function in Mestrelab Research’s MestReNova x64 software. This deconvolution 

process was assisted by analyzing the NMR spectrum of a Random R-47% copolymer, in which 

the chemical shift of 20 peaks were easily identified (see Figure S3.1). These chemical shifts were 

then used to approximate the position of the peaks in the spectrum of R-31%. 

Figure 3.4(a) compares the average pentad sequence distribution of Simulated r-31% to 

the NMR spectrum of Random R-31%. For Simulated r-31%, pentads are arranged from left to 

right according to the top to bottom order of the pentad sequences presented in Table 3.1, and are 

aligned with the peaks observed in the R-31% NMR spectrum. It is worth noting that the average 

prevalences of the pentad sequences with two possible permutations are not significantly different 

(P([bssbs/sbssb]) ≡ P([sssbb/bbsss]), p = 0.645 > α = 0.05; P([bsbbs/sbbsb]) ≡ P([ssbbb/bbbss]), 
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p = 0.250 > α = 0.05, calculated using a two-tailed two-sample t-test). Thus, the assignment of 

these pentads is extraneous to the overall order of the pentads in the NMR spectrum. Based on the 

order of the pentad sequences presented in Table 3.1, the relative intensities of the pentads in the 

Simulated r-31% appear to be in excellent agreement with the experimental Random R-31% 

spectrum. Figure 3.4(b) demonstrates the average pentad sequence distribution of Simulated r-

31% converted into a theoretical quaternary carbon NMR spectrum using the Lorentzian function 

(line-width at half-max (LW1/2) = 8.9 Hz, determined from the best fit). Again, the theoretical NMR 

spectrum is strikingly similar to the R-31% NMR spectrum, confirming that the order of the pentad 

sequences in Table 3.1 accurately predicts the order of the pentad sequences in the quaternary 

carbon NMR spectrum. 

 
Figure 3.4. (a) The quaternary carbon spectrum of the Random R-31% copolymer (black line) overlaid with the 
average pentad sequence distribution from 1000 theoretical random copolymers with 31 mol% Br-content 
(Simulated r-31%, red vertical lines). (b) In red, the quaternary carbon spectrum of Simulated r-31% calculated by 
applying a Lorentzian function (LW1/2 = 8.9 Hz). In black, the NMR spectrum of Random R-31% and in blue, the 
residual of the Simulated r-31% spectrum subtracted from the R-31% spectrum. 

The deconvoluted quaternary carbon NMR spectra of the Random R-31% and Blocky 

B-29% copolymers with triad assignments and several pentad assignments are shown in Figure 

3.5. For comparison, the spectra are normalized to the same relative intensity. The complete pentad 
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assignments and their chemical shifts are provided in Table S3.1. The R-31% copolymer contains 

peaks with a broad distribution of intensities. In contrast, the B-29% contains an intense peak for 

the sssss pentad and a relatively intense peak for the bbbbb pentad. This initial microstructural 

analysis of the NMR spectrum confirms that the bromination method manipulates the copolymer 

sequence; gel-state bromination produces sPS-co-sPS-Br copolymers with non-random, i.e., 

blocky distributions of functional groups along the chains. 

 
Figure 3.5. The quaternary carbon spectra of the (left) Random R-31% and (right) Blocky B-29% with peak fitting 
and assignments for the triad combinations and several of the pentad combinations. 

With the peaks in the quaternary carbon region of the NMR spectrum assigned to specific 

pentad sequences, the pentad sequence distribution of each Random and Blocky copolymer was 

calculated from the ratio of the area under each peak to the total area of the quaternary carbon 

region (142.9−145.6 ppm). From the pentad sequence distributions, the approximate triad 

sequence distributions were tabulated, shown in Table 3.2. As expected for the Random 

copolymers, as degree of bromination increases the prevalence of SSS triads decreases and the 

prevalence of the BSB, SBS, [SSB/BSS], and [SBB/BBS] triads increases. The BBB triad 

sequence is observed only in the Random R-31% copolymer and comprises approximately 1% of 

the triad sequence distribution. In contrast, for the Blocky copolymers, the prevalence of SSS triads 

f1 (ppm) f1 (ppm)
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decreases to a lesser extent with increasing Br-content. In addition, above 6 mol% Br, the 

prevalences of the BSB, SBS, [SSB/BSS] and [SBB/BBS] triads remain relatively unchanged, and 

the prevalence of the BBB triad increases substantially with increasing Br-content. The larger 

fraction of SSS and BBB triads in the Blocky copolymers again, strongly supports that these 

copolymers have a blocky microstructure compared to their Random copolymer analogs. 

Table 3.2. Triad sequence distributions in the Random and Blocky copolymers, calculated from the peak integration 

of the quaternary carbon NMR spectra. 

Sample SSS SSB/BSS BSB SBS SBB/BBS BBB 

B-6% 87% 7% <0.5% 4% 1% 0% 

B-15% 72% 9% 4% 6% 6% 3% 

B-21% 65% 8% 4% 5% 8% 10% 

B-29% 57% 8% 3% 5% 8% 19% 

R-6% 85% 10% <0.5% 5% <0.5% 0% 

R-16% 59% 24% 2% 12% 4% 0% 

R-18% 54% 26% 3% 13% 4% 0% 

R-31% 31% 32% 7% 16% 12% 1% 

3.4.2. Copolymer block character analysis 

The degree of blockiness in the Blocky samples was characterized by the copolymer block 

character,34 average length of consecutive styrene units (nS) and Br-sty units (nB),33 and the average 

number of blocks per 100 monomer units (N), calculated from the triad sequence distributions.51 

Based on Bernoullian probabilities, the block character (R) is determined using Equation 2.  

𝑅 =
4(𝑃𝑆𝑆)(𝑃𝐵𝐵)

(P𝑆𝐵)2
  where: 

PSS = SSS + ½ SSB 

(2) PBB = BBB + ½ SBB 
PBS = 1 – PSS – PBB 

For a copolymer with a Bernoullian (i.e., random) sequence distribution, R is equal to unity. For a 

block-like copolymer, R is greater than unity and for a copolymer that tends toward alternation, R 

is less than unity. The block character of the Random and Blocky samples and the average block 

character of simulated random copolymers are compared in Figure 3.6. For the simulated 

copolymers, R values range from 0.98-1.00, affirming that the simulations produce copolymers 
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with random comonomer sequence distributions. For the Random samples, the R values vary 

between 0.54 (R-6%) and 0.66 (R-16%), which is similar to that expected for a random copolymer, 

though these data suggest that in solution, there may be some tendency to inhibit the bromination 

of a styrene unit that neighbors a Br-Sty unit. This intriguing observation that bromination in 

solution may proceed with inequivalent reaction probabilities will be the subject of further 

investigations. In distinct contrast to the Random copolymers, the Blocky copolymers have R 

values that range from ca. 3 in B-6% to ca. 25 in B-29%, which confirms that the Blocky 

copolymers have a block-like microstructure, i.e., a high degree of blockiness, even at low 

Br-content. Interestingly, R also increases considerably with increasing Br-content, demonstrating 

an increase in the prevalence of consecutive styrene and consecutive Br-Sty “blocks” along the 

chains. Thus, the large block character of Blocky B-29% may indicate that the B-29% copolymer 

microstructure is somewhat reminiscent of a multi-block copolymer. 

To obtain deeper insight into the potential lengths of the styrene and Br-Sty “blocks,” in 

the Blocky copolymers, the average length of consecutive styrene units (nS) and Br-sty (nB) units 

 
Figure 3.6. The block character (R) of the Random (R-x%), Blocky (B-x%), and simulated random (S-x%) copolymers 
with respect to Br-content (x = Br-content). 

0

5

10

15

20

25

0 5 10 15 20 25 30 35

B
lo

c
k
 c

h
a
ra

c
te

r 
(R

)

mol% Br

Blocky

Random

Simulated



113 

and average number of blocks per 100 monomer units (N) were calculated according to Equations 

3, 4, and 5, respectively.  

𝑛𝑆 =
𝑆𝑆𝑆 + [𝑆𝑆𝐵/𝐵𝑆𝑆] + 𝐵𝑆𝐵

𝐵𝑆𝐵 +
1
2 [𝑆𝑆𝐵/𝐵𝑆𝑆]

 (3) 

𝑛𝐵 =
𝐵𝐵𝐵 + [𝐵𝐵𝑆/𝑆𝐵𝐵] + 𝑆𝐵𝑆

𝑆𝐵𝑆 +
1
2 [𝐵𝐵𝑆/𝑆𝐵𝐵]

 (4) 

𝑁 =
200

𝑛𝑆 + 𝑛𝐵
 (5) 

The average block lengths of consecutive styrene and Br-sty units for the Random and Blocky 

copolymers, and the average block length for 1000 simulated random copolymers (S-x%) are 

compared in Table 3.3. At approximately 6 mol% Br, the Random R-6% has an nS value of ca. 18 

units, which is in good agreement with the nS value for a statistically random copolymer (S-6%) 

of ca. 17 units (based on a copolymer with 1442 monomer units per chain). In contrast, the Blocky 

B-6% has a much longer nS of ca. 23 units, which demonstrates that the B-6% has a higher degree 

of blockiness than its random analog, even at this relatively low degree of functionalization. This 

result strongly implies that the heterogeneous functionalization is capable of producing 

copolymers with non-random distributions of functional groups along the chain at low Br-content. 

For the Random samples with greater than 6 mol% Br, the nS and nB values are consistent with 

that anticipated for a copolymer with a random microstructure, while the Blocky samples with 

more than 6 mol% Br have relatively long nS of ca. 10 units. The presence of relatively steady 

values of nS in the Blocky samples from 15-29 mol% Br is believed to indicate a non-homogeneous 

distribution of “blocks” of consecutive styrene units, where contributions from comparatively long 

and comparatively short blocks of consecutive styrene units result in an intermediate average block 

length.33 This bimodal distribution would be consistent with the comonomer distribution 
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anticipated for a copolymer prepared via post-polymerization bromination in the gel state, in which 

the gel-state functionalized copolymer is likely to contain separate segments of un-functionalized 

blocks that originate from the crystalline component of the gel network and randomly 

functionalized segments that originate from the amorphous component. If this anticipated 

segmented structure is correct, then the steady increase in nB from ca. 1 unit in Blocky B-6% to ca. 

4 units in Blocky B-29% is suggestive of an increasing density of Br-Sty units in the randomly 

functionalized blocks with increasing Br-content. 

The N values in Table 3.3 represent the average number of blocks of consecutive styrene 

and Br-Sty units per 100 monomer units in a chain, where a block is at least one unit. For the 

simulated random copolymers, N increases with increasing Br-content, which results from an 

increasing number of styrene blocks that are terminated at each end by a Br-Sty unit. The Random 

copolymers exhibit N values that are similar to that of the simulated random copolymers. In distinct 

contrast, the Blocky samples have remarkably low values of N even at high Br-content, which 

suggests that the Blocky copolymers contain fewer relatively long blocks of consecutive styrene 

units along the chain. Interestingly, Blocky B-15% has the highest N value, i.e., the most blocks 

per 100 monomer units in the Blocky copolymer series. N then decreases between 15 mol% Br 

and 29 mol% Br, which correlates well with the observed increase in nB, i.e., the average block 

length of consecutive Br-Sty units. These data are consistent with a blocky copolymer 

microstructure that consists of long blocks of un-functionalized styrene units and randomly 

functionalized segments that contain blocks of consecutive Br-Sty units that increase in length 

with increasing Br-content. 
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Table 3.3. The average length of consecutive styrene (nS), and Br-Sty (nB) and average number of blocks per 100 

monomer units (N) for the Random (R-x%), Blocky (B-x%), and simulated random (S-x%) copolymers with respect 

to Br-content (x = Br-content). 

Sample n
S
 n

B
 N 

B-6% 23.2 1.2 8.2 

B-15% 9.7 1.7 17.5 

B-21% 9.7 2.7 16.2 

B-29% 10.1 3.8 14.4 

R-6% 18.2 1.0 10.4 

R-16% 6.0 1.1 28.0 

R-18% 5.2 1.1 31.4 

R-31% 3.0 1.3 46.2 

S-6% 16.6 1.1 11.3 

S-16% 6.2 1.2 27.0 

S-18% 5.5 1.2 29.6 

S-31% 3.2 1.4 42.8 

3.4.3. Simulated average chains of the sPS-co-sPS-Br copolymers 

The pentad sequence distribution provides a fingerprint of the copolymer microstructure 

and represents the average comonomer sequence distribution along a chain. Using this useful 

sequence information, a code was developed in-house using Fortran software to predict the average 

copolymer chain sequence in each of the Random and Blocky copolymers. The copolymer chain 

is simulated starting with a short sequence of un-functionalized styrene units, followed by 

subsequent additions of short sequences of un-functionalized and functionalized styrene units to 

the chain end. The short sequence that is added in each addition step keeps the difference between 

the experimentally-determined pentad distribution and the pentad distribution of the simulated 

chain at a minimum. Sequences of 1, 3, 5, 7, 9, 11, and 13 monomers were tested to investigate 

the addition process. Sequences of 7 monomers were found to minimize the residuals with respect 

to the experiment. Thus, the simulated chain is started with a short sequence of 7 un-functionalized 

styrene units and blocks of 7 units are added sequentially. To add a block to the end of the chain, 

all possible heptad combinations (27 or 128) are added in turn and the deviation between the pentad 
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distribution of the intermediate chain and the experimental results is analyzed. The heptad 

combination that minimizes the residuals with respect to the experiment is then added to the chain. 

The process is repeated until the chain length reaches 1442 monomers (based on our sPS sample, 

Mw = 300K; Đ = 2.0). It is worth noting that the degree of functionalization in the chain is not a 

parameter of the simulation, yet the simulated chains naturally exhibit Br-Sty compositions that 

are in good agreement with experiment. Also, the simulated average chains exhibit pentad 

sequence distributions that deviate by less than one percent from the experimentally-determined 

pentad sequence distributions. 

Figure 3.7 compares the simulated average chains of Random R-31% and Blocky B-29%. 

The root-mean-square deviations (RMSD) between the simulated and experimental pentad 

sequence distributions for the simulated average R-31% and B-29% chains are 0.67% and 0.57%, 

respectively. By inspection, it is clear that the simulated average chain of Random R-31% contains 

frequent short blocks of consecutive styrene units (grey circles) and noticeably shorter and 

infrequent blocks of two or more consecutive Br-Sty units (blue circles). In distinct contrast, the 

simulated Blocky B-29% chain exhibits numerous long blocks of styrene units and relatively long 

blocks of consecutive Br-Sty units. Overall, the average chains have decidedly different 

microstructures; the simulated R-31% has a more random microstructure and the simulated B-29% 

has a considerably non-random, i.e., blocky microstructure. For the simulated average chains of 

Random 6-18 mol% Br and Blocky 6-21 mol% Br, see Figure S3.2. 
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Figure 3.7. Simulated average copolymer chains of (top) Random R-31% and (bottom) Blocky B-29% created 
through an iterative process that minimizes the difference between the pentad sequence distribution of the 
simulated chain and the respective data from experiment. Styrene units = grey circles; Br-Sty units = blue circles. 

The simulated average chains provide further insight into the copolymer microstructure 

and distribution of block lengths that are predicted to exist in copolymers prepared by a post-

polymerization bromination method carried out in the gel state. The distribution of block lengths 

in the simulated Random and Blocky average chains was quantified by the weight fraction of 

styrene units (wSty) in blocks of at least block length, n, shown in Figure 3.8. (For block lengths 

represented by frequency in the simulated average chains, see Figure S3.3 and Figure S3.4.) For 

n = 1, all styrene units in the chain are accounted for, which corresponds to a wSty of 100 wt%. As 

n increases, the wSty in blocks of at least n decreases. A wSty of 50 wt% is half the mass of styrene 

in the chain. The simulated Random R-6% average chain exhibits 50 wt% of its styrene in blocks 

of 20-41 units. In comparison, the average chain of Blocky B-6% exhibits half its mass of styrene 

in longer blocks of 28-67 units, which demonstrates its greater block character compared to its 

Random analog. This result suggests that heterogeneous functionalization is capable of producing 

Random R-31%

Blocky B-29%
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copolymers with non-random distributions of functional groups along the chain, even at low 

Br-content. Above 6 mol% Br in the simulated Random average chains, the length of the longest 

styrene block decreases from 17 to 12 and 9 units for R-16%, R-18%, and R-31%, respectively, 

and half the mass exists in short blocks of 1- 10, 9, and 5 units, respectively, as expected for 

copolymers with random microstructures. In contrast, the simulated Blocky average chains with 

15, 21, and 29 mol% Br, display half their mass of styrene in long blocks of at least 28, 26, and 

23 units, respectively, and contain at least one block that is 39 styrene units or longer. These long 

blocks of consecutive styrene units in the simulated Blocky chains are noteworthy given that the 

estimated average length of a crystalline stem in the s(2/1)2 helical form of the sPS crystal structure 

is 26 units, which will be discussed in more detail below in the Analysis subsection of the Results 

and discussion.52 The blockiness of the simulated Blocky average chains, even at 6 mol% Br, 

suggests that during gel-state bromination, crystalline stems in the crystalline component of the 

gel network are inaccessible to functionalizing reagent and are preserved as long segments of 

un-functionalized styrene units along the copolymer chains.  

 
Figure 3.8. Predicted weight fraction of styrene units (wSty) in blocks of at least block length, n, versus block length 
from the simulated average chains of the (left) Random and (right) Blocky copolymers. Dashed lines are shown to 
guide the eye. 
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3.4.4. Analysis of the simulated average chains with respect to experimental results 

The simulated average chains have provided further insight into the effect of copolymer 

microstructure and degree of blockiness on copolymer crystallization behavior after solution-state 

and gel-state functionalization. Figure 3.9 shows the weight percent crystallinity, Xc of the sPS 

homopolymer and the Random and Blocky copolymers after slow cooling (−10 °C min-1) 

conditions from the melt, calculated from the area under the melting endotherm (ΔHf) with respect 

to the heat of fusion of 100% crystalline pure sPS (𝛥𝐻𝑓
° = 79.3 J g-1). At approximately 6 mol% 

Br, both the Random and Blocky copolymers are less crystalline, relative to pure sPS. Bromine 

groups attached to sPS act as physical defects along the polymer chains, limiting crystallizability 

and lamella thickness.2,8 It is not surprising then that the Random and Blocky series show a 

depression in Xc, with increasing Br-content as a consequence of both shorter crystallizable 

segments (i.e., runs of consecutive styrene units of sufficient length) and a lower frequency of 

crystallizable segments along the polymer chains. Nevertheless, it is important to note that the 

Blocky copolymers demonstrate a much greater aptitude for crystallization compared to their 

Random analogs, despite their analogous Br-contents. For example, the Blocky B-21% copolymer 

yields a degree of crystallinity of Xc = 16% that constitutes 50% of the crystallinity of pure sPS, 

compared to Xc = 0% for the lower Br-content Random R-18%, which did not crystallize under 

the thermal conditions of this experiment. The much greater crystallizability of the Blocky 

copolymers is strongly suggestive of a highly blocky microstructure, consistent with the 

comonomer sequence distributions in the simulated average chains (see Figure 3.7). 
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According to Flory’s theory of crystallization in copolymers53, the probability (Pζ) that a 

randomly selected styrene unit along a chain exists in a crystallizable chain segment of at least ζ 

styrene units is given by: 

𝑷𝜻 = ∑𝑷𝜻,𝒋

𝒋

= ∑
(𝒋 − 𝜻 + 𝟏) × 𝒘𝒋

𝒋

∞

𝒋=𝜻

 (6) 

where wj is the probability that a unit chosen at random is a styrene unit in a sequence of length j, 

calculated by multiplying the molar fraction of styrene units (XSty) by the fraction of styrene units 

occurring in j sequences (jSty). For this work, ζ is defined as 28 monomer units, the average number 

of styrene monomers in one crystalline stem of an sPS crystallite.52 Figure 3.10 compares the Pζ 

values calculated for the simulated Random and Blocky average chains. For the simulated Random 

average chains, the probability of selecting a crystallizable styrene monomer (i.e., a monomer 

within a defect-free sequence of 28 monomer units) decreases from Pζ = 4% in the simulated R-6% 

average chain to Pζ = 0% in the simulated Random average chains with at least 16 mol% Br. This 

infrequency of crystallizable styrene monomers at 16 mol% Br is in excellent agreement with the 

 
Figure 3.9. The (a) weight percent crystallinity (Xc) of the sPS homopolymer and the Random and Blocky copolymers 
after slow cooling (−10 °C min-1) from the melt, measured by differential scanning calorimetry. 
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experimentally-determined crystallizability of Random R-16%, which exhibits less than 1 wt% 

crystallinity after conditions of slow cooling (−10 °C min-1). Nevertheless, it is recognized that 

crystallizability is dependent on the thermal conditions of the experiment and that styrene blocks 

shorter than 28 units is possible, which is discussed in more detail below. 

In contrast to the predicted crystallization behavior of the Random copolymers prepared 

by a solution-state functionalization method, the simulated Blocky average chains, retain greater 

than 1% probability that a randomly selected styrene monomer exists in a crystallizable segment, 

even at 29 mol% Br. This non-zero probability of encountering a defect-free stem is in good 

agreement with the greater crystallizability of the Blocky copolymers compared to their Random 

analogs (see Figure 3.9). The agreement between crystallization behavior observed in experiment 

and the block length distributions of the simulated average chains validates the basis of our 

modeling method and strongly suggests that restricting accessibility of the functionalizing reagent 

to monomers in the amorphous component of the gel network is capable of producing copolymers 

with a high prevalence of crystallizable homopolymer segments. 

 
Figure 3.10. Probability that a randomly selected styrene unit in the simulated Blocky (circles) and simulated 
Random (squares) chains exists in a crystallizable chain segment, ζ, of at least 28 styrene units. Dashed lines are 
included to guide the eye. 
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To estimate the average number of styrene units in a crystalline stem in the crystallizable 

copolymers, copolymer morphology was probed using small-angle X-ray scattering (SAXS). The 

SAXS profiles of the sPS homopolymer and the Random and Blocky copolymers after 2 h 

isothermal crystallization from the melt at 190 °C are compared in Figure S3.5. The SAXS profile 

of the sPS homopolymer shows a scattering feature in the range of 0.3 nm-1 < q < 0.5 nm-1 that is 

consistent with intercrystalline scattering observed previously in sPS.54 The Random R-6% and 

R-16%, and the Blocky B-6%, B-15%, and B-21% samples also exhibit intercrystalline scattering 

over a range of q values from 0.1 nm-1 < q < 0.5 nm−1. The observed shift in the intercrystalline 

scattering feature to lower q with increasing Br-content is indicative of an increase in the center-

to-center intercrystalline domain spacing, i.e., the long period (Lp). The long period represents the 

sum of the thicknesses of the crystalline lamellae, lc, and the interlamellar amorphous region, la 

(Lp = lc + la). The d-spacing of the scattering peak in the Lorentz-corrected SAXS profiles was used 

to estimate the Lp values from Bragg’s law (dBragg = 2π/q). Assuming a linear two-phase model, 

the lc may be estimated from the product of Lp and the volume fraction of crystallinity (%Xc) within 

the material. The average lamella thickness was also estimated from the 1-D correlation function. 

Both approaches produced similar results for the estimated average lamella thickness and are 

useful for probing the average number of styrene units contained in a crystalline stem along the 

copolymer chain. The results of the linear two-phase approach (columns 2-7) and the 1-D 

correlation function (columns 8-9) are provided in Table S 3.2. 

For the melt-crystallized sPS homopolymer and all of the Random and Blocky copolymers 

that demonstrate intercrystalline scattering, the estimated average thickness of the crystalline 

lamellae is ca. 4.5−5 nm (see Table S 3.2). The average number of consecutive styrene units in a 

crystalline stem was estimated from the average lamella thickness, based on the α-form planar 
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zigzag structure of sPS with 2 monomer units per identity period (c-axis dimension = 0.51 nm).55 

All of the crystallizable samples exhibit crystalline stems of approximately 17-20 consecutive 

styrene units, which is consistent with block lengths observed in the simulated average chains of 

the respective Random and Blocky copolymers (see Figure 3.8). It is worth noting that for pure 

sPS and potentially for the low Br-content Random, and the Blocky copolymers, melt 

crystallization at 190 °C may favor a high rate of nucleation and thus, the formation of thinner 

crystallites.52,56,57 While the SAXS analysis may therefore underestimate the true maximum 

average lamella thickness that is possible for these samples, these data still provide a useful initial 

approximation of the minimum average length of consecutive styrene units that are present in the 

brominated copolymers. An investigation into the polymorphic composition of the brominated 

copolymers at different isothermal crystallization obtained from WAXD experiments is beyond 

the scope of this manuscript and will be the subject of further investigations. The simulated average 

chains appear to be in good agreement with the morphology of the semicrystalline Random and 

Blocky copolymers and thus provide a useful visual representation of the copolymer 

microstructures. 

3.4.5. Relationship between gel morphology and copolymer microstructure 

To develop a deeper understanding of the relationship between the sPS gel morphology 

and the copolymer microstructure and degree of blockiness obtained after gel-state 

functionalization, X-ray scattering techniques were used to probe the morphology of the as 10 

w/v% sPS/CCl4 gel. The merged ultra-small-angle (USAXS) and small-angle X-ray scattering 

(SAXS) profiles is shown in Figure 3.11(a). To the author’s knowledge, this is the first reported 

USAXS profile of an sPS/solvent gel. The wide-angle X-ray diffraction (WAXD) profile of the as 

prepared 10 w/v% sPS/CCl4 gel is provided in Figure 3.11(b). The WAXD profile exhibits 
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crystalline reflections that are consistent with the s(2/1)2 helical conformation of the δ-form crystal 

structure of sPS, which is expected for an sPS/solvent gel.40,58,59 The USAXS/SAXS profile 

demonstrates two scattering features, a high q scattering feature at 0.2 nm-1 < q < 0.7 nm-1 that 

exhibits q-4 dependence and a low q scattering feature between 0.006−0.07 nm-1 that exhibits q-3 

dependence in the Porod region between 0.07−0.15 nm-1. The excess scattering at high q is 

consistent with intercrystalline scattering that has been observed previously in sPS.54 The d-

spacing of this scattering feature, obtained from the Lorentz-corrected SAXS profile, is 0.342 nm-1. 

The low q scattering feature is strongly suggestive of a large-scale mass fractal-type structure and 

is attributed to clusters of ordered crystallites.38 Thus, the presence of these two scattering features 

is strongly suggestive of an sPS/CCl4 gel morphology consisting of clusters of crystallites that act 

as physical cross-links bound together by a percolating network of solvent swollen amorphous 

chains, forming a three-dimensional (3D) network.36-40  

 
Figure 3.11. The (a) USAXS/SAXS and (b) WAXD profiles of an as prepared 10 w/v% sPS/CCl4 gel. For the WAXD 
experiment the gel was dried under vacuum at 70 °C for ca. 24 h prior to analysis. For the WAXD profile of a 10 
w/v% sPS/CCl4 gel stirred in DCM, the bromination reaction solvent, see Figure S3.6. 

The estimated average lamella thickness in the crystalline component of the gel network 

was calculated using the method described earlier in subsection 3.4.4 of the Results and discussion 
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section. The results of the SAXS analysis of the intercrystalline domain spacing is provided in 

Table S 3.2. For the linear two-phase approach, two methods were used to calculate the %Xc of a 

desiccated sPS/CCl4 gel: 1) DSC, obtained from the first heating trace through integration of the 

melting endotherm (see Figure S3.7); and 2) WAXD, obtained through deconvolution of the 

crystalline and amorphous contributions and integration. Again, the linear two-phase model 

approach and the 1-D correlation approach produced similar results. The estimated average lamella 

thickness in the 10 w/v% sPS/CCl4 gel was ca. 7.3−8.5 nm. From the average lamella thickness, 

the average number of consecutive styrene units in a crystalline stem was calculated, based on the 

helical conformation of the δ-form crystal structure of sPS with 4 monomer units per identity 

period (c-axis dimension = 0.77 nm).55 The average crystalline stem in the crystalline lamellae of 

the gel network contains ca. 38−40 consecutive styrene units. This is in excellent agreement with 

the block lengths predicted by the simulated average chains of the Blocky copolymers. 

Remarkably, all of the Blocky simulated average chains contain one or more blocks of consecutive 

styrene units that is at least 39 styrene units long, even the Blocky B-29% (see Figure 3.8 and 

Figure S3.3). In comparison, only the simulated average chain of the low Br-content Random R-

6% contains blocks of consecutive styrene units of at least 40 units. This result provides strong 

evidence that the predicted long blocks in the simulated Blocky average chains are not present by 

random chance and thus originate from the crystalline stems in the crystalline lamellae of the gel 

network. 

 

 This work demonstrates the first high-resolution comonomer sequencing of brominated 

sPS copolymers based on pentad assignments of the quaternary carbon region of the quantitative 

13C NMR spectrum. The purpose of this research was to develop a comonomer sequencing method 
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to obtain a deeper understanding of the relationship between the sPS/CCl4 gel morphology and the 

copolymer microstructure and degree of blockiness in copolymers prepared by a heterogenous gel-

state functionalization method. Using bsgHMBC spectroscopy, electronic structure calculations, 

and simulated random copolymers, a comonomer sequencing method was successfully developed. 

As a result, every peak in the quaternary carbon region of the NMR spectrum could be assigned to 

a styrene or Br-Sty unit in the center of a unique combination of five monomer units, i.e., a pentad 

sequence. Collectively, all 20 unique pentad sequences that are possible for a copolymer that 

contains two different monomers were identified, which demonstrates the high sensitivity of the 

quaternary carbon of styrene and Br-Sty to comonomer sequence. 

Based on the comonomer sequence distribution of the Random and Blocky samples, gel-

state bromination has been proven to produce copolymers with a higher degree of blockiness and 

a higher prevalence of long blocks of consecutive styrene units in a blocky microstructure. 

Simulated average chains of the Random and Blocky copolymers, generated from the comonomer 

sequence distributions, predict correctly that the Blocky copolymers also contain a higher 

prevalence of crystallizable sPS segments, confirmed by the greater crystallizability of the Blocky 

copolymers determined from DSC experiments. Thus, the simulated average chains appear to be 

representative of average chains in their respective Blocky samples. The excellent agreement 

between the predicted long blocks of consecutive styrene units of at least 39 styrene in the 

simulated Blocky average chains and the estimated number of styrene units in a crystalline stem 

within the sPS/CCl4 gel network of ca. 38−40 units, affirms that during gel-state bromination, 

functionalizing reagent is impeded from reacting with monomers in the crystalline component of 

the gel network, producing copolymers with long blocks of un-functionalized styrene units that 

originate from the crystalline stems within the crystalline lamellae. 
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This work thus provides a deeper understanding of the relationship between the sPS/CCl4 

gel morphology and the copolymer microstructure and degree of blockiness. We anticipate that 

the ability to control the precise morphology of the semicrystalline gel network of sPS/solvent 

gels, specifically through changing the polymer concentration,43 gelation solvent,36-38,44 and/or 

gelation conditions,45 will provide avenues of further investigation into tailoring the degree of 

blockiness in sPS-based copolymers. Future efforts will also focus on developing a method to 

simulate the post-polymerization functionalization in the gel state using the gel morphology as a 

template, to ultimately be able to predict the copolymer microstructure and degree of blockiness 

of copolymers prepared from sPS/solvent gels and other semi-crystalline homopolymers that form 

thermoreversible gels. The broader scope of this work is to use the comonomer sequencing method 

and simulations to predict the copolymer microstructure and degree of blockiness of other 

sPS-based copolymers for the tailored design of new functional materials. 
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The quaternary carbon nuclear magnetic resonance (NMR) spectrum of Random R-47% 

that has been decomposed into its separate additive peak components using the Line Fitting 

function in Mestrelab Research’s MestReNova x64 software is shown in Figure S3.1. In total, 20 

peaks were identified, which is consistent with the 20 unique pentad sequences that are possible 

for a copolymer with two different monomers. The peaks are color-coded by triad sequence. 

 

Figure S3.1. The quaternary carbon NMR spectrum of Random R-47% decomposed into its 20 separate additive 

peak components. The peaks are color-coded and labeled by triad sequence.  

 The chemical shifts of the quaternary carbon resonances of styrene and brominated styrene 

(Br-Sty) that exist in the center of unique pentad sequences for the Random R-31% and Blocky 

B-29% are summarized in Table S3.1. 
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Table S3.1. Chemical shifts of the pentad sequences in the quaternary carbon NMR spectra of Random R-31% and 

Blocky B-29%. 

 

Table S 3.2 

 Simulated average chains of the comonomer sequence distribution in the Random and 

Blocky copolymers are compared in Figure S3.2. By inspection, the simulated average chains of 

the Random and Blocky copolymers with approximately 6 mol% Br, are similar in their 

comonomer sequence distribution of styrene (grey circles) and Br-Sty (units). Above 6 mol% Br, 

the simulated Blocky average chains, exhibit noticeably longer and more frequent blocks of two 

or more consecutive Br-Sty units compared to their Random analogs. 
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The distribution of block lengths of consecutive styrene units in the simulated average 

chains of the Random and Blocky copolymers, represented as frequency versus block length, are 

compared in Figure S3.3. Block length frequency was calculated as the number of blocks of 

consecutive styrene units in a particular length range (e.g., blocks of 6-10 consecutive styrene 

units) divided by the total number of blocks in the chain. For the simulated Random R-6% average 

chain, the majority (i.e., 65%) of blocks are 16-20 styrene units and 8% of blocks are ≥ 26 units, 

noted because 26 monomer units is the average number of units in one crystalline stem of an sPS 

crystallite.52 Above 16 mol% Br, the simulated Random average chains exhibit blocks of no longer 

than 17 styrene units. In contrast, the simulated Blocky average chains exhibit considerably longer 

blocks, a broader distribution of block lengths, and a relatively substantial fraction of blocks that 

are at least 26 consecutive styrene units. Remarkably, each of the Blocky simulated average chains 

has one or more blocks of at least 39 styrene units, which is in excellent agreement with the 

estimated length of a crystalline stem in the 10 w/v% sPS/CCl4 gel (see Table S3.3). 

 
Figure S3.2. Simulated average chains of the (top) Random and (bottom) Blocky copolymers created through an 

iterative process by minimizing the difference between the pentad sequence distribution of the simulated chain and 

the experimentally-determined pentad sequence distribution from the quaternary carbon NMR spectra. The root-

mean-square deviation (RMSD) between the simulated and experimental results for each chain are: R-6% = 0.24%; 

R-16% = 0.35%; R-18% = 0.40%; B-6% = 0.37%; B-15% = 0.70%; B-21% = 0.30%. Styrene units = grey circles; 

Br-Sty units = blue circles.  
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Figure S3.3. The predicted distribution of block lengths of consecutive styrene units from the simulated (left) 

Random and (right) Blocky average chains, shown as frequency versus block length. 

The distribution of block lengths of consecutive Br-Sty units in the simulated average 

chains of the Random and Blocky copolymers are provided in Figure S3.4. Compared to the 

simulated Random average chains that contain blocks of no more than 4 consecutive Br-Sty units, 

even at approximately 31 mol% Br, the simulated average chains of the Blocky copolymers contain 

a broad distribution of block lengths and relatively long blocks. Remarkably, 9% of the Br-Sty 

blocks in the Blocky B-29% average chain are at least 10 units long. 

 
Figure S3.4. The predicted distribution of block lengths of consecutive Br-Sty units in the simulated average chains 

of the (left) Random and (right) Blocky copolymers, shown as frequency versus block length. 
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The small-angle X-ray scattering (SAXS) profiles of the sPS homopolymer and the 

Random and Blocky copolymers after 2 h isothermal crystallization from the melt at 190 °C are 

compared in Figure S3.5. An excess scattering feature is observed in the sPS homopolymer, the 

Random R-6% and R-16%, and the Blocky B-6%, B-15%, and B-21%, ascribed to intercrystalline 

scattering. 

 

Figure S3.5. SAXS profiles of the (left) Random and (right) Blocky copolymers after 2 h isothermal crystallization 

at 190 °C. 

 The SAXS analysis of the intercrystalline domain spacing of the 10 w/v% sPS/CCl4 gel, sPS 

homopolymer, and the crystallizable Random and Blocky copolymers is provided in Table S3.3. The 

information in columns 2-7 were derived from a linear two-phase approach and columns 8-9 from the 

1-D correlation function. Though Blocky B-29% does crystallize during isothermal crystallization 

at 190 °C, this sample did not exhibit a strong peak in the SAXS profile. Nevertheless, the 

copolymer microstructure of B-29% is also so block-like that this sample is known to contain 

distinct crystallizable segments of both styrene and Br-Sty units,8 which would have invalidated 

the SAXS analysis. 
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The wide-angle X-ray diffraction (WAXD) profile of a 10 w/v% sPS/CCl4 gel stirred in 

1,2-dichloromethane (DCM), the bromination reaction solvent, is shown in Figure S3.6. This gel 

was prepared by dissolving sPS pellets in CCl4 at 120-140 °C in a pressure vessel, followed by 

removing from heat to promote gel formation. The gel was stored at room temperature for ca. 24 

h to mimic the conditions prior to gel-state bromination, then broken into pieces with a spatula, 

and stirred in DCM for ca. 72 h at room temperature. The gel was filtered and dried under vacuum 

at 70 °C for ca. 24 h prior to analysis. The WAXD profile is consistent with the s(2/1)2 helical 

conformation of the δ-form clathrate crystal structure of sPS.40,58,59 Though there are noticeable 

differences between the diffraction patterns of the as prepared gel and the gel stirred in DCM, this 

observed behavior is not surprising. In its helical conformation, sPS is well known to form 

molecular complexes with guest molecules (i.e., clathrate) that have structures dependent on the 

chemical nature of the guest.36,44 

Table S3.3. SAXS analysis of the intercrystalline domain spacing of the 10 w/v% sPS/CCl4 gel, sPS homopolymer, 

and the Random and Blocky copolymers. 

Sample 
d spacing 

(nm-1) 

Lp 

(nm) 
%Xc

a 
lc 

(nm) 

Avg. # of 

styreneb 

la 

(nm) 

lc
c 

(nm) 

la
c
 

(nm) 

sPS 0.389 16.2 32 5.2 20 11.0 5.0 17.8 

B-6% 0.337 18.7 29 5.5 21 13.2 5.1 21.9 

B-15% 0.315 19.9 22 4.3 17 15.6 4.8 17.1 

B-21% 0.273 23.0 19 4.3 17 18.7 4.4 17.2 

R-6% 0.337 18.7 29 5.4 21 13.3 4.9 29.3 

R-16% 0.214 29.4 18 5.4 21 24.0 --d --d 

10 w/v% 

sPS/CCl₄ gel 
0.342 18.3 

40 

(42e) 

7.3 

(7.7) 

38f 

(40f) 

11.0 

(10.7) 
8.5 21.8 

 

aFraction of crystallinity determined from the integration of the melting endotherm using DSC (ΔHf°=79.3 J/g) 
bAverage number of styrene units in a crystalline stem, based on the lamella thickness and the α-form planar zigzag 

structure of sPS with 2 monomer units per identity period (c-axis dimension = 0.51 nm)55 
cCalculated using the 1-D linear correlation function 
dA good fit could not be obtained using the linear correlation function 
eDetermined from the integration of the crystalline and amorphous compositions of the WAXD in Figure 11 
fBased on the δ-form s(2/1)2 helical structure (4 monomer units per identity period, c-axis dimension = 0.77 nm)55 
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Figure S3.6. The WAXD profile of a 10 w/v% sPS/CCl4 gel stirred in DCM for 72 h. The gel was dried under 

vacuum at 70 °C for ca. 24 h prior to analysis. 

 Figure S3.7 shows the differential scanning calorimetry (DSC) heating trace of a 10 w/v% 

sPS/CCl4 gel. The gel was dried under vacuum at 70 °C for ca. 24 h prior to analysis. This is the 

first heat. 

 
Figure S3.7. DSC first heating trace of a 10 w/v% sPS/CCl4 that was dried under vacuum at 70 °C for ca. 24 h prior 

to analysis. Heating rate = 10 °C min-1. 
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! 

! This code reads a starting sequence of 1s and 2s and prints the  

! sequence that best matches a given pentad distribution 

! 

! Diego Troya, Virginia Tech June 1, 2018 

! Last modification, March 9, 2019 

! 

      IMPLICIT DOUBLE PRECISION(A-H,O-Z) 

      DIMENSION ITAG(32,5) 

      DIMENSION SEQ(2,2,2,2,2)    ! All possible sequences, including those symmetric ones 

      DIMENSION SEQU(2,2,2,2,2)   ! Symmetry unique ones 

      DIMENSION SEQT(2,2,2,2,2)   ! Target sequence 

      DIMENSION MONO(99999) 

! 

! Open file for target distribution 

! 

      OPEN(UNIT=1,FILE='pentad-target-distribution-block.inp') 

      OPEN(UNIT=7,FILE='sequence') 

      READ(5,*) NGROWTH1 

      READ(5,*) NGROWTH2 

      READ(5,*) NGROWTH3 

! 

      NSTEP=7  ! Grow polymer chain by NSTEP monomers at a time 

! 

! Initializations 

! 

      N=0 

      DIFFMINN=1.0E10 

! 

! Read target distribution 

! 

      WRITE(6,*) 'Target sequence prevalences' 

      DO I=1,32 

      READ(1,*) (ITAG(I,J),J=1,5) 

     .          ,SEQT(ITAG(I,1),ITAG(I,2),ITAG(I,3),ITAG(I,4),ITAG(I,5)) 

      WRITE(6,99) (ITAG(I,J),J=1,5) 

     .          ,SEQT(ITAG(I,1),ITAG(I,2),ITAG(I,3),ITAG(I,4),ITAG(I,5)) 

      T=T+SEQT(ITAG(I,1),ITAG(I,2),ITAG(I,3),ITAG(I,4),ITAG(I,5)) 

      END DO 

      WRITE(6,*) T 
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! 

! Grow the chain by NGROWTH segments 

! 

      NGROWTH=NGROWTH2 

      DO NN=1,NGROWTH 

! 

! Try each of the pentads and see which one minimizes deviation  

! 

      N=N+NSTEP 

      FAC=100./REAL(N-4) ! Normalization factor to turn counts to percent prevalence 

      DIFFMIN=1.0E+10 

! 

! Requires update 

! 

      DO I1=1,2 

      DO I2=1,2 

      DO I3=1,2 

      DO I4=1,2 

      DO I5=1,2 

      DO I6=1,2 

      DO I7=1,2 

!     DO I8=1,2 

!     DO I9=1,2 

!     DO I10=1,2 

!     DO I11=1,2 

!     DO I12=1,2 

!     DO I13=1,2 

         DIFF=0. 

         MONO(N-NSTEP+1)=I1 

         MONO(N-NSTEP+2)=I2 

         MONO(N-NSTEP+3)=I3 

         MONO(N-NSTEP+4)=I4 

         MONO(N-NSTEP+5)=I5 

         MONO(N-NSTEP+6)=I6 

         MONO(N-NSTEP+7)=I7 

!        MONO(N-NSTEP+8)=I8 

!        MONO(N-NSTEP+9)=I9 

!        MONO(N-NSTEP+10)=I10 

!        MONO(N-NSTEP+11)=I11 

!        MONO(N-NSTEP+12)=I12 

!        MONO(N-NSTEP+13)=I13 

         CALL PENTADS(N,MONO,ITAG,SEQ) 

! 
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! Symmetrize the pentads  

! 

       DO I=1,20 

        IF(ITAG(I,1).EQ.ITAG(I,5).AND.ITAG(I,2).EQ.ITAG(I,4)) THEN  

          SEQU(ITAG(I,1),ITAG(I,2),ITAG(I,3),ITAG(I,4),ITAG(I,5))= 

     .     SEQ(ITAG(I,1),ITAG(I,2),ITAG(I,3),ITAG(I,4),ITAG(I,5)) 

        ELSE 

        SEQU(ITAG(I,1),ITAG(I,2),ITAG(I,3),ITAG(I,4),ITAG(I,5))= 

     .  SEQ(ITAG(I,1),ITAG(I,2),ITAG(I,3),ITAG(I,4),ITAG(I,5))+ 

     .  SEQ(ITAG(I,5),ITAG(I,4),ITAG(I,3),ITAG(I,2),ITAG(I,1)) 

        END IF 

! 

! Calculate deviation from target in percent 

! 

        DIFF=DIFF+ABS( 

     .  SEQU(ITAG(I,1),ITAG(I,2),ITAG(I,3),ITAG(I,4),ITAG(I,5))*FAC 

     .     -SEQT(ITAG(I,1),ITAG(I,2),ITAG(I,3),ITAG(I,4),ITAG(I,5)))  

!       WRITE(6,98) I1,I2,I3,I4,I5, 

!    . SEQU(ITAG(I,1),ITAG(I,2),ITAG(I,3),ITAG(I,4),ITAG(I,5))*FAC, 

!    . SEQT(ITAG(I,1),ITAG(I,2),ITAG(I,3),ITAG(I,4),ITAG(I,5)), 

!    . DIFF 

       END DO 

! 

! print 

! 

!       WRITE(6,98) I1,I2,I3,I4,I5,DIFF 

! 

! Requires update 

! 

        IF(DIFF.LT.DIFFMIN) THEN 

          DIFFMIN=DIFF 

          I1MIN=I1 

          I2MIN=I2 

          I3MIN=I3 

          I4MIN=I4 

          I5MIN=I5 

          I6MIN=I6 

          I7MIN=I7 

!         I8MIN=I8 

!         I9MIN=I9 

!         I10MIN=I10 

!         I11MIN=I11 

!         I12MIN=I12 
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!         I13MIN=I13 

        END IF  

      END DO  ! 1 

      END DO  ! 2 

      END DO  ! 3 

      END DO  ! 4 

      END DO  ! 5  

      END DO  ! 6 

      END DO  ! 7 

!     END DO  ! 8 

!     END DO  ! 9 

!     END DO  ! 10 

!     END DO  ! 11 

!     END DO  ! 12 

!     END DO  ! 13 

! 

! Requires update 

! 

      MONO(N-NSTEP+1)=I1MIN 

      MONO(N-NSTEP+2)=I2MIN 

      MONO(N-NSTEP+3)=I3MIN 

      MONO(N-NSTEP+4)=I4MIN 

      MONO(N-NSTEP+5)=I5MIN 

      MONO(N-NSTEP+6)=I6MIN 

      MONO(N-NSTEP+7)=I7MIN 

!     MONO(N-NSTEP+8)=I8MIN 

!     MONO(N-NSTEP+9)=I9MIN 

!     MONO(N-NSTEP+10)=I10MIN 

!     MONO(N-NSTEP+11)=I11MIN 

!     MONO(N-NSTEP+12)=I12MIN 

!     MONO(N-NSTEP+13)=I13MIN 

      WRITE(6,*) 'New pentad',I1MIN,I2MIN,I3MIN,I4MIN,I5MIN,I6MIN,I7MIN 

!    .,I8MIN,I9MIN,I10MIN,I11MIN,I12MIN,I13MIN  

      WRITE(6,*) 'Diff',DIFFMIN,N 

      IF(DIFFMIN.LT.DIFFMINN) DIFFMINN=DIFFMIN 

! 

! Make one final call to pentads to update the SEQ array in case you are 

! terminating here 

! 

      WRITE(6,*) 'Call to pentads with new sequence' 

      CALL PENTADS(N,MONO,ITAG,SEQ) 

! 

! Symmetrize the pentads  
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! 

       DO I=1,20 

        IF(ITAG(I,1).EQ.ITAG(I,5).AND.ITAG(I,2).EQ.ITAG(I,4)) THEN  

          SEQU(ITAG(I,1),ITAG(I,2),ITAG(I,3),ITAG(I,4),ITAG(I,5))= 

     .     SEQ(ITAG(I,1),ITAG(I,2),ITAG(I,3),ITAG(I,4),ITAG(I,5)) 

        ELSE 

        SEQU(ITAG(I,1),ITAG(I,2),ITAG(I,3),ITAG(I,4),ITAG(I,5))= 

     .  SEQ(ITAG(I,1),ITAG(I,2),ITAG(I,3),ITAG(I,4),ITAG(I,5))+ 

     .  SEQ(ITAG(I,5),ITAG(I,4),ITAG(I,3),ITAG(I,2),ITAG(I,1)) 

        END IF 

       END DO 

! 

! End growth loop 

! 

      END DO  

      WRITE(6,*) 'Absolute lowest difference',DIFFMINN 

! 

! Print full distribution 

!  

      WRITE(6,*) 'These are the symmetry-unique pentads' 

      WRITE(6,*) N,' monomers',N-4,' pentads' 

      S=0 

      RMSD=0.0 

      DO I=1,20 

      WRITE(6,99) (ITAG(I,J),J=1,5) 

     .         ,SEQU(ITAG(I,1),ITAG(I,2),ITAG(I,3),ITAG(I,4),ITAG(I,5)) 

     .         ,SEQU(ITAG(I,1),ITAG(I,2),ITAG(I,3),ITAG(I,4),ITAG(I,5)) 

     .                                                  /REAL(N-4)*100. 

     .         ,SEQT(ITAG(I,1),ITAG(I,2),ITAG(I,3),ITAG(I,4),ITAG(I,5)) 

          S=S+SEQU(ITAG(I,1),ITAG(I,2),ITAG(I,3),ITAG(I,4),ITAG(I,5)) 

      RMSD=RMSD+ 

     .(SEQT(ITAG(I,1),ITAG(I,2),ITAG(I,3),ITAG(I,4),ITAG(I,5))- 

     .SEQU(ITAG(I,1),ITAG(I,2),ITAG(I,3),ITAG(I,4),ITAG(I,5)) 

     .                                           /REAL(N-4)*100.)**2 

      END DO  

      WRITE(6,'("RMSD deviation",1X,F5.3)')SQRT(RMSD/REAL(20-1)) 

      WRITE(6,*) S,' pentads'  

! 

      WRITE(6,*) 'These are all the pentads' 

      S=0 

      DO I=1,32 

      WRITE(6,99) (ITAG(I,J),J=1,5) 

     .          ,SEQ(ITAG(I,1),ITAG(I,2),ITAG(I,3),ITAG(I,4),ITAG(I,5)) 
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          S=S+SEQ(ITAG(I,1),ITAG(I,2),ITAG(I,3),ITAG(I,4),ITAG(I,5)) 

      END DO  

      WRITE(6,*) S,' pentads'  

! 

! Here is the sequence 

! 

      WRITE(6,*) 'Sequence' 

      WRITE(7,*) N 

      DO I=1,N 

        WRITE(6,*) MONO(I) 

        WRITE(7,*) MONO(I) 

      END DO 

! 

 99   FORMAT(5I2,1X,F6.0,1X,2(F8.4,1X))    

 98   FORMAT(5I2,1X,F10.4,1X,F8.4,F8.4)    

      END  

!!!!!!!!!!!!!!!!!!!! 

      SUBROUTINE PENTADS(N,MONO,ITAG,SEQ) 

      IMPLICIT DOUBLE PRECISION(A-H,O-Z) 

      DIMENSION ITAG(32,5) 

      DIMENSION SEQ(2,2,2,2,2) 

      DIMENSION MONO(99999) 

! 

! Initialize all 32 possible pentad sequences 

! 

      DO I=1,32 

        SEQ(ITAG(I,1),ITAG(I,2),ITAG(I,3),ITAG(I,4),ITAG(I,5))=0. 

      END DO  

! 

! Place yourself at the start of the first pentad and count  

! 

      DO L=1,N-4     

       SEQ(MONO(L),MONO(L+1),MONO(L+2),MONO(L+3),MONO(L+4))= 

     . SEQ(MONO(L),MONO(L+1),MONO(L+2),MONO(L+3),MONO(L+4))+1. 

      END DO 

! 

      END  

 

 



141 

 

1. Liu, S.; Sen, A., Syntheses of Syndiotactic-Polystyrene-Graft-Poly(Methyl Methacrylate), 

Syndiotactic-Polystyrene-Graft-Poly(Methyl Acrylate), and Syndiotactic-Polystyrene-Graft-

Atactic-Polystyrene with Defined Structures by Atom Transfer Radical Polymerization. 

Macromolecules 2000, 33 (14), 5106-5110. 

2. Shin, J.;  Chang, Y.;  Nguyen, T. L. T.;  Noh, S. K.; Bae, C., Hydrophilic Functionalization of 

Syndiotactic Polystyrene Via a Combination of Electrophilic Bromination and Suzuki–

Miyaura Reaction. J. Polym. Sci., Part A: Polym. Chem. 2010, 48 (19), 4335-4343. 

3. Semler, J. J.;  Jhon, Y. K.;  Tonelli, A.;  Beevers, M.;  Krishnamoorti, R.; Genzer, J., Facile 

Method of Controlling Monomer Sequence Distributions in Random Copolymers. Adv. Mater. 

2007, 19 (19), 2877-2883. 

4. Jhon, Y. K.;  Semler, J. J.; Genzer, J., Effect of Solvent Quality and Chain Confinement on the 

Kinetics of Polystyrene Bromination. Macromolecules 2008, 41 (18), 6719-6727. 

5. Han, J.;  Jeon, B. H.;  Ryu, C. Y.;  Semler, J. J.;  Jhon, Y. K.; Genzer, J., Discriminating among 

Co‐Monomer Sequence Distributions in Random Copolymers Using Interaction 

Chromatography. Macromol. Rapid Commun. 2009, 30 (18), 1543-1548. 

6. Jhon, Y. K.;  Semler, J. J.;  Genzer, J.;  Beevers, M.;  Gus’ kova, O. A.;  Khalatur, P. G.; 

Khokhlov, A. R., Effect of Comonomer Sequence Distribution on the Adsorption of Random 

Copolymers onto Impenetrable Flat Surfaces. Macromolecules 2009, 42, 2843-2853. 

7. Liu, D.;  Wang, M.;  Wang, Z.;  Wu, C.;  Pan, Y.; Cui, D., Stereoselective Copolymerization 

of Unprotected Polar and Nonpolar Styrenes by an Yttrium Precursor: Control of Polar‐Group 

Distribution and Mechanism. Angew. Chem. 2017, 129 (10), 2758-2763. 

8. Noble, K. F.;  Noble, A. M.;  Talley, S. J.; Moore, R. B., Blocky Bromination of Syndiotactic 

Polystyrene Via Post-Polymerization Functionalization in the Heterogeneous Gel State. 

Polym. Chem. 2018, 9 (41), 5095-5106. 

9. Wang, Z.;  Liu, D.; Cui, D., Statistically Syndioselective Coordination (Co) Polymerization of 

4-Methylthiostyrene. Macromolecules 2016, 49 (3), 781-787. 

10. Sato, H.;  Tanaka, Y.; Hatada, K., C‐13 Nmr Analysis of Polystyrene from Low‐Molecular‐

Weight Model Compounds. J. Polym. Sci., Part B: Polym. Phys. 1983, 21 (9), 1667-1674. 



142 

11. Chen, T. K.; Harwood, H. J., Quaternary Aromatic Carbon Resonance Spectra of Epimerized 

Isotactic Polystyrene. Makromol Chem Rapid Comm 1983, 4 (7), 463-468. 

12. Ziaee, F.; Salehi Mobarakeh, H., Effect of Temperature on Polystyrene Tacticity through Para 

Aromatic Carbon Splitting in 13c Nmr Spectroscopy. Iran Polym J 2011, 20, 213-221. 

13. Suparno, S.;  Lacoste, J.;  Raynal, S.;  Regnier, J.;  Schué, F.;  Sempere, R.; Sledz, J., Carbon-

13 Nuclear Magnetic Resonance Spectroscopy of Polystyrene. Polym. J. 1980, 12, 861-865. 

14. Cheng, H.; Lee, G., Nmr Studies of Polystyrene Tacticity. Int. J. Polym. Anal. Charact. 1996, 

2 (4), 439-455. 

15. Matsuzaki, K.;  Uryu, T.;  Seki, T.;  Osada, K.; Kawamura, T., Stereoregularity of Polystyrene 

and Mechanism of Polymerization. Macromol. Chem. Phys. 1975, 176 (10), 3051-3064. 

16. Kawamura, T.;  Toshima, N.; Matsuzaki, K., Comparison of 13c Nmr Spectra of Polystyrenes 

Having Various Tacticities and Assignment of the Spectra. Macromol. Rapid Commun. 1994, 

15 (6), 479-486. 

17. Feil, F.; Harder, S., New Stereochemical Assignments of 13c Nmr Signals for Predominantly 

Syndiotactic Polystyrene. Macromolecules 2003, 36 (9), 3446-3448. 

18. Nguyên‐Trân, T. M.;  Lauprêtre, F.; Jasse, B., Preparation and 13c Nmr Spectra of Model 

Compounds for Poly (4‐Bromostyrene). Macromol. Chem. Phys. 1980, 181 (1), 125-130. 

19. Guo, F.;  Jiao, N.;  Jiang, L.;  Li, Y.; Hou, Z., Scandium-Catalyzed Syndiospecific 

Polymerization of Halide-Substituted Styrenes and Their Copolymerization with Styrene. 

Macromolecules 2017, 50 (21), 8398-8405. 

20. Brar, A. S.; Puneeta, Synthesis of Styrene/Methyl Methacrylate Copolymers by Atom Transfer 

Radical Polymerization: 2d Nmr Investigations. J. Polym. Sci., Part A: Polym. Chem. 2006, 

44 (6), 2076-2085. 

21. Sang, W.;  Ma, H.;  Wang, Q.;  Hao, X.;  Zheng, Y.;  Wang, Y.; Li, Y., Monomer Sequence 

Determination in the Living Anionic Copolymerization of Styrene and Asymmetric Bi-

Functionalized 1, 1-Diphenylethylene Derivatives. Polym. Chem. 2016, 7 (1), 219-234. 

22. Gurarslan, R.;  Hardrict, S.;  Roy, D.;  Galvin, C.;  Hill, M. R.;  Gracz, H.;  Sumerlin, B. S.;  

Genzer, J.; Tonelli, A., Beyond Microstructures: Using the Kerr Effect to Characterize the 

Macrostructures of Synthetic Polymers. J. Polym. Sci., Part B: Polym. Phys. 2015, 53 (3), 155-

166. 



143 

23. Gurarslan, R.; Tonelli, A. E., An Unexpected Stereochemical Bias in the Raft Syntheses of 

Styrene/P-Bromostyrene Copolymers Uncovered by the Kerr Effect. Polymer 2016, 89, 50-54. 

24. Hardrict, S. N.;  Gurarslan, R.;  Galvin, C. J.;  Gracz, H.;  Roy, D.;  Sumerlin, B. S.;  Genzer, 

J.; Tonelli, A. E., Characterizing Polymer Macrostructures by Identifying and Locating 

Microstructures Along Their Chains with the Kerr Effect. J. Polym. Sci., Part B: Polym. Phys. 

2013, 51 (9), 735-741. 

25. Gurarslan, R.;  Gurarslan, A.; Tonelli, A. E., Characterizing Polymers with Heterogeneous 

Micro‐ and Macrostructures. J. Polym. Sci., Part B: Polym. Phys. 2015, 53 (6), 409-414. 

26. Yang, J. C.;  Jablonsky, M. J.; Mays, J. W., Nmr and Ft-Ir Studies of Sulfonated Styrene-Based 

Homopolymers and Copolymers. Polymer 2002, 43 (19), 5125-5132. 

27. Dickinson, L. C.;  Weiss, R.; Wnek, G. E., Nmr Characterization of Sulfonation Blockiness in 

Copoly(Styrene−Sulfonated Styrene). Macromolecules 2001, 34 (9), 3108-3110. 

28. Natalello, A.;  Alkan, A.;  von Tiedemann, P.;  Wurm, F. R.; Frey, H., Functional Group 

Distribution and Gradient Structure Resulting from the Living Anionic Copolymerization of 

Styrene and Para-but-3-Enyl Styrene. ACS Macro Lett. 2014, 3 (6), 560-564. 

29. Zhang, Z.;  Dou, Y.;  Li, S.; Cui, D., Highly Syndioselective Coordination (Co) Polymerization 

of Isopropenylstyrene. Polym. Chem. 2018. 

30. Shepherd, L.;  Chen, T. K.; Harwood, H. J., Epimerization of Isotactic Polystyrene. Polym. 

Bull. 1979, 1 (6), 445-450. 

31. Chen, T. K.;  Gerken, T. A.; Harwood, H. J., Methylene Carbon Resonance Spectra of 

Epimerized Isotactic Polystyrene. Polym. Bull. 1980, 2 (1), 37-42. 

32. Miller, S. A., Isotactic Block Length Distribution in Polypropylene: Bernoullian Vs 

Hemiisotactic. Macromolecules 2004, 37 (11), 3983-3995. 

33. Randall, J. C., Carbon‐13 Nuclear Magnetic Resonance Quantitative Measurements of 

Average Sequence Lengths of Like Stereochemical Additions in Polypropylene and 

Polystyrene. J. Polym. Sci., Part B: Polym. Phys. 1976, 14 (11), 2083-2094. 

34. Britton, D.;  Heatley, F.; Lovell, P. A., 13c Nmr Spectroscopy Studies of Branching and 

Sequence Distribution in Copolymers of Vinyl Acetate and N-Butyl Acrylate Prepared by 

Semibatch Emulsion Copolymerization. Macromolecules 2001, 34 (4), 817-829. 



144 

35. Yamadera, R.; Murano, M., The Determination of Randomness in Copolyesters by High 

Resolution Nuclear Magnetic Resonance. J. Polym. Sci., Part A: Polym. Chem. 1967, 5 (9), 

2259-2268. 

36. Mochizuki, J.;  Sano, T.;  Tokami, T.; Itagaki, H., Decisive Properties of Solvent Able to Form 

Gels with Syndiotactic Polystyrene. Polymer 2015, 67, 118-127. 

37. Shimizu, H.;  Wakayama, T.;  Wada, R.;  Okabe, M.; Tanaka, F., Solvent Effect on Junction 

Size in Syndiotactic Polystyrene Physical Gel. Polym. J. 2005, 37 (4), 294-298. 

38. Kobayashi, M.;  Yoshioka, T.;  Kozasa, T.;  Tashiro, K.;  Suzuki, J.;  Funahashi, S.; Izumi, Y., 

Structure of Physical Gels Formed in Syndiotactic Polystyrene/Solvent Systems Studied by 

Small-Angle Neutron Scattering. Macromolecules 1994, 27 (6), 1349-1354. 

39. Roels, T.;  Deberdt, F.; Berghmans, H., Solvent Quality and Phase-Stability in Syndiotactic 

Polystyrene-Solvent Systems. Macromolecules 1994, 27 (21), 6216-6220. 

40. Daniel, C.;  Guerra, G.; Musto, P., Clathrate Phase in Syndiotactic Polystyrene Gels. 

Macromolecules 2002, 35 (6), 2243-2251. 

41. Fahs, G. B.;  Benson, S. D.; Moore, R. B., Blocky Sulfonation of Syndiotactic Polystyrene: A 

Facile Route toward Tailored Ionomer Architecture Via Postpolymerization Functionalization 

in the Gel State. Macromolecules 2017, 50 (6), 2387-2396. 

42. Anderson, L. J.;  Yuan, X.;  Fahs, G. B.; Moore, R. B., Blocky Ionomers Via Sulfonation of 

Poly(Ether Ether Ketone) in the Semicrystalline Gel State. Macromolecules 2018, 51 (16), 

6226-6237. 

43. Kobayashi, M.; Kozasa, T., Conformational Ordering Process on Physical Gelation of 

Syndiotactic Polystyrene/Solvent Systems Revealed by Time-Resolved Infrared Spectroscopy. 

Appl. Spectrosc. 1993, 47 (9), 1417-1424. 

44. Daniel, C.;  Avallone, A.; Guerra, G., Syndiotactic Polystyrene Physical Gels:  Guest Influence 

on Structural Order in Molecular Complex Domains and Gel Transparency. Macromolecules 

2006, 39 (22), 7578-7582. 

45. Daniel, C.;  Menelle, A.;  Brulet, A.; Guenet, J.-M., Thermoreversible Gelation of Syndiotactic 

Polystyrene in Toluene and Chloroform. Polymer 1997, 38 (16), 4193-4199. 

46. Ilavsky, J.;  Zhang, F.;  Andrews, R. N.;  Kuzmenko, I.;  Jemian, P. R.;  Levine, L. E.; Allen, 

A. J., Development of Combined Microstructure and Structure Characterization Facility for in 



145 

Situ and Operando Studies at the Advanced Photon Source. J. Appl. Crystallogr. 2018, 51 (3), 

867-882. 

47. Ilavsky, J.;  Zhang, F.;  Allen, A. J.;  Levine, L. E.;  Jemian, P. R.; Long, G. G., Ultra-Small-

Angle X-Ray Scattering Instrument at the Advanced Photon Source: History, Recent 

Development, and Current Status. Metall. Mater. Trans. A 2013, 44 (1), 68-76. 

48. Ilavsky, J., Nika: Software for Two-Dimensional Data Reduction. J. Appl. Crystallogr. 2012, 

45 (2), 324-328. 

49. Ilavsky, J.; Jemian, P. R., Irena: Tool Suite for Modeling and Analysis of Small-Angle 

Scattering. J. Appl. Crystallogr. 2009, 42 (2), 347-353. 

50. Frisch, M. J.;  Trucks, G. W.;  Schlegel, H. B.;  Scuseria, G. E.;  Robb, M. A.;  Cheeseman, J. 

R.;  Scalmani, G.;  Barone, V.;  Petersson, G. A.;  Nakatsuji, H.;  Li, X.;  Caricato, M.;  

Marenich, A. V.;  Bloino, J.;  Janesko, B. G.;  Gomperts, R.;  Mennucci, B.;  Hratchian, H. P.;  

Ortiz, J. V.;  Izmaylov, A. F.;  Sonnenberg, J. L.;  Williams;  Ding, F.;  Lipparini, F.;  Egidi, 

F.;  Goings, J.;  Peng, B.;  Petrone, A.;  Henderson, T.;  Ranasinghe, D.;  Zakrzewski, V. G.;  

Gao, J.;  Rega, N.;  Zheng, G.;  Liang, W.;  Hada, M.;  Ehara, M.;  Toyota, K.;  Fukuda, R.;  

Hasegawa, J.;  Ishida, M.;  Nakajima, T.;  Honda, Y.;  Kitao, O.;  Nakai, H.;  Vreven, T.;  

Throssell, K.;  Montgomery Jr., J. A.;  Peralta, J. E.;  Ogliaro, F.;  Bearpark, M. J.;  Heyd, J. 

J.;  Brothers, E. N.;  Kudin, K. N.;  Staroverov, V. N.;  Keith, T. A.;  Kobayashi, R.;  Normand, 

J.;  Raghavachari, K.;  Rendell, A. P.;  Burant, J. C.;  Iyengar, S. S.;  Tomasi, J.;  Cossi, M.;  

Millam, J. M.;  Klene, M.;  Adamo, C.;  Cammi, R.;  Ochterski, J. W.;  Martin, R. L.;  

Morokuma, K.;  Farkas, O.;  Foresman, J. B.; Fox, D. J. Gaussian 16 Rev. E.01, Wallingford, 

CT, 2016. 

51. Dasgupta, A.; Garnaik, B., Microstructures of Styrene-Acrylamide Copolymers Using 13c 

Nmr Spectroscopy. Polym. J. 1998, 30, 956. 

52. Wang, H.;  Wu, C.;  Cui, D.; Men, Y., Lamellar Thickness Dependence of Crystal Modification 

Selection in the Syndiotactic Polystyrene Γ-to-Α/Β Phase Transition Process. Macromolecules 

2018, 51 (2), 497-503. 

53. Flory, P. J., Theory of Crystallization in Copolymers. Trans. Faraday Soc. 1955, 51 (0), 848-

857. 

54. Takebe, T.; Yamasaki, K., Crystallization Thermodynamics and Kinetics of Syndiotactic 

Polystyrene. In Syndiotactic Polystyrene, 2009; pp 238-251. 



146 

55. Albunia, A. R.;  Musto, P.; Guerra, G., Ftir Spectra of Pure Helical Crystalline Phases of 

Syndiotactic Polystyrene. Polymer 2006, 47 (1), 234-242. 

56. Ho, R.-M.;  Lin, C.-P.;  Tsai, H.-Y.; Woo, E.-M., Metastability Studies of Syndiotactic 

Polystyrene Polymorphism. Macromolecules 2000, 33 (17), 6517-6526. 

57. Sun, Y. S.; Woo, E. M., Correlation between Thermal Behavior and Crystalline Morphology 

in Β‐Form Syndiotactic Polystyrene. Macromol. Chem. Phys. 2001, 202 (9), 1557-1568. 

58. Guerra, G.;  Vitagliano, V. M.;  De Rosa, C.;  Petraccone, V.; Corradini, P., Polymorphisms in 

Melt Crystallized Syndiotactic Polystyrene Samples. Macromolecules 1990, 23 (5), 1539-

1544. 

59. Daniel, C.;  Giudice, S.; Guerra, G., Syndiotatic Polystyrene Aerogels with Β, Γ, and Ε 

Crystalline Phases. Chem. Mater. 2009, 21 (6), 1028-1034. 

 



147 

 

Kristen F. Noble, Diego Troya, and Robert B. Moore 

 

This work demonstrates the post-polymerization bromination of syndiotactic polystyrene 

(sPS) in the heterogeneous gel state to produce brominated sPS (sPS-co-sPS-Br) copolymers with 

blocky microstructures and tailored chain sequences. Using a 10 w/v% sPS/carbon tetrachloride 

(CCl4) gel and a 10 w/v% sPS/chloroform (CHCl3) gel as templates for the gel-state bromination 

reactions, semicrystalline blocky copolymers were prepared with degrees of functionality of 6-32 

mol% p-bromostyrene units. Characterization of the sPS/solvent gels using ultra-small-angle 

X-ray scattering (USAXS) and small-angle X-ray scattering (SAXS), reveals that the sPS/CCl4 

and sPS/CHCl3 gel networks exhibit different morphologies. The sPS/CHCl3 gel appears to contain 

loosely packed, unoriented crystallites that are bound together by a percolating network of 

amorphous chain segments. The sPS/CCl4 gel morphology is more complex and appears to consist 

of polymer-rich regions containing clusters of unoriented crystallites bound together by amorphous 

chain segments, and polymer-poor regions containing a percolating network of amorphous chain 

segments that link the crystallite clusters together. Based on SAXS analysis of the intercrystalline 

domain spacing in the gels and assuming a linear two-phase model, the average length of a 

crystalline stem in a 10 w/v% sPS/CCl4 and 10 w/v% sPS/CHCl3 gels was estimated as 38-40 and 

46-49 styrene units, respectively. Microstructural analysis and comonomer sequencing of the 

brominated copolymers using 13C nuclear magnetic resonance (NMR) spectroscopy, demonstrates 
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that the sPS/CHCl3 copolymers contain a high prevalence of styrene “blocks” of at least five 

consecutive styrene units and a high degree of blockiness. Crystallization behavior of the 

brominated copolymers, examined using differential scanning calorimetry (DSC), reveals that the 

sPS/CHCl3 copolymers are more crystallizable during conditions of rapid cooling and crystallize 

faster at low supercooling relative to their sPS/CCl4 analogs. Quenched films of the brominated 

copolymers show micro-phase separated morphologies, with larger domain sizes present in the 

sPS/CHCl3. These data further support that the sPS/CHCl3 copolymers contain longer, distinct 

segments of pure sPS and segments of randomly brominated sPS with a greater degree of 

blockiness compared to their sPS/CCl4 analogs. To rationalize the effect of gel morphology on the 

copolymer microstructure and crystallization behavior, simulations of the blocky copolymers were 

developed, based on the semicrystalline morphologies of the sPS/solvent gels. The results of these 

simulations predict that the sPS/CHCl3 gel produces copolymers that contain a multiblock-like 

microstructure, while the sPS/CCl4 gel produces copolymers that contain a gradient-like blocky 

microstructure, and thus support the empirical analyses of the gel morphology and copolymer 

crystallizability. Simulated average chains of the brominated copolymers were generated from 

experimentally-determined comonomer sequence distributions. The simulated chains were able to 

predict the copolymer crystallizability observed in the DSC experiments. In addition, the simulated 

sPS/CCl4 and sPS/CHCl3 chains were found to contain one or more styrene blocks of at least 38 

and 46 styrene units, respectively, in excellent agreement with the estimated average length of a 

crystalline stem in the respective sPS/solvent gels. These results provide strong evidence that 

during gel-state bromination, crystalline stems in the crystalline component of the gel network are 

inaccessible to functionalizing reagent and are preserved as long segments of un-functionalized 

styrene units along the copolymer chains. Thus, sPS/solvent gels prepared from different solvents 
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produce semicrystalline blocky sPS-co-sPS-Br copolymers with tailored chain sequences and 

tunable crystallization properties and phase behavior. 

 

Segmented block copolymers are characterized by multiple chemically distinct polymer 

segments linked together through covalent bonds.1,2 The individual characteristics of the discrete 

block segments, for example the chemical nature of the repeating monomers, block lengths and 

distribution, number of blocks, and chain architectures, govern the chemical and physical 

properties of the block copolymer.3-5 Moreover, the thermodynamic incompatibility among the 

chemically dissimilar blocks often drives self-assembly into well-ordered, micro-phase separated 

morphologies that can significantly enhance the material properties. Consequently, segmented 

block copolymers have received tremendous attention with respect to controlled synthesis and 

customized physical properties with potential uses as nanostructured materials.6-8 The 

technological applicability of segmented block copolymers is promising; however, the generally 

arduous procedures for block copolymer synthesis, often involving inert atmospheric conditions, 

well-controlled sequential reaction timings, specialized initiators, and high purity monomers and 

solvents, generally limits the scope of their commercial application.9 

As a distinct alternative to the complex polymerization mechanisms and synthetic protocols 

employed in the conventional formation of block copolymers, our recent efforts have demonstrated 

that blocky copolymer microstructures can be achieved using comparatively simple post-

polymerization functionalization chemistries carried out on semicrystalline homopolymers in their 

heterogeneous gel state.10-12 Herein, the term “blocky copolymer” will be used as a description of 

gel-state functionalized copolymers, implying a significant degree of non-randomness in the 

distribution of comonomers along the copolymer chain. 
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Gels of crystallizable homopolymers (e.g., sPS) are composed of tightly packed chain 

segments in lamellar crystallites that act as physical cross-links bound together by a percolating 

network of solvent swollen amorphous chains.13-17 When a functionalizing reagent is introduced 

to the heterogeneous gel network, it is sterically excluded from the crystalline component, and thus 

only reacts with monomer units in the accessible interconnecting amorphous component. Using 

this straightforward post-polymerization functionalization approach, the resulting copolymer is 

likely to contain separate segments of randomly functionalized “blocks” and un-functionalized 

“blocks” originating from monomer units that were isolated within the crystalline domains of the 

gel network.  

Reports of heterogeneous functionalization reactions in the literature set a precedent for 

utilizing gel-state reaction conditions to produce copolymers with blocky microstructures and 

tailored chain sequences. For example, we recently demonstrated that the heterogeneous 

sulfonation and bromination of sPS and poly(ether ketone) (PEEK) gels, yields copolymers with 

a blocky distribution of functionalities along the chains.10-12 The gel-state functionalized sPS and 

PEEK copolymers demonstrated superior crystallizability and faster crystallization kinetics 

compared to their solution-state random analogs. Similarly, Venditto and coworkers18 showed that 

exposing a gel of semicrystalline syndiotactic polystyrene (sPS) to chlorosulfonic acid results in 

preferential sulfonation of the gel’s amorphous component. While evidence of a blocky 

microstructure was not directly explored, their heterogeneous method is effectively equivalent to 

our gel-state approach to produce blocky copolymers.10,19,20 In earlier work, Borriello and 

coworkers21 investigated the post-polymerization sulfonation of solution cast or compression-

molded sPS films, evaluating the interplay between sulfonating reagent diffusion and reaction 

processes on sulfonation heterogeneity across the films. Solution cast films demonstrated uniform 
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sulfonation, attributed to rapid diffusion of sulfonating reagent through nanoporous phases in the 

film. In contrast, compression-molded films exhibited a decreasing sulfonation gradient from the 

film’s surface to interior, consistent with slow diffusion of sulfonating reagent into the non-porous, 

solid-state “bulk” film. The results of their analysis were similar to that observed for the 

sulfonation of atactic polystyrene (aPS) films.22 Using results from experiment and simulations, 

Genzer and coworkers23-28 have extensively investigated the bromination of aPS in poor solvents, 

where polymer chains are in a collapsed conformation. In this collapsed state, portions of the 

chains were effectively shielded from the brominating reagent, resulting in blocky brominated 

styrene sequences. Others have performed post-polymerization bromination29 or acetylation30 on 

suspended sPS powders, though copolymer microstructure was not investigated in these studies. 

Ultimately, these results demonstrate that copolymers with a block or blocky microstructure can 

retain the properties of the pure homopolymer with the added advantage of distinct properties 

attributed to the functional component. Given the ability to control the precise morphology of the 

semicrystalline gel network, specifically through changing the polymer concentration, gelation 

solvent, and/or gelation conditions, copolymers that contain distinct blocks of highly 

functionalized segments with tunable sequence distributions, chemical composition, and 

copolymer properties are anticipated.13-17,31-36 

This work demonstrates the heterogeneous post-polymerization bromination of sPS/carbon 

tetrachloride (CCl4) and sPS/chloroform (CHCl3) gels to produce blocky brominated sPS (sPS-co-

sPS-Br) copolymers. The purpose of this research was to investigate the relationship between the 

sPS/solvent gel morphology and the copolymer microstructure, degree of blockiness, and physical 

properties. The morphology of the sPS/solvent gels was characterized using X-ray scattering 

techniques. To investigate how the specific distribution of functional groups along the chains 
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effects the copolymer properties, NMR spectroscopy was used to evaluate the copolymer 

microstructure and comonomer sequence distribution, X-ray scattering techniques were used to 

investigate the copolymer morphology, and differential scanning calorimetry (DSC) was used to 

probe copolymer thermal properties and crystallization kinetics. In order to obtain deeper insight 

into the effect of gel morphology on copolymer microstructure and crystallization behavior, 

computer simulations of the blocky microstructure and simulated average chains of the brominated 

sPS copolymers have been developed. Through this work, heterogeneous gel-state 

functionalization carried out on sPS/solvent gels with different morphologies is proven to be a 

facile method to prepare semicrystalline blocky sPS-co-sPS-Br copolymers with tailored chain 

sequences and tunable crystallization properties and phase behavior. Given the wealth of gelation 

solvents for sPS and other high-performance semicrystalline homopolymers, the broader impact 

of this fundamental research is to apply this post-polymerization functionalization approach to the 

tailored design of new functional materials with desirable physical and chemical properties that 

originate from the tunable blocky microstructure. 

 

4.3.1. Materials 

Syndiotactic polystyrene (Questra® 102) with a weight average molecular weight (Mw) of 

300,000 g mol-1 was provided by Dow Chemical Company. Chloroform (CHCl3), 

1,2-dichloromethane (DCM), and 1,1,2,2-tetrachloroethane (TCE) were purchased from Fisher 

Scientific Company. Elemental bromine (Br2) was obtained from Sigma Aldrich®. The Lewis acid 

catalyst, ferric(III) chloride (FeCl3), was purchased from VWR International LLC. All chemicals 

and reagents were used as received. 
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4.3.2. Sample preparation 

Samples of the 10 w/v% sPS/solvent gels and films of the sPS homopolymer and 

brominated copolymers were prepared for morphological characterization by X-ray scattering 

techniques. To prepare the 10 w/v% sPS/solvent gels, sPS pellets were dissolved in CCl4 or CHCl3 

at 120−140 °C or 90 °C, respectively, followed by transferring the sPS solution to a thin-walled, 

3 mm outer diameter, glass tube that was then sealed and stored at room temperature to promote 

gel formation. Films were prepared from powders by melt pressing between Kapton sheets at 30 

°C above Tm for 20 s at 2200 psi then for 20 s at 4500 psi, followed by quenching in ice water to 

prevent sPS crystallization. Crystalline films of the sPS homopolymer and brominated copolymers 

were prepared from the amorphous films by annealing for 1 h at 140 °C. Gel samples were prepared 

for wide-angle X-ray diffraction (WAXD) experiments by dissolving sPS pellets in solvent in a 

pressure vessel, followed by removing from heat to promote gel formation. The gels were stored 

at room temperature for ca. 24 h to mimic the conditions prior to gel-state bromination. The gels 

were then broken into pieces with a spatula and either immediately dried under vacuum at 70 °C 

for ca. 24 h or stirred in DCM for ca. 72 h to mimic the bromination reaction, followed by filtering 

and drying under vacuum at 70 °C for ca. 24 h.  

4.3.3. Gel-state bromination 

To prepare a 10 w/v% sPS/CHCl3 gel, sPS (2.5 g, 0.83 μmol) pellets were first dissolved 

in stirred CHCl3 (25 mL) in a pressure vessel at ca. 90 °C, then removed from heat to promote gel 

formation. A translucent gel formed over a period of at least 6 h and was stored at room temperature 

for approximately another 24 h prior to use. The post-polymerization functionalization method 

used to brominate a 10 w/v% sPS/CCl4 gel is described in Chapter 212 and was performed on the 

10 w/v% sPS/CHCl3 gel with slight modification. Briefly, using a spatula, the gel was broken into 
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small pieces (ca. 1-3 mm), dispersed in DCM (final sPS concentration of 3 w/v%), and placed in 

an ice bath. The flask was purged with argon, followed by the addition of FeCl3 (54 mg, 0.33 

mmol). After stirring for 30 min, a stock solution of 50 w/w% Br2 in DCM (2.2 mL, 0.043 mol) 

was introduced dropwise to the reaction vessel over two hours. The reaction was carried out in the 

dark under argon at room temperature and terminated after 2.5–6 h from the time of the first stock 

solution addition, by pouring the suspension into stirred methanol. All samples were purified by 

dissolving in TCE at reflux, followed by filtration of the warm solutions through a filter paper 

(Whatman® 1) and precipitation in methanol, which produced white solids. Prior to 

characterization, samples were ground into homogeneous powders, washed by soxhlet extraction 

in hot methanol for ca. 24 h, and dried under vacuum at 80 °C for ca. 18 h. 

4.3.4. NMR spectroscopy 

Microstructural analysis and comonomer sequencing were carried out by nuclear magnetic 

resonance (NMR) spectroscopy. 1H NMR experiments were recorded at room temperature in 

deuterated chloroform (CDCl3) on an Agilent U4-DD2 400 MHz spectrometer. Quantitative 13C 

NMR experiments were recorded at room temperature in 1,1,2,2-tetrachloroethane-d2 (TCE-d2) on 

a Bruker Avance II 500 MHz spectrometer equipped with a LN2 prodigy cryogenic BBO probe 

using a C13IG pulse program, proton decoupling (NOE−), a relaxation delay of 6 sec, O1P of 95, 

and a sweep width of 150 ppm. The Line Fitting function in Mestrelab Research’s MestReNova 

x64 software was used to deconvolute and integrate the multiple peaks in the quaternary carbon 

region of the 13C NMR spectrum. The deconvolution method is discussed in more detail in a 

Chapter 3.37 
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4.3.5. Thermal properties and crystallization kinetics 

Copolymer thermal properties and crystallization kinetics were probed using differential 

scanning calorimetry (DSC, TA Instruments DSC Q2000) operated under continuous nitrogen. To 

investigate the copolymer crystallizability under specific cooling conditions, samples were first 

annealed at 300 °C (unless stated otherwise) for 3 min to erase thermal history, then cooled to 0 

°C at −60 °C min-1
 (rapid cool) or −10 °C min-1 (slow cool). Isothermal crystallization from the 

melt was carried out for 2 h at 190 °C. All heating scans were recorded at 10 °C min-1. TA 

Instruments Universal Analysis software was used to determine glass transition temperatures (Tg), 

crystallization temperatures at maximum exothermic heat flow (Tc), and melting temperatures at 

maximum endothermic heat flow (Tm). To ascertain crystallization half-times (t1/2), defined as the 

time at which a material attains 50% of its maximum crystallinity, samples were subjected to 

isothermal crystallization at specific crystallization temperatures below Tm. Samples were 

annealed for 5 min at 300 °C (unless stated otherwise) prior to analysis. The isothermal 

crystallization profiles (heat flow versus time) were analyzed using the following approach 

(Equation 1): 

𝑭𝒄(𝒕) =
∫

𝒅𝑯
𝒅𝒕

𝐝𝒕
𝒕

𝟎

∫
𝒅𝑯
𝒅𝒕

𝐝𝒕
∞

𝟎

 (1) 

where Fc(t) is the bulk fractional crystallinity of the functionalized copolymer systems, equal to 

the heat evolved during isothermal crystallization at a specific time t divided by the total heat 

evolved during the isothermal crystallization process. The resulting crystallization isotherms (Fc 

versus time) were used to determine t1/2 by extrapolating Fc at 0.5 to the time axis. These t1/2 values 

were used as a comparative measure of the overall rate of bulk crystallization. 
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4.3.6. X-ray scattering techniques 

The morphologies of the sPS/solvent gels, sPS homopolymer, and brominated copolymers 

were investigated using X-ray scattering techniques. Ultra-small-angle X-ray scattering (USAXS) 

and small-angle X-ray scattering (SAXS) experiments were performed at the Advanced Photon 

Source beamline 9ID-C at Argonne National Laboratory. The USAXS instrument was configured 

in standard mode with an X-ray energy of 21 keV (λ = 0.5895 Å), X-ray photon flux of ca. 1013 

mm-2 s-1, and a combined q range of 0.0001–1.3 Å-1 (q = 4π/λ sin(θ), where λ is the wavelength 

and θ is one-half of the scattering angle).38-40 The USAXS and SAXS profiles were acquired 

sequentially and merged into a single data set using the Irena SAS package.41 The observed 

scattering features in the desmeared USAXS/SAXS profiles were analyzed using either the Unified 

Fit, described in the Irena tool suite,41 or a linear two-phase model and the one dimensional (1-D) 

correlation function. Wide-angle X-ray diffraction (WAXD) experiments were performed using a 

Rigaku MiniFlex II X-ray diffractometer emitting X-rays with a wavelength of 0.154 nm (Cu Kα). 

Samples were scanned from 5° to 40° 2θ at a scan rate of 0.250° 2θ min-1 and a sampling window 

of 0.050° 2θ at a potential of 30 kV and current of 15 mA. All WAXD data were analyzed using 

the PDXL 2 software package to obtain WAXD intensity versus 2θ profiles. The volume fraction 

of crystallinity, %Xc, was calculated from the WAXD profile through deconvolution of the 

crystalline and amorphous contributions and integration, according to Equation 2: 

%𝑿𝒄 =
𝑰𝒄

𝑰𝒄 + 𝑰𝒂
 (2) 

where Ic and Ia are the integrated intensities of the crystalline and amorphous contributions, 

respectively. To deconvolute the WAXD profile, the crystalline reflections and amorphous 

contributions were individually fit using Gaussian functions. The morphology of melt-crystallized 

samples was probed by SAXS using a Rigaku S-Max 3000 3 pinhole SAXS system equipped with 
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a rotating anode that emits X-rays with a wavelength of 0.154 nm (Cu Kα). The sample-to-detector 

distance was 1605 mm, and the q-range was calibrated using a silver behenate standard. Two-

dimensional SAXS patterns were obtained using a fully integrated 2D multiwire, proportional 

counting, gas-filled detector with an exposure time of 2 h. The SAXS data were analyzed using 

the SAXSGUI software package to obtain radially integrated SAXS intensity versus q profiles. 

The center-to-center intercrystalline domain spacing, i.e., long period (Lp), and average crystal 

segment length were calculated from the crystalline scattering feature of the Lorentz-corrected 

SAXS profiles using the one-dimensional (1D) correlation function and a linear two-phase model.  

4.3.7. Simulations of the blocky copolymer microstructure 

To rationalize the effect of gel morphology on copolymer microstructure and 

crystallization behavior, polymer chain sequences with blocky microstructures were simulated 

using a Fortran code created in-house by Dr. Diego Troya. The blocky microstructure, resulting 

from functionalization in the semicrystalline gel state, was simulated by first establishing an 

inaccessible fraction of monomers along a chain, representing crystalline stems in the physical gel, 

prior to random bromination of the remaining accessible monomers, representing amorphous chain 

segments in the gel. The rationalization for the inaccessible fraction and inaccessible block lengths 

used in these simulations is based on the average lamella thickness (lc) determined from the SAXS 

profiles of the as prepared gels and the measured degree of crystallinity of the as prepared gels 

from the WAXD profiles and is discussed in more detail below in the Results and discussion 

section. For each simulated chain, the prevalence of each unique pentad sequence (e.g., sssss, 

bbbbb, etc., where s = styrene and b = Br-Sty) is determined and the root-mean-square deviation 

(RMSD) between the pentad sequence distribution of the simulated chain and the empirical data 

from 13C NMR spectroscopy is calculated. 
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4.3.8. Simulated average copolymer chains based on the empirical pentad sequence 

distributions 

Simulated chains that represent the average copolymer chain sequence in the Blocky 

copolymers, were created using a Fortran code created in house. Chains are simulated from a short 

sequence of un-functionalized styrene units by subsequent additions of short sequences of 

un-functionalized and functionalized styrene units to the chain end. The rationalization for the 

specific short sequence that is added during each addition step is based on the difference between 

the average pentad sequence distribution of the simulated chain and the pentad sequence 

distribution from the NMR data and is discussed in more detail below in the Results and discussion 

section. 

 

4.4.1. The sPS/solvent gel morphology 

Images of the 10 w/v% sPS/CCl4 gel and 10 w/v% sPS/CHCl3 gel, taken approximately 24 

h after gelation, are provided in Figure 4.1. While both sPS/solvent systems form stable gels 

established by a simple “tip test” in which no flow was observed upon inversion of the solution-

containing vessel, the gels demonstrate strikingly different visible light transparencies. The 

sPS/CCl4 gel is opaque, while the sPS/CHCl3 gel is translucent. The gelation kinetics of these 

solvent systems are also remarkably different. After removal from heat, the sPS/CCl4 solution 

develops into a stable gel in under 10 min. In distinct contrast, the sPS/CHCl3 solution forms a 

translucent gel over a period of at least 6 h.  
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Figure 4.1. Images of a 10 w/v% (left) sPS/CCl4 gel and (right) sPS/CHCl3 gel. 

In order to obtain a deeper understanding of the differences between the sPS/solvent 

systems, X-ray scattering techniques were used to investigate the sPS/solvent gel morphologies. 

USAXS/SAXS profiles of the as prepared 10 w/v% sPS/CCl4 and 10 w/v% sPS/CHCl3 gels are 

compared in Figure 4.2. To the author’s knowledge, this is the first reported USAXS profile of an 

sPS/solvent gel. The wide-angle X-ray diffraction (WAXD) profiles of the sPS/solvent gels are 

provided in Figure S4.1. Figure 4.2 also shows the USAXS/SAXS profile of an sPS homopolymer 

film that was quenched from the melt and then annealed for 1 h at 140 °C to promote sPS 

crystallization. The USAXS/SAXS profile of the sPS homopolymer exhibits a broad scattering 

feature between 0.3−3 nm-1 with q-4 dependence in the Porod region between 1−3 nm-1 that is 

attributed to the surface fractal structure of crystalline lamellae.42 Similarly, both the sPS/CCl4 gel 

and sPS/CHCl3 gel show a scattering feature at high q, in the region of 0.2−0.6 nm-1 and 0.1−1 

nm-1, respectively, each with q-4 dependence that is consistent with the crystalline lamellae 

observed in sPS. In the low q region from 0.001−0.1 nm-1, the sPS/CCl4 gel shows a second 

scattering feature in the region from 0.006 nm-1 < q < 0.07 nm-1 with q-3 dependence in the Porod 

region between 0.07−0.15 nm-1. The presence of this feature strongly implies that the sPS/CCl4 
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gel has large-scale mass fractal-type structure that is attributed to clusters of crystallites that are 

randomly dispersed by solvent swollen amorphous chains. Thus, the crystallite clusters are 

expected to act as physical cross-links bound together by a percolating network of solvent swollen 

amorphous chains that together form the three-dimensional (3D) gel network.13-17 In contrast, the 

sPS/CHCl3 gel is featureless at low q with q-0.67 dependence that is indicative of disorder between 

the boundaries of the crystalline and solvent swollen amorphous components. Based on these 

results and previous investigations of the sPS/CHCl3 gel morphology by Kobayashi et al.15,31 using 

small-angle neutron scattering (SANS) experiments, it appears that the 3D network of the 

sPS/CHCl3 gel contains loosely packed crystallites that are tied together by amorphous chains. For 

the Kratky plots (i.e., I(q) × q2 versus q) of the sPS/solvent gels see Figure S4.1. 

 
Figure 4.2. USAXS/SAXS profiles of the sPS homopolymer that was quenched from the melt and annealed for 1 h at 

140 °C and the as prepared 10 w/v% sPS/CCl4 and 10 w/v% sPS/CHCl3 gels. For clarity, the scattering profiles are 

vertically offset. The green lines were added to demonstrate the power law scattering.  

The geometry of the sPS/solvent gel networks was further investigated by estimating the 

center-to-center intercrystalline domain spacing, i.e., long period (Lp), from the d-spacing at the 

peak of the high q scattering feature in the Lorentz-corrected SAXS profile using Bragg’s law 

(dBragg = 2π/q). The long period represents the sum of the thickness of the crystalline lamella, lc, 
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and the thickness of the interlamellar amorphous region, la (Lp = lc + la). Assuming a linear two-

phase model, an estimated lc may be obtained from the product of Lp and the volume fraction of 

crystallinity (%Xc) within the material. For each gel, %Xc was ca. 40-42%, determined from the 

crystalline and amorphous contributions in the WAXD profile (see Figure S4.2) and the area of 

the melting endotherm in the DSC heating trace (see Figure S4.3). The results of the SAXS 

analysis are summarized in Table 4.1. Compared to the sPS/CCl4 gel, which has a Lp value of ca. 

18.3 nm and an estimated average lamella thickness of ca. 7.5 nm, the sPS/CHCl3 gel exhibits a 

slightly larger average center-to-center intercrystalline domain spacing and lamella thickness of 

ca. 22.2 nm and 9.1 nm, respectively. Thus, it appears that the polymer-solvent interactions in the 

sPS/CHCl3 system that facilitate relatively slow gelation kinetics also favor the formation of 

relatively thick crystallites. For each sPS/solvent gel, the average number of styrene units in a 

crystalline stem was estimated, based on the s(2/1)2 helical conformation of the δ-form crystal 

structure of sPS with 4 monomer units per identity period (c-axis dimension = 0.77 nm). The 

sPS/CHCl3 gel exhibits slightly longer crystalline stems of ca. 46-49 styrene units, compared to 

ca. 38-40 styrene units in the sPS/CCl4 gel. 

Table 4.1. SAXS analysis of the intercrystalline domain spacing in the 10 w/v% sPS/CCl4 and sPS/CHCl3 gels. 

Sample q (nm-1) Lp (nm) %Xc lc (nm) 

Estimated units in a 

crystalline stemc la (nm) 

10 w/v% sPS/CCl₄ 0.342 18.3 40a (42)b 7.3 (7.7) 38 (40) 11.0 (10.7) 

10 w/v% sPS/CHCl₃ 0.283 22.2 40a (42)b 8.8 (9.4) 46 (49) 13.4 (12.8) 
       

aCalculated from the area under the melting endotherm in the DSC first heating trace of the sPS/solvent gel. The gel 

was dried under vacuum at 70 °C for ca. 24 h prior to analysis. 
bCalculated from the area of the crystalline contribution divided by the area of the amorphous contribution in the 

WAXD profile of the dried sPS/solvent gel, prepared by the method described above. All values in parentheses are 

based on the results from the WAXD analysis. 
cAverage number of styrene units in a crystalline stem of thickness lc, based on the helical conformation of the δ-form 

crystal structure of sPS with 4 styrene units per identity period (c-axis dimension = 0.77 nm).43 

Based on the appearance, gelation kinetics, and SAXS analysis of the 10 w/v% sPS/CCl4 

and sPS/CHCl3 gels, and the characteristic fibrillar network structure of sPS/solvent gels,32,35 
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schematic representations of the gel morphologies were developed, shown in Figure 4.3. The 

sPS/solvent gels contain extended crystalline stems in tightly packed crystallites that are tied 

together by a percolating network of amorphous chain segments.32,35 In the sPS/CCl4 gel, two 

distinct regions are represented, a polymer-rich region that contains clusters of unoriented 

crystallites tied together by amorphous chain segments, and a polymer-poor region that consists of 

a percolating network of amorphous chain segments, linking the crystallite clusters together. 

Styrene units exist in the sPS/CCl4 gel in three distinct environments, as part of the: (1) crystalline 

stems in the crystalline component; (2) tightly packed amorphous chain segments between 

crystallites in the polymer-rich region, and; (3) loosely packed amorphous chain segments in the 

polymer poor region. In contrast, the sPS/CHCl3 gel is represented by a random dispersion of 

unoriented crystallites that are bound together by a percolating network of amorphous chain 

segments. Thus, styrene units exist in the sPS/CHCl3 gel in two distinct environments, as either 

part of the crystalline stems or the amorphous tie chains. Through the introduction of brominating 

reagent to these different sPS/solvent gel morphologies, sPS-co-sPS-Br copolymers with tailored 

chain sequences were anticipated. 
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Figure 4.3. Schematic representations of the (left) 10 w/v% sPS/CCl4 gel and (right) 10 w/v% sPS/CHCl3 gel 

morphology. Short green lines = crystalline stems in the crystallites; long blue squiggly lines = amorphous polymer 

chains; grey circles = crystallite clusters. The dimensions of the high q scattering (Lp) and low q scattering (Lp2) 

features are indicated by colored lines. Images are not drawn to a precise scale. 

4.4.2. Microstructural analysis using NMR spectroscopy 

To investigate the copolymer microstructure of the gel-state functionalized, i.e., Blocky, 

sPS-co-sPS-Br copolymers, samples were prepared from the 10 w/v% sPS/CCl4 gel (CaT-x%) and 

10 w/v% sPS/CHCl3 gel (CH-x%) in a matched set of approximately x = 6, 15, 20, and 30 mol% 

para-bromostyrene (Br-Sty) units and analyzed by NMR spectroscopy. It is worth noting that 29 

mol% Br was the maximum degree of functionalization that could be obtained from the 10 w/v% 

sPS/CCl4 gel. The 1H NMR spectra of the sPS homopolymer and the sPS/CCl4 and sPS/CHCl3 

copolymers are shown in Figure 4.4. Compared to pure sPS, new proton resonances appear in the 

1H NMR spectrum of the brominated copolymers at 1.23, 1.58−1.75, 6.27−6.28, and 7.11−7.22 

ppm, corresponding to the methylene (H(b′)) and methine (H(a′)) protons, and the aromatic protons 

(H(2′) and (H(3′)) of brominated styrene (Br-Sty) monomers, respectively.12 For all samples, the 

ratio of the total peak areas of the methylene (H(b), H(b′)) and methine (H(a), H(a′)) protons was 

approximately 2:1, which indicates the absence of backbone bromination. The Br-content (mol% 

Br) was derived from the fraction of ortho-proton resonances of Br-Sty monomers (H(2′), 

sPS/CHCl3sPS/CCl4

Lp1
Lp

Lp2
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6.27−6.38 ppm) to the total area of styrene (H(2′)) and Br-Sty ortho-proton resonances (6.27−6.60 

ppm).  

Comparing the 1H NMR spectra of the sPS/CCl4 and sPS/CHCl3 copolymers with similar 

Br-content reveals slight differences in their peak intensities and 1H chemical shifts. These 

differences may be the result of differences in Br-content. They may also indicate differences in 

copolymer microstructure, i.e., the distribution of comonomer sequences along the copolymer 

chains. Nevertheless, the sensitivity of the 1H nucleus to comonomer sequence is insufficient to 

warrant further interpretation of the copolymer microstructure from the 1H NMR spectrum. 

 
Figure 4.4. 1H NMR spectra of the (left) sPS/CCl4 and (right) sPS/CHCl3 copolymers increasing in mol% Br from 

top to bottom. The spectra were recorded at room temperature. For comparison, the spectra are referenced to CDCl3, 

and normalized over the range 6.27−6.60 ppm. The asterisks (*) indicate solvent resonances. 

Quantitative 13C NMR spectroscopy was used to investigate the copolymer microstructure 

and comonomer sequence distribution of the Blocky copolymers. Figure 4.5 shows the aromatic 

region of the high-resolution 13C NMR spectra for the sPS homopolymer and the sPS/CCl4 and 

sPS/CHCl3 copolymers. For the full 13C NMR spectrum, see Figure S4.4. Upon para-substitution 

of the styrene phenyl ring with bromine, new carbon resonances appear in the 13C NMR spectrum. 

The new resonances at 129.2 ppm and 130.9 ppm are assigned, respectively, to the ortho-(C(2′)) 

and meta-carbons (C(3′)) of brominated phenyl rings. The multiple new resonances in the regions 
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from 118.8−119.5 ppm and 145.15−143.15 ppm are attributed to the Br-substituted phenyl carbons 

(C−Br, C(4′)) and the quaternary phenyl carbons of un-brominated (C(1)) and brominated (C(1′)) 

monomers, respectively. For both the sPS/CCl4 and sPS/CHCl3 copolymers, the distribution and 

intensities of the peaks in the quaternary carbon and C−Br regions are highly dependent on 

Br-content (see Figure S4.5). The presence of multiple peaks in these regions signifies through-

bond communication between neighboring styrene and Br-Sty monomers and provide a unique 

fingerprint of the copolymer microstructure originating from the specific comonomer sequence 

distribution. 

In Chapter 3,37 a comonomer sequencing method was introduced to assign each peak in the 

quaternary carbon spectrum of the sPS-co-sPS-Br copolymers to a styrene or Br-Sty unit that exists 

in the center of a unique sequence of five monomers, i.e., a pentad, along the copolymer chain 

(e.g., ssssb were s = styrene and b = Br-Sty). Figure 4.6 shows the quaternary carbon spectra of 

sPS/CCl4 CaT-29% and sPS/CHCl3 CH-32% decomposed into their twenty separate additive peak 

components. Each peak represents one of the twenty unique pentad combinations that are possible 

 
Figure 4.5. The aromatic region of the 13C NMR spectra of the sPS homopolymer and the Blocky brominated 

copolymers prepared from (left) sPS/CCl4 gels and (right) sPS/CHCl3 gels, increasing in degree of bromination from 

top to bottom. The spectra were recorded at room temperature. For comparison, the spectra are referenced to TCE-

d2 and normalized over 127.0–132.5 ppm. 
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for a copolymer with two different monomers. Several of these peaks are assigned to pentad 

sequences in Figure 4.6. For the complete pentad assignments and their approximate chemical 

shifts, see Table S4.1. The color of each peak identifies the unique combination of three monomers 

in the center of the assigned pentad, i.e., the triad sequence, labeled above the spectrum in Figure 

4.6. From these assignments, it is clear that the CaT-29% and CH-32% copolymers contain large 

fractions of both SSS and BBB triads, which is unusual for a statistically random sPS-co-sPS-Br  

copolymer with approximately 31 mol% Br-content.37 These results strongly suggest that gel-state 

functionalization is capable of producing copolymers with non-random, i.e., blocky, distributions 

of functional groups along the chains in a blocky microstructure. 

 
Figure 4.6. The quaternary carbon spectra of (left) sPS/CCl4 CaT-29% and (right) sPS/CHCl3 CH-32% decomposed 

into their separate additive pentad peak components with triad assignments and several pentad assignments. The 

peaks are color-coded by triad combination: SSS = red; BSS/SSB = yellow; BSB = blue; SBS = green; BBS/SBB = 

magenta; BBB = orange. 

To investigate the copolymer microstructure of the Blocky copolymers, pentad sequence 

distributions were calculated from the ratio of the area under each quaternary carbon peak to the 

total area of the quaternary carbon region (142.9−145.6 ppm) in the 13C NMR spectrum. Figure 

4.7 compares the fraction of styrene pentad (sssss) in the sPS/CCl4 and sPS/CHCl3 copolymers 

with respect to Br-content. At 6 mol% Br, the sPS/CCl4 and sPS/CHCl3 samples exhibit a similar 

fraction of sssss pentad. With increasing Br-content, the amount of sssss pentad decreases in both 
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series, as expected. It is worth noting that this observed decrease in sssss pentad composition is 

inconsequential compared to the decrease in the fraction of sssss pentad observed in brominated 

sPS copolymers with random microstructures. For example, a random copolymer with 31 mol% 

Br-content (R-31%) contains just 14% sssss pentad compared to 51% and 53% in the sPS/CCl4 

CaT-29% and sPS/CHCl3 CH-32% copolymers, respectively. These data confirm that the gel-state 

functionalization method is capable of producing copolymers with a significant degree of 

non-randomness in the distribution of comonomers along the copolymer chains in blocky 

microstructure. Above 6 mol% Br, the sPS/CHCl3 contain a larger fraction of sssss pentad relative 

to their sPS/CCl4 analogs. Thus, it appears that the sPS/CHCl3 gel morphology, in which styrene 

units are expected to exist in two distinct environments within the gel network, produces 

copolymers with a higher prevalence of styrene “blocks” of at least five consecutive styrene units. 

 
Figure 4.7. Fraction of styrene pentad (sssss) with respect to Br-content in the sPS/CCl4 and sPS/CHCl3 copolymers 

calculated from the integration of the quaternary carbon NMR spectra. 

The degree of blockiness in the sPS/CHCl3 copolymers has been characterized by the 

copolymer block character (R), calculated based on Bernoullian probability statistics according to 

Equation 3.44 
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𝑹 =
𝟒(𝑷𝑺𝑺)(𝑷𝑩𝑩)

(𝐏𝑺𝑩)
   where: 

PSS = SSS + ½ [SSB/BSS] 

(3) 
PBB = BBB + ½ [SBB/BBS] 

PBS = 1 – PSS – PBB 

Here, P is the probability that a polymer chain contains an SS (PSS), BB (PBB), or BS/SB (PBS) 

dyad, respectively. The dyad probabilities are obtained from the pentad sequence distribution and 

are calculated from the fraction of SSS, [SSB/BSS], [SBB/BBS], and BBB triad sequences in each 

copolymer. For a copolymer with a Bernoullian (i.e., random) sequence distribution, R is equal to 

unity. A copolymer with a block-like distribution of functional groups along the chain will have 

an R value greater than unity. The block characters of the sPS/CCl4 and sPS/CHCl3 copolymers 

are compared in Figure 4.8. For reference, the average block characters of simulated random 

copolymers are also provided, determined using a random number generation method that is 

described in Chapter 2.37 The average R values of the simulated random copolymers range from 

0.98−1.00, as expected for copolymers that have random distributions of functional groups along 

their chains. For the sPS/CCl4 and sPS/CHCl3 samples, R is much greater than unity and increases 

with increasing Br-content. These results demonstrate that the sPS/CCl4 and sPS/CHCl3 

copolymers have block-like character, even at low Br-content. 

Comparing the R values of the sPS/CCl4 and sPS/CHCl3 samples with similar Br-content 

reveals that the sPS/CHCl3 copolymers exhibit greater R values, even at 6 mol% Br. Thus, the 

sPS/CHCl3 copolymers have on average more consecutive styrene units and more consecutive 

Br-sty units, i.e. are more block-like, than their blocky sPS/CCl4 analogs. Remarkably, the 

sPS/CHCl3 CH-32% exhibits an R value of ca. 98 (not shown in Figure 4.8 for clarity), which is 

approximately three times greater than that of CaT-29%, demonstrating the high degree of 

blockiness along the copolymer chains in CH-32%. The quantitative insight into the copolymer 

microstructure obtained from 13C NMR spectroscopy, strongly suggests that the sPS/solvent gel 
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morphology can be used to tailor the chain sequence of an sPS-co-sPS-Br copolymer via a post-

polymerization functionalization method; the clustered crystallite morphology of the sPS/CCl4 gel 

produces copolymers with a blocky microstructure, while the dispersed crystallite morphology of 

the sPS/CHCl3 gel produces copolymers with a multiblock-like microstructure, defined here as a 

polymer chain that contains long “blocks” of un-functionalized styrene units that are separated 

uniformly by randomly functionalized “blocks” (see Figure 4.1). 

 
Figure 4.8. The block character (R) of the copolymers prepared from sPS/CHCl3 gels (circles) and sPS/CCl4 gels 

(squares) with comparison to the average R values of 1000 simulated random copolymers (diamonds). RCH-32% is 98 

(not shown for clarity). The R values are calculated from the integration of the quaternary carbon NMR spectra. R 

values greater than one demonstrate block-like character. 

4.4.3. Thermal transitions 

The effect of sPS/solvent gel morphology on copolymer crystallization behavior was 

investigated by comparing the thermal transitions and crystallinity of the Blocky copolymers 

provided by DSC experiments. Figure 4.9 compares the DSC heating traces of the sPS 

homopolymer and the sPS/CCl4 and sPS/CHCl3 copolymers after rapid cooling from the melt at 

−60 °C min-1 to 0 °C. The heating trace of sPS exhibits two endothermic events, the glass transition 

at 98 °C and an intense melting endotherm at 269 °C. At approximately 6 mol% Br, both the 

sPS/CCl4 and sPS/CHCl3 samples crystallize during cooling and show depression in their melting 
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temperatures, Tm, relative to pure sPS. Bromine groups attached to a crystallizable polymer can 

act as physical defects along the polymer chains, limiting crystallizability and lamella thickness.12 

It is not surprising then that both the Blocky copolymer series show a depression in Tm with 

increasing Br-content as a consequence of shorter crystallizable chain segments and thus thinner 

crystallites.30,45-47 Nonetheless, it is important to note that melting point depression occurs to a 

greater extent in the sPS/CCl4 samples compared to the sPS/CHCl3 samples, despite having 

approximately the same Br-content (see Figure S4.6). 

Remarkably, the heating trace of sPS/CHCl3 CH-32% exhibits two distinct melting 

endotherms, a low temperature endotherm at 226 °C and a higher temperature endotherm at 315 

°C (Figure 4.9). The low temperature endotherm, which we will denote Tm,A, is consistent with 

the melting of thin crystallites composed of short chain sequences of styrene units. The high 

temperature endotherm, which we will denote Tm,B, is well above the melting temperature of pure 

sPS.48 Based on this DSC result and previous evidence of the crystallization of halogenated 

sPS,49,50 Tm,B is attributed to the melting of crystallites that contain distinct sequences of Br-Sty 

units. Thus, it appears that CH-32%, which has approximately one Br-Sty unit for every two 

styrene monomers, contains polymer chains with runs of styrene units and runs of Br-sty units of 

significant length that are capable of crystallizing upon rapid cooling from the melt. The presence 

of two melting endotherms suggests that the “blockiness” that originates from functionalization of 

the sPS/CHCl3 gel system is somewhat reminiscent of the distribution of comonomers in a 

conventional multiblock copolymer. In contrast, the sPS/CCl4 CaT-29% sample shows just one 

melting endotherm at ca. 270 °C. This Tm is higher than that anticipated for the melting of 

crystallites composed of styrene units and deviates from the observed trend in melting point 

depression for the sPS/CCl4 samples. Thus, in CaT-29%, crystallites composed of Br-Sty units 
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appear to form preferentially over crystallites of styrene units during heating after conditions of 

rapid cooling. The melting behaviors of the CH-32% and CaT-29% demonstrate that the gel-state 

bromination process is capable of producing copolymers that contain distinct sequences of Br-Sty 

units in segments of significant length irrespective of the gel morphology. However, the superior 

crystallizability of CH-32% strongly suggests that the sPS/CHCl3 gel morphology is capable of 

producing copolymers with fewer defects along the chain in a multiblock-like microstructure. 

 
Figure 4.9. DSC heating traces of the sPS homopolymer and the (left) sPS/CCl4 and (right) sPS/CHCl3 copolymers 

after rapid cooling from the melt at −60 °C min-1. The melt temperature was 300 °C for samples with less than 25 

mol%, 325 °C for CaT-29%, and 335 °C for CH-32%. Heating rate: 10 °C min-1. Center: CaT-29%, indicating the 

high temperature melting endotherm. 

At 17-19 mol% Br, the sPS/CHCl3 copolymers exhibit crystallization during rapid cooling 

(−60 °C min-1). In distinct contrast, the heating traces of the sPS/CCl4 samples with greater than 6 

mol% Br contain an exothermic event between 150-200 °C (Figure 4.9), ascribed to cold 

crystallization during heating. Cold crystallization following a rapid cool is attributed to a 

reduction in the rate of crystallization.30,46 Under slow cooling conditions (−10 °C min-1), the 

crystallization exotherm, Tc, of the sPS/CCl4 samples decreases in temperature and intensity with 

increasing Br-content, which also reflects a reduction in the rate of crystallization (see Figure 

S4.7). By comparison, the sPS/CHCl3 copolymers exhibit crystallization point depression to a 
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lesser extent (Figure S4.7). This thermal behavior strongly suggests that the sPS/CHCl3 copolymer 

chains contain a more block-like distribution of bromine defects and a higher prevalence of 

crystallizable styrene segments (i.e., runs of consecutive styrene units of sufficient length), relative 

to their sPS/CCl4 copolymer analogs. 

To further examine the effect of sPS/solvent gel morphology on copolymer 

crystallizability, the weight percent crystallinity (%Xc) was calculated from the total area under the 

melting endotherm (ΔHf) with respect to the heat of fusion of 100% crystalline pure sPS48 (ΔHf
° = 

79.3 J g-1). The thermal properties and %Xc of the sPS homopolymer and Blocky copolymers after 

rapid cooling (−60 °C min-1), slow cooling (−10 °C min-1), and 2 h melt crystallization at 190 °C 

are summarized in Table 4.2. For the sPS/CCl4 samples, the glass transition temperature, Tg, 

increases with increasing degree of bromination, which is consistent with the findings of Genzer 

et al.51 and attributed to hindered rotations of the bulky p-bromostyrene units in the amorphous 

component. Similarly, after rapid cooling conditions the sPS/CHCl3 samples exhibit an increase 

in Tg. Interestingly, after conditions of slow cooling, during which crystalline chain segments are 

likely to reorganize and form more perfect crystallites,33,52 the Tg in the sPS/CHCl3 samples was 

relatively unchanged. Br-Sty units are expected to be excluded from the crystalline lamellae of 

sPS crystallites and therefore reside in the amorphous component (if not contained in sequences 

of crystalline Br-Sty units). While the concentration of Br-Sty units in the amorphous component 

of the sPS/CHCl3 copolymers is therefore expected to be similar to that of the sPS/CCl4 

copolymers, the observed difference in Tg behavior suggests that the blockiness along the chains 

in the sPS/CHCl3 copolymer can result in greater thermal expansion, i.e., free volume in the 

amorphous component.53  
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The crystallizability of the sPS/CCl4 and sPS/CHCl3 copolymers during conditions of slow 

cooling and isothermal crystallization is remarkable. For example, after isothermal crystallization 

at 190 °C, the sPS/CCl4 CaT-21% and sPS/CHCl3 CH-19% samples yield a degree of crystallinity 

of %Xc = 19% and 22%, respectively, that constitutes 59% and 69% of the crystallinity of pure 

sPS. This crystallization behavior is strongly suggestive of a highly blocky microstructure, in 

which bromine defects exist in distinct segments along the copolymer chains.12,30,45 Nevertheless, 

during rapid cooling conditions, the sPS/CHCl3 copolymers crystallize at lower supercooling 

(higher crystallization temperatures, Tc) than their sPS/CCl4 analogs, which signifies faster rates 

of crystallization. In addition, the sPS/CHCl3 copolymers exhibit greater crystallinity and higher 

Tm values, indicating that thicker and/or more perfect crystallites form during conditions of rapid 

cooling. Again, this observed thermal behavior strongly implies a highly block-like distribution of 

Br-sty defects along the copolymer chains in the sPS/CHCl3 copolymers. For WAXD profiles of 

the sPS homopolymer and the Blocky brominated copolymers after isothermal crystallization at 

190 °C see Figure S4.8 

Table 4.2 Thermal properties and weight percent crystallinity of the sPS homopolymer and the sPS/CHCl3 (CH-x%) 

and sPS/CCl4 (CaT-x%) copolymers measured using DSC. 

 
Tg = glass transition temperature; Tm1 = temperature of the first maximum endothermic heat flow; aTc = temperature 

of the maximum exothermic heat flow during the cooling scan. Values in parentheses correspond to the high melting 

endotherm (Tm,B) observed in CaT-29% and CH-32%. Xc = weight percent crystallinity derived from the area under 

the melting endotherm (ΔHf) and the heat of fusion of 100% crystalline pure sPS (Δ𝑯𝒇
° ) according to the relationship 

Xc = 
𝚫𝑯𝒇

𝚫𝑯𝒇
𝒐 × 𝟏𝟎𝟎%. Dashes (--) indicate no thermal transition detected. bThe Xc for Tm,b is not reported. All samples 

below 29 mol% Br-content were heated to 300 °C and annealed for 3-5 min prior to cooling to erase thermal history. 

Samples CaT-29% and CH-32% were annealed at 325 °C and 335 °C, respectively. 
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4.4.4. Crystallization kinetics 

How the distribution of bromine defects along the chains affects the crystallization kinetics 

of the Blocky copolymers was investigated by subjecting the sPS/CHCl3 and sPS/CCl4 samples to 

isothermal crystallization at specific temperatures below Tm. To achieve rapid crystallization, chain 

segments of sufficient length, i.e., stems, of uninterrupted styrene units are required to assemble 

into stable crystalline domains. Br-Sty monomers encountered at the crystal growth front are 

structural defects that are consequently excluded from attaching to the growing crystallite. This 

process of rejection of a defective stem and diffusion of a new stem to the melt-crystal interface 

ultimately slows the rate of crystallization. The crystallization half-time, t1/2, versus temperature 

profiles of the sPS/CCl4 and sPS/CHCl3 samples are compared in Figure 4.10. It should be 

recognized that for both Blocky copolymer series fast crystallization kinetics (i.e., shorter t1/2 

times) are observed compared to the crystallization kinetics of statistically random sPS-co-sPS-Br 

copolymers of the same Br-content, attributed to the effects of copolymer microstructure on the 

probability of encountering a defective stem.12 The blocky microstructure provides a higher 

prevalence of crystallizable stems along the polymer chains. With more crystallizable stems, the 

blocky microstructure minimizes the time-consuming rejection/replacement process and is thus 

capable of crystallizing in a shorter period of time. 

Comparing the t1/2 of the Blocky copolymers reveals that at approximately 6 mol% Br, both 

the sPS/CCl4 and sPS/CHCl3 samples crystallize relatively fast and at low supercooling (i.e., high 

temperature). However, above 6 mol% Br, the sPS/CHCl3 copolymers show remarkable 

crystallization kinetics, crystallizing faster at lower supercooling than their sPS/CCl4 copolymer 

analogs. Even the sPS/CHCl3 CH-32% sample, which has approximately one Br-Sty for every two 

styrene monomers, exhibits a t1/2 at 185 °C of just 0.26 min. The intriguing differences in 
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crystallization kinetics between the sPS/CCl4 and sPS/CHCl3 samples suggest that the primary 

microstructure, i.e., the length, frequency, and distribution of crystallizable stems and defective 

stems along the copolymer chain, effects the probability of encountering a defective stem at the 

crystal growth front. 

The observed differences in the thermal properties and crystallization behavior of the 

sPS/CCl4 and sPS/CHCl3 copolymers, strongly suggest that the copolymer’s primary 

microstructure is inherited from the morphology of the crystalline and amorphous components of 

the parent sPS/solvent gel during the gel-state functionalization reaction. Based on the proposed 

gel morphology of the sPS/CHCl3 gel, in which crystallites are evenly dispersed by amorphous 

chain segments (see Figure 4.1), it seems reasonable that upon introduction of brominating reagent 

to the sPS/CHCl3 gel network, the reagent will be sterically excluded from reacting with styrene 

monomers in the crystalline component and will react readily with styrene monomers in the 

accessible amorphous component. A copolymer chain from the sPS/CHCl3 gel network is therefore 

expected to contain crystallizable stems in un-functionalized styrene “blocks” that are separated 

uniformly by defective stems in randomly functionalized “blocks,” with a multiblock-like primary 

microstructure. Consequently, following attachment of a crystallizable stem along the chain to a 

crystal growth surface, a subsequent defective stem would be encountered and excluded at the 

growth front, forming a fold that would bring another crystallizable stem close to the crystal 

surface. Thus, with crystallizable stems spaced uniformly along a chain and in close proximity to 

the crystal growth surface, the time-consuming rejection/replacement process would be 

minimized, resulting in rapid crystallization kinetics, as observed in the empirical data.54,55 

Compared to the morphology of the sPS/CHCl3 gel, the sPS/CCl4 gel morphology is highly 

complex (see Figure 4.1). The sPS/CCl4 gel is expected to contain crystallites that are bound 
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together by tightly packed amorphous chain segments in polymer-rich regions and by loosely 

packed amorphous chain segments in polymer-poor regions. Based on this proposed gel 

morphology, it seems reasonable that when functionalizing reagent is introduced to the sPS/CCl4 

gel network, it will be sterically excluded from reacting with styrene monomers in the crystalline 

component, will have restricted access to styrene monomers along amorphous chain segments in 

the polymer-rich regions, and will react readily with styrene monomers in the polymer-poor 

regions. A copolymer chain from the sPS/CCl4 gel network is therefore expected to contain 

crystallizable stems in un-functionalized styrene “blocks” that are separated by compositionally 

diverse, randomly functionalized “blocks” originating from the two unique amorphous 

environments within the gel network. Thus, it may be appropriate to describe the sPS/CCl4 

copolymers as having a gradient-like primary blocky microstructure, in which indiscrete 

boundaries exist between the un-functionalized styrene “blocks” and randomly functionalized 

“blocks.” This gradient-like blocky microstructure is expected to contain a broad distribution of 

crystallizable stem lengths and defective stem lengths, resulting in a higher probability of 

encountering a defective stem at the crystal growth front and thus yielding slower crystallization 

kinetics, as observed in the isothermal crystallization experiments. Overall, the observed 

differences in the thermal properties and crystallization behavior of the sPS/CCl4 and sPS/CHCl3 

copolymers, reveals that the sPS/solvent gel morphology produces copolymers with tailored chain 

sequences; the sPS/CHCl3 gel morphology is capable of producing copolymers with fewer defects 

along the chain, consistent with a multiblock-like microstructure. 
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Figure 4.10. Crystallization half-time (t1/2) versus temperature profiles for the (left) sPS/CCl4 and (right) sPS/CHCl3 

copolymers. Prior to isothermal crystallization, samples were annealed for 5 min at 300 °C (or 335 °C for CH-32%). 

The results for CaT-29% are after annealing at 300 °C. This sample showed signs of decomposition (i.e., a decrease 

in Tg) after repeated annealing at 325 °C. 

4.4.5. Morphological characterization of the low Br-content Blocky copolymers  

The primary copolymer microstructure was further investigated by probing the 

polymorphic composition of the low Br-content sPS/CCl4 CaT-6% and sPS/CHCl3 CH-6% 

samples using WAXD experiments. Figure 4.11 compares the WAXD profiles of the sPS 

homopolymer and the CaT-6% and CH-6% copolymers after the samples were cooled rapidly (−60 

°C min-1) from the melt to 0 °C, and after 2 h isothermal crystallization (I) at 190 °C (high 

supercooling) and 230 °C (relatively low supercooling). The WAXD profiles of the sPS 

homopolymer contain crystalline reflections that are attributed to the α- and β-form crystal 

structures of sPS.56 Pure sPS is well-known to form a mixture of polymorphs and to have a 

polymorphic composition that is temperature and time dependent.56-59 During melt crystallization 

at high supercooling and dynamic cooling at fast rates, nucleation of the α-form lamellae is 

favored, demonstrated by the intense crystalline reflection at 2θ = 11.6° ([hkl] =300)56 in the 

WAXD profiles of pure sPS after isothermal crystallization at 190 °C and rapid cooling. The 

α-form lamella has been characterized by a disordered fold surface of loosely looped (fringed 
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micelle-like) polymer chains.48 During low supercooling conditions (above 260 °C in pure sPS), 

nucleation of the thermodynamically favorable β-form crystal structure is favored. In addition, 

during melt crystallization, the α-form lamella has been shown to transform into the β-form lamella 

via a melt/re-crystallization process that has been recognized to follow crystal thickening.33,48,58,59 

The crystalline reflection at 2θ = 12.2° ([hkl] = 040)56 in the I-230 °C WAXD profiles of sPS and 

CH-6% is characteristic of the β polymorph. The β-form lamella is characterized by relatively thick 

crystallites with a disordered fold surface of non-adjacently reentering (switchboard-like) polymer 

chains.48  

The WAXD profiles of the low Br-content Blocky copolymers contain crystalline 

reflections that occur at approximately the same 2θ as observed in pure sPS and are thus attributed 

to a combination of α- and β-form crystal structures. Notably, for the sPS/CCl4 CaT-6% and 

sPS/CHCl3 CH-6% copolymers, the crystalline reflections at 2θ = 11.6° and 12.2° differ in 

intensity and breadth depending on the crystallization conditions, which indicates differences in 

their polymorphic compositions and crystalline chain order, respectively. After conditions of rapid 

cooling, both the CaT-6% and CH-6% samples exhibit an intense reflection at ca. 11.6°, attributed 

to α-form crystallites. It is important to note that upon dynamic cooling at −60 °C min-1 to 190 °C, 

the Blocky samples crystallize at a rate that exceeds the limits of detection for the DSC instrument 

(see Figure 4.10). Thus, the rapid cooling profile appears to represent the polymorphic 

composition of the Blocky copolymers just after crystallization. Upon isothermal crystallization at 

190 °C, the intensity of the reflection at ca. 12.2° from the β polymorph increases in both the 

CaT-6% and CH-6% copolymers. The presence of β-form crystallites after 2 h melt crystallization 

at 190 °C is suggestive of crystallite thickening and α to β transformation.33,58 For the CaT-6% 

copolymer, the intensity of the reflection at 12.2° is similar to that observed in the pure sPS 
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homopolymer. In contrast, the CH-6% I-190 °C profile exhibits two broad and intense overlapping 

reflections at ca. 11.6° and 12.2°. After melt crystallization at 230 °C, the CH-6% profile exhibits 

sharper and more intense reflections at 11.6° and 12.2° relative to CaT-6%, which may indicate 

that disordered crystalline stems in CH-6% that formed during the initial crystallization process, 

are capable of re-organizing to more ordered crystallites during low supercooling conditions.59 

 
Figure 4.11. WAXD profiles of the sPS homopolymer, and the low Br-content sPS/CHCl3 CH-6% and sPS/CCl4 

CaT-6% copolymers after (a) rapid cooling (−60 °C min-1) from the melt to 0 °C, and 2 h isothermal (I) crystallization 

at (b) 190 °C and (c) 230 °C. 

The polymorphic composition of the sPS homopolymer and the Blocky copolymers was 

quantified from the relative areas of the diffraction peaks observed at 2θ = 11.6° and 12.2° 

according to the empirical relationship derived by Guerra et al.,56 shown in Equation 4. The 

fraction of crystallites in the α-form (Pa) is equal to: 

𝑷𝒂 =
𝟏. 𝟖 ×

𝑨𝟏𝟏.𝟔

𝑨𝟏 . 

𝟏 + 𝟏. 𝟖 ×
𝑨𝟏𝟏.𝟔

𝑨𝟏 . 

 (4) 

where A11.6 and A12.2 are the integrated areas of the diffraction peaks at 2θ = 11.6°and 12.2°, 

respectively. The Pa values for the sPS homopolymer and the CaT-6% and CH-6% copolymers 

are summarized in Table 4.3. After rapid cooling and isothermal crystallization conditions, the 
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sPS homopolymer contains a large fraction of α-form crystallites of approximately 80-90%. 

Similarly, the Blocky copolymers contain over 90% α-form crystallites after rapid cooling. 

However, after conditions of isothermal crystallization, the fraction of α-form crystallites 

decreases in both the CaT-6% and CH-6% copolymers, indicating that the blocky microstructure 

of the gel-state functionalized copolymers promotes the formation of the β polymorph. After melt 

crystallization at 230 °C, the CH-6% copolymer remarkably contains approximately twice as much 

of the β polymorph as the CaT-6% copolymers and four times as much of the β polymorph as pure 

sPS. These data demonstrate that the primary microstructure of the CH-6% copolymer produces 

an unusually large fraction of the thermodynamically favorable β polymorph during conditions of 

low and high supercooling. Based on the characteristics of the β-form crystals, it seems reasonable 

to believe that the CH-6% copolymer contains long, crystallizable stems in even longer uniform 

blocks of un-functionalized styrene units that allows for crystal thickening and polymorphic 

transformation from the α-form crystal structure to the β-form crystal structure. In contrast, the 

CaT-6% copolymer is expected to contain crystallizable stems and defective stems with a broad 

range of lengths in a gradient-like blocky microstructure, which could limit crystal thickening and 

thus limit α to β transformations. Further analysis into this intriguing crystallization behavior via 

mechanical testing to probe chain folding and the fold surface energies of the crystallites will be 

the subject for future investigations. The DSC heating traces of the sPS homopolymer and the 

CaT-6% and CH-6% copolymers after rapid cooling, and isothermal crystallization at 190 °C and 

230 °C are provided in Figure S4.9.  
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Table 4.3. The fraction of α-form crystallites (Pa) in the sPS homopolymer and the low Br-content Blocky copolymers 

after rapid cooling (−60 °C min-1) from the melt to 0 °C and 2 h isothermal crystallization at 190 °C and 230 °C. 

Crystallization 

Temperature (°C) 

P
α
 

sPS CH-6% CaT-6% 

Rapid cool to 0 °C 83% 92% 96% 

190 90% 68% 87% 

230 90% 57% 78% 

4.4.6. Morphological characterization of amorphous Blocky copolymer films 

USAXS/SAXS experiments were used to investigate the morphology of amorphous films 

of the Blocky copolymers. The USAXS/SAXS profiles of the sPS/CCl4 CaT-15% and sPS/CHCl3 

CH-17% copolymers, recorded from amorphous films of the samples before and after annealing 

the films for 1 h at 140 °C, are shown in Figure 4.12. For reference, the profile of a solution-state 

brominated, i.e., random, copolymer containing 16 mol% p-bromostyrene units (R-16%) is also 

provided. The scattering profile of the amorphous random R-16% copolymer is featureless with a 

q-4 dependence between 0.002−0.06 nm-1. This profile is consistent with an amorphous sPS 

homopolymer and demonstrates a homogeneous, phase-mixed morphology.12 In contrast, the 

amorphous films of the CaT-15% and CH-17% copolymers exhibit excess scattering from a large-

scale morphological feature at low q, between 0.01−0.2 nm-1 and 0.008−0.08 nm-1, respectively. 

The dimensions of the low q feature were determined using the Unified Fit. For the CaT-15% and 

CH-17% copolymers, respectively, the low q feature fits to dimensions of ca. 32 nm and 72 nm 

and is consistent with a micro-phase separated morphology. The presence of this feature strongly 

suggests that the “blockiness” originating from the gel-state functionalization is sufficient to drive 

phase development that is somewhat reminiscent of conventional block copolymer phase behavior. 

The physical and molecular origins of this large-scale feature observed in the USAXS profiles of 

the CaT-15% and CH-17% copolymers are attributed to a thermodynamic immiscibility between 
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the electron-dense, randomly brominated sPS segments and the pure runs of un-functionalized sPS 

within the blocky microstructure of the functionalized chains. 

After annealing the amorphous films at 140 °C, above the glass transition temperature of 

pure sPS, the low q scattering feature remains in the USAXS/SAXS profiles of the Blocky 

copolymers and a new high q scattering feature is observed. This high q feature is attributed to 

intercrystalline scattering from crystalline lamellae.42 The absence of this feature in R-16% 

demonstrates that this sample, in its phase-mixed state, was unable to crystallize during the thermal 

conditions of this experiment. These results support that micro-phase separated domains exist in 

the Blocky copolymers and thus facilitate crystallization of un-functionalized styrene segments 

within the pure sPS phase domains. 

Comparing the domain sizes of the low q scattering features in the CaT-15% and CH-17% 

samples reveals that the CH-17% copolymer exhibits relatively large phase domains. In 

investigations of multiblock copolymers that contain block length heterogeneities and micro-phase 

separated morphologies, the copolymers with longer average block lengths often demonstrate 

larger domain sizes resulting from a greater number of segments of effective block length 

participating in the micro-phase domains.60-63 Thus, the large domain size in CH-17% strongly 

suggests that this sample contains longer blocks of pure sPS and a greater degree of blockiness 

relative to CaT-15%. These data from the morphological characterization are in excellent 

agreement with the results of the microstructural analysis and crystallization behavior experiments 

and support that the sPS/CHCl3 gel is capable of producing copolymers that contain a high degree 

of blockiness in a multiblock-like microstructure. 
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Figure 4.12. USAXS/SAXS profiles taken from (left) amorphous films and (right) amorphous films annealed for 1 

h at 140 °C, of the blocky sPS/CHCl3 CH-17% and sPS/CCl4 CaT-15% copolymers and a solution-state brominated 

(i.e., random) copolymer that contains 16 mol% p-bromostyrene units (R-16%). Films were prepared from powders 

by melt pressing between Kapton sheets at 30 °C above Tm for 20 s at 2200 psi then for 20 s at 4500 psi, followed by 

quenching in ice water to prevent sPS crystallization. For clarity, the scattering profiles are vertically offset. 

4.4.7. Simulations of the blocky microstructure of the sPS-co-sPS-Br copolymers  

To help rationalize the effect of the sPS/solvent gel morphology on the copolymer 

microstructure and crystallization behavior, simulations of blocky copolymers were developed. 

The blocky microstructure resulting from functionalization in the gel state, was simulated by first 

establishing an inaccessible fraction of monomers along a chain prior to random bromination of 

the remaining accessible fraction. Based on the results of our microstructural analysis and the 

crystallization behavior of the gel-state brominated copolymers, which provide support for our 

hypothesis that functionalizing reagent is sterically restricted to the solvent swollen amorphous 

chains within the semicrystalline gels, the inaccessible fraction of monomers was chosen to 

represent the fraction of monomers that are isolated within and in close proximity to the crystalline 

component of the gel network. From the WAXD analysis of the as prepared gels, the crystalline 

fraction (%Xc) within the 10 w/v% sPS/CCl4 and 10 w/v% sPS/CHCl3 gels was determined to be 

approximately 42% (see Table 4.1). In addition, it should be recognized that chain segments in 

close proximity to the crystallites that emanate directly from the basal surfaces of the crystallite 
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may be locally restricted in their conformations (i.e., a rigid amorphous fraction), which could also 

limit reagent accessibility. Based on the measurements of Cebe and coworkers,64 the rigid 

amorphous fraction for sPS is estimated to be 11%. Thus, the anticipated size of the inaccessible 

fraction within the heterogeneous gel networks was estimated to be at least 53%. 

The simulated blocky microstructure is constructed from a polymer chain of 1442 styrene 

monomers (based on our sPS sample, Mw = 300 K; Đ = 2.0) by distributing a specified number of 

inaccessible “blocks” of styrene monomers along the polymer chain, establishing the inaccessible 

fraction. To place a block, a monomer is first randomly selected along the polymer chain. Next, 

that monomer and a specified number of its subsequent monomers are removed from the list of 

functionalizable monomers, resulting in an inaccessible block. From the SAXS analysis of the as 

prepared gels, the inaccessible block length of the 10 w/v% sPS/CCl4 and 10 w/v% sPS/CHCl3
 

gels was anticipated to be at least 38 and 46 styrene units, respectively (see Table 4.1). The process 

of selecting monomers for the inaccessible fraction is repeated until a specified number of blocks 

has been distributed along the polymer chain. It is important to note that this process can produce 

blocks that overlap, resulting in blocky chain microstructures that contain a broad range of sizes 

for the inaccessible fraction as well as inaccessible segments of un-functionalized styrene 

monomers that are longer than the specified block length. Lastly, with the inaccessible blocks of 

the inaccessible fraction set, the remaining monomers within the accessible fraction are 

functionalized by random choice up to the desired degree of bromination. 

For the specified degree of bromination, the simulation generates 1000 different blocky 

chain microstructures of randomly distributed blocks, each containing 999 randomly 

functionalized copolymer chains, and calculates the pentad sequence distribution of each simulated 

chain and the root-mean-square deviation (RMSD) between the pentad sequence distribution of 
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the simulated chain and that obtained empirically from the quaternary carbon NMR spectrum. For 

the sPS/CCl4 copolymer chains, the parameters of the simulations were tested by systematically 

changing the number and length of the inaccessible blocks distributed along the chain. Using a 

block length of 39 monomers, the number of inaccessible blocks was set to 16, 20, 24, and 26, 

which corresponds to predicted inaccessible fractions of approximately 43%, 54%, 65%, and 70%, 

respectively. For all sPS/CCl4 copolymers, the simulated blocky chain microstructures containing 

26 randomly distributed blocks were found to minimize the residuals with respect to experiment. 

This result was attributed to a large average inaccessible fraction of 51 ± 4%, which is in good 

agreement with the size of the inaccessible fraction predicted for the sPS/CCl4 gel network of ca. 

53%. Keeping the predicted inaccessible fraction in the simulated blocky chain microstructures at 

approximately 70%, the block length was set to 26, 39, 47, 52, 104, 128, 170, 204, 312, 330, and 

512 monomers. From this list, the shortest block length that minimized the residuals with respect 

to experiment was 47 monomers. This block length is in good agreement with the average length 

of a crystalline stem in the sPS/CCl4 gel of 38-40 monomers and supports that the functionalizing 

reagent has restricted access to monomers close to the basal surfaces of the crystallite. Thus, a 

block length of 47 monomers and a predicted inaccessible fraction of approximately 70%, or 22 

inaccessible blocks, were chosen to simulate the sPS/CCl4 copolymer chains as a first 

approximation of the copolymer microstructure. For the sPS/CHCl3 copolymer chains, the 

parameters consisted of a block length of 54 monomers (one crystalline stem + 8 monomers) and 

a predicted inaccessible fraction of approximately 67%, or 18 inaccessible blocks. These 

parameters for the sPS/CHCl3 copolymer chains are based on the results of the systematic 

investigation of the sPS/CCl4 simulated chains and provide a useful first approximation of the 

sPS/CHCl3 copolymer microstructure. 
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In order to investigate the relationship between the sPS/solvent gel morphology and 

copolymer microstructure and crystallization behavior, three block length conditions were 

investigated, 1 × block length, 1.5 × block length, and 2 × block length, where the block length for 

the simulated sPS/CCl4 and the sPS/CHCl3 chains was 47 and 54 monomers, respectively. Figure 

4.13 shows the average RMSD for the simulated sPS/CCl4 CaT-15% and CaT-21%, and the 

sPS/CHCl3 CH-17% and CH-19% with respect to the block length conditions. For a summary of 

the parameters and results of the blocky copolymer microstructure simulations for the sPS/CCl4 

CaT-15% and sPS/CHCl3 CH-19%, see Figure S4.10. The CaT-15% and CaT-21% exhibit 

average RMSD of approximately 0.5-0.6% and 1.4%, respectively. These average RMSD are 

independent of the inaccessible block length, remaining approximately the same with increasing 

block length. Thus, the length of the inaccessible blocks along the chain did not affect the residuals 

between the pentad sequence distribution of the simulated chains and that obtained from 

experiment. Based on these results, it appears that the sPS/CCl4 copolymers can contain a high 

degree of variability in the way Br-Sty groups are distributed along the chains. This behavior is 

consistent with the gradient-like blocky microstructure described earlier for the sPS/CCl4 

copolymers, where the copolymer chains are expected to contain runs of un-functionalized styrene 

that are separated by compositionally diverse runs of randomly functionalized styrene. In contrast, 

for the sPS/CHCl3 simulated chains, the average RMSD decreases from ca. 2% at one block length 

to ca. 1% at two block lengths. Thus, it appears that the sPS/CHCl3 copolymers contain a low 

degree of variability in the way Br-Sty groups are distributed along the chains, consistent with the 

multiblock-like microstructure described earlier for the sPS/CHCl3 copolymers, where the 

copolymer chains are expected to contain runs of un-functionalized styrene that are separated 

uniformly from runs of randomly functionalized styrene. While these results also suggest that 
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within the crystallites of the sPS/CHCl3 gel, an attached crystalline stem is capable of forming at 

least one chain fold, further analysis of potential chain folding in the sPS/solvent gels and in the 

brominated copolymers will need to be probed using mechanical testing and will be a subject for 

future investigations.  

 
Figure 4.13. Average RMSD between the pentad sequence distribution of the simulated chains and experiment with 

respect to the number of monomers in an inaccessible block for the simulated (left) sPS/CCl4 and (right) sPS/CHCl3 

copolymers of intermediate Br-content. Values along the x-axis are multiplied by the estimated number of styrene 

units in one inaccessible block of 47 and 54 monomers, respectively. Average RMSD was calculated from the 5 out 

of 1000 blocky chain microstructures that produced the smallest RMSD (999 simulated chains per blocky chain 

microstructure). The error bars represent the standard error of the average RMSD. 

4.4.8. Simulated average chains with comparison to the empirical crystallization behavior 

The pentad sequence distribution obtained from the quaternary carbon NMR spectrum 

provides a unique fingerprint of the copolymer microstructure that originates from the average 

comonomer sequence distribution in the Blocky copolymers. Using this useful sequence 

information, a computer code was developed to predict the average copolymer chain sequence in 

each of the sPS/CCl4 and sPS/CHCl3 copolymers. The Fortran code is described in Chapter 3.37 

Briefly, the copolymer chain is simulated starting with a sequence of 7 un-functionalized styrene 

units, followed by subsequent additions of un-functionalized and functionalized styrene units to 

the chain end in 7 monomer long blocks. The block that is added in each addition step keeps the 

difference between the empirical pentad sequence distribution and that of the intermediate 
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simulated chain at a minimum. To add a block to the chain end, all possible heptad combinations 

of un-functionalized and functionalized styrene units (27 or 128) are added in turn and the deviation 

between the pentad distribution of the intermediate simulated chain and the experimental results 

is analyzed. The heptad combination that minimizes the residuals with respect to the experiment 

is then added to the chain. This process is repeated until the chain length reaches 1442 monomers 

(based on our sPS sample, Mw = 300K; Đ = 2.0). It is worth noting that the degree of 

functionalization in the chain is not a parameter of the simulation, yet the simulated chains 

naturally exhibit Br-Sty compositions that are in good agreement with experiment. In addition, the 

simulated average chains exhibit pentad sequence distributions that deviate by less than one 

percent from the empirical pentad sequence distributions, with one exception. The simulated 

sPS/CHCl3 CH-32% average chain has an RMSD of 1.28%, resulting from a large (ca. 4%) 

underrepresentation of the bbbbb pentad in the simulated chain.  

Figure 4.14 compares the simulated average chains of sPS/CCl4 CaT-21% and sPS/CHCl3 

CH-19%. The simulated chains of the sPS/CCl4 CaT-6%, 15%, and 29% and the sPS/CHCl3 

CH-6%, 17%, and 32% are provided in Figure S4.11. For the CaT-21% and CH-19% average 

chains, the RMSD between the simulated and empirical pentad sequence distributions are 0.31% 

and 0.61%, respectively. Thus, the simulated chains are expected to be representative of the 

average copolymer sequence in these brominated copolymers. By visual inspection, no obvious 

differences in the distributions of block lengths of consecutive styrene and consecutive Br-Sty 

units in the simulated CaT-21% and CH-19% chains are immediately apparent. Both chains exhibit 

numerous long “blocks” of consecutive styrene units (grey circles) and “blocks” of two or more 

consecutive Br-Sty units (blue circles). Overall, the average chains have considerably non-random, 
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i.e., blocky microstructures, consistent with the results obtained from the microstructural analysis 

using 13C NMR spectroscopy.  

 
Figure 4.14. Simulated average chains of the sPS/CCl4 CaT-21% and sPS/CHCl3 CH-19% copolymers created 

through an iterative process that minimizes the difference between the pentad sequence distribution of the simulated 

chain and the respective data from experiment. Styrene units = grey circles; Br-Sty units = blue circles. 

The distribution of block lengths of consecutive styrene units in the simulated chains 

represents the length of styrene blocks that are predicted to exist in the gel-state functionalized 

copolymers. Figure 4.15 compares the distribution of styrene blocks in the simulated sPS/CCl4 

and sPS/CHCl3 chains, quantified by weight fraction of styrene units (wSty) in blocks of at least 

block length, n. Using this method, n = 1 accounts for all styrene units in the chain and corresponds 

to a wSty of 100 wt%. As n increases, the wSty in blocks of at least n decreases. A wSty of 50 wt% 

represents half the mass of styrene in the chain. (For styrene and Br-Sty block lengths represented 

as frequency versus block length, see Figure S4.12 and Figure S4.13, respectively.) At low 

Br-content, the simulated sPS/CCl4 CaT-6% average chain contains long styrene blocks of up to 

67 monomers. Above 6 mol%, the length of the longest blocks decreases to 46, 41, and 39 

monomers in the simulated CaT-15%, 21%, and 29% chains, respectively. Nevertheless, half the 

mass of styrene units in the simulated sPS/CCl4 chains is retained in blocks of at least 23 

monomers. The presence of these long blocks is in excellent agreement with the experimentally-

determined estimated average length of a crystalline stem in the sPS/CCl4 copolymers of at least 

17 styrene units, based on SAXS analysis of the average lamella thickness in the melt crystallized 

CH-19%CaT-21%
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samples (see Table S4.1). For a discussion on the estimated average lamella thickness in the 

sPS/CCl4 and sPS/CHCl3 copolymer series after 2 h isothermal crystallization at 190 °C, see the 

Supplementary Information and Figure S4.14. 

The simulated sPS/CHCl3 chains retain half their mass of styrene units in slightly longer 

blocks of at least 27 monomers. In addition, a large fraction (10% or more) of the styrene units in 

the sPS/CHCl3 chains exist in blocks of at least 46 monomers. It is important to note that all of the 

sPS/CCl4 and sPS/CHCl3 simulated average chains contain one or more styrene blocks of at least 

38 and 46 styrene units, respectively, in excellent agreement with the estimated length of a 

crystalline stem in the 10 w/v% sPS/CCl4 and 10 w/v% sPS/CHCl3 gels (see Table 4.1). These 

results strongly support that during gel-state bromination, crystalline stems in the crystalline 

component of the gel network are inaccessible to functionalizing reagent and are preserved as long 

segments of un-functionalized styrene units along the copolymer chains. 

 
Figure 4.15. Predicted weight fraction of styrene units (wSty) in blocks of at least block length, n, versus block length 

from the simulated average chains of the (left) sPS/CCl4 and (right) sPS/CHCl3 copolymers. Dashed lines are shown 

to guide the eye. 

The distribution of block lengths in the simulated average chains provides further insight 

into the crystallization behavior of the empirical Blocky copolymers. According to Flory’s theory 
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of crystallization in copolymers,65 the probability (Pζ) that a randomly selected styrene unit along 

a chain exists in a crystallizable chain segment of at least ζ styrene units is given by: 

𝑷𝜻 = ∑𝑷𝜻,𝒋

𝒋

= ∑
(𝒋 − 𝜻 + 𝟏) × 𝒘𝒋

𝒋

∞

𝒋=𝜻

 (5) 

where wj is the probability that a unit chosen at random is a styrene unit in a sequence of length j, 

calculated by multiplying the molar fraction of styrene units (XSty) by the fraction of styrene units 

occurring in j sequences (jSty). For this work, ζ is defined as 28 monomer units, the average number 

of styrene monomers in one crystalline stem of an sPS crystallite, based on the trans-planar zigzag 

conformation of the α- and β-form crystal structures of sPS with 2 monomers per identity period 

and an average lamella thickness of 7.2 nm (c-axis dimension = 0.51 nm).52 

The probability of randomly selecting a crystallizable styrene monomer (i.e., a monomer 

within a defect-free sequence of 28 monomer units) in the sPS/CCl4 and sPS/CHCl3 simulated 

chains is compared in Figure 4.16. At approximately 6 mol% Br, the simulated sPS/CCl4 CaT-6% 

average chain exhibits a Pζ value of 22%. Above 6 mol% Br, the Pζ values rapidly decline with 

increasing Br-content in the sPS/CCl4 average chains. Nevertheless, there is at least a 1% 

probability that a randomly selected styrene monomer exists in a crystallizable segment, even at 

high Br-content. This non-zero probability of encountering a defect-free stem is in good agreement 

with the crystallizability of the sPS/CCl4 CaT-29% copolymer. It should also be recognized that 

the crystallization of styrene segments shorter than 28 units is possible, which is supported by the 

significant crystallizability (Table 4.2) observed in the sPS/CCl4 CaT-21% copolymer. 

Compared to the predicted behavior of the sPS/CCl4 copolymers, the simulated sPS/CHCl3 

copolymers exhibit larger Pζ values and retain at least 9% of their styrene monomers in 

crystallizable segments, even at 32 mol% Br. These results of the simulations are in excellent 
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agreement with the high crystallizability and rapid crystallization kinetics observed for the 

empirical sPS/CHCl3 copolymers. For example, the sPS/CHCl3 CH-32% is capable of rapidly 

crystallizing (t1/2 = 1 min) to a degree of 10 wt% during isothermal crystallization at 190 °C. Thus, 

the consistency between the block length distributions of the simulated average chains and the 

empirical crystallization behavior validates the basis of our modeling method and strongly 

suggests that the morphology of the sPS/CHCl3 gel network is capable of producing copolymers 

with a high prevalence of crystallizable homopolymer segments. 

 
Figure 4.16. Probability (Pζ) that a randomly selected styrene unit in the simulated sPS/CHCl3 (circles) and sPS/CCl4 

(squares) chains exists in a crystallizable chain segment, ζ, of at least 28 styrene units. Dashed lines are included to 

guide the eye. 

 

This work demonstrates the post-polymerization bromination of sPS in the heterogeneous 

gel state to produce sPS-co-sPS-Br copolymers with blocky microstructures and tailored chain 

sequences. The purpose of this research was to a develop a structure-property relationship between 

the sPS/solvent gel morphology and the brominated sPS copolymers. Using 10 w/v% sPS/CCl4 

and sPS/CHCl3 gels as templates for the gel-state bromination reactions, semicrystalline blocky 

copolymers were prepared with high degrees of functionality. Morphological characterization of 

0%

5%

10%

15%

20%

25%

30%

0 5 10 15 20 25 30 35

P
ζ

(ζ
=

2
8
) 

(%
)

mol% Br

Sim. sPS/CHCl₃

Sim. sPS/CCl₄



193 

the sPS/solvent gels provided by X-ray scattering techniques, reveals that the sPS/CHCl3 gel likely 

contains randomly dispersed and unoriented crystallites that are bound together by a percolating 

network of amorphous chain segments. The proposed sPS/CCl4 gel morphology is more complex 

and consists of polymer-rich regions that contain clusters of unoriented crystallites tied together 

by amorphous chain segments and polymer-poor regions that contain a percolating network of 

amorphous chain segments, linking the crystallite clusters together. Based on the microstructural 

analysis of the sPS/CCl4 and sPS/CHCl3 copolymers provided by NMR spectroscopy, the 

sPS/CHCl3 gel was found to produce sPS-co-sPS-Br copolymers with a high prevalence of styrene 

“blocks” of at least five consecutive styrene units and a high degree of blockiness. The sPS/CHCl3 

copolymers demonstrated superior crystallizability during conditions of rapid cooling and faster 

crystallization kinetics at lower supercooling compared to their sPS/CCl4 copolymer analogs. 

Remarkably, the 10 w/v% sPS/CHCl3 gel produced a crystallizable 32 mol% Br copolymer that 

contained distinct sequences of styrene units and Br-Sty units in segments of significant length 

that allowed for crystallization during dynamic cooling conditions, demonstrating that the 

sPS/CHCl3 gel morphology favorably affects the bromination reaction to produce copolymers with 

fewer defects along the chains. 

When the brominating reagent is introduced into the heterogeneous gel network, it is 

excluded from the crystalline component and reacts with styrene monomers in the amorphous 

component. Based on the crystallization behavior and morphology of the Blocky copolymers and 

the proposed morphology of the sPS/CHCl3 gel, it appears that the sPS/CHCl3 gel is capable of 

producing copolymers that contain crystallizable stems in un-functionalized styrene “blocks” that 

are separated uniformly by defective stems in randomly functionalized “blocks” in a multiblock-

like microstructure. In contrast, the more complex sPS/CCl4 gel morphology appears to produce 
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copolymers that contain a gradient-like blocky microstructure in which indiscrete boundaries exist 

between the un-functionalized styrene “blocks” and randomly functionalized “blocks.” The 

systematic investigations of the simulated blocky copolymer microstructures predict that the 

sPS/CHCl3 copolymers contain long blocks of un-functionalized styrene units and a low degree of 

variability in the way Br-Sty groups are distributed along the chains. This finding is in excellent 

agreement with the results obtained from the microstructural analysis, crystallization behavior 

experiments, and morphological characterization, and supports that the sPS/CHCl3 copolymers 

contain a multiblock-like microstructure. For the simulated sPS/CCl4 blocky copolymer 

microstructures, the systematic investigation predicts that the sPS/CCl4 copolymers contain a high 

degree of variability in the way Br-Sty groups are distributed along the chains, which again 

supports the gradient-like blocky microstructure suggested by the experimentally-determined 

results. Thus, these simulations strongly suggest that the sPS/solvent gel can tune the comonomer 

sequence distribution and physical properties of the blocky copolymers, directed by the 

sPS/solvent gel morphology. 

Simulated average chains of the Blocky copolymers, generated from the empirical pentad 

sequence distributions, predict that the sPS/CHCl3 copolymers contain a higher prevalence of 

crystallizable sPS segments, consistent with the rapid crystallization kinetics of the sPS/CHCl3 

copolymers provided by DSC experiments. Thus, the simulated average chains appear to be 

representative of average chains in their respective Blocky samples. Remarkably, the simulated 

sPS/CCl4 and sPS/CHCl3 chains contain one or more styrene blocks of at least 38 and 46 styrene 

units, respectively, in excellent agreement with the estimated average length of a crystalline stem 

in the 10 w/v% sPS/CCl4 and 10 w/v% sPS/CHCl3 gels of ca. 38-40 and 46-49 styrene units. These 

results strongly support that during gel-state bromination, crystalline stems in the crystalline 
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component of the gel network are inaccessible to functionalizing reagent and are preserved as long 

segments of un-functionalized styrene units along the copolymer chains. 

This work provides a fundamental investigation of the post-polymerization bromination of 

sPS, demonstrating that blocky sPS-co-sPS-Br copolymers with tailored chain sequences can be 

prepared using a straightforward physical method of post-polymerization functionalization in the 

heterogeneous gel state by changing the sPS/solvent gel morphology. Through this work, a 

relationship has been established between the sPS/solvent gel morphology and the copolymer 

microstructure, degree of blockiness, and physical properties that result from gel-state 

functionalization. Given the dependence of sPS/solvent gel morphology on the gelation solvent,13 

temperature,32,35,36 and concentration,15,31 we anticipate that the sPS/solvent gel will present 

avenues of further investigation into controlling the degree of blockiness in sPS-based copolymers. 

This research also lays the groundwork to synthesize other sPS-based copolymers with tailored 

chain sequences and useful functionalities through simple substitution of the labile bromine 

functional groups. 
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Figure S4.1 compares the Kratky plots (i.e., I(q) × q2 versus q) of the 10 w/v% sPS/carbon 

tetrachloride (CCl4) and 10 w/v% sPS/chloroform (CHCl3) gels obtained from the USAXS/SAXS 

profiles. The maximum observed at approximately 0.3 nm-1 in both plots is indicative of a gel 

network.15 For the sPS/CCl4 gel, the plateau region from 1 nm-1 < q < 2 nm-1 is characteristic of a 

rigid rod-like chains. The positive slope in the Kratky plot of the sPS/CHCl3 gel at q > 1 nm-1 is 

suggestive of a loosely packed gel network. 

 
Figure S4.1. Kratky plot of the scattering intensity function for the 10 w/v% sPS/CCl4 and 10 w/v% sPS/CHCl3 

gels. 

 Figure S4.2 shows the wide-angle X-ray diffraction patterns of the 10 w/v% sPS/CCl4 and 

10 w/v% sPS/CHCl3 gels as prepared and after stirring in 1,2-dichloromethane (DCM), the 

bromination reaction solvent, for 72 h at room temperature to mimic the reaction conditions. All 

of the profiles exhibit crystalline reflections that are consistent with the s(2/1)2 helical 

conformation of the δ-form crystal structure of sPS, as expected for an sPS gel.17,56,66 Though there 

are noticeable differences between the diffraction patterns of the gels, as prepared and stirred in 

DCM, this observed behavior is not surprising, bearing in mind that in its helical conformation, 

sPS is well known to form molecular complexes with guest molecules (i.e., clathrate) whose fine 
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structures depend on the chemical nature of the guest.13,32 It is worth noting that the relatively 

sharp and intense crystalline reflection in the as prepared 10 w/v% sPS/CCl4 gel at 2θ = 21°, 

assigned to the [hkl] = 211 plane nonequatorial to the chain axis, implies that the chain axes in the 

sPS/CCl4 gel are highly ordered.17 Thus, these data suggest that the crystalline lamellae of the 

sPS/CCl4 gel contain extended, rigid rod-like crystalline stems that are likely to impede chain-

folding. 

 
Figure S4.2. WAXD profiles of the (a) 10 w/v% sPS/CCl4 gel and (b) 10 w/v% sPS/CHCl3 gel (left) as prepared 

and (right) after stirring in DCM, the bromination reaction solvent, for approximately 72 h at room temperature. The 

gels were dried under vacuum at 70 °C for ca. 24 h prior to analysis. 

 The differential scanning calorimetry (DSC) first heating trace of the 10 w/v% sPS/CCl4 

and 10 w/v% sPS/CHCl3 gel are shown in Figure S4.3. The gels were dried under vacuum at 70 

°C for ca. 24 h prior to analysis. Both heating traces exhibit three heat flow events, the glass 
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transition at around 100 °C that is overlapped by the δ → γ transformation, the γ → α 

transformation that occurs at approximately 200 °C, and the melting endotherm at 271 °C.67 For 

each gel, the weight percent crystallinity (%Xc) was derived from the area under the melting 

endotherm (ΔHf) and the heat of fusion of 100% crystalline pure sPS (𝛥𝐻𝑓
°).  

 
Figure S4.3.The DSC first heating traces of the (left) 10 w/v% sPS/CCl4 and (right) 10 w/v% sPS/CHCl3 gels. The 

gels were prepared and stored at room temperature for ca. 24 h, followed by drying under vacuum at 70 °C for ca. 

24 h prior to analysis. 

 The full quantitative 13C NMR spectra of the sPS homopolymer, sPS/CCl4 CaT-21% and 

sPS/CHCl3 CH-19% are shown in Figure S4.4. The spectra were recorded in 1,1,2,2-

tetrachloroethane-d2 (TCE-d2) at room temperature using a C13IG pulse program, proton 

decoupling (NOE−), a relaxation delay of 6 sec, O1P of 95, and a sweep width of 150 ppm. 
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Figure S4.4. Full 13C NMR spectra of the sPS homopolymer and the sPS/CCl4 CaT-21% and sPS/CHCl3 CH-19% 

copolymers. The spectra were recorded at room temperature and are referenced to TCE-d2 and normalized over the 

range 127.0-132.5 ppm. Asterisks (*) indicate solvent resonances. 

The quaternary carbon and Br-substituted phenyl carbon regions of the 13C NMR spectra 

of the sPS homopolymer and sPS/CCl4 and sPS/CHCl3 copolymers are shown in Figure S4.5. For 

comparison, the y-axis scales are close to the same intensity. The presence of multiple peaks in 

these regions signifies through-bond communication between neighboring styrene and Br-Sty 

monomers and likely provide a unique fingerprint of the copolymer microstructure originating 

from the specific comonomer sequence distribution. 

 
Figure S4.5. The quaternary carbon and Br-substituted phenyl carbon regions of the 13C NMR spectra of the sPS 

homopolymer and the Blocky brominated copolymers prepared from (left) sPS/CCl4 gels and (right) sPS/CHCl3 gels 

increasing in degree of bromination from top to bottom. Recorded at 25 °C, referenced to TCE-d2, and normalized 

over 127.0–132.5 ppm. 
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 Figure S4.6 compares the melting temperatures, Tm, of the sPS homopolymer and the 

sPS/CCl4 and sPS/CHCl3 copolymers obtained from the differential scanning calorimetry (DSC) 

heating trace after rapid cooling from the melt at −60 °C min-1. Melting temperature is defined 

here as the first (Tm1) and second (Tm2) peak maximum of the melting endotherm that results from 

crystallites composed of un-functionalized styrene units. Comparison of the Tm for the sPS/CHCl3 

and sPS/CCl4 copolymers reveals that the sPS/CHCl3 samples melt at higher temperatures, which 

strongly suggests that the sPS/CHCl3 copolymers form thicker crystallites that contain longer runs 

of consecutive styrene units relative to their sPS/CCl4 analogs.  

 
Figure S4.6. The (left) first melting temperature (Tm1) and (right) second melting temperature (Tm2) with respect to 

Br-content for the sPS homopolymer and the sPS/CCl4 and sPS/CHCl3 copolymers after samples were cooled from 

the melt at −60 °C min-1. The melting temperature is defined here as the melting endotherm peak maximum for 

crystallites composed of un-functionalized styrene units. Dashed lines are shown to guide the eye. 

 DSC thermograms of the sPS homopolymer and the sPS/CCl4 and sPS/CHCl3 copolymers 

during slow cooling from the melt at −10 °C min-1 are shown in Figure S4.7. For both series, the 

crystallization exotherm, Tc, decreases in temperature and intensity with increasing Br-content, 

which reflects a reduction in the rate of crystallization.30,46 For the sPS/CHCl3 samples, the Tc 

occur at lower supercooling (higher temperatures) compared to their sPS/CCl4 analogs, 

demonstrating that the sPS/CHCl3 copolymers crystallize at a faster rate. The high temperature 

crystallization exotherms at above 235 °C in sPS/CHCl3 CH-32% and sPS/CCl4 CaT-29% are 
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attributed to the crystallization of distinct sequences of Br-Sty units. The presence of two 

crystallization exotherms in the CH-32% copolymer demonstrates that the CH-32% polymer 

chains contain runs of styrene units and runs of Br-sty units of significant length that are capable 

of crystallizing during slow cooling conditions. In contrast, the CaT-29% exhibits only one 

crystallization exotherm, demonstrating that runs of styrene units along the polymer chains in CaT-

29% do not crystallize under these conditions. 

 
Figure S4.7. DSC cooling traces of the sPS homopolymer and the (dashed lines) sPS/CCl4 and (solid lines) 

sPS/CHCl3 copolymers during slow cooling from the melt at −10 °C min-1. Center: CaT-29% indicating the high 

temperature crystallization exotherm. 

To further investigate the crystallinity of the Blocky copolymers, samples were melt-

crystallized at 190 °C for 2 h and analyzed by wide-angle X-ray diffraction (WAXD). Figure S4.8 

compares the normalized diffraction patterns of the sPS homopolymer and the sPS/CCl4 and 

sPS/CHCl3 copolymers after isothermal crystallization. The diffractograms of the sPS/CCl4 and 

sPS/CHCl3 samples with approximately 6-21 mol% Br contain crystalline reflections that are 

consistent with the diffraction pattern of the melt-crystallized sPS homopolymer. For the 

sPS/CHCl3 CH-32% and sPS/CCl4 CaT-29% copolymers, a new crystalline reflection is observed 

at ca. 2θ = 19.3° that appears to originate from the unit cell of Br-Sty crystallites.49  
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Figure S4.8. WAXD profiles of the (left) sPS/CCl4 and (right) sPS/CHCl3 copolymers after 2 h melt crystallization 

at 190 °C. Profiles of the copolymers are normalized by maximum intensity and offset for clarity. 

Figure S4.9 shows the heating traces of the sPS homopolymer and the low Br-content 

sPS/CHCl3 CH-6% and sPS/CCl4 CaT-6% copolymers after rapid cooling from the melt at −60 °C 

min-1, and after 2 h isothermal crystallization (I) at 230 °C and 190 °C. The heating traces exhibit 

intense melting endotherms with multiple peaks that result from the complex polymorphism of 

sPS. For all of the samples, the heating trace after rapid cooling is remarkably similar to the heating 

trace after isothermal crystallization at 190 °C, while isothermal crystallization at 230 °C (lower 

supercooling) produces more complex melting behavior. Based on the polymorphic composition 

analysis of the WAXD profiles, this complex melting behavior is attributed to a combination of 

chain re-organization to form more perfect crystallites and α to β transformations (see Figure 

4.11).33,48,58,59  
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Figure S4.9. DSC heating traces of the (left) sPS homopolymer, and the (center) sPS/CHCl3 CH-6% and (right) 

sPS/CCl4 CaT-6% copolymers after (bottom) rapid cooling from the melt at −60 °C min-1, and after 2 h isothermal 

crystallization (I) at (center) 230 °C and (top) 190 °C. Heating rate = 10 °C min-1. 

Figure S4.10 summarizes the parameters and results of the blocky copolymer 

microstructure simulations for sPS/CCl4 CaT-15% and sPS/CHCl3 CH-19%. Three conditions 

were investigated: A = 1 × block length; B = 1.5 × block length; and C = 2 × block length. For 

each condition, 1000 different blocky chain microstructures were constructed by randomly 

distributing blocks along a chain to form an inaccessible fraction. For each blocky chain 

microstructure, 999 copolymer chains were generated by functionalizing the remaining monomers 

within the accessible fraction by random choice up to the desired degree of bromination. For the 

CaT-15% blocky copolymer simulations, the average RMSD demonstrate that the length of the 

inaccessible block does not affect the residuals between the pentad sequence distribution of the 

simulated chains and the experimentally-determined results. In contrast, for the CH-19% blocky 

copolymer simulations, the average RMSD decreases with increasing length of the inaccessible 

block. While these results may suggest that within the crystallites of the sPS/CHCl3 gel, an attached 

crystalline stem has at least one chain fold, further analysis of the chain folding and fold surface 

energies of the crystallites in the sPS/solvent gels using mechanical testing will be useful for 
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obtaining deeper insight into the relationship between gel morphology and copolymer 

microstructure and crystallization behavior and will be the subject for future investigations. 

 
 

 
Figure S4.10. Summary of the parameters and results from the blocky copolymer microstructure simulations for 

(top) sPS/CCl4 CaT-15% and (bottom) sPS/CHCl3 CH-19%. (a) The parameters used to simulate the copolymer 

chains and the results of these analyses. For each condition, A−C, 1000 different blocky copolymer 

microstructures were constructed, each consisting of 999 copolymer chains that contain the desired degree of 

bromination. Inaccessible fraction = number of inaccessible styrene (red circles) divided by the total number of 

units in the chain (1442). The average and standard error are calculated from the five inaccessible fractions that 

produced copolymer chains with the smallest average RMSD. (b) The block distribution of the inaccessible 

fraction that produced the minimum average RMSD. (c) The simulated copolymer chain with the smallest RMSD. 

Parameters and 

results

sPS/CCl₄: Br-content = 15%

A B C
Minimum 

RMSD

Block length 47 71 94 71

Number of blocks 22 14 10 14

Average RMSD 0.8 ± 0.3% 0.7 ± 0.3% 0.6 ± 0.2% 0.45 ± 0.08%

Average size of the 

inaccessible fraction
61 ± 1% 63 ± 2% 63 ± 1% 67%

(a)

(b) Minimum RMSD block placement (c) Minimum RMSD simulated chain – 0.08%

Styrene

Inaccessible styrene

Br-Sty

Styrene

Inaccessible styrene

Br-Sty

Parameters and 

results

sPS/CHCl₃: Br-content = 19%

1 1.5 2
Minimum 

RMSD

Block length 54 81 108 108

Number of blocks 22 14 10 10

Average RMSD 2.2 ± 0.3% 1.4 ± 0.2% 1.0 ± 0.2% 0.85 ± 0.07%

Average size of the 

inaccessible fraction
57 ± 1% 62 ± 1% 65 ± 1% 67%

(a)

(b) Minimum RMSD block placement (c) Minimum RMSD simulated chain – 0.62%
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Simulated average chains of the sPS/CCl4 and sPS/CHCl3 copolymers, created through an 

iterative process that minimizes the difference between the pentad sequence distribution of the 

simulated chain and the respective data from experiment, are provided in Figure S4.11. All of the 

chains exhibit noticeably non-random distributions of Br-Sty units in a blocky microstructure. By 

visual inspection of the sPS/CCl4 and sPS/CHCl3 chains with similar Br-content, no discernible 

differences in the distributions of block lengths of consecutive styrene or consecutive Br-Sty units 

are immediately apparent. 

 
Figure S4.11. Simulated average chains of the (top) sPS/CCl4 copolymers and the (bottom) sPS/CHCl3 copolymers, 

created through an iterative process that minimizes the difference between the pentad sequence distribution of the 

simulated chain and the respective data from experiment. The root-mean-square deviation (RMSD) between the 

simulated and experimental results are: CaT-6% = 0.37%; CaT-15% = 0.70%; CaT-29% = 0.57%; CH-6% = 0.35%; 

CH-17% = 0.79%; CH-32% = 1.28%. Styrene units = grey circles; Br-Sty units = blue circles. 

Figure S4.12 compares the frequency of block lengths in the sPS/CCl4 and sPS/CHCl3 

simulated average chains. The block length frequency was calculated as the number of blocks of 

consecutive styrene units in a particular length range (e.g., blocks of 6-10 consecutive styrene 

units) divided by the total number of blocks in the chain. While this approach of quantifying the 

distribution of block lengths by frequency is somewhat misleading because the total number of 

blocks differs between the chains, this approach enables a direct comparison between the length 

of the blocks in the sPS/CCl4 and sPS/CHCl3 simulated chains of similar Br-content. It is clear 

CH-6%

CaT-6%

CH-17% CH-32%

CaT-15% CaT-29%
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from Figure S4.12 that the low Br-content sPS/CCl4 CaT-6% and sPS/CHCl3 CH-6% average 

chains contain long styrene blocks of 66-70 monomers. Above 6 mol% in the sPS/CCl4 chains, the 

length of the longest blocks decreases. Though even CaT-29%, the sPS/CCl4 chains contain one 

or more styrene blocks of at least 39 styrene units, in excellent agreement with the estimated length 

of a crystalline stem in the 10 w/v% sPS/CCl4 gel of approximately 38-40 styrene units. 

Comparison of the block lengths in the sPS/CHCl3 chains to their sPS/CCl4 analogs reveals that 

the sPS/CHCl3 chains contain longer styrene blocks. In addition, all of the sPS/CHCl3 simulated 

chains contain one or more blocks of at least 46 styrene units, again in excellent agreement with 

the estimated length of a crystalline stem in the 10 w/v% sPS/CCl4 gel of approximately 46-49 

styrene units. Remarkably, the CH-32% simulated average chain exhibits 10% of its styrene units 

in blocks of at least 46 monomers (see Figure 4.6). These results support that the crystalline stems 

in the sPS/solvent gels are inaccessible to brominating reagent and are thus preserved as long 

segments of un-functionalized styrene units along the copolymer chains. These data also strongly 

suggest that the sPS/solvent gel morphology can be used to tailor the chain sequence of copolymers 

prepared by a heterogeneous gel-state functionalization method. 

 
Figure S4.12. The predicted distribution of block lengths of consecutive styrene units from the simulated average 

chains of the (left) sPS/CCl4 and (right) sPS/CHCl3 copolymers, represented as frequency versus block length. 
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 Figure S4.13 compares the frequency of block lengths of consecutive Br-Sty units in the 

simulated chains of the sPS/CCl4 and sPS/CHCl3 copolymers. Comparing the sPS/CHCl3 chains 

to their sPS/CCl4 analogs reveals that the simulated chains have similar distributions of Br-Sty 

block lengths, with the exception of CH-32%. The simulated CH-32% average chain contains very 

long Br-Sty blocks of 16-27 monomers. Nevertheless, the long blocks of 6-10 monomers in the 

chains with approximately 15-21 mol% Br are remarkable, considering the relatively low 

Br-content of these copolymers. For example, a copolymer with 21 mol% Br-content contains 

approximately one Br-Sty for every four styrene monomers. These results support that the gel-

state bromination process is capable of producing a copolymer microstructure that can contain 

distinct sequences of Br-Sty units in blocks of significant length. 

 
Figure S4.13. The predicted distribution of block lengths of consecutive Br-Sty units from the simulated average 

chains of the (left) sPS/CCl4 and (right) sPS/CHCl3 copolymers, represented as frequency versus block length. 

Small-angle X-ray scattering (SAXS) was used to estimate the average lamella thickness 

in the melt crystallized Blocky copolymers. The SAXS profiles of the sPS homopolymer and the 

sPS/CCl4 and sPS/CHCl3 copolymers after 2 h isothermal crystallization at 190 °C are compared 

in Figure S4.14. The SAXS profile of the sPS homopolymer shows a low intensity, excess 

scattering feature in the range of 0.3 nm-1 < q < 0.5 nm-1 that is consistent with intercrystalline 

scattering observed previously in sPS.42 The sPS/CCl4 copolymers with 6-21 mol% Br and all of 
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the sPS/CHCl3 copolymers also exhibit intercrystalline scattering over a range of q values from 

ca. 0.1 nm-1 < q < 0.5 nm−1. The increased intensity of this excess scattering feature (i.e., Bragg 

peak) indicates greater periodicity in the distance, d, between scattering features. The observed 

shift in the Bragg peak to lower q with increasing Br-content is indicative of an increase in the 

center-to-center intercrystalline domain spacing, i.e., the long period (Lp). 

 
Figure S4.14. SAXS profiles of the sPS homopolymer and the (left) sPS/CCl4 and (right) sPS/CHCl3 copolymers 

after 2 h isothermal crystallization at 190 °C. Profiles are offset for clarity. 

The long period (Lp) of the Bragg peak was analyzed by assuming a linear two-phase 

model, as described earlier in subsection 4.4.1 of the Results and discussion section. Using this 

approach, the average lamella thickness (lc) was estimated by multiplying Lp by the weight percent 

crystallinity (%Xc) in each sample after isothermal crystallization at 190 °C. The %Xc values were 

determined from the area under the melting endotherm (ΔHf) in the subsequent DSC heating trace. 

The average lamella thickness was also estimated from the 1-D correlation function. Both 

approaches produced similar results, which are provided in Table S4.1. The results of the SAXS 

analysis are similar for the sPS/CCl4 and sPS/CHCl3 copolymers. Both series generally show an 

increase in Lp and la and a decrease in lc with increasing Br-content, as expected for an sPS 
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copolymer that contains Br-Sty defects and is thus only capable of forming thinner crystallites. In 

addition, the Blocky copolymers with similar Br-content exhibit similar lc values. 

It is important to note that for pure sPS and at least for the low Br-content sPS/CCl4 and 

sPS/CHCl3 copolymers, melt crystallization at 190 °C appears to favor the nucleation of the α 

polymorph and thus potentially the formation of thinner crystallites (see Table 4.3). While the 

SAXS analysis may therefore underestimate the true maximum lc that is possible for these samples, 

these data still provide a useful initial approximation of the minimum average lamella thickness. 

Table S4.1. SAXS analysis of the intercrystalline domain spacing in the sPS homopolymer and the sPS/CCl4 and 

sPS/CHCl3 copolymers after 2 h isothermal crystallization at 190 °C. 

Sample 

Linear two-phase model 1-D correlation function 

d-spacing 

(nm
-1

) 
L

p
 (nm) %X

c

a
 l

c
 (nm) Avg. # of 

styreneb 
l
a
 (nm) l

c
 (nm) l

a
 (nm) 

sPS 0.389 16.2 32 5.2 20 11.0 5.0 17.8 

CaT-6% 0.337 18.7 29 5.5 21 13.2 5.1 21.9 

CaT-15% 0.315 19.9 22 4.3 17 15.6 4.8 17.1 

CaT-21% 0.273 23.0 19 4.3 17 18.7 4.4 17.2 

CaT-29% — — — — — — — — 

CH-6% 0.325 19.3 31 6.0 24 13.3 5.0 25.4 

CH-17% 0.308 20.4 25 5.1 20 15.3 6.0 13.1 

CH-19% 0.315 19.9 22 4.3 17 15.6 4.6 28.6 

CH-32% 0.237 26.5 4 1.2 5 25.3 6.1 19.6 
         

a
 Weight percent crystallinity calculated from the area under the melting endotherm (ΔHf) in the DSC heating trace 

(ΔHf°=79.3 J/g). 
bAverage number of styrene units in a crystalline stem, based on the lamella thickness and the planar zigzag 

conformation of sPS with 2 monomer units per identity period (c-axis dimension = 0.51 nm).43 
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Kristen F. Noble, Helen T. Tran, Diego Troya, and Robert B. Moore 

 

This work is a fundamental investigation into the post-polymerization bromination of 

syndiotactic polystyrene (sPS) in the heterogeneous powder and gel states, which are shown to 

produce non-random, i.e., blocky, brominated sPS (sPS-co-sPS-Br) copolymers. Morphological 

characterization of the heterogeneous reaction states provided by X-ray scattering techniques 

shows that the sPS powder contains the γ-form crystal phase and densely packed polymer chains. 

In contrast, the 10 w/v% sPS/chloroform (CHCl3) gel is composed of loosely packed δ-form 

crystals that act as physical cross-links bound together by a percolating network of solvent swollen 

amorphous chains. To evaluate the effect of heterogeneous reaction state on copolymer 

microstructure and crystallization behavior, a set of copolymers were prepared from the powder-

state (Powder) and gel-state (Gel). The degree of bromination and reaction rate were evaluated 

using 1H nuclear magnetic resonance (NMR) spectroscopy. In contrast to the dense powder-state, 

which shows limited functionalization of up to 12 mol% p-bromostyrene (Br-Sty) units, the gel-

state produces copolymers with up to 32 mol% Br in less than one-third of the reaction time. 

Microstructural analysis and comonomer sequencing of the brominated copolymers, provided by 

quantitative 13C nuclear magnetic resonance (NMR) spectroscopy, reveal that the Gel copolymers 

contain a higher prevalence of styrene “blocks” of at least five consecutive styrene units and a 

higher degree of blockiness. Crystallization behavior of the brominated copolymers, examined 
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using differential scanning calorimetry (DSC), demonstrates that at 7 mol% Br, the Gel copolymer 

crystallizes and melts at higher temperatures and exhibits faster crystallization kinetics at lower 

supercooling relative to its 7 mol% Br Powder analog. Simulated average chains of the brominated 

copolymers, generated from the experimentally-determined comonomer sequences distributions, 

predict that the Gel copolymers contain a higher prevalence of crystallizable sPS segments, 

consistent with the Gel copolymers’ rapid crystallization kinetics. Thus, the simulated average 

chains appear to be representative of average chains in their respective brominated copolymers 

and support that the gel state favorably affects the bromination reaction, producing blocky 

copolymers with a high degree of blockiness and fewer defects along the chains. 

 

Block copolymers are a class of macromolecules, characterized by two or more chemically 

distinct polymer segments linked together through covalent bonds.1,2 The technological 

applicability of block copolymers is promising as a result of their remarkable properties that stem 

from the individual character or function of their discrete blocks. The chemical nature of the 

different repeating monomers in the blocks, the number of blocks, block lengths, and sequence 

distributions define the copolymer’s operative physical and chemical properties.3-5 Moreover, 

thermodynamic immiscibility between chemically dissimilar blocks, often drives self-assembly 

into well-ordered, micro-phase separated morphologies that can significantly enhance the material 

properties. Block copolymers have received tremendous attention with respect to controlled 

synthesis, tailored morphological development, and customized physical properties with potential 

uses for self-assembled, nanostructured materials; 6-8 however, the generally arduous procedures 

for block copolymer synthesis, often involving inert atmospheric conditions, well-controlled, 
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sequential reaction timings, specialized initiators, and high purity monomers and solvents, 

generally limits the scope of their commercial application.9 

 As a distinct alternative to the complex polymerization mechanisms and synthetic protocols 

employed in the conventional formation of block copolymers, blocky copolymer microstructures 

can be achieved using post-polymerization functionalization methods carried out in heterogeneous 

reaction states. Herein, the term “blocky copolymer” will be used as a description of copolymers 

that contain a significant degree of non-randomness in the distribution of comonomers along their 

chains. Genzer and coworkers10-15 have used empirical data and simulations to extensively 

investigated the bromination of atactic polystyrene (aPS) in poor solvents, where polymer chains 

are in a collapsed conformation. In this collapsed state, portions of the chains were effectively 

shielded from the brominating reagent, resulting in blocky brominated styrene sequences. Others 

have performed post-polymerization bromination16 or acetylation17 on suspended syndiotactic 

polystyrene (sPS) powders, though copolymer microstructure was not investigated in these studies. 

Borriello and coworkers18 investigated the post-polymerization sulfonation of solution cast or 

compression-molded syndiotactic polystyrene (sPS) films, evaluating the interplay between 

sulfonating reagent diffusion and reaction processes on sulfonation heterogeneity across the films. 

Solution cast films demonstrated uniform sulfonation, attributed to rapid diffusion of sulfonating 

reagent through nanoporous phases in the film. In contrast, compression-molded films exhibited a 

decreasing sulfonation gradient from the film’s surface to interior, consistent with slow diffusion 

of sulfonating reagent into the non-porous, solid-state “bulk” film. The results of their analysis 

were similar to that observed for the sulfonation of aPS films.19 Recently, we demonstrated that 

the heterogeneous sulfonation and bromination of sPS and poly(ether ether ketone) (PEEK) gels, 

yields copolymers with a blocky distribution of functionalities along the chains.20-22 The gel-state 
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functionalized sPS and PEEK copolymers demonstrated superior crystallizability and faster 

crystallization kinetics compared to their solution-state random analogs.  

The powder state of crystallizable homopolymers (e.g., sPS) is defined by a dense polymer 

matrix of tightly packed chain segments in lamellar crystals and amorphous chain segments.23 In 

contrast, gels of crystallizable homopolymers are composed of tightly packed chain segments in 

lamellar crystals that act as physical cross-links bound together by a percolating network of solvent 

swollen amorphous chains.24-28 When a functionalizing reagent is introduced to the heterogeneous 

gel network, it is sterically excluded from the crystalline component, and thus only reacts with 

monomer units in the accessible interconnecting amorphous component. Using this 

straightforward post-polymerization functionalization approach, the resulting copolymer has been 

shown to contain separate segments of randomly functionalized “blocks” and un-functionalized 

“blocks” originating from monomer units that were isolated within the crystalline domains of the 

gel network.29  

This work is a fundamental investigation into the post-polymerization bromination of 

syndiotactic polystyrene (sPS) in the heterogeneous powder and gel states. The purpose of this 

research was to determine the impact of heterogeneous reaction state on copolymer microstructure, 

degree of blockiness, and crystallization behavior. Morphological characterization of the sPS 

powder and a 10 w/v% sPS/CHCl3 gel was provided by X-ray scattering techniques. To investigate 

how the heterogeneous reaction state effects the copolymer properties, nuclear magnetic resonance 

(NMR) spectroscopy was used to evaluate the copolymer microstructure and comonomer sequence 

distribution, differential scanning calorimetry (DSC) was used to probe the copolymer thermal 

properties and crystallization kinetics, and X-ray scattering techniques were used to investigate the 

copolymer morphology. In order to obtain deeper insight into the copolymer microstructure and 
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crystallization behavior, simulated average chains of the brominated copolymers were developed, 

based on the experimentally-determined distribution of pentad sequences obtained from the 

quantitative 13C NMR spectra. Through this work, heterogeneous gel-state functionalization is 

proven to be a superior approach to preparing semicrystalline, blocky brominated sPS copolymers 

with relatively high functional group content, high degrees of blockiness, and fewer defects along 

the chains. 

 

5.3.1. Materials 

Syndiotactic polystyrene (Questra® 102, Mw = 300K g mol-1) was obtained from Dow 

Chemical Company. The solvents, chloroform (CHCl3), 1,2-dichloromethane (DCM), and 1,1,2,2-

tetrachloroethane (TCE) were purchased from Fisher Scientific Company. Bromine (Br2) was 

purchased from Sigma Aldrich®. The Lewis acid catalyst, ferric(III) chloride (FeCl3) was obtained 

from VWR International LLC. All chemicals and reagents were used as received. Solution-state 

brominated (i.e., Random) copolymers that contain 6, 11, and 16 mol% Br were prepared as 

described previously in Chapter 2.21 

5.3.2. Gel-state bromination 

To prepare a 10 w/v% sPS/CHCl3 gel, sPS (2.5 g, 0.83 μmol) pellets were first dissolved 

in stirred CHCl3 (25 mL) in a pressure vessel at ca. 90 °C, then removed from heat to promote gel 

formation. A translucent gel formed over a period of at least 6 h and was stored at room temperature 

for approximately another 24 h. Using a spatula, the gel was broken into small pieces (ca. 1-3 mm), 

dispersed in DCM (final sPS concentration of 3 w/v%), and placed in an ice bath. The flask was 

purged with argon, followed by the addition of FeCl3 (54 mg, 0.33 mmol). After stirring for 30 
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min, a stock solution of 50 w/w% Br2 in DCM (2.2 mL, 0.043 mol) was introduced dropwise to 

the reaction vessel over two hours. The reaction was carried out in the dark under argon at room 

temperature and terminated after 2.5–6 h from the time of the first stock solution addition, by 

pouring the suspension into stirred methanol. All samples were purified by dissolving in TCE at 

reflux, followed by filtration of the warm solutions through a filter paper (Whatman® 1) and 

precipitation in methanol, which produced white solids. Prior to characterization, samples were 

ground into homogeneous powders, washed by soxhlet extraction in hot methanol for ca. 24 h, and 

dried under vacuum at 80 °C for ca. 18 h. 

5.3.3. Powder-state bromination 

The sPS powder was prepared from sPS pellets by first dissolving the pellets in TCE (ca. 

5 w/v%) in a round bottom flask at 150°C, followed by precipitation by slow pouring into stirred 

methanol (2 L). The recovered white solid was washed by soxhlet extraction in hot methanol for 

ca. 24 h and dried in a vacuum oven at 80°C for ca. 18 h. Using a mortar and pestle, the sPS 

homopolymer was ground into a fine powder. The post-polymerization functionalization method 

used to brominate the sPS powder follows the same method used to prepare copolymers from the 

10 w/v% sPS/CHCl3 gel. The sPS powder (2.5 g, 0.83 μmol) was transferred to a round bottom 

flask and dispersed in DCM (final sPS concentration of 2 w/v%). After addition of FeCl3 (54 mg, 

0.33 mmol), the flask was placed in an ice bath and purged with argon for 30 min. To brominate, 

a bromine stock solution of 50 w/w% Br2 in DCM (2.2 mL, 0.043 mol) was added dropwise to the 

reaction vessel over two hours. The reaction was carried out in the dark under argon at room 

temperature. To control the degree of bromination, reactions were stopped after 19, 31, 69, and 96 

hours by pouring the suspensions into stirred methanol. The samples were purified by dissolving 

in TCE, filtering, and precipitating in methanol to recover a white to off-white product. Before 
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analysis the samples were ground into homogeneous powders, washed by soxhlet extraction in hot 

methanol for ca. 24 h, and dried under vacuum at 80°C for ca. 18 h. 

5.3.4. Sample preparation 

A 10 w/v% sPS/CHCl3 gel was prepared for morphological characterization by X-ray 

scattering techniques. To prepare the gel, sPS pellets were dissolved in CHCl3 at 90 °C in a 

pressure vessel, followed by transferring the sPS solution to a thin-walled, 3 mm outer diameter, 

glass tube that was then sealed and stored at room temperature to promote gel formation. For wide-

angle X-ray diffraction (WAXD) experiments, a 10 w/v% sPS/CHCl3 gel was prepared and stored 

at room temperature for ca. 24 h to mimic the conditions prior to gel-state bromination, then broken 

into pieces with a spatula and dried under vacuum at 70 °C for ca. 24 h. 

5.3.5. NMR spectroscopy 

Microstructure analysis was carried out using nuclear magnetic resonance (NMR) 

spectroscopy. 1H NMR experiments were recorded at room temperature in deuterated chloroform 

(CDCl3) on an Agilent U4-DD2 400 MHz spectrometer. Quantitative 13C NMR experiments were 

recorded at room temperature in TCE-d2 on a Bruker Avance II 500 MHz spectrometer (C13IG 

parameter set, proton decoupled, relaxation delay of 6 s, O1P of 95, and sweep width of 150 ppm). 

Quantitative 13C NMR experiments were recorded at room temperature in 1,1,2,2-

tetrachloroethane-d2 (TCE-d2) on a Bruker Avance II 500 MHz spectrometer equipped with a LN2 

prodigy cryogenic BBO probe using a C13IG pulse program, proton decoupling (NOE−), a 

relaxation delay of 6 sec, O1P of 95, and a sweep width of 150 ppm. The Line Fitting function in 

Mestrelab Research’s MestReNova x64 software was used to deconvolute and integrate the 
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multiple peaks in the quaternary carbon region of the 13C NMR spectrum. The deconvolution 

method is discussed in more detail in Chapter 3.30 

5.3.6. Thermal properties and crystallization kinetics 

Copolymer thermal transitions, crystallinity, and crystallization kinetics were investigated 

using differential scanning calorimetry (DSC, TA Instrument DSC Q2000) under continuous 

nitrogen flow to minimize polymer degradation. TA Instruments Universal Analysis software was 

used to determine crystallization. To probe the copolymer crystallizability under specific cooling 

conditions, samples were first annealed at 300 °C for 3-5 min to erase any thermal history, then 

cooled to 0 °C at −60 °C min−1 (rapid cooling), −10 °C min−1 (slow cooling), or rapidly cooled at 

−60 °C min−1 and held at 190 °C  for 2 h to induce crystallization from the melt. All heating scans 

were recorded at 10 °C min−1. TA Instruments Universal Analysis software was used to determine 

the glass transition temperatures (Tg), crystallization temperatures at maximum exothermic heat 

flow (Tc), and melting temperatures at maximum endothermic heat flow (Tm). To determine the 

crystallization half-times (t1/2), defined as the time at which a material attains 50% of its maximum 

crystallinity, samples were melt-crystallized at specific crystallization temperatures below their 

Tm. The isothermal crystallization profiles (heat flow versus time) were analyzed using the 

following approach (Equation 1): 

𝑭𝒄(𝒕) =
∫

𝒅𝑯
𝒅𝒕

𝐝𝒕
𝒕

𝟎

∫
𝒅𝑯
𝒅𝒕

𝐝𝒕
∞

𝟎

 (1) 

where Fc(t) is the bulk fractional crystallinity of the functionalized copolymer systems, equal to 

the heat evolved during isothermal crystallization at a specific time t divided by the total heat 

evolved during the isothermal crystallization process. The t1/2 were determined from the resulting 
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crystallization isotherms (Fc versus time) by extrapolating Fc at 0.5 to the time axis. These t1/2 

values were used as a comparative measure of the overall rate of bulk crystallization. 

5.3.7. X-ray scattering techniques 

The morphology of the sPS powder, 10 w/v% sPS/CHCl3 gel, and the brominated 

copolymers was investigated using X-ray scattering techniques. Ultra-small-angle X-ray scattering 

(USAXS) and small-angle X-ray scattering (SAXS) experiments were performed at the Advanced 

Photon Source beamline 9ID-C at Argonne National Laboratory. The USAXS instrument was 

configured in standard mode with an X-ray energy of 21 keV (λ = 0.5895 Å), X-ray photon flux 

of ca. 1013 mm-2 s-1, and a combined q range of 0.0001–1.3 Å-1 (q = 4π/λ sin(θ), where λ is the 

wavelength and θ is one-half of the scattering angle).31-33 The USAXS and SAXS profiles were 

acquired sequentially and merged into a single data set using the Irena SAS package.34 SAXS 

experiments were performed in-house using a Rigaku S-Max 3000 3 pinhole SAXS system 

equipped with a rotating anode that emits X-rays with a wavelength of 0.154 nm (Cu Kα). The 

sample-to-detector distance was 1605 mm, and the q-range was calibrated using a silver behenate 

standard. Two-dimensional SAXS patterns were obtained using a fully integrated 2D multiwire, 

proportional counting, gas-filled detector with an exposure time of 2 h. The SAXS data were 

analyzed using the SAXSGUI software package to obtain radially integrated SAXS intensity 

versus q profiles. The center-to-center intercrystalline domain spacing, i.e., long period (Lp), and 

average crystal segment length were calculated from the crystalline scattering feature of the 

Lorentz-corrected SAXS profiles by assuming a linear two-phase model. Wide-angle X-ray 

diffraction (WAXD) experiments were performed using a Rigaku MiniFlex II X-ray diffractometer 

emitting X-rays with a wavelength of 0.154 nm (Cu Kα). The sPS powder, sPS/CHCl3 gel, and 

brominated copolymer samples were scanned from 5° to 40° 2θ at a scan rate of 0.250° 2θ min-1 
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with a sampling window of 0.050° 2θ and at a potential of 30 kV and current of 15 mA. All WAXD 

data were analyzed using the PDXL 2 software package to obtain WAXD intensity versus 2θ 

profiles. 

5.3.8. Simulated random copolymer chains 

Simulated chains with random copolymer microstructures were generated using a code 

created in-house with MATLAB® R2017a programming software. For each degree of 

functionalization, 1000 homopolymer chains of 1442 monomer units (based on our sPS sample, 

Mw = 300 K; Đ = 2.0) are simulated. To construct the random microstructure, monomers along the 

chain are selected at random up to the desired degree of bromination. For each simulated polymer 

chain, the length and frequency of consecutive styrene units and the prevalence of each unique 

triad (e.g., SSS, BBB, etc. where s = styrene and b = Br-Sty) and pentad sequence (e.g., sssss, 

bbbbb, etc.) are calculated. 

5.3.9. Simulated average copolymer chains based on the empirical pentad sequence 

distributions 

Simulated chains that represent the average copolymer chain sequence in the Blocky 

copolymers, were created using a Fortran code created in house. Chains are simulated from a short 

sequence of un-functionalized styrene units by subsequent additions of short sequences of 

un-functionalized and functionalized styrene units to the chain end. The rationalization for the 

specific short sequence that is added during each addition step is based on the difference between 

the average pentad sequence distribution of the simulated chain and the pentad sequence 

distribution from the NMR data and is discussed in more detail below in the Results and discussion 

section. 
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5.4.1. Morphological characterization of the sPS powder and sPS/CHCl3 gel 

Images of the sPS powder and a 10 w/v% sPS/CHCl3 gel are compared in Figure 5.1. The 

sPS powder consists of white particles that scatter visible light and exhibit a broad distribution of 

sizes (see Figure S5.1). The sPS/CHCl3 gel is a translucent solid that can be cut into small pieces 

with a spatula. The difference in appearance of the sPS samples strongly suggests that the sPS 

powder contains densely packed polymer chains.23 

The morphology of the sPS powder and sPS/CHCl3 gel was characterized using X-ray 

scattering techniques and differential scanning calorimetry (see Figure S5.2). The ultra-small 

angle X-ray scattering (USAXS) and small-angle X-ray scattering (SAXS) profiles of the 10 w/v% 

sPS/CHCl3 gel and the sPS powder are compared in Figure 5.2. The scattering profile of the 

sPS/CHCl3 gel shows a scattering feature in the region of 0.1 < q < 1 nm-1 that exhibits q-4 

dependence and is attributed to surface fractal structure of crystalline lamellae in the 

semicrystalline physical gel.35 At low q, the scattering fits to a q-0.67 dependence that is indicative 

 
Figure 5.1. Images of the (left) sPS powder and a (right) 10 w/v% sPS/CHCl3 gel. 

10 w/v% sPS/CHCl3 gelsPS powder
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of disorder between the boundaries of the crystalline and amorphous components. The sPS/CHCl3 

gel can thus be defined by loosely packed crystals that are tied together by a percolating network 

of solvent swollen amorphous chains. Conversely, the scattering profile of the sPS powder is 

featureless with q-4 dependence in the range from 0.1−2 nm-1. This behavior demonstrates that the 

difference between the electron density of the crystalline component and the amorphous 

component of the sPS powder lacks periodicity and suggests that polymer chains in the powder 

are packed tightly together.  

 
Figure 5.2. USAXS/SAXS profiles of the sPS powder and the 10 w/v% sPS/CHCl3 gel. Profiles are offset for clarity. 

Figure 5.3 compares the wide-angle X-ray diffraction (WAXD) profiles of the sPS powder 

and 10 w/v% sPS/CHCl3 gel. The WAXD profile of the sPS/CHCl3 gel exhibits crystalline 

reflections that are consistent with the s(2/1)2 helical conformation of the δ-form crystal structure 

of sPS.28,36,37 The sPS powder shows crystalline reflections that are characteristic of the γ-form 

crystal structure.36 It is worth noting that the γ-form is obtained from the nanoporous δ-form by 

annealing, and was anticipated for the sPS powder based on the powder preparation conditions. 

According to Daniel and co-workers,38 an sPS powder in the γ-form contains less than 1% of the 

surface area of a δ-form sPS aerogel (based on the two parameter Brunauer-Emmett-Teller 
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method) as a result of dense packing of chains in the amorphous and crystalline components. The 

introduction of brominating reagent to the dense sPS powder was therefore expected to produce 

copolymers with a low degree of functionalization, as a result of limited access to monomers deep 

within the powder particles. In addition, the powder and gel reaction states were expected to 

produce copolymers with different microstructures and comonomer sequences. 

 
Figure 5.3. WAXD profiles of the sPS powder and 10 w/v% sPS/CHCl3 gel, offset for clarity. Samples were dried 

under vacuum at 70 °C for ca. 24 h prior to analysis. 

5.4.2. Microstructural analysis using NMR spectroscopy 

The copolymer microstructure of the powder-state (Powder, P-x%) and gel-state (Gel, 

CH-x%) brominated copolymers was analyzed by NMR spectroscopy. The 1H NMR spectra of the 

sPS homopolymer and the Powder and Gel copolymers with reaction times are shown in Figure 

5.4. Compared to pure sPS, new proton resonances appear in the 1H NMR spectra of the 

brominated copolymers at 1.23, 1.58−1.75, 6.27−6.28, and 7.11−7.22 ppm, corresponding to the 

methylene (H(b′)) and methine (H(a′)) protons, and the aromatic protons (H(2′) and (H(3′)) of 

brominated styrene (Br-Sty) monomers, respectively.21 Integration of the total peak areas of the 

aliphatic protons shows that the ratio of the methylene (H(b), H(b′)) to methine (H(a), H(a′)) 
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protons is approximately 2:1, which indicates that bromination occurred exclusively on the styrene 

phenyl ring, as anticipated. The Br-content (mol% Br) was derived from the fraction of ortho-

proton resonances of Br-Sty monomers (H(2′), 6.27−6.38 ppm) to the total area of styrene (H(2′)) 

and Br-Sty ortho-proton resonances (6.27−6.60 ppm).  

Comparing the reaction times and Br-contents of the Powder and Gel copolymers provided 

by the 1H NMR spectra, reveals that the rate of bromination in the powder state is considerably 

slower than that in the gel state. For example, 19 h were required to reach 7% functionalization in 

the powder state, while in the gel state just 5.75 h were required to reach 32% bromination, 

demonstrating a greater than threefold increase in Br-content relative to the Powder P-7% 

copolymer in less than one-third of the time. In addition, the Br-content of the Powder copolymers 

was limited to 12 mol% Br and was obtained after a long reaction time of 31 h. It should be 

recognized that the reaction solvent can affect the swelling of the sPS powder, and thus was 

expected to affect the accessibility of bromine to monomer units within the sPS particles. The 

effect of solvent quality on the degree of functionalization was investigated by carrying out the 

heterogeneous powder-state bromination reaction for 96 h using CHCl3 and DCM as reaction 

solvents. The reaction carried out in CHCl3 produced copolymers with a greater degree of 

functionalization of 15 mol% Br, compared to the 12 mol% Br copolymers prepared in DCM, the 

common reaction solvent (see Figure S5.3). These results strongly suggest that when bromine is 

introduced to the dense sPS powder, it is sterically restricted from reacting with monomers in the 

core of the particle that are far removed from the particle surface and reacts with monomers at and 

near the particle surface. 
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Figure 5.4. (a) 1H NMR spectra of the sPS homopolymer and the powder-state (Powder) and gel-state (Gel) 

brominated copolymers increasing in reaction time from top to bottom. For comparison, the spectra are referenced 

to CDCl3 and normalized over 6.27−6.60 ppm. The asterisks (*) indicate solvent resonances. (b) Mol% Br versus 

reaction time for the powder- and gel-state reactions. 

To investigate the effect of heterogeneous reaction state on copolymer microstructure, 

quantitative 13C NMR spectroscopy was used to analyze the comonomer sequence distribution of 

the brominated copolymers. Figure S5.4 shows the full high-resolution 13C NMR spectra of the 

sPS homopolymer and the Powder and Gel copolymers. Upon para-substitution of the styrene 

phenyl ring with bromine, new carbon resonances appear in the 13C NMR spectrum. The new 

resonances at 40.0 and 43.6 ppm are attributed, respectively, to the methine (C(a′)) and methylene 

(C(b′)) carbons of Br-Sty monomers. The new resonances at 129.2 ppm and 130.9 ppm are 

assigned, respectively, to the ortho-(C(2′)) and meta-carbons (C(3′)) of brominated phenyl rings. 

The multiple new resonances in the regions from 118.8−119.5 ppm and 145.15−143.15 ppm are 

attributed to the Br-substituted phenyl carbons (C−Br, C(4′)) and the quaternary phenyl carbons 

of un-brominated (C(1)) and brominated (C(1′)) monomers, respectively. For both the Powder and 

Gel copolymers, the distribution and intensities of the peaks in the quaternary carbon and C−Br 
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regions are highly dependent on Br-content. The presence of multiple peaks in these regions 

signifies through-bond communication between neighboring styrene and Br-Sty monomers and 

provide a unique fingerprint of the copolymer microstructure originating from the specific 

comonomer sequence distribution. 

In Chapter 3,30 a comonomer sequencing method was introduced to assign each peak in 

the quaternary carbon spectrum of the sPS-co-sPS-Br copolymers to a styrene or Br-Sty unit that 

exists in the center of a unique sequence of five monomers, i.e., a pentad, along the copolymer 

chain (e.g., ssssb were s = styrene and b = Br-Sty). Using this method, the quaternary carbon 

spectra of the Powder and Gel copolymers have been decomposed into their separate additive peak 

components. The quaternary carbon spectra of the Powder P-7% and Gel CH-6% copolymer are 

shown in Figure 5.5. The peaks in the spectra are color-coded by triad sequence and several of the 

peaks are assigned to pentad sequences. For an example of a complete pentad sequence assignment 

for an sPS-co-sPS-Br copolymer, see Table S3.1. By visual inspection, the peak distributions and 

intensities between the P-7% and CH-6% copolymers appear to be different. 

 
Figure 5.5. The quaternary 13C NMR spectra of the (left) Powder P-7% and (right) Gel CH-6% copolymers 

decomposed into their separate additive pentad peak components with triad assignments and several pentad 

assignments. The peaks are color-coded by triad combination: SSS = red; BSS/SSB = yellow; BSB = blue; SBS = 

green; BBS/SBB = magenta; BBB = orange. 
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The distribution of pentad sequences in the brominated copolymers was calculated from 

the ratio of the area under each quaternary carbon peak to the total area of the quaternary carbon 

region (142.9−145.6 ppm) in the 13C NMR spectrum. Figure 5.6 compares the fraction of styrene 

pentads (sssss) in the Powder and Gel copolymers and the average fraction of sssss in 1000 

simulated random copolymer chains of similar Br-content. At approximately 7 mol% Br, both the 

Powder P-7% and Gel CH-6% copolymers contain a larger fraction of sssss pentad than the 

simulated random copolymers with 6% Br-content. Above 6 mol% Br, the amount of sssss pentad 

in the copolymers decreases, as expected. Nevertheless, the fraction of sssss pentad in the 

simulated random copolymers decreases more rapidly than in the Powder and Gel samples. These 

results demonstrate that the Powder and Gel copolymers exhibit non-random, i.e., blocky 

distributions of Br-Sty units along their chains even at relatively low Br-content, as anticipated for 

copolymers prepared from heterogeneous reaction states.10,11,21,39 Comparing the Powder and Gel 

copolymers with greater than 6 mol% Br reveals that the Gel CH-17% copolymer contains a larger 

fraction of sssss pentad compared to the lower Br-content P-12% copolymer. These data 

demonstrate that the sPS/CHCl3 gel produces copolymers with a higher prevalence of styrene 

“blocks” of at least five consecutive styrene units relative to the dense sPS powder. 
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Figure 5.6. Fraction of styrene pentad (sssss) in the of the Powder and Gel copolymers with comparison to that of 

1000 simulated random copolymer chains with similar Br-content. The error bars represent one standard deviation. 

The empirical data are calculated from the integration of the quaternary carbon NMR spectra. Dashed lines are 

included to guide the eye.  

The degree of blockiness in the brominated copolymers has been characterized by the 

copolymer block character (R). Based on Bernoullian probability statistics,40 expressed by 

Equation 2,  

𝑹 =
𝟒(𝑷𝑺𝑺)(𝑷𝑩𝑩)

(𝑷𝑺𝑩)
 

  where: 

 

PSS = SSS + ½ [SSB/BSS] 

(2) 

 

PBB = BBB + ½ [SBB/BBS] 

PBS = 1 – PSS – PBB 

 

where, P is the probability that a polymer chain contains an SS (PSS), BB (PBB), or BS/SB (PBS) 

dyad, respectively. The dyad probabilities are obtained from the pentad sequence distribution 

based on the fraction of SSS, [SSB/BSS], [SBB/BBS], and BBB triad sequences in each 

copolymer. For a copolymer with a Bernoullian (i.e., random) sequence distribution, R is equal to 

unity. A copolymer with a block-like distribution of functional groups along the chain will have 

an R value greater than unity. The block characters of the Powder and Gel copolymers are 

compared in Figure 5.7. For reference, the average block characters of simulated random 

copolymer chains of similar Br-content are also provided. The average R values of the simulated 
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random chains range from 0.98−1.03, as expected for copolymers that have a random distribution 

of functional groups. For the Powder and Gel copolymers, R is greater than unity and increases 

with increasing Br-content. Thus, the Powder and Gel copolymers have block-like character, even 

at low Br-content. 

Comparing the R values of the Gel and Powder copolymers reveals that Gel CH-6% 

exhibits a greater block character than both the Powder P-7% and P-12% copolymers. Thus, this 

low Br-content Gel copolymer contains on average more consecutive styrene units and more 

consecutive Br-sty units, i.e. is more block-like, than its Powder analogs. The quantitative insight 

into the copolymer microstructure obtained from 13C NMR spectroscopy, strongly suggests that 

the sPS/CHCl3 gel produces copolymers with a higher degree of blockiness than the dense sPS 

powder. 

 
Figure 5.7. The block character (R) of the Gel and Powder copolymers with comparison to the average R values of 

1000 simulated random copolymer chains. The error bars represent one standard deviation. The empirical R values 

are calculated from the integration of the quaternary carbon NMR spectra. R values greater than one demonstrate 

block-like character.  

The pentad sequence distributions of the brominated copolymers also provide deeper 

insight into the potential run lengths of styrene and Br-Sty along the copolymer chains. The 

average length of consecutive styrene units (nS) and Br-sty (nB) units and the average number of 
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blocks per 100 monomer units (N) were calculated according to Equations 3, 4, and 5, 

respectively.  

𝒏𝑺 =
𝑺𝑺𝑺 + [𝑺𝑺𝑩/𝑩𝑺𝑺] + 𝑩𝑺𝑩

𝑩𝑺𝑩 +
𝟏
 [𝑺𝑺𝑩/𝑩𝑺𝑺]

 (3) 

𝑛𝐵 =
𝐵𝐵𝐵 + [𝐵𝐵𝑆/𝑆𝐵𝐵] + 𝑆𝐵𝑆

𝑆𝐵𝑆 +
1
2 [𝐵𝐵𝑆/𝑆𝐵𝐵]

 (4) 

𝑁 =
200

𝑛𝑆 + 𝑛𝐵
 (5) 

For these calculations, a block is defined as one or more consecutive like units. It is worth noting 

that this method can provide only an estimate of the potential block lengths in the blocky 

brominated copolymers, as the calculations cannot accurately account for a bimodal distribution 

of very long and very short blocks. The average run lengths and N values for the Powder and Gel 

copolymers and simulated random copolymer chains (Sim. R-x%) are compared in Table 5.1. For 

the simulated random chains with 6% Br-content, the ns and N values are 17 and 11, respectively. 

At 12% functionalization, the ns value decreases substantially to 8 consecutive styrene units and 

the N value increases substantially to 21 blocks per 100 monomers as a consequence of shorter 

styrene blocks. Compared to the simulated random chains, both the Powder and Gel copolymers 

exhibit larger ns values and smaller N values, consistent with a blocky microstructure. At 

approximately 7 mol% Br, the Powder P-7% exhibits an nS value of ca. 19 units and an N value of 

ca. 10 blocks per 100 monomers. At higher Br-content, the Powder P-12% contains shorter runs 

of consecutive styrene units that are terminated at each end by Br-Sty units, resulting in a larger N 

value of 16. In comparison, both the Gel CH-6% and CH-17% copolymers contain longer average 

run lengths of consecutive styrene units and fewer numbers of blocks relative to their respective 
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Powder copolymer analogs. These data suggest that gel-state functionalization produces 

copolymers with longer runs of pure sPS compared to functionalization in the powder state. 

Table 5.1. The average length of consecutive styrene (nS), and Br-Sty (nB) and average number of blocks per 100 

monomer units (N) for the Powder (P-x%), Gel (CH-x%), copolymers (x = mol% Br). 

Sample n
S n

B N 
P-7% 19 1 10 
P-12% 11 1 16 
CH-6% 27 1 7 
CH-17% 12 2 14 
Sim. R-6% 17 1 11 

Sim. R-12% 8 1 21 

5.4.3. Thermal transitions 

Figure 5.8 shows the DSC heating traces of the sPS homopolymer and the Powder and Gel 

copolymers after slow cooling from the melt to 0 °C at −10 °C min-1. For reference, the heating 

traces of solution-state brominated copolymers (Random, R-x%) with 6 and 11 mol% Br (R-6% 

and R-11%, respectively), are also included. The heating trace of sPS exhibits two endothermic 

events, the glass transition at 100 °C and an intense melting endotherm at 270 °C. At approximately 

7 mol% Br, the brominated copolymers crystallize during cooling and show depression in their 

melting temperatures, Tm, relative to pure sPS. Bromine groups attached to a crystallizable polymer 

can act as physical defects along the polymer chains, limiting crystallizability and lamella 

thickness. It is not surprising then that the brominated copolymers show a depression in Tm, as a 

consequence of shorter crystallizable chain segments and thus thinner crystals.17,41-43 Interestingly, 

the Powder P-7% copolymer exhibits a first melting endotherm peak (Tm1) at lower temperature 

than the melting endotherm peak in the Random R-6% copolymer. These data suggest that the P-

7% copolymer contains some fraction of crystals that are thinner, i.e., contain shorter crystalline 

segments of consecutive styrene units, than exhibited by the R-6% sample. Further analysis of this 
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intriguing behavior using high-temperature gel permeation chromatography to probe the Powder 

copolymer polydispersity will be the subject for future investigations. 

At high Br-content, the melting point depression occurs to a greater extent in the Random 

R-11% copolymer compared to the Powder and Gel copolymers, demonstrating a non-random, 

i.e., blocky, distribution of Br-Sty units along the copolymer chains in the P-12% and CH-17% 

copolymers (see Figure S5.5). Remarkably, the Gel CH-17% copolymer exhibits a higher melting 

temperature than the lower Br-content Powder P-12% copolymer. This result strongly implies that 

the CH-17% contains thick crystals with long runs of consecutive styrene units that would require 

a high degree of blockiness along its copolymer chains. 

 
Figure 5.8. DSC heating scans of the sPS homopolymer the (a) low Br-content and (b) high Br-content Powder, Gel, 

and Random copolymers after slow cooling from the melt (300 °C) at −10 °C min-1. Heating rate: 10 °C min-1.  

To further examine the effect of the heterogenous reaction state on copolymer 

crystallizability, the weight percent crystallinity (%Xc) was calculated from the total area under the 

melting endotherm (ΔHf) with respect to the heat of fusion of 100% crystalline pure sPS44 (ΔHf
° = 

79.3 J g-1). The thermal properties and %Xc of the sPS homopolymer and brominated copolymers 

after rapid cooling (−60 °C min-1) and 2 h melt crystallization at 190 °C are summarized in Table 

5.2. At low Br-content, the Powder P-7% and Gel CH-7% copolymers exhibit greater crystallinity 
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than their Random R-6% analog, which demonstrates the blocky microstructure of the Powder and 

Gel copolymers, even at low Br-content.21 Comparing the crystallization behavior of the Powder 

and Gel copolymers reveals that the brominated copolymer analogs exhibit similar crystallinity. 

However, it is important to note that the Gel copolymers crystallize (Tc) and melt (Tm) at higher 

temperatures relative to their Powder analogs. This observed thermal behavior in the Gel samples 

strongly suggests a greater degree of blockiness in the distribution of Br-Sty defects along the Gel 

copolymer chains. While the CH-17% appears to exhibit remarkable crystallinity given its higher 

degree of functionalization relative to P-12%, a Gel sample that contains 12 mol% Br will need to 

be prepared in order to characterize the thermal properties of the P-12% copolymer. For WAXD 

profiles of the sPS homopolymer and the brominated copolymers after isothermal crystallization 

at 190 °C, see Figure S5.6. 

Table 5.2. Thermal properties and weight percent crystallinity of the sPS homopolymer and the Powder (P-x%), 

Gel (CH-x%), and Random (R-x%) copolymers measured using DSC. 

Sample 

After rapid cooling 

at −60 °C min-1 

After 2 h isothermal 

crystallization at 190 °C 

Tg(°C) Tm(°C) Tc(°C) Xc(%) Tm(°C) Xc(%) 

sPS 99 269 224 31 270 32 

P-7% 96 245 193 28 245 33 

P-12% 98 238 187 27 239 28 

CH-7% 97 251 205 28 250 32 

CH-17% 105 240 190 23 239 25 

R-6% 103 244 180 25 245 29 

R-11% 100 228 160 24 230 28 
 

Tg = glass transition temperature; Tm1 = temperature of the first maximum endothermic heat flow; aTc = 

temperature of the maximum exothermic heat flow during the cooling scan, Xc = weight percent crystallinity 

derived from the area under the melting endotherm (ΔHf) and the heat of fusion of 100% crystalline pure sPS 

(Δ𝐻𝑓
°) according to the relationship Xc = 

Δ𝐻𝑓

Δ𝐻𝑓
𝑜 × 100%. Dashes (--) indicate no thermal transition detected. All 

samples were heated to 300 °C and annealed for 3-5 min prior to cooling to erase thermal history. 
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5.4.4. Crystallization kinetics 

How the distribution of bromine defects along the chains affects the crystallization kinetics 

of the Powder copolymers was investigated by subjecting the Powder and Gel samples to 

isothermal crystallization at specific temperatures below Tm. To achieve rapid crystallization, chain 

segments of sufficient length, i.e., stems, of uninterrupted styrene units are required to assemble 

into stable crystalline domains. Br-Sty monomers encountered at the crystal growth front are 

structural defects that are consequently excluded from attaching to the growing crystallite. This 

process of rejection of a defective stem and diffusion of a new stem to the melt-crystal interface 

ultimately slows the rate of crystallization. The crystallization half-time, t1/2, versus temperature 

profiles of the Powder and Gel copolymers are compared in Figure 5.9. For reference, the t1/2 

values of the Random copolymers with 6 and 11 mol% Br (R-6% and R-11%, respectively) are 

also provided. At approximately 7 mol% Br, the Powder P-7% exhibits similar t1/2 values to that 

of the Random R-6% copolymer throughout the isothermal crystallization temperature series. In 

contrast, the Gel CH-7% copolymer demonstrates faster crystallization kinetics (i.e., shorter t1/2 

times) and at lower supercooling compared to its Powder and Random analogs. Above 7 mol% Br, 

both the Powder and Gel copolymers crystallize at low supercooling and demonstrate shorter t1/2 

than the Random R-11% copolymer, attributed to the blocky microstructure of the Powder and Gel 

copolymers that provides a higher prevalence of crystallizable stems along the polymer chains.21 

With more crystallizable stems, the blocky microstructure minimizes the time-consuming 

rejection/replacement process and is thus capable of crystallizing in a shorter period of time. 

Remarkably, the Powder P-12% copolymer exhibits similar t1/2 times to the P-7% copolymer, 

suggesting that the Powder copolymers contain a similar fraction of crystallizable stems despite 

their 5% difference in Br-content. The P-12% copolymer also exhibits similar t1/2 times to the 
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greater Br-content Gel CH-17% copolymer. The crystallization behavior of the brominated 

copolymers strongly support that the Gel copolymers contain a blocky microstructure with a high 

degree of blockiness and a large fraction of crystallizable stems. 

 
Figure 5.9. Crystallization half-time (t1/2) versus temperature profiles for the Random, Powder, and Gel copolymers 

of (a) low Br-content and (b) high Br-content. Prior to isothermal crystallization, samples were annealed for 5 min 

at 300 °C. Dashed lines are included to guide the eye. 

5.4.5. Morphological characterization of the brominated copolymers 

The morphology of the brominated copolymers was investigated using small-angle X-ray 

scattering (SAXS). The SAXS profiles of the sPS homopolymer and the Powder and Gel 

copolymers after 2 h isothermal crystallization from the melt at 190 °C are compared in Figure 

5.10. The SAXS profile of the sPS homopolymer shows a low intensity, excess scattering feature 

in the range of 0.3 nm-1 < q < 0.5 nm-1 that is consistent with intercrystalline scattering observed 

previously in sPS.35 The Powder and Gel copolymers exhibit intercrystalline scattering over a 

range of q values from 0.1 nm-1 < q < 0.5 nm−1. The increased intensity of this excess scattering 

feature (i.e., Bragg peak) with higher Br-content indicates greater periodicity in the distance, d, 

between scattering features. The observed shift in the Bragg peak to lower q with increasing 

Br-content is indicative of an increase in the center-to-center intercrystalline domain spacing, i.e., 

the long period (Lp). 
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Figure 5.10. SAXS profiles of the sPS homopolymer and the (left) Powder and (right) Gel copolymers after 2 h 

isothermal crystallization at 190 °C. Profiles are offset for clarity. 

The long period in the melt-crystallized samples of the brominated copolymers was 

estimated from the d-spacing at the peak of the high q scattering feature in the Lorentz-corrected 

SAXS profiles using Bragg’s law (dBragg = 2π/q). The long period represents the sum of the 

thickness of the crystalline lamellae, lc, and the thickness of the interlamellar amorphous region, 

la (Lp = lc + la). Assuming a linear two-phase model, an estimated lc may be obtained from the 

product of Lp and the volume fraction of crystallinity (%Xc) within the material. The results of the 

SAXS analysis are summarized in Table S5.1. The sPS homopolymer exhibits a Lp value of ca. 

16.2. nm. For the brominated copolymers, the Lp values are greater than 16.2 nm, as anticipated. 

Bromine groups attached to sPS act as physical defects along the polymer chains, resulting in fewer 

crystallizable chain segments and a larger fraction of amorphous chain segments. Thus, the average 

thickness of the amorphous components, la, in the brominated copolymers increases with 

increasing Br-content. Meanwhile, the brominated copolymers exhibit average lamella 

thicknesses, lc, that are similar to that of pure sPS. It is worth noting that for pure sPS and for the 

low Br-content brominated copolymers, melt crystallization at 190 °C is known to favor the 

nucleation of the α polymorph, and thus the formation of thinner crystals (see subsection 4.4.5). 
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While the SAXS analysis may therefore underestimate the true maximum lc that is possible for 

these samples, these data still provide a useful initial approximation of the minimum average 

lamella thickness. 

From the lc values in the brominated copolymers, the average number of styrene units in a 

crystalline stem has been estimated, based on the α-form planar zigzag structure of sPS with 2 

monomer units per identity period (c-axis dimension = 0.51 nm).45 The brominated copolymers 

exhibit similar crystalline stem lengths of approximately 20-26 styrene units. As will be 

demonstrated below in the Simulated average chains section, these crystalline stem lengths are in 

good agreement with the run lengths of styrene units that are predicted to exist in the brominated 

copolymers based on simulations of average chain sequences in the Powder and Gel copolymers. 

5.4.6. Simulated average chains with comparison to the empirical crystallization behavior 

The pentad sequence distribution obtained from the quaternary carbon NMR spectrum 

provides a unique fingerprint of the copolymer microstructure that originates from the average 

comonomer sequence distribution in the brominated copolymers. Using this useful sequence 

information, a computer code was developed to predict the average copolymer chain sequence in 

each of the Powder and Gel copolymers.30 Briefly, the copolymer chain is simulated starting with 

a sequence of 7 un-functionalized styrene units, followed by subsequent additions of 

un-functionalized and functionalized styrene units to the chain end in 7 monomer long blocks. The 

block that is added in each addition step keeps the difference between the empirical pentad 

sequence distribution and that of the intermediate simulated chain at a minimum. To add a block 

to the chain end, all possible heptad combinations of un-functionalized and functionalized styrene 

units (27 or 128) are added in turn and the deviation between the pentad distribution of the 

intermediate simulated chain and the experimental results is analyzed. The heptad combination 
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that minimizes the residuals with respect to the experiment is then added to the chain. This process 

is repeated until the chain length reaches 1442 monomers (based on our sPS sample, Mw = 300K; 

Đ = 2.0). It is worth noting that the degree of functionalization in the chain is not a parameter of 

the simulation, yet the simulated chains naturally exhibit Br-Sty compositions that are in good 

agreement with experiment. In addition, the simulated average chains exhibit pentad sequence 

distributions that deviate by less than one percent from the empirical pentad sequence distributions. 

The simulated average chains of the Powder P-7% and Gel CH-6% copolymers are 

compared in Figure 5.11 (for the simulated chains of the Powder P-12% and Gel CH-17% see 

Figure S5.7). The root-mean-square deviation (RMSD) between the simulated and empirical 

pentad sequence distributions of the P-7% and CH-6% average chains are 0.43% and 0.35%, 

respectively. Thus, the simulated chains are expected to be representative of average copolymer 

sequences in these brominated copolymers. Both chains exhibit numerous long “blocks” of 

consecutive styrene units (grey circles) and short segments of 1-3 Br-Sty units (blue circles). By 

visual inspection, no obvious differences exist in the distribution of block lengths of consecutive 

styrene and consecutive Br-Sty units in these simulated chains.  

 
Figure 5.11. Simulated average chains of the Powder P-7% and Gel CH-6% copolymers created through an iterative 

process that minimizes the difference between the pentad sequence distribution of the simulated chain and the 

respective experimentally-determined data. Styrene units = grey circles; Br-Sty units = blue circles. The root-mean-

square deviation (RMSD) between simulated and empirical: P-7% = 0.43%; CH-6% = 0.35%. 

Simulated P-7% Simulated CH-6%
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The distribution of block lengths of consecutive styrene units in the simulated chains 

represents the length of styrene blocks that are predicted to exist in the brominated copolymers. 

Figure 5.12 compares the distribution of styrene block lengths in the simulated Powder and Gel 

average chains, quantified by weight fraction of styrene units (wSty) in blocks of at least block 

length, n. Using this method, n = 1 accounts for all styrene units in the chain and corresponds to a 

wSty of 100 wt%. As n increases, the wSty in blocks of at least n decreases. A wSty of 50 wt% 

represents half the mass of styrene in the chain. For reference, the average distribution of block 

lengths in 1000 simulated random copolymer chains (Sim. R-x%) with x = 7%, 12%, and 17% 

Br-content are also included. The Sim. R-7% reveals that truly random copolymer chains with 7% 

functionalization would contain half their mass of styrene in blocks of 24 units and 1 wt% styrene 

in long blocks of at least 90 units. Compared to the distribution of block lengths in the Sim. R-7%, 

the simulated Powder P-7% and Gel CH-6% average chains contain larger mass fractions of 

styrene in long blocks of at least 10 to 32 and 39 styrene units, respectively. These data strongly 

suggest that the low Br-content Powder and Gel copolymers contain a blocky microstructure. For 

the simulated P-7% average chain, the longest blocks of consecutive styrene are 37 units. In 

contrast, the simulated Gel CH-6% chain contains much longer blocks of up to 70 units. Thus, the 

Gel CH-6% copolymer is predicted to exhibit a higher degree of blockiness compared to its Powder 

analog. Interestingly, the shorter block lengths predicted in the Powder P-7% chain also support 

that the P-7% copolymer would contain thinner crystals than observed in the low Br-content Gel 

sample, which was suggested earlier by the DSC experiments (see Figure 5.8). 

At higher Br-content, both the simulated Powder P-12% and Gel CH-17% average chains 

exhibit large mass fractions of styrene in blocks longer than that predicted for truly random chains 

of the same Br-content. This again supports that the Powder and Gel copolymers have blocky 
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microstructures. It is worth noting however that the deviation in block length distribution between 

the P-12% average chain and the average 12 mol% Br random chains (Sim. R-12%) is substantially 

less than the difference between the CH-17% and Sim. R-17% chains. Remarkably, the simulated 

CH-17% average chain contains half its mass of styrene in long blocks of at least 34 styrene units 

and a long block of 75 units, while a truly random copolymer with 17% Br-content would contain 

less than 1 wt% styrene in blocks of at least 39 units. The block length distribution in the simulated 

average chains thus strongly suggest that the Gel copolymers contain longer runs of consecutive 

styrene units than their Powder analogs and have a higher degree of blockiness along their chains.  

 
Figure 5.12. Predicted weight fraction of styrene units (wSty) in blocks of at least block length, n, versus block length 

for the simulated average chains of the (a) low Br-content and (b) high Br-content Gel and Powder copolymers and 

the average of 1000 simulated random copolymer chains of similar Br-content (Sim. R-x%). Dashed lines are shown 

to guide the eye. 

The distribution of block lengths in the simulated average chains provides further insight 

into the crystallization behavior of the empirical brominated copolymers. According to Flory’s 

theory of crystallization in copolymers,46 the probability (Pζ) that a randomly selected styrene unit 

along a chain exists in a crystallizable chain segment of at least ζ styrene units is given by 

(Equation 6), 
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𝑷𝜻 = ∑𝑷𝜻,𝒋

𝒋

= ∑
(𝒋 − 𝜻 + 𝟏) × 𝒘𝒋

𝒋

∞

𝒋=𝜻

 (6) 

where wj is the probability that a unit chosen at random is a styrene unit in a sequence of length j, 

calculated by multiplying the molar fraction of styrene units (XSty) by the fraction of styrene units 

occurring in j sequences (jSty). For this work, ζ is defined as 28 monomer units, the average number 

of styrene monomers in one crystalline stem of an sPS crystal, based on the trans-planar zigzag 

conformation of the α- and β-form crystal structures of sPS with 2 monomers per identity period 

and an average lamella thickness of 7.2 nm (c-axis dimension = 0.51 nm).47 

As shown in Figure 5.13, the probability of randomly selecting a crystallizable styrene 

monomer (i.e., a monomer within a defect-free sequence of 28 monomer units) rapidly declines in 

the simulated random copolymers from ca. 31% at 4% Br-content to below 1% at 16% Br-content. 

At approximately 7 mol% Br, the simulated Powder P-7% average chain exhibits a Pζ value of ca. 

10%, which is slightly less than that expected for a truly random copolymer with the same 

Br-content. The simulated Gel CH-6% average chain exhibits a much greater Pζ value of ca. 25%, 

that is similar to that predicted for the simulated random chains. For a better comparison, this 

analysis should be repeated using the CH-7% copolymer sample. At high Br-content, the simulated 

Powder P-12% chain predicts that 7% of styrene units exist in crystallizable segments, which is 

greater than the probability of the truly random chains and reveals the predicted blocky 

microstructure for the P-12% copolymer. 

In contrast to the predicted behavior of the Powder and random copolymer chains, the high 

Br-content Gel copolymers retain approximately 14% of their styrene monomers in crystallizable 

segments, even at 18 mol% Br. These results of the simulations are in excellent agreement with 

the rapid crystallization kinetics observed for the empirical Gel copolymers. For example, the Gel 
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CH-17% sample is capable of crystallizing with a t1/2 of 0.6 s during isothermal crystallization at 

a low supercooling of 210 °C. Thus, the consistency between the block length distributions of the 

simulated average chains and the empirical crystallization behavior validates the basis of our 

modeling method and strongly suggests that the Gel copolymers contain a higher prevalence of 

crystallizable sPS homopolymer segments than their Powder analogs. 

 
Figure 5.13. Probability (Pζ) that a randomly selected styrene unit exists in a crystallizable chain segment, ζ, of at 

least 28 styrene units for the simulated Gel and Powder average chains and the average results for 1000 simulated 

random copolymer chains. Dashed lines are included to guide the eye. 

 

This work demonstrates the bromination of sPS in the heterogeneous powder and gel states 

to produce sPS-co-sPS-Br copolymers with blocky microstructures. The purpose of this research 

was to determine the impact of heterogeneous reaction state on copolymer microstructure, degree 

of blockiness, and crystallization behavior. Morphological characterization of the heterogeneous 

reaction states provided by X-ray scattering techniques showed that the sPS powder contains a 

dense γ-form crystal phase and tightly packed polymer chains. In contrast, the 10 w/v% sPS/CHCl3 

gel exhibits a nanoporous δ-form crystal phase and is composed of loosely packed crystals that are 

tied together by a percolating network of solvent swollen amorphous chains. The heterogeneous 

0%

5%

10%

15%

20%

25%

30%

35%

0 5 10 15 20

P
ζ

(ζ
=

2
8

) 
(%

)

mol% Br

Sim. Gel

Sim. Powder

Sim. Random



249 

powder-state required long reaction times and produced copolymers with a relatively low degree 

of functionalization of up to 12 mol% Br. In contrast, using our heterogeneous gel-state 

bromination method, a copolymer with 32 mol% Br was realized in one-third of the time. When 

the brominating reagent is introduced into the heterogeneous gel network, it is excluded from the 

crystalline component and reacts with styrene monomers in the amorphous component. In the sPS 

powder, the polymer chains in the crystalline and amorphous components are packed tightly 

together. Thus, when functionalizing reagent is introduced to the dense sPS powder it is sterically 

restricted from reacting with monomers that are far removed from the particle surface and reacts 

with monomers at and near the particle surface, resulting in a limited degree of functionalization. 

Based on the microstructural analysis of the Powder and Gel copolymers provided by NMR 

spectroscopy, the sPS/CHCl3 gel produced brominated copolymers with a higher prevalence of 

styrene “blocks” of at least five consecutive styrene units and a higher degree of blockiness. At 

low Br-content, the Gel CH-7% copolymer crystallizes (Tc) and melts (Tm) at higher temperatures 

and demonstrates faster crystallization kinetics at lower supercooling relative to its Powder P-7% 

analog. Remarkably, the CH-17% copolymer exhibits similar crystallization behavior to the lower 

Br-content P-12% copolymer, demonstrating that even at high Br-content, the Gel CH-17% 

copolymer has a high degree of blockiness and few defects along its chains. Simulated average 

chains of the brominated copolymers, generated from the empirical pentad sequence distributions, 

predict that the Gel copolymers contain a higher prevalence of crystallizable sPS segments, 

consistent with the rapid crystallization kinetics of the Gel copolymers provided by DSC 

experiments. Thus, the simulated average chains appear to be representative of average chains and 

support that the gel state favorably affects the bromination reaction, producing blocky copolymers 

with fewer defects along the chains. 
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This work provides a fundamental investigation of the post-polymerization bromination of 

sPS in heterogeneous reaction states, demonstrating that the gel state is capable of producing 

blocky brominated copolymers with a higher degree of blockiness and higher functional group 

content relative to the powder state. Given the dependence of sPS/solvent gel morphology on the 

gelation solvent,24 temperature,48-50 and concentration,26,51 we anticipate that the sPS/solvent gel 

will present avenues of further investigation into controlling the degree of blockiness in sPS-based 

copolymers. This research also establishes that post-polymerization functionalization carried out 

on gel-forming semi-crystalline polymers is a facile approach to polymer design and synthesis that 

will be useful in the development of next-generation functionalized materials that would otherwise 

be inaccessible using heterogeneous powder state reaction methods. 
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 Figure S5.1 shows a polarized light micrograph of sPS particles along with a histogram 

and normal distribution of the estimated sPS particle diameters provided by ImageJ software. The 

micrograph reveals that the sPS particle sizes are irregular. In addition, some particles appear to 

be clumped together that may otherwise be separate particles if suspended in a non-solvent. The 

calculated average particle diameter is 31 ± 25 μm, based on rough estimates of the particle 

diameters and considering only particles in the range from 4−120 μm. Using this estimated average 

particle diameter, the average surface area of an sPS particle was found to be 3 ± 2×103 μm2, which 

would contain approximately 10 ± 6 billion styrene units (estimated molecular area of a styrene 

monomer = 3.16×10-7 μm2)52 or 0.004 ± 0.003% of the total styrene per particle. 

 
Figure S5.1. (a) A micrograph of sPS particles that has been analyzed using ImageJ software. The (b) histogram and 

(c) normal distribution of the estimated sPS particle diameters obtained from the ImageJ analysis. Based on particles 

with diameters in the range from 4-120 μm, the average particle diameter was 31 ± 25 μm. 

The differential scanning calorimetry (DSC) first heating trace of the sPS powder and 10 

w/v% sPS/CHCl3 gel are shown in Figure S5.2. Four heat flow events are observed in the heating 

traces, the glass transition, Tg, at around 100 °C, the δ → γ transformation that occurs just after the 
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Tg of the sPS powder and overlaps the Tg
 of the sPS/CHCl3 gel, the γ → α transformation that 

occurs at approximately 200 °C, and the melting endotherm at ca. 271 °C.53 

 
Figure S5.2. DSC first heating traces of the (left) sPS powder and (right) 10 w/v% sPS/CHCl3 gel. The gel sample 

was dried under vacuum at 70 °C for ca. 24 h prior to analysis. Heating rate = 10 °C min-1. 

Figure S5.3 shows the 1H NMR spectra of two Powder samples that were prepared by 

reacting sPS powder with Br2 for 96 h using dichloromethane (DCM) or chloroform (CHCl3) as 

the reaction solvents. Compared to the reaction carried out in DCM which produced a copolymer 

with 12 mol% Br-content, the reaction carried out in CHCl3 resulted in a copolymer with 15 mol% 

Br. These data demonstrate that the degree of functionalization is dependent upon the reaction 

solvent, and thus on the accessibility of functionalization reagent to monomer units within the sPS 

powder. 
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Figure S5.3. 1H NMR spectra of the Powder P-96H-CHCl3 and P-96H-DCM copolymers. Samples were prepared 

by reacting sPS powder with Br2 for 96 h using (top) CHCl3 and (bottom) DCM as reaction solvents. 

The quantitative 13C NMR spectra of the sPS homopolymer and the Powder and Gel 

copolymers are compared in Figure S5.4. The sharp and intense peak at approximately 145.15 

ppm is attributed to the resonance from a quaternary carbon nucleus of an un-functionalized 

styrene unit (C(1)) that exists in the center of a combination of five consecutive styrene units, i.e., 

a pentad of styrene units (sssss, where s = styrene), along a polymer chain. 

 
Figure S5.4. Quantitative 13C NMR spectra of the sPS homopolymer and the (left) Powder and (right) Gel 

copolymers increasing in degree of bromination from top to bottom. For comparison, spectra are referenced to 

TCE-d2 and normalized over 127.0−132.5 ppm. 

Figure S5.5 compares the melting temperatures, Tm, of the sPS homopolymer and the 

Powder, Gel, and Random copolymers obtained from the differential scanning calorimetry (DSC) 
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heating trace after rapid cooling from the melt at −60 °C min-1. Melting temperature is defined 

here as the first (Tm1) and second (Tm2) peak maximum of the melting endotherm that results from 

crystallites composed of un-functionalized styrene units. The Powder and Gel copolymers exhibit 

higher melting temperatures relative to the Random copolymers. Comparison of the Tm for the 

Powder and Gel copolymers reveals that the Gel samples melt at higher temperatures, which 

strongly suggests that the Gel copolymers form thicker crystallites that contain longer runs of 

consecutive styrene units relative to their Powder analogs. 

 
Figure S5.5. The (left) first melting temperature (Tm1) and (right) second melting temperature (Tm2) for the sPS 

homopolymer and the Gel, Powder, and Random copolymers after samples were cooled from the melt at −60 °C 

min-1. The melting temperature is defined here as the melting endotherm peak maximum for crystallites composed 

of un-functionalized styrene units. Dashed lines are shown to guide the eye. 

The wide-angle X-ray diffraction (WAXD) profiles of the sPS homopolymer, and the 

Powder, Gel, and Random copolymers after 2 h isothermal crystallization at 190 °C are shown in 

Figure S5.6. The crystalline reflections observed in the diffractograms of the brominated 

copolymers are consistent with the diffraction pattern of the melt-crystallized sPS homopolymer 

sample. 
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Figure S5.6. Normalized WAXD profiles of the sPS homopolymer and the (left) Powder, (center) Gel, and (right) 

Random copolymers after isothermal crystallization for 2 h at 190 °C. Diffractograms are offset for clarity.  

The long period (Lp) of the Bragg peak in the small-angle X-ray scattering (SAXS) profiles 

of the sPS homopolymer and the Powder and Gel copolymers was analyzed by assuming a linear 

two-phase model. The results of the SAXS analysis of the intercrystalline domain spacing for the 

sPS homopolymer and the Powder, Gel, and Random copolymers are summarized in Table S5.1. 

Samples were melt-crystallized for 2 h at 190 °C prior to analysis. 

Table S5.1. SAXS analysis of the intercrystalline domain spacing in the sPS homopolymer and the Powder, Gel, and 

Random copolymers after 2 h isothermal crystallization at 190 °C. 

Sample 
d spacing 

(nm
-1

) L
p
 (nm) %X

c

a l
c
 (nm)

a 
Avg. # units in a 

crystalline stem l
a
 (nm)

a 

sPS 0.389 16.2 32 5.2 20 11.0 
P-7% 0.315 19.9 33 6.6 26 13.3 

P-12% 0.320 19.6 28 5.5 22 14.1 
CH-6% 0.325 19.3 31 6.0 24 13.3 

CH-17% 0.308 20.4 25 5.1 20 15.3 
R-6% 0.337 18.7 29 5.4 21 13.3 

a
 Weight percent crystallinity calculated from the area under the melting endotherm (ΔHf) in the DSC heating trace 

(ΔHf°=79.3 J/g). 
bAverage number of styrene units in a crystalline stem, based on the lamella thickness and the planar zigzag 

conformation of sPS with 2 monomer units per identity period (c-axis dimension = 0.51 nm).45 

Simulated average chains of the Powder P-12% and Gel CH-17% copolymers, created 

through an iterative process that minimizes the difference between the pentad sequence 
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distribution of the simulated chain and the respective data from experiment, are provided in Figure 

S5.7. The simulated chains exhibit noticeably non-random distributions of Br-Sty units in a blocky 

microstructure. 

 
Figure S5.7. Simulated average chains of the (left) Powder P-12% and (right) Gel CH-17% copolymers created 

through an iterative process that minimizes the difference between the pentad sequence distribution of the simulated 

chain and the respective experimentally-determined data. Styrene units = grey circles; Br-Sty units = blue circles. 

The root-mean-square deviation (RMSD) between simulated and empirical: P-12% = 0.47%; CH-17% = 0.79%. 

  

Simulated P-12% Simulated CH-17%
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This work demonstrates the bromination of sPS in the homogeneous solution-state and 

heterogeneous gel and powder states to produce random and blocky sPS-co-sPS-Br copolymers, 

respectively. The purpose of this research was to prepare semicrystalline blocky copolymers with 

relatively high degrees of functionality using a facile post-polymerization functionalization 

method. Using our heterogeneous gel-state bromination method, a crystallizable 32 mol% Br 

copolymer was prepared in less than 6 h, demonstrating that gel-state functionalization favorably 

affects the bromination reaction to produce a blocky microstructure. In comparison, the powder-

state bromination method produced copolymers with a limited degree of functionalization of up to 

12 mol% Br and required a threefold longer reaction time than the gel-state method. In the powder-

state, the polymer chains in the crystalline and amorphous components are packed tightly together. 

Thus, when functionalizing reagent is introduced to the dense sPS powder it is sterically restricted 

from reacting with monomers that are far removed from the surface of the particle and reacts with 

monomers at and near the particle surface, resulting in a limited degree of functionalization. In 

contrast, within the heterogenous gel network brominating reagent is excluded from monomers in 

the tightly packed crystalline component and reacts with styrene monomers in the solvent swollen 

amorphous component, resulting in a high degree of functionalization in a short period of time.  

Microstructural analysis of the solution-state and heterogeneous gel- and powder-state 

brominated copolymers was provided by quantitative 13C NMR spectroscopy. This research 

reports the first high-resolution comonomer sequencing of brominated sPS copolymers. 
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BsgHMBC spectroscopy, electronic structure calculations, and simulated random copolymer 

chains were used to develop the comonomer sequencing method. Using this method, every peak 

in the quaternary carbon region of the NMR spectrum was assigned to a styrene or Br-Sty unit in 

the center of a unique combination of five monomer units, i.e., a pentad sequence along the chain. 

Through this microstructural analysis, the heterogeneous reaction states have been proven to 

produce copolymers with block-like character relative to their solution-state random analogs. In 

addition, gel-state bromination produces copolymers with a higher degree of blockiness and a 

higher prevalence of styrene “blocks” of at least five consecutive styrene units compared to the 

powder-state reaction method. 

Morphological characterization of quenched films of the gel-state functionalized 

copolymers provided by USAXS/SAXS, support that distinct segments of pure sPS and randomly 

brominated sPS in the gel-state blocky copolymers are capable of producing a micro-phase 

separated morphology that is attributed to thermodynamic immiscibility. Thus, the blockiness 

originating from the gel-state functionalization method is sufficient to drive phase development 

that is somewhat reminiscent of conventional block copolymer phase behavior. The gel-state 

copolymers also demonstrate superior crystallizability and faster crystallization kinetics at lower 

supercooling compared to their solution-state random analogs. The microstructure of simulated 

chains with random and blocky copolymers, affirm that restricting access of the functionalizing 

reagent to monomers well removed from the crystalline fraction of the gel network, produces 

copolymers with a greater prevalence of crystallizable sPS segments, which is advantageous for 

preserving desired crystallizability of the resulting blocky copolymers. 

This work further aimed to develop a structure-property relationship between the 

sPS/solvent gel morphology and the gel-state blocky brominated copolymers. Gels of 
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crystallizable homopolymers are composed of tightly packed chain segments in lamellar 

crystallites that act as physical cross-links bound together by a percolating network of solvent 

swollen amorphous chains. Morphological characterization of a 10 w/v% sPS/CHCl3
 gel and a 10 

w/v% sPS/CCl4 gel provided by X-ray scattering techniques, demonstrated that the sPS/CHCl3 gel 

contains randomly dispersed and unoriented crystallites that are loosely bound together by the 

percolating network of amorphous chain segments. The sPS/CCl4 gel morphology is more 

complex, consisting of polymer-rich regions that contain clusters of unoriented crystallites and 

amorphous tie chains, and polymer-poor regions comprised of the percolating network of 

amorphous chain segments, which link the crystallite clusters together. Microstructural analysis of 

the gel-state brominated copolymers revealed that the sPS/CHCl3 gel produces brominated 

copolymers with a higher prevalence of styrene “blocks” of at least five consecutive styrene units 

and a higher degree of blockiness. The copolymers derived from the sPS/CHCl3 gel also exhibited 

superior crystallizability during conditions of rapid cooling and faster crystallization kinetics at 

lower supercooling compared to their sPS/CCl4 copolymer analogs. Remarkably, the 10 w/v% 

sPS/CHCl3 gel produced a crystallizable 32 mol% Br copolymer that contained distinct sequences 

of styrene units and Br-Sty units in segments of significant length that allowed for crystallization 

during dynamic cooling conditions, demonstrating that the sPS/CHCl3 gel morphology favorably 

affected the bromination reaction to produce copolymers with fewer defects along the chains in a 

multiblock-like microstructure. In contrast, the more complex sPS/CCl4 gel morphology appears 

to produce copolymers that contain a gradient-like blocky microstructure in which indiscrete 

boundaries exist between un-functionalized styrene “blocks” and randomly functionalized 

“blocks.” The presence of large micro-phase domains in the quenched film of a 17 mol% Br 

sPS/CHCl3 copolymer characterized by USAXS/SAXS experiments, also supports that the 
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sPS/CHCl3 gel is capable of producing copolymers with a high degree of blockiness in a 

multiblock-like microstructure. 

To help rationalize the effect of the sPS/solvent gel morphology on the copolymer 

microstructure and crystallization behavior, simulated chains of the sPS/CCl4 and sPS/CHCl3 

copolymer microstructures were developed. A systematic investigation of the inaccessible block 

lengths in the simulated blocky chains predicted that the sPS/CHCl3 copolymers contain long 

blocks of un-functionalized styrene units and a low degree of variability in the way Br-Sty groups 

are distributed along the chains. This finding is in excellent agreement with the results obtained 

from the microstructural analysis, crystallization behavior experiments, and morphological 

characterization, and supports that the sPS/CHCl3 copolymers contain a multiblock-like 

microstructure. For the simulated sPS/CCl4 blocky copolymer microstructures, the systematic 

investigation predicts that the sPS/CCl4 copolymers contain a higher degree of variability in the 

way Br-Sty groups are distributed along the chains, which again supports the gradient-like blocky 

microstructure suggested by the empirical results. Thus, these simulations strongly suggest that 

the sPS/solvent gel morphology produces copolymers with tailored comonomer sequence 

distributions. 

Simulated average chains of the sPS/CCl4 and sPS/CHCl3 copolymers created from the 

empirical pentad sequence distributions, predict that long blocks of consecutive styrene units of at 

least 38 and 46 styrene units, respectively, exist along the chains, in excellent agreement with the 

estimated number of styrene units in a crystalline stem within the sPS/solvent gel networks. These 

results provide strong evidence that the long blocks of un-functionalized styrene units in the gel-

state brominated copolymers originate from the crystalline stems within the crystalline lamellae of 

the gel network. 
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This work provides a fundamental investigation of the post-polymerization bromination of 

sPS, demonstrating that blocky brominated copolymers can be prepared using a straightforward 

physical method of post-polymerization functionalization in the heterogeneous gel state. 

Furthermore, the gel state was found to produce blocky copolymers with higher degrees of 

blockiness and higher functional group content than the powder state. Perhaps the most noteworthy 

contribution of this research is that it demonstrates that blocky copolymers with tailored chain 

sequences, degrees of blockiness, and crystallization behaviors can be prepared using the gel-state 

method by simply changing the sPS/solvent gel morphology. Given the dependence of sPS/solvent 

gel morphology on gelation temperature1-3 and polymer concentration,4,5 we anticipate that the 

sPS/solvent gel will present avenues of further investigation into controlling the degree of 

blockiness in sPS-based copolymers. The broader impact of this research is that it clearly 

establishes gel-state functionalization as a physical approach to the controlled synthesis of blocky 

copolymers with tailored microstructures, which was previously believed to be restricted to pure 

synthetic chemistry. This facile gel-state approach to polymer design and synthesis will be useful 

in the development of next-generation functionalized materials. As an advancement to the manner 

in which micro-phase separated structures are created, these tailored materials will greatly enhance 

the convenience of block copolymers for a wide variety of applications including structural and 

biomechanical materials, and polymeric membranes for energy conversion and water purification 

systems. 
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6.2.1. Tuning copolymer properties by changing the sPS/solvent gel polymer concentration 

This dissertation work has proven that blocky brominated sPS copolymers can be prepared 

with tailored microstructures and tunable crystallization behaviors simply by changing the sPS 

gelation solvent. While this finding is relevant for sPS, few other semicrystalline polymers are 

capable of forming semicrystalline thermoreversible gels in a broad range of solvents.6,7 Given the 

ability to control the morphology of the semicrystalline gel network by changing the polymer 

concentration,4,5,8 copolymers should be prepared from an sPS/solvent gel system using a broad 

range of polymer concentrations in order to develop a deeper understanding of the relationship 

between gel morphology and copolymer microstructure, degree of blockiness, and crystallization 

behavior. 

The sPS/solvent gel morphology can be probed using USAXS/SAXS techniques. Figure 

6.1 shows the USAXS/SAXS profiles for a series of sPS/CHCl3 and sPS/1,2,4-trichlorobenzene 

(TCB) gels ranging in polymer concentration from 5.0−15.0 w/v%. These data were recorded at 

the Advanced Photon Source beamline 9ID-C at Argonne National Laboratory. The 

USAXS/SAXS profiles of the sPS/CHCl3 gels exhibit a scattering feature in the range from 0.1 

nm-1 < q < 1 nm-1 that is attributed to intercrystalline scattering. This feature increases slightly in 

intensity with increasing polymer concentration, which may indicate greater ordering between 

crystallites at higher polymer concentrations. The USAXS/SAXS profiles of the sPS/TCB gels 

exhibit two scattering features, a high q scattering feature from 0.2 nm-1 < q < 1 nm-1 and a low q 

scattering feature from 0.01−0.2 nm-1. The high q scattering feature is consistent with the scattering 

present in the sPS/CHCl3 gels from intercrystalline scattering. The low q scattering feature is 

similar to that observed in the 10 w/v% sPS/CCl4 gel and is attributed to clusters of crystallites 
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that are randomly dispersed by solvent swollen amorphous chains (see Figure 4.3). This low q 

feature becomes more prominent at high polymer content, suggestive of greater ordering between 

the crystallite clusters. Given the more distinct changes in the gel morphology of the sPS/TCB gel 

series, it appears that the sPS/TCB gels would provide valuable insight into the effect of polymer 

concentration on copolymer microstructure and properties.  

 
Figure 6.1. USAXS/SAXS profiles for a series of (left) sPS/CHCl3 and (right) sPS/TCB gels increasing in polymer 

concentration from bottom to top. Profiles are offset for clarity. The arrows indicate the excess scattering features. 

6.2.2. Polymorphism and mechanical properties of blocky brominated sPS copolymers 

In Chapter 4, low Br-content copolymers prepared from sPS/CCl4 and sPS/CHCl3 gels 

were shown to exhibit different crystallization behavior and polymorphism. After isothermal 

crystallization experiments at temperatures below the melting temperature, the sPS/CHCl3 CH-6% 

copolymer exhibited a larger fraction of the thermodynamically favored β-form of sPS relative to 

the sPS/CCl4 CaT-6% copolymer. This difference was believed to stem from the primary 

copolymer microstructure inherited from the sPS/solvent gel morphology during the post-

polymerization bromination reaction. The sPS/CHCl3 gel morphology appears to favorably affect 

the bromination reaction to produce copolymers with fewer defects along the chains that allows 

for crystallizable segments to organize and re-organize from the melt during isothermal conditions. 
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To obtain deeper insight into the effect of the copolymer primary microstructure on copolymer 

crystallization behavior, future work should include tensile testing of melt-crystallized films of the 

low-Br content sPS/CCl4 and sPS/CHCl3 copolymers using dynamic mechanical analysis. 

Krishnaswamy et al.9 reported the tensile properties of blends of short and long chain high-density 

polyethylene (HDPE) with short-chain branches and found that the short-chain branched long 

chain HDPE contained a larger fraction of interlamellar tie-chains that prevented the polymer from 

deforming to high strains and allowed the polymer to carry greater stresses. Interlamellar tie chains 

are expected to be more prominent in the sPS/CCl4 copolymers, based on the large fraction of the 

α-form polymorph in which loosely looped polymer chains have been reported.10 The crystal 

growth during isothermal crystallization in the gel-state functionalized copolymers should also be 

investigated using polarized light microscopy. 

6.2.3. Blocky alkylation via post-polymerization functionalization in the gel-state  

As introduced in Chapter 2, this research lays the groundwork to synthesize other 

sPS-based blocky copolymers with useful functionalities through substitution of the labile bromine 

functional groups.11-13 For example, to investigate the effect of functional group distribution on 

self-assembly, a H-bonding side chain could be installed on the styrene phenyl ring through a 

palladium catalyzed Suzuki-Miyaura cross-coupling reaction using a functionalized phenylboronic 

acid.11 The blocky copolymer microstructure can also be used as a template for further reactions, 

such as sulfonation of the brominated sPS copolymer using sulfuric acid to realize an amphiphilic 

blocky ionomer.14,15 This researcher is however, interested in another functionalization reaction 

that would produce a copolymer with an alkyl halide side chain instead of an aryl halide functional 

group, without the use of a transition metal catalyst. The method shown in Scheme 6.1, has been 

reported by Jeon and co-workers16 for sPS and proceeds by a Friedel-Crafts reaction between the 
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styrene phenyl ring and a bromoalkylated tertiary alcohol using triflic acid as a superacid catalyst. 

Using this approach, a labile primary halide is installed pendant to the polymer backbone. As will 

be discussed in Appendix C, nucleophilic substitution of the halide with an amine functional group 

would allow for covalent attachment of a ruthenium(II)-polypyridyl chromophore to a blocky 

brominated sPS copolymer for the purpose of investigating the effect of proximity on the 

chromophore’s energy and electron transfer properties. The polymer support also provides a means 

to remove the chromophore from a solvent in order to investigate the chromophore stability after 

ultraviolet and visible light exposure. 

Scheme 6.1. Bromoalkylation of sPS using a superacid catalyst. 
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Prior to characterization, all brominated syndiotactic polystyrene (sPS-co-sPS-Br) 

copolymer samples were purified by dissolving in 1,1,2,2-tetrachloroethane (TCE) at reflux, 

filtering hot to remove catalyst impurities, and precipitating by slow pouring into stirring methanol. 

Samples were ground into homogenous powders, washed by soxhlet extraction in hot methanol 

for ca. 24 h., and dried under vacuum at 70-110 °C for ca. 18 h. Gels were prepared in round 

bottom flasks in an oil bath to ensure uniform heating and complete dissolution. To prepare a 10 

w/v% sPS/carbon tetrachloride (CCl4) gel for analysis by ultra-small-angle X-ray scattering 

(USAXS) and small-angle X-ray scattering (SAXS) experiments, a thin-walled NMR tube was 

suspended within a pressure vessel in order to collect the warm solution prior to gelation, 

demonstrated in Figure A.1. After dissolution, the NMR tube was dipped into the solution using 

an external magnet and removed from heat to promote gelation. After the pressure vessel cooled 

to room temperature the tube was removed and sealed with heat to prevent solvent evaporation. 
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Figure A.1. Pictures demonstrating the preparation of a 10 w/v% sPS/CCl4 gel inside of a pressure vessel. (a) The 

NMR tube is suspended in the pressure vessel (b) dipped into the solution (c) and removed from heat to promote 

gelation. (d) The tube is sealed with heat to prevent solvent evaporation. 

 

A.2.1. Thermogravimetric analysis 

Thermogravimetric analysis (TGA) experiments were conducted using a TA Instruments 

TGA Q500 thermogravimetric analyzer. The sample mass ranged from 4-7 mg. Samples were 

heated from room temperature up to 600 °C at 10 °C min-1 under continuous nitrogen flow. 

A.2.2. High temperature gel permeation chromatography 

High temperature gel permeation chromatography (HT GPC) experiments were conducted 

using an Agilent 1260 Infinity II Multi-detector GPC/SEC system equipped with four detectors: 

refractive index, viscometry, and light scattering at 15° and 90°. Samples were prepared at 

approximately 0.2 w/v% by dissolving in 1,2,4-trichlorobenzene at elevated temperature with 

perturbation. The general instrument and sample parameters are provided in Table A.1. 

(a)

(b)

(c)

(d)
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Table A.1. Parameters for high temperature gel permeation chromatography experiments. 

Sample 

Information 

Injection number 1 

Injection volume (µL) 100 

Concentration (mg/mL) 2 

dn/dc (mL/g) 0.1 

UV extinction coefficient [(mg/mL)-¹][cm-¹] 1 

Mp (g/mol) 100000 

IV (dL/g) 0.5 

Mark-Houwink K ((10e-5) dL/g) 14.1 

Mark-Houwink Alpha 0.7 

Sample 

Instrument 

Conditions 

Eluent 1,2,4-trichlorobenzene 

Eluent refractive index 1 

Set flow rate (mL/min) 1 

LS wavelength (nm) 650 

Laser power (%) 0 

Set detector temperature (°C) 0 

Actual detector temperature (°C) 0 

Actual flow rate (mL/min) 0 

Sample Collection 

Parameters 

Number of channels 4 

Run length (mins) 45.01666667 

Delay time (secs) 0 

Sampling interval (secs) 1 

Number of data points 2701 

Sample DLS 

Parameters 

Eluent refractive index 1 

Eluent viscosity (P) 0.0089 

DLS correlator run time (secs) 5 

DLS Clip Time (µs) 100 

DLS R² 0.4 

Sample Channel 

Information 

Detector type Detector units 

RI mV 

LS 15° mV 

LS 90° mV 

VS DP mV 
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A.2.3. Differential scanning calorimetry 

A.2.3.1. Materials, instrumentation, and sample preparation 

Tzero aluminum pans and lids were purchased from TA Instruments. Differential scanning 

calorimetry (DSC) experiments were carried out using a TA Instruments DSC Q2000 under 

continuous nitrogen flow. The sample mass for copolymer thermal transition experiments ranged 

from 5-10 mg. For the crystallization kinetics experiments, the mass of each sample ranged from 

8-14 mg. 

A.2.3.2. DSC methods 

Table A.2 shows the general method log to investigate the crystallizability and crystallinity 

of an sPS homopolymer and the brominated sPS copolymers. During method development, an 

initial annealing step at 140 °C was found to improve the overall reproducibility of the 

experiments, possibly by removing residual solvent from the sample. For the Blocky copolymers 

with at least 29 mol% Br, the annealing temperature was increased to 320 °C. 
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Table A.2. General method log for the differential scanning calorimetry thermal transitions experiments. 

1: Ramp 20.00°C/min to 140.00°C 21: Equilibrate at 0.00°C 

2: Equilibrate at 140.00°C 22: Mark end of cycle 0 

3: Isothermal for 3.00 min 23: Ramp 10.00°C/min to 300.00°C 

4: Ramp 60.00°C/min to 40.00°C 24: Mark end of cycle 0 

5: Equilibrate at 40.00°C 25: Isothermal for 5.00 min 

6: Data storage: On 26: Mark end of cycle 0 

7: Ramp 10.00°C/min to 300.00°C 27: Ramp 60.00°C/min to 190.00°C 

8: Mark end of cycle 0 28: Isothermal for 120.00 min 

9: Isothermal for 3.00 min 29: Mark end of cycle 0 

10: Mark end of cycle 0 30: Ramp 60.00°C/min to 120.00°C 

11: Ramp 60.00°C/min to 0.00°C 31: Equilibrate at 120.00°C 

12: Mark end of cycle 0 32: Mark end of cycle 0 

13: Equilibrate at 0.00°C 33: Ramp 10.00°C/min to 300.00°C 

14: Mark end of cycle 0 34: Mark end of cycle 0 

15: Ramp 10.00°C/min to 300.00°C 35: Data storage: Off 

16: Mark end of cycle 0 36: End of method 

17: Isothermal for 3.00 min  

18: Mark end of cycle 0  

19: Ramp 10.00°C/min to 0.00°C  

20: Mark end of cycle 0  
 

 

Table A.3 shows the general method log to investigate the isothermal crystallization 

kinetics of the brominated sPS copolymers. For each sample, the crystallization temperatures and 

times were initially determined based on the anticipated copolymer microstructure and degree of 

functionalization. For the Blocky copolymers with at least 29 mol% Br, the annealing temperature 

was increased to at least 320 °C.  
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Table A.3. General method log for the differential scanning calorimetry crystallization kinetics experiments. 

1: Ramp 20.00°C/min to 140.00°C 

2: Equilibrate at 140.00°C 

3: Isothermal for 3.00 min 

4: Ramp 60.00°C/min to 40.00°C 

5: Equilibrate at 40.00°C 

6: Data storage: On 

7: Ramp 20.00°C/min to 300.00°C 

8: Mark end of cycle 0 

9: Equilibrate at 300.00°C 

10: Isothermal for 5.00 min 

11: Mark end of cycle 0 

12: Ramp 60.00°C/min to 195.00°C 

13: Isothermal for 15.00 min 

14: Mark end of cycle 0 

15: Ramp 60.00°C/min to 0.00°C 

16: Equilibrate at 0.00°C 

17: Isothermal for 5.00 min 

18: Mark end of cycle 0 

…Repeat steps 7-18 at various crystallization temperatures and times (steps 12-13) 

90: Mark end of cycle 0 

91: Data storage: Off 

92: End of method 
 

  

The isothermal crystallization profiles (heat flow versus time) were analyzed using TA 

Instruments Universal Analysis software to ascertain crystallization half-times. An example of the 

method used to integrate the crystallization exotherm is shown in Figure A.2. First, the 

crystallization profile was zoomed in around the exothermic event to ensure the consistency in 

choosing the minimum and maximum times. The minimum was selected as the time at which the 

heat flow initially decreased. The maximum selected was the latest time before the linear peak 

integration would cross over the heat flow curve. The exothermic event was integrated using a 

running integral in area percent mode. 
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Figure A.2. DSC isothermal crystallization trace showing the method used to integrate the crystallization exotherm. 

A.2.4. Wide-angle X-ray diffraction 

Melt-crystallized samples were prepared for characterization by wide-angle X-ray 

diffraction (WAXD) experiments using the DSC instrument. Samples should be crushed into a 

homogeneous powder prior to analysis. WAXD experiments were performed using a Rigaku 

MiniFlex II X-ray diffractometer emitting X-rays with a wavelength of 0.154 nm (Cu Kα). Samples 

were scanned from 5° to 40° 2θ at a scan rate of 0.250° 2θ min−1 and a sampling window of 0.050° 

2θ at a potential of 30 kV and a current of 15 mA. The WAXD data was analyzed using the PDXL 

2 software package to obtain WAXD intensity versus 2θ profiles. 

A.2.5. Nuclear magnetic resonance spectroscopy 

A.2.5.1. Materials 

Deuterated chloroform (CDCl3) was purchased from Cambridge Isotope Laboratories, Inc. 

1,1,2,2-tetrachloroethane-d2 (TCE-d2) was obtained from Sigma Aldrich®. NMR samples were 

prepared in 5 mm outer diameter, thin-walled (0.43 mm) 7” NMR sample tubes (class B glass) 

purchased from Wilmad-LabGlass. 
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A.2.5.2. One-dimensional NMR experiment methods  

Quantitative 1H NMR experiments were recorded at room temperature in CDCl3 on an 

Agilent U4-DD2 400 MHz spectrometer using the parameters summarized in Table A.4. 

Mestrelab Research’s MestReNova software was used to process the NMR spectra. All spectra 

were phase corrected using the automatic phase correction option, baseline corrected using the 

Bernstein Polynomial Fit method (polynomial order = 3), and referenced to CDCl3 (chemical shift 

= 7.260 ppm). To prepare a sample for 1H NMR, ca. 10 mg of sample was dissolved in 610 μL 

CDCl3 with stirring in a one-dram vial at ca. 50 °C and transferred by pipet to an NMR sample 

tube.  

Table A.4. Quantitative 1H NMR experiment parameters. 

Parameter Value 

Pulse Sequence s2pul 

Experiment 1D 

Number of Scans 64 

Receiver Gain 44 dB 

Relaxation Delay 5 s 

Pulse Width 1.6622 μs 

Acquisition Time 2.5559 s 

Spectrometer Frequency 399.87 MHz 

Spectral Width 6410.3 Hz 

Lowest Frequency -796.3 Hz 

Nucleus 1H 
 

 

 Samples were prepared for 13C NMR, by dissolving about ca. 50 mg of sample in 530 uL 

TCE-d2 with stirring in a one-dram vial at ca. 100 °C and transferred by pipet to an NMR sample 

tube. Quantitative 13C NMR experiments were recorded at room temperature in TCE-d2 on a 

Bruker Avance II 500 MHz NMR spectrometer equipped with an LN2 prodigy cryogenic BBO 

probe using the parameters summarized in Table A.5. Mestrelab Research’s MestReNova 

software was used to process the NMR spectra. All spectra were phase corrected using the 
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automatic phase correction option, baseline corrected using the Whittaker Smoother method with 

a Filter of 17.21 Hz and autodetected Smooth Factor, and referenced to TCE-d2 (chemical shift = 

73.780 ppm). 

Table A.5. Quantitative 13C NMR experiment parameters 

Parameter Value 

Pulse Sequence 

zgig30 
Inverse-gated decoupling 

experiment that provides a 

decoupled spectrum without NOE 

Parameter Set C13IG 

Experiment 1D 

Number of Scans 7680 

Receiver Gain 215.1 

Relaxation Delay 6 s 

Pulse Width 11 μs 

Acquisition Time 1.7433 s 

Spectrometer Frequency 125.78 MHz 

Spectral Width 18797 Hz (150 ppm) 

Lowest Frequency 3266.9 

Transmitter Frequency Offset (O1P) 95 ppm 

Nucleus 13C 
 

A.2.5.3. Two-dimensional NMR experiment methods 

For all two-dimensional NMR experiments, the NMR spectra were processed using 

Mestrelab Research’s MestReNova software. All spectra were phase corrected using the automatic 

phase correction option, baseline corrected using the Bernstein Polynomial Fit method 

(polynomial order = 3), and referenced to the appropriate solvent. Manual phase correction and 

the graphic reference option were performed as required. Samples were prepared for the two-

dimensional homonuclear gradient double quantum filtered correlation spectroscopy (gDQCOSY) 

experiments by dissolving ca. 10 mg of sample in 610 μL solvent with stirring in a one-dram vial 

at ca. 50 °C, followed by transferring by pipet to an NMR sample tube. The gDQCOSY 



282 

experiments were recorded in either CDCl3 or TCE-d2 on an Agilent U4-DD2 400 MHz 

spectrometer using the parameters summarized in Table A.6.  

Table A.6. gDQCOSY experiment parameters. 

Parameter Value 

Pulse Sequence gDQCOSY 

Experiment DQF-COSY 

Number of Scans 8 

Receiver Gain 40 dB 

Relaxation Delay 1 s 

Pulse Width 6.8 μs 

Acquisition Time 0.5636 s 

Spectrometer Frequency 399.87 MHz, 399.87 MHz 

Spectral Width 3633.7 Hz 3633.7 Hz 

Lowest Frequency -402.0 Hz, -389.9 Hz 

Nucleus 1H, 1H 
 

 

Samples were prepared for the two-dimensional heteronuclear NMR experiments by 

dissolving about ca. 50 mg of sample in 530 uL TCE-d2 with stirring in a one-dram vial at ca. 100 

°C and transferred by pipet to an NMR sample tube. Gradient heteronuclear single quantum 

coherence (gHSQC) recorded at room temperature in TCE-d2 on an Agilent U4-DD2 400 MHz 

spectrometer using the parameters summarized in  
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Table A.7. Parameters for the gHSQC experiments. 

Parameter Value 

Pulse Sequence gHSQCAD 

Experiment HSQC-EDITED 

Number of Scans 8 

Receiver Gain 24 dB 

Relaxation Delay 1 s 

Pulse Width 6.8 μs 

Acquisition Time 0.1597 s 

Spectrometer Frequency 399.87 MHz, 100.56 MHz 

Spectral Width 6410.3 Hz, 20110.6 Hz 

Lowest Frequency -1300.2 Hz, -1747.3 Hz 

Nucleus 1H, 13C 
 

 

Band-selective gradient heteronuclear multiple bond correlation (bsgHMBC) were recorded at 

room temperature in TCE-d2 on an Agilent U4-DD2 400 MHz spectrometer using the parameters 

summarized in Table A.8. 

Table A.8. Parameters for the bsgHMBC experiments. 

Parameter Value 

Pulse Sequence bsgHMBC 

Experiment Unknown 

Number of Scans 32 

Receiver Gain 24 dB 

Relaxation Delay 1 s 

Pulse Width 6.8 μs 

Acquisition Time 0.1597 s 

Spectrometer Frequency 399.87 MHz, 100.56 MHz 

Spectral Width 6410.3 Hz, 4021.9 Hz 

Lowest Frequency -1304.4 Hz, 10903.0 Hz 

Nucleus 1H, 13C 
 



284 

 

 

This Appendix includes experiments, results, and discussions related to the brominated 

syndiotactic polystyrene (sPS-co-sPS-Br) copolymers that were not otherwise discussed in 

Chapters 3-6. These experiments investigate the stability and homogeneity of the gel-state 

(Blocky) brominated copolymers prepared from a 10 w/v% sPS/carbon tetrachloride (CCl4) gel 

(CaT-x%, where x = 6, 15, 21, and 29) or a 10 w/v% sPS/chloroform (CHCl3) gel (CH-x%, where 

x = 6, 17, 19, and 32). For an explanation of the bromination reaction conditions see Chapter 2. 

 

The molecular weight and polydispersity of the brominated copolymers was investigate 

using high temperature gel permeation chromatography (HT GPC) conducted on an Agilent 1260 

Infinity II Multi-detector GPC/SEC system equipped with four detectors: refractive index, 

viscometry, and light scattering at 15° and 90°. Prior to analysis, samples were prepared at 

approximately 0.2 w/v% by dissolving in 1,2,4-trichlorobenzene at elevated temperature with 

perturbation. A calibration curve was constructed using nine polystyrene standards ranging in 

molecular weight (Mp) from 1,440−3,187,000 g mol-1. The calibration curve is provided in Figure 

B.1, along with the molecular weight at peak maximum (Mp) and polydispersity index (PDI) results 

for the sPS homopolymer and the brominated copolymers. The sPS homopolymer exhibited an Mp 

value of close to 400,000 g mol-1 and a PDI value of 2.5, as anticipated based on the sample 

specifications provided by Dow Chemical Company. In general, the Mp values of the Blocky 
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sPS/CCl4 and sPS/CHCl3 and the solution-state (Random) copolymers were smaller than that of 

the pure sPS homopolymer, ca. 335,000−365,000 g mol-1, and the PDI values were in the range 

from 2−3. While the decrease in Mp is unexpected and suggests that post-polymerization 

bromination resulted in chain degradation, which is consistent with the observations of Shin and 

co-workers,1 there was no evidence of a second population of lower molecular weight polymer 

eluting from the GPC column at longer time. It is worth noting that when these data were being 

collected there were several issues with the HT GPC instrument. For each sample, the detector 

response was less than 100 mV and typically around 20 mV. In addition, the light scattering and 

viscometry detectors were unreliable. We recommend reanalyzing these samples in the future 

using another HT GPC instrument. 

 
Figure B.1. Results from the HT-GPC analysis for the sPS homopolymer and the gel-state Blocky sPS/CCl4 and 

sPS/CHCl3 and solution-state Random copolymers. (a) Molecular weight of the peak maximum (Mp) and (b) 

polydispersity index (PDI) with respect to Br-content, and (c) the calibration curve prepared using polystyrene (PS) 

standards. The molecular weight of the standards is included in the sample name. 

Thermogravimetric analysis (TGA) was used to investigate the thermal stability of the 

brominated copolymers in inert atmospheric conditions. TGA experiments were recorded on a TA 

Instruments TGA Q500 thermogravimetric analyzer with a heating profile from room temperature 

up to 600 °C at 10 °C min-1 under continuous nitrogen flow. The TGA results and decomposition 

temperatures at a weight loss of 5 wt% (Td,5%) for the sPS homopolymer and the Random and 
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Blocky sPS/CCl4 copolymers are reported in Figure B.2. The pure sPS homopolymer and 

brominated copolymers exhibit single stage decomposition profiles. All of the samples decompose 

between 350−400 °C. In addition, the Td,5% values are similar for all samples and do not show a 

trend with respect to degree of bromination, as expected based on the similar decomposition 

temperatures reported for sPS and brominated sPS copolymers in the literature.2,3 For the Random 

R-6% sample, a slightly higher Td,5% was observed relative to the other samples and this sample 

did not decompose fully, which suggests that R-6% contained a thermally stable contaminant. 

Thus, the purification process appears to be very important to the polymer thermal stability. 

 
Figure B.2. Thermogravimetric analysis of the sPS homopolymer and the Random and Blocky copolymers. (a) 

Weight percent versus temperature (Inset: weight percent at temperatures close to the decomposition temperature) 

(b) decomposition temperature at a weight loss of 5 wt% (Td,5%) with respect to Br-content.  

The nuclear magnetic resonance (NMR) spectrum provides an overall average of the 

copolymer microstructure, i.e., the distribution of short-range comonomer sequences along the 

polymer chains; however, NMR cannot be used to distinguish between heterogeneities along or 

among polymer chains.4 Consequently, a mixture of pure sPS and a highly brominated sPS 

copolymer that contains an overall Br-content similar to that of a brominated copolymer sample 

would exhibit the same NMR spectrum as the brominated copolymer sample if their overall 

microstructures were also the same. To investigate the copolymer microstructure of the Blocky 
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copolymers, a mixture of pure sPS and a 47 mol% Br random copolymer, R-47%, was prepared 

with a total Br-content of 25 mol%, designated as M-25%. Figure B.3 shows the 1H NMR 

spectrum of random R-47%, the mixture M-25%, the sPS homopolymer, and the Blocky CaT-29% 

and Random R-31% copolymers. The spectrum of the sPS homopolymer contains four sharp and 

intense peaks from the methylene, methine, and aromatic protons. Compared to pure sPS, the 

brominated sPS copolymers exhibit new proton resonances at 1.23, 1.55−1.75, 6.27−6.38, and 

7.11−7.22 ppm, corresponding to the methylene (H(b′)) and methine (H(a′)) protons, and the 

aromatic protons (H(2′) and H(3′)) of brominated styrene (Br-Sty) monomers, respectively. In the 

aliphatic region of the R-47% NMR spectrum, two distinct broad peaks are present in the range 

from 1.55−1.75 ppm, demonstrating that Br-Sty units exist in two distinct environments along the 

chain. Based on the anticipated high prevalence of Br-Sty dyads (BB) and triads (BBB) in the 

R-47% copolymer, the peak at ca. 1.70 ppm is assigned to a Br-Sty unit with one Br-Sty neighbor 

(H(a1′)) and the peak at ca. 1.60 ppm is assigned to a Br-Sty unit with two Br-Sty neighbors 

(H(aʹ2)). Remarkably, the H(a1′) and H(a2′) peaks in the mixture M-25% and Blocky CaT-29% 

copolymer are similar in intensity. In addition, both the M-25% and CaT-29% samples contain 

sharp proton resonances similar to that of pure sPS and indicative of a high prevalence of styrene 

triads (SSS). In contrast, the Random R-31% sample contains broad un-brominated styrene 

resonances, consistent with a low prevalence of pure homopolymer segments, as expected for a 

random copolymer. It is worth noting here that multiple NMR samples of the same brominated 

copolymers were found to produce consistent spectra, ruling out heterogeneities as a possible 

source of the disparities between the samples. Thus, these results strongly suggest that the Blocky 

CaT-29% copolymer has a similar copolymer microstructure to that of the M-25% mixture. The 
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homogeneity of the CaT-29% copolymer chains, however cannot be determined based on the 

NMR spectrum.  

 
Figure B.3. 1H NMR spectra of the sPS homopolymer and the Blocky CaT-29%, Random R-31% and R-47%, and 

a mixture of samples R-47% and sPS, denoted as M-25%. For comparison, spectra are referenced to CDCl3 and 

normalized over 6.25−6.65 ppm. The asterisks (*) indicate solvent resonances. 

 To investigate the homogeneity of the Blocky CaT-29% copolymer, the thermal properties 

of the brominated copolymers and the mixture M-25% were analyzed using differential scanning 

calorimetry (DSC). The M-25% sample was prepared from a solution of the R-47% copolymer 

and the sPS homopolymer by drying in air followed by drying under vacuum to remove the solvent. 

DSC thermograms of the sPS homopolymer, Blocky CaT-29% and Random R-31% copolymers, 

and the mixture M-25% after slow cooling from the melt (300 °C) to 0 °C at −10 °C min-1 are 

compared in Figure B.4. The heating trace of pure sPS displays two endothermic events, the glass 

transition at 100 °C and an intense melting endotherm at 272 °C. At 31 mol% Br, the Random 

R-31% copolymer does not crystallize under the thermal conditions of the experiment, as expected 

for a brominated sPS copolymer with a high Br-content. Bromine groups act as physical defects 

along the polymer chains, limiting the copolymer crystallizability. Remarkably, the Blocky 

CaT-29% copolymer exhibits cold crystallization, Tc, at ca. 165 °C, followed by a low temperature 
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melting endotherm, Tm, at ca. 208 °C, attributed to the melting of crystallites composed of pure 

sPS segments. The depression in Tm is a consequence of shorter crystallizable chain segments and 

thus thinner crystallites. The mixture M-25% displays one Tm at 272 °C, in excellent agreement 

with pure sPS. The absence of a second melting endotherm in the M-25% heating trace 

demonstrates that the brominated copolymer component of the mixture was unable to crystallize 

upon slow cooling and subsequent heating. In addition, the ability of the pure sPS component to 

form thick crystallites was unaffected by the presence of the brominated copolymer component. 

These data strongly suggest that the Blocky CaT-29% copolymer is a homogeneous mixture of 

brominated copolymer chains with long segments of un-functionalized styrene “blocks” and 

segments of randomly functionalized “blocks” in a blocky microstructure. While the results are 

not expected to change, it would be worth reanalyzing the mixture in the future, beginning with 

the preparation of a new sample. 

 
Figure B.4. DSC heating traces of the sPS homopolymer, the Blocky CaT-29% and Random R-31% copolymers 

and a mixture of a random R-47% copolymer and pure sPS, denoted as M-25% after slow cooling from the melt 

(300 °C) at −10 °C min-1. Heating rate: 10 °C min-1. 

 The crystallizability of Br-Sty segments in the Blocky CaT-29% and CH-32% copolymers 

was investigated by preparing a highly brominated random copolymer using the solution state 
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bromination method described in Chapter 2. The random copolymer, designated as R-93%, 

contained 93 mol% p-bromostyrene units, calculated from the 1H NMR spectrum shown in Figure 

B.5 

 
Figure B.5. 1H NMR spectrum of a highly brominated random copolymer, designated as R-93%. 

The asterisks (*) indicate solvent resonances. 

 The crystallization behavior, measured by DSC, and wide-angle X-ray diffraction 

(WAXD) profiles of the random R-93% copolymer and the sPS homopolymer are compared in 

Figure B.6. Prior to analysis, the samples were washed by soxhlet extraction in hot methanol for 

ca. 24 h and dried under vacuum at 70 °C for ca. 18 h. In the first heat of the sPS homopolymer, 

crystallite melting is observed at ca. 272 °C. Conversely, the R-93% copolymer exhibits an 

endothermic event at ca. 306 °C that is well above the equilibrium melting temperature of pure 

sPS of 282 °C (𝑇𝑚,𝛼
° ) (see Figure B.6a).5 Upon cooling R-93% from the melt, a crystallization 

exotherm is observed at ca. 257 °C, above the crystallization temperature of pure sPS at 238 °C 

(see Figure B.6b). The crystallization and melting in R-93% is attributed to the melting of 

crystallites composed of Br-Sty segments. The WAXD profile of R-93% after rapid cooling from 

the melt at −60 °C min-1 shows a crystalline reflection at 2θ = 19.4° that is not observed in the 
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WAXD profile of pure sPS (see Figure B.6c). This crystallization reflection is consistent with new 

reflection observed in the WAXD profiles of the CaT-29% and CH-32% copolymers and confirms 

that Br-Sty segments in the gel-state functionalized copolymers with high Br-content are 

crystallizable.  

 
Figure B.6. (a) Heat after annealing at 140 °C for 3 min and cooling to 40 °C, (b) slow cool after the heating trace, 

and (c) WAXD profiles, of the sPS homopolymer and the random R-93% copolymer. The WAXD profile of R-93% 

is after rapid cooling from the melt at (−60 °C min-1). The WAXD profile of sPS is after 2 h melt crystallization at 

190 °C.  
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Nuclear magnetic resonance (NMR) spectroscopy was used to investigate the copolymer 

microstructure, i.e., the distribution of short-range comonomer sequences along the polymer 

chains. This dissertation relies heavily on the analysis of quantitative 13C NMR spectra. In 

Chapter 3, a comonomer sequencing method was developed that used quantitative 13C NMR and 

two-dimensional NMR spectroscopy techniques. This method was used to analyze the copolymer 

microstructure and comonomer sequence of brominated syndiotactic polystyrene (sPS-co-sPS-Br) 

copolymers. The purpose of this chapter is to introduce the basic principles and theory that are 

relevant to quantitative NMR spectroscopy and the general requirements for optimizing the 

accuracy of peak integration. For additional information, the reader may be interested in T. D. W. 

Claridge’s 2016, High-Resolution NMR Techniques in Organic Chemistry1 and R.N. Ibbett’s 1993, 

NMR Spectroscopy of Polymers.2 For a detailed discussion of the method used to assign resonances 

in the copolymer NMR spectrum to specific comonomer sequences, see the introduction of 

Chapter 3. 

C.1.1. Nuclear spin and magnetic moment 

The nucleus contains neutrons and positively charged protons that spin, giving the nucleus 

angular momentum, P, which generates a magnetic field. Thus, the nucleus can behave like a tiny 

magnet that can interact with an applied external magnetic field. Nuclear spin defines the total 

angular momentum of the nucleus and is represented by the symbol, I. The nuclear spin, I, is 

determined by the number of unpaired protons and neutrons in the nucleus, where each unpaired 
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subatomic particle contributes a spin of ½. For example, the 13C isotope contains six protons, six 

neutrons, and one unpaired neutron, and has an I = ½. The much more abundant 1H isotope also 

has a nuclear spin of ½, resulting from its one proton and zero neutrons. The 12C isotope possesses 

the same number of protons and neutrons and thus has zero net nuclear spin, I = 0. Nuclei with I 

value greater than zero have net spin and their angular momentum (P) and charge give rise to an 

associated magnetic moment, μ, defined by Equation 1. 

μ = γP (1) 

The γ term is the magnetogyric ratio of a given nuclide, a constant that provides a measure 

of the nuclide’s magnetic strength. The γ values for 1H and 13C are 26.75 × 107 rad T-1s-1 and 6.73 

× 107 rad T-1s-1 (T = Tesla), respectively.1 Expressed as a ratio, γH/γC is ca. 4. Thus, the magnetic 

strength of a 1H nucleus is approximately four times greater than that of a 13C nucleus. The 

magnetic moment is a measure of the tendency of the nucleus’ axis of rotation to align in the 

direction of an external magnetic field.3 

C.1.2. Basic principles of nuclear magnetic resonanceThe angular momentum, P, and magnetic 

moment, μ, are vector quantities. Depending on the nuclide, the magnetic moment has a specific 

number of allowed orientations, designated as spin states. The number of spin states is equal to 2I 

+ 1. Thus, I = ½ (spin-½) nuclei have two possible spin states, which are conventionally denoted 

as α (Iz = +½) and β (Iz = −½). In the absence of an external magnetic field, the magnetic moments 

of the nuclei are randomly oriented, and the spin states are degenerate, demonstrated in Figure 

C.1(a). Conversely, when placed in an applied external magnetic field (B0), the magnetic moments 

orient themselves relative to the field in the quantized spin states. Figure C.1(b) shows an example 

of spin-½ nuclei in an applied external magnetic field, where the magnetic moments of the nuclei 

are oriented either in the direction of B0, the lower energy spin state (α), or opposite to B0, the 
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higher energy spin state (β). The images in Figure C.1 are a simplification of the classical 

mechanical model of nuclear spin.  

While Figure C.1(b) depicts the direction of the magnetic moments as either parallel or 

antiparallel to B0, the torque exerted by B0 on the nucleus actually causes the magnetic moment to 

move in precession, i.e., in a circular path, about the direction of the magnetic field. This motion 

is analogous to that of a spinning top. The angular velocity (ν) of the precession, also called the 

Larmor frequency or resonance frequency, is dependent on the magnetogyric ratio, γ, of the nuclide 

and the strength of B0, and is defined in Equation 2.  

𝛎 =
𝜸𝑩𝟎

 𝝅
 (2) 

The operating frequency of an NMR spectrometer is defined by the resonance frequency of the 1H 

nucleus. For example, 1H nuclei in a 400 MHz spectrometer resonate at 400 MHz. The 13C nuclei 

 
Figure C.1. (top) Pictorial representations of nuclei and (bottom) energy diagrams for spin-½ nuclei during (a) 

normal conditions where the magnetic moments are randomly oriented and (b) when the nuclei are placed in an 

applied external magnetic field, Bo, where the magnetic moments align relative to Bo in quantized spin states. 
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in the same spectrometer resonate at 100 MHz because the magnetogyric ratio of 13C is one-fourth 

that of 1H. 

The resonance frequency is directly related to the energy difference between the spin states, 

since ΔE = hν, where h is Plank’s constant. This relationship demonstrates that an I > 0 nucleus 

positioned in an applied external magnetic field and subsequently exposed to radiation possessing 

the same energy as ΔE, can absorb that energy, producing a change, often referred to as a “flip,” 

in its nuclear spin from the low energy state to the high energy state. This perturbation of the 

nucleus that is driven by selective absorption of electromagnetic radiation is called nuclear 

magnetic resonance (NMR) and is depicted in Figure C.2. Nuclides with I > 0 values that 

experience NMR are defined as NMR active. 

The resonance frequency of an NMR active nucleus, and thus the energy difference 

between the spin states, is also dependent on the nucleus’ electronic environment. Electrons, like 

protons and neutrons, possess spin and act as a cloud of miniscule magnets surrounding the 

nucleus. The electron cloud produces a localized magnetic field that opposes the direction of B0, 

effectively shielding the nucleus from the full effect of the applied external magnetic field. Atoms 

and groups of atoms that are directly attached or in close proximity to the nucleus can also shield 

 
Figure C.2. Vector model of the nuclear magnetic resonance phenomenon in which a nucleus that is placed in an 

applied external magnetic field (B0) absorbs high frequency radio waves that possess the same energy as ΔE, resulting 

in a change in the spin state of the nucleus. 
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the nucleus from B0. As the effective magnetic field, Beff, experienced by the nucleus decreases, 

the resonance frequency of the nucleus decreases and the energy difference between the spin states 

decreases. Conversely, neighboring atoms can also draw the electron cloud away from its nucleus, 

exposing the nucleus to more of B0 and increasing ΔE. The resonance frequencies of NMR active 

nuclides are therefore sensitive to the structure of the molecules within a sample. These slight 

changes in resonance frequency between nuclides in different electronic environments can be 

detected using NMR spectroscopy. 

 

NMR spectroscopy is a technique used to obtain detailed information about a molecule’s 

structure. In an NMR spectroscopy experiment, a sample is placed in an applied external magnetic 

field (B0) in a spinning sample holder to optimize the sample homogeneity and magnetic field 

homogeneity. The NMR active nuclei exist in the magnetic field at thermal equilibrium and orient 

with respect to B0 in the low or high energy spin states according to a Boltzmann distribution,4 in 

which there is a slightly greater probability that a nuclear spin will orient toward the low energy 

state. This majority can be represented as a net magnetization vector, M, in the direction of B0, 

shown in Figure C.3. The net magnetization exists only in the direction of the magnetic field 

(longitudinal direction) because the nuclear spins precess out of phase. Thus, the phase 

incoherence produces zero net magnetization in the x,y plane (transverse direction). When the 

sample is exposed to a polychromatic radiofrequency pulse, B1, possessing the same frequencies 

as the resonance frequencies of the nuclei in the sample, the radiation is absorbed causing the 

nuclear spins to precess in phase and reducing the population difference between spin states, 

demonstrated on the right in Figure C.3. The phase coherent bundle precesses at the resonance 
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frequency of the nuclei, moving the net magnetization into the x,y plane, represented as My. The 

magnitude of My depends on the initial population difference between the spin states. As the 

nuclear spins relax (“spin flip”) from the excited state to the ground state, the precessing and 

decaying My component of the net magnetization vector is detected as a voltage that is induced in 

a pickup coil surrounding the sample holder. 

Relaxation of nuclear spins occurs through interactions between the nuclei in the excited 

state and local molecular motions that are oscillating at the same resonance frequency. This 

relaxation process, called spin-lattice (longitudinal) relaxation, T1, results in a change in the spin 

state population that reestablishes the equilibrium state. The “spin flipped” magnetic moments 

enter the ground state slightly out of phase with the oscillating phase coherent bundle, which 

lowers the magnitude of My. In addition, nuclear spins oscillating in the original bundle tend to 

precess at slightly faster or slower frequencies than the average resonance frequency due to 

different local magnetic fields experienced by the nuclei as well as energy exchange processes 

between spins (i.e., mutual “spin flips”). Different resonance frequencies result from 

inhomogeneities in B0 (reduced by shimming) and intramolecular and intermolecular interactions 

in the sample. Loss of phase coherence through this relaxation process, called spin-spin 

 
Figure C.3. Vector model of multiple nuclei in a sample before a radiofrequency pulse when the magnetic moments 

are out of phase and after a radiofrequency pulse, demonstrating nuclear magnetic resonance and the oscillation of 

the magnetic moments in phase. 
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(transverse) relaxation, T2, occurs in the transverse direction and returns the net magnetization 

vector to the longitudinal direction. 

The NMR signal is recorded after the radiofrequency (RF) pulse as a voltage response in 

the time domain and is termed the free induction decay (FID). A simple FID signal is shown in 

Figure C.4. The FID begins as an intense, oscillating sinusoidal wave that decays exponentially 

over time due to the loss of magnetization in the x,y plane. The FID is digitized and Fourier 

transformed to represent the NMR signal as a frequency domain spectrum, shown on the right in 

Figure C.4. The frequency scale is reported as a chemical shift, where the resonance frequency of 

the nucleus is referenced to a standard in the magnetic field and is therefore independent of B0. 

Chemical shift is calculated as the difference between the absolute resonance frequency of the 

sample (νsample) and the absolute resonance frequency of a reference (νref) divided by νref and is 

expressed in parts per million (ppm). The NMR spectrum in Figure C.4 contains a single 

resonance (peak), demonstrating that all of the nuclides of interest in the sample are resonating at 

the same frequency and must therefore exist in the same electronic environment. As discussed 

previously, most samples contain NMR active nuclei that exist in different electronic 

environments, based on the molecular structure of the sample. These chemically distinct nuclei 

precess at their respective resonance frequencies that can be observed as multiple peaks in the 

NMR spectrum.  
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Figure C.4. (left) The observable free induction decay NMR signal and (right) the intensity versus frequency 

spectrum of the NMR signal produced after digitization and a Fourier transform. 

The peaks in the NMR spectrum fit to a Lorentzian line shape, based on the exponential 

decay of the FID. The linewidth of each peak is inversely proportional to the spin-spin relaxation 

time, T2, since rapid loss of phase coherence (short T2) corresponds to greater frequency differences 

between the nuclear spins and thus broader lines in the frequency domain. Spin-lattice relaxation 

(T1) contributes to the weakening of the phase coherence. Therefore, T2 is never longer than T1. 

The T1 and T2 are dependent on the solution viscosity and the rate of molecular motions, 

demonstrated in Figure C.5.  Molecular motion is defined here by the rotational correlation time, 

τc, which is the time required to rotate through an angle of one radian. The τc values increase with 

molecular size. In low viscosity solutions of small molecules, the average rates of molecular 

motions are much faster than the resonance frequencies of the nuclei and only a small fraction of 

the motions possess the proper frequency to produce relaxation. Rapid tumbling therefore 

corresponds to inefficient relaxation and very long T1 and T2 times, which generates narrow 

linewidths. The small molecule region is therefore often referred to as the extreme narrowing limit. 

An increase in viscosity, produced by lowering the temperature of the solution or increasing the 

sample concentration, results in shorter relaxation times and hence broader peaks. The T1 reaches 

a minimum and the T2 plateaus when the molecular motion of the sample matches the resonance 

frequency of the nuclide. At larger τc values the T1 increases while the T2 continues to decrease 

due to efficient energy exchange processes that are stimulated by low frequency fluctuations in the 

sample. Thus, the NMR spectrum of large molecules, polymers, and proteins contain relatively 

broad linewidths compared to small molecules. The multiple linewidths within an NMR spectrum 

can also vary depending on the molecular origin of the resonances. For example, in segmented 

copolymers or tactically impure homopolymers, polymer chain segments that are more flexible 
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and tumble faster can possess long T2 and relatively narrow peaks, while more rigid chain segments 

that tumble slower can have shorter relaxation times and broader peaks.5,6 Line broadening can 

reduce the resolution of the NMR spectrum and therefore the qualitative and quantitative 

robustness of an NMR spectroscopy experiment. 

 

Figure C.5. Schematic representation of the dependence of T1 and T2 on the correlation time (tumbling rate) and 

molecular size for a spin-½ nucleus. Adapted with permission from .1 

 

C.3.1. General requirements for quantitative NMR experiments 

For every NMR active nucleus probed in an NMR experiment, if the population difference 

of its equilibrium state is reestablished between each radiofrequency (RF) pulse, then the relative 

area of its signal in the NMR spectrum will be proportional to the number of nuclei of that type in 

the sample. Thus, the peaks in the NMR spectrum can be integrated to obtain quantitative 

information about the structure of the molecule. For most routine NMR experiments, the accuracy 

of peak integration is typically within 10−20%;7 however, the integration accuracy can be 

improved significantly through experiment design and spectrum processing. 
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Prior to an NMR experiment, the external magnetic field is shimmed to optimize its 

homogeneity throughout the sample. Inhomogeneities in the magnetic field decrease the spin-spin 

relaxation time (T2) and produce line broadening and asymmetric line shapes in the NMR 

spectrum. Shimming is typically performed using shimming coils that are located inside of the 

NMR spectrometer. The signal of a properly shimmed standard will have a line width at half 

maximum (LW1/2) of less than 1 Hz. The shimming process can be performed manually, though it 

is often integrated into the automated routine of the instrument software. 

During the NMR pulse sequence, a relaxation delay is added after every pulse to allow the 

equilibrium state to be reestablished. The duration of the relaxation delay is typically set to at least 

5×(longest T1) in the sample to ensure that at least 99% of the magnetization has recovered from 

the x,y plane before the next RF pulse. Spin-lattice relaxation times (T1) are measured using a 

multiple-pulse inversion recovery sequence experiment in which a 180° RF pulse is applied 

followed by a 90° RF pulse after a period of time, τ.1 The experiment is repeated with increasing 

values of τ to monitor the inversion recovery of the net magnetization vector. For each 

nonequivalent nucleus, the T1 is determined from a plot of ln(M0 – Mt) versus τ where M0 is the 

equilibrium magnetization,  Mt is the intensity of the detected magnetization, and the slope is equal 

to T1
-1. 

Pulses are repeated to improve the signal to noise ratio (S/N) of the NMR spectrum. A 

sufficiently large S/N is needed to support a high level of integration accuracy in an experiment. 

The S/N is proportional to the square root of the number of scans or pulses, n, performed on the 

sample. The S/N also increases with the strength of B0.  

The acquisition time (at) of the FID signal and spectral width (sw, also called the sweep 

width) are parameters that affect the peak resolution, i.e., the smallest frequency difference at 
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which signals can be distinguished. Digital resolution (res) of an NMR spectrum is inversely 

proportional to the acquisition time of the FID signal, which is the allotted time to collect the FID. 

The optimal acquisition time captures the full exponential decay of the FID. Acquisition times that 

are longer than the full decay of the FID result in a greater number of data points (np) and greater 

resolution according to Equation 3.  However, a long at adds time to the experiment and extra 

data points produce noise in the spectrum and should therefore be eliminated. 

𝒓𝒆𝒔 =
𝟏

𝒂𝒕
=

 𝒔𝒘

𝒏𝒑
 (3) 

Resolution is also dependent on the spectral width (sw, also termed sweep width), which is the 

frequency range over which a nuclide resonates depending on its electronic environment. For the 

1H nucleus, the spectral width is approximately 10-ppm. The 13C nucleus has a much larger spectral 

width of approximately 200 ppm. Therefore, the separation of signals in a 13C NMR spectrum can 

resonate over a much broader frequency range than that observed in a 1H NMR spectrum. The 

spectral width can be reduced in an NMR experiment to improve the digital resolution; however, 

it must be at least 10% larger on each end of the spectrum to avoid filtering effects that can reduce 

the intensity of peaks near the spectrum edges. While chemical shift (ppm) is independent of B0, 

the resonance frequency in Hertz depends on the strength of the magnetic field. For example, a 10-

ppm frequency range contains 1000 Hz on a 100 MHz spectrometer (100 Hz ppm-1), while the 

same range on a 500 MHz spectrometer contains 5000 Hz (500 MHz ppm-1). Thus, increasing the 

spectrometer operating frequency also improves the signal resolution. When adjusting the sw, the 

np should also be adjusted to reduce the at and avoid increasing the spectral noise. 

After the NMR signal has been recorded, the frequency domain spectrum must be 

processed to adjust errors in the phase and remove distortions in the baseline that are produced 

during the digitization and Fourier transform of the FID. The unprocessed spectrum often contains 
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a mixture of absorptive and dispersive signals. Absorptive signals lie entirely above the baseline, 

while dispersive signals contain a portion of their signal below the baseline. Phase correction 

converts the spectrum to a purely absorptive signal. Baseline correction removes distortions in the 

baseline. Phase correction and baseline correction can be performed manually or automatically 

using NMR data processing software. 

The peaks in the NMR spectrum can be integrated using NMR data processing software to 

obtain the relative peak areas for quantitative analysis. According to Claridge,7 deconvolution 

using NMR software “may reduce operator bias in integral definition and may prove to be more 

reliable in the presence of baseline noise or other low-level artefacts, or when resonances 

experience overlap with a neighboring peak and are not sufficiently resolved for integration” (pg. 

140). 

C.3.2. Quantitative 13C NMR spectroscopy and the Nuclear Overhauser Effect 

Signal intensity in broadband proton-decoupled 13C NMR spectra is greatly complicated 

by the nuclear Overhauser effect (NOE). The NOE is a dipolar (through-space) coupling 

interaction between 1H and 13C nuclei that results in enhancement or suppression of signals in the 

13C NMR spectrum as a result of the continuous broadband saturation of the 1H nuclei. Under 

conditions of saturation, the population difference between spin states is zero and the nuclear spins 

precess out of phase, producing zero net magnetization in the x,y-plane (signal loss). Saturation 

often occurs with 1H nuclei because Pα and Pβ are similar at equilibrium and the spin-lattice 

relaxation times (T1) are relatively long, reducing the likelihood of full recovery between pulses.  

The equilibrium state of the 1H nuclei is recovered after saturation by spin-lattice relaxation 

processes that produce a change in the spin state population of dipolar coupled 13C nuclei. 

Relaxation of a 1H nucleus that induces the relaxation of a 13C nucleus (ββ → αα) increases the 
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natural population difference of the 13C equilibrium state, resulting in enhanced signal intensity 

(positive NOE). Conversely, relaxation of a 1H nucleus that induces the excitation of a 13C nucleus 

(βα → αβ) decreases the natural population difference, which suppresses the signal intensity 

(negative NOE).  

Spin-lattice relaxation processes are induced by fluctuating magnetic fields generated by 

the rotational motion of neighboring molecules oscillating at the same resonance frequency. Thus, 

the NOE pathway that is favored depends on the rates of molecules tumbling in the sample. Rapid 

molecular tumbling (short τc) favors the positive NOE pathway and thus signal enhancement. Slow 

molecular tumbling (long τc), for example by large molecules and polymers, favors the negative 

NOE pathway and signal suppression. The NOE is also distance dependent and is therefore often 

used to provide insight into the three-dimensional structure of a molecule.  

It is worth noting for clarity that the NOE is not responsible for the signal splitting observed 

in a 1H NMR spectrum.8 Signal splitting, caused by scalar (through-bond) coupling, is an 

intramolecular phenomenon in which the nuclear spins of neighboring nuclides interact and impact 

the effective magnetic field (Beff) experienced by the nucleus. For example, HA, interacting with 

the nuclear spins of a neighboring chemically-distinct  will resonate at a slightly larger resonance 

frequency when the HA and HB spins are aligned and a slightly smaller resonance frequency when 

the spins are opposed. The splitting pattern depends on the number of chemically-distinct 

neighbors and the relative population of the spin states. Dipolar couplings typically due not 

produce observable splitting because the relaxation and excitation transitions (e.g., βα → αβ) 

involved have the same energy. Standard 13C NMR spectroscopy experiments are 1H-decoupled 

to remove the scalar coupling and thus the peak splitting caused by 1H−13C interactions. 
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In order to obtain quantitative 13C NMR spectra, the NOE must be suppressed to ensure 

the accuracy of the peak integration. The NOE suppression is achieved using an inverse gated 

proton decoupling technique that applies a broad-bandwidth decoupling field of several kilohertz 

to remove the spin coupling between neighboring 1H and 13C nuclei.2 The decoupling field is 

switched on only during the time the FID is being acquired (acquisition time) and is switched off 

during the relaxation delay when equilibrium is reestablished. Using this technique, any NOE that 

does occur during the acquisition time does not influence the detected transverse signal because 

the NOE only affects the longitudinal magnetization. Thus, the decoupled spectrum can be 

recorded without NOE enhancement. 

 

Polymers are composed of a large number of NMR active nuclei that can exist in different 

chemical environments depending on many factors that include the monomer structure, polymer 

tactic purity, intermolecular interactions, functional group content, and chain conformations.2 In 

addition, the resonance frequencies of nuclei depend on temperature and solvent, which can be 

varied to improve peak resolution and can also provide insight into molecular interactions.9 One-

dimensional and two-dimensional NMR spectroscopy experiments are commonly used to 

investigate polymer composition, end group substituents, and branching as well as polymer 

dynamics and conformations. The 13C nuclei of polymers are also highly sensitive to short-range 

segmental motions of the local sequence structure, which is useful for the analysis of tacticity and 

comonomer sequence in copolymers.6,10,11 In Chapter 3, the development of a comonomer 

sequencing method using quantitative 13C NMR and two-dimensional NMR spectroscopy 
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techniques is discussed. The comonomer sequencing method was used to analyze the copolymer 

microstructure and comonomer sequence of brominated syndiotactic polystyrene copolymers.  
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Kristen F. Noble, Robert B. Moore, Karen J. Brewer 

 

Global interest in hydrogen (H2) as a renewable and sustainable alternative to fossil fuels 

reinforces the importance of developing efficient water splitting systems. Photocatalytic systems 

show promise in this area when satisfying the following requirements: (1) the photocatalytic 

molecules and/or materials absorb light appreciably and are able to drive water oxidation and water 

reduction reactions, (2) energy loss from electron−hole recombination and excited state 

deactivation pathways is minimal, and (3) the photocatalyst components are stable in aqueous 

media.1 In this work, the photocatalytic system will be simplified by reducing molecular collisions 

through covalent binding of a water reduction catalyst to an electrically conductive carbon 

nanofiber (CNF) electron donor source. Insight will be gained on electron transfer processes using 

this intramolecular electron source, with applications in water splitting. This review is focused on 

carbon-based electrode materials as supports in electrocatalytic, photocatalytic, and 

photoelectrocatalytic applications, and polymer-supported transition metal catalysts and 

photosensitizers, beginning with a brief overview of solar energy conversion, water splitting, and 

photocatalytic H2 production. 



310 

D.1.1. Broader context: global energy demand 

As global energy demand increases, stringent regulations are being placed on the use of 

unsustainable, carbon-based energy sources with the goal of diminishing environmental changes 

that threaten future standards of living. Despite global efforts to promote the use of sustainable 

resources (e.g. wind, hydro, geothermal, and solar), fossil fuels continue to dominate global energy 

consumption, accounting for 78% of energy consumed worldwide in 2012. Meanwhile, 

renewables contributed less than one-fifth to energy consumption and solar accounted for only a 

few tenths of a percent.2 

Solar is an inexhaustible source of energy and an alternative solution to global 

concerns over the use of unsustainable resources. Incident solar radiation provides 4.3×10 20 J 

every hour. If this energy could be stored and converted into electricity, the current global 

energy demand could be met for an entire year (3.4×1020 J).2,3 Nevertheless, uneconomical, 

low efficiency materials currently available for solar energy conversion applications limit 

solar energy use. 

D.1.2. Solar energy-to-chemical energy conversion 

The sun’s energy can be converted into electrical energy directly and/or stored as chemical 

energy in molecular bonds. Light-driven molecular bond formation and cleavage provides a source 

of sustainable fuels, necessary for uninterrupted energy availability in the absence of incident solar 

radiation. Hydrogen (H2) is a particularly attractive alternative fuel because it can be produced 

photocatalytically through water splitting and converted back into water in an energy rich, 

exothermic combustion reaction (ΔH°comb = −143 kJ/g) without forming environmentally 

detrimental carbon-based byproducts.4 Furthermore, the energy density per gram of H2 burned in 

the combustion reaction is nearly double that of other small molecule fuel sources (excluding 
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nuclear-based fuels). Improving the efficiency of photocatalytic H2 production from water is a 

dedicated area of research.5-7 

D.1.2.1. Electrochemistry of water splitting 

Water electrolysis to H2 and oxygen (O2) through multi-electron transfer requires a 

minimum energy input of 1.23 eV under standard reaction conditions (pH = 0, 25 °C, and 1 atm, 

referenced to a normal hydrogen electrode (NHE)), demonstrated in Equations 1-3.8 

 2 H2O (l) → 4 H+ (aq) + O2 (g) + 4 e− E = − 1.23 V vs NHE (1) 

 4 e− + 4 H+ (aq) → 2 H2 (g) E = 0.00 V vs NHE (2) 

Overall: 2 H2O (l) → 2 H2 (g) + O2 (g) E = − 1.23 V vs NHE (3) 

The sun provides sufficient energy to drive water splitting, however, water does not absorb at or 

above the 1.23 eV (i.e., 1008 nm) required for bond formation and cleavage.4 Water splitting can 

be realized indirectly using photocatalysts that absorb the sun’s energy and transfer that energy to 

water via photoexcited electrons and photogenerated holes that reduce and oxidize water, 

respectively. Efficient water splitting requires photocatalysts that are stable in aqueous media and 

absorb light appreciably above 1.23 eV to account for kinetic barriers in the electron transfer 

processes.9 Electron−hole recombination and excited state deactivation pathways (e.g., quenching 

by ground state O2 via energy transfer10) reduce photocatalyst efficiency. In addition, the inability 

of homogeneous photocatalysts to separate H2 and O2 reduces overall efficiency due to 

photoproduct recombination, which increases the cost of H2 recovery. Heterogeneous 

photocatalytic systems that spatially separate water reduction and water oxidation catalysts using 

electron and proton conducting materials are imperative to realizing efficient photocatalytic water 

splitting.  
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D.1.2.2. Photocatalytic water reduction to H2 

Hydrogen can be evolved from water through photocatalytic water reduction using a water 

reduction catalyst (WRC) and an electron donor source. Multi-electron water reduction requires 

accumulation of two reducing equivalents at the WRC for delivery to water or protons. 

Photoinitiated electron collection at the catalyst can be achieved by incorporating a photosensitizer 

with an electron relay (Figure D.1). The photosensitizer absorbs light and is oxidatively quenched 

by the electron relay, which shuttles an electron to the catalyst. The electron donor is necessary to 

regenerate the oxidation state of the photosensitizer and introduce the second electron required for 

H2 production. Water is the ideal electron donor, however stronger reducing agents are typically 

required to effectively reduce the photosensitizer and continue the photocatalytic cycle. Efficient 

photocatalysis requires appreciable absorption of UV and/or visible light by the photosensitizer, 

catalyst stability in multiple oxidation states, and favorable forward electron transfer kinetics with 

respect to excited state deactivation pathways and back electron transfer reactions.6 

 

Figure D.1. Light-driven water reduction to H2 via photoinitiated electron collection of two reducing equivalents at 

a water reduction catalyst. The curved light gray arrow demonstrates the catalyst transition to doubly reduced through 

a singly reduced intermediate. hv = photoexcitation; * = excited state. 

 2 2  2 2  1Cycles:
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D.1.3. Photocatalysts for H2 production 

D.1.3.1. Multicomponent water reduction catalysts involving bimolecular interactions 

Water reduction photocatalysts are well established in the literature.5,6,11-15 Early 

multicomponent systems utilized [Ru(bpy)3]
2+ (bpy = 2,2′-bipyridine) as a photosensitizer, 

[Rh(bpy)3]
3+ as an electron relay (ER), colloidal platinum (Pt) as a reactive metal catalyst, and 

triethanolamine (TEOA) as a sacrificial electron donor (ED).16,17 These molecular components 

interact through diffusion-controlled intermolecular collisions to transfer electrons to water or 

protons for H2
 production. [Ru(bpy)3]

2+ and related polypyridyl analogs absorb strongly in the UV 

and visible light (ϵ ≥ 14,000 in aqueous solution) regions with high excitation quantum yields, 

producing long-lived excited states ideal for driving redox chemistry (Figure D.2).18-22 Light 

absorption by [Ru(bpy)3]
2+ results in excitation of a formally Ru-based (Ru(dπ)) electron to a 

formally bpy-based (bpy(π*)) anti-bonding orbital, forming a singlet metal-to-ligand charge 

transfer (1MLCT) excited state ([Ru(bpy)3]
2+*). Spin-orbit coupling with the Ru center facilitates 

an electron spin flip, allowing population of the lower energy 3MLCT excited state with near unit 

efficiency.22 [Ru(bpy)3]
2+ is a stronger reducing agent and oxidizing agent in the 3MLCT excited 

state than in the ground state. Oxidative quenching of the 3MLCT excited state by [Rh(bpy)3]
3+ 

and electron transfer to water or protons produces 22.4 mL of H2 over 45 h (λirr = 450 ± 20 nm), 

totaling 80 turnovers per [Rh(bpy)3]
3+.16 An inherent shortcoming of multicomponent systems is 

the efficient excited state deactivation pathways and back electron transfer reactions that occur up 

to two orders of magnitude faster than diffusion-controlled excited state quenching by the ER or 

ED.23 Incorporation of photocatalyst components into covalently coordinated assemblies 

drastically reduces diffusion-controlled electron transfer and improves overall catalyst efficiency. 
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Figure D.2. (left) Molecular structure of [Ru(bpy)3]2+ (bpy = 2,2′-bipyridine). (right) Simplified Jablonski 

diagram. GS = ground state; MLCT = metal-to-ligand charge transfer excited state; hv = photoexcitation; k = rate 

constant; kr = radiative decay by fluorescence; kŕ = radiative decay by phosphorescence; knr = non-radiative decay 

by internal conversion (IC); ḱnr = non-radiative decay by intersystem crossing; kisc = intersystem crossing; kivr = 

intramolecular vibrational redistribution; krxn = photocatalytic reaction. 

D.1.3.2. Supramolecular photocatalysts 

Supramolecular photocatalysts are molecular assemblies that perform light-driven 

chemical reactions through interactions among covalently bound components, each with a specific 

purpose that contributes to the overall function of the complex.24 Photoinitiated electron collectors 

(PECs) are a type of supramolecular photocatalyst that maintain molecular stability upon 

collection of reducing equivalents at a reactive center.6 The ability of a supramolecular complex 

to function as a PEC depends on the photophysical properties of the selected components and the 

order of assembly. For example, [{(bpy)2Ru(dpp)}2RhCl2]
5+ (dpp = 2,3-bis(2-pyridyl)pyrazine), 

synthesized by Brewer et al. in 2007, was the first reported supramolecular PEC to 

photocatalytically produce H2 from water in the presence of organic solvent and an electron 

donor.25,26 This complex consists of two RuII photosensitizers with bpy terminal ligands (TL) 

coordinated to a central Rh reactive metal center through bis-bidentate dpp bridging ligands (BL) 

(Figure D.3). Within this complex, molecular orbital energetics direct electron transfer from the 

formally Ru(dπ) highest occupied molecular orbital (HOMO) (RuII/III = + 1.63 V) to the formally 

Rh(dσ*) lowest unoccupied molecular orbital (LUMO) (RhIII/II/I = − 0.37 V). Stabilization of the 

dpp(π*) orbital (dpp0/− = − 0.76 V) via σ-donation to the electropositive metal center facilitates the 
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intramolecular electron transfer (potentials vs Ag/AgCl in deoxygenated CH3CN). Electron 

collection in the Rh(dσ*) anti-bonding orbital causes Jahn-Teller distortion and induces halide loss 

upon formation of the RhI square planar species, hypothesized to be the active form of the 

catalyst.26,27 Changing the terminal ligand structure and the halide ligand coordinated to Rh results 

in an optimized turnover number (TON) of 1300 over 46 h under irradiation at 460 nm.27-31 

 

Figure D.3. [{(bpy)2Ru(dpp)}2RhCl2]5+ (bpy = 2,2′-bipyridine; dpp = 2,3-bis(2-pyridyl)pyrazine), used as a water 

reduction photocatalyst.26 hv = photoexcitation; ED = electron donor; red arrows = intramolecular electron transfer. 

The electron donor plays a critical role in photocatalyst efficiency. Reductive quenching 

of the Ru(dπ)→dpp(π*) 3MLCT excited state fills the orbital vacancy resulting from 

photoexcitation and facilitates transfer of the excited electron toward the reactive metal center.25 

The rate of reductive quenching (kq) is diffusion controlled, demonstrated by an increase in 

photocatalyst efficiency with increasing electron donor concentration.26 Excited state deactivation 

pathways and back electron transfer reactions, assisted by relatively slow solvent reorganization, 

continue to compete effectively with reductive quenching.25 Therefore, photocatalysis is carried 

out with a large excess of electron donor. 

In photocatalytic water reduction, the electron donor is typically an organic molecule that 

reacts irreversibly upon electron loss.9 Aqueous electron donors are typically less efficient at 

competing with the rapid excited state non-radiative decay kinetics observed in aqueous media. 

The increase in knr is thought to be a consequence of quenching by water through electrostatic 
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interactions between the excited state dipole and high frequency O−H bond vibrations (~ 3500 

cm-1).32 Coupling an electron donor to the supramolecular architecture via ligand modification may 

increase kq as to compete with knr and excited state deactivation. However, back electron transfer 

reactions and the limited number of electron donor species per photocatalyst make a reductive 

quencher-photocatalyst complex only practical for mechanistic insight.33,34 Replacing the solution-

based electron donor with a carbon-based electrode material will provide a source of electrons and 

support the photocatalyst during photocatalysis. In addition, electrons can be delivered to the 

material by an applied potential or through electron transfer from a water oxidation catalyst to 

realize photocatalytic water splitting. 

 

Carbon-based electrode materials (e.g. CNFs, carbon nanotubes (CNTs), and activated 

carbon (AC)) have proven useful as counter electrodes for solar photovoltaics,35-38 membrane 

supports39 and electrodes40-46 for fuel cells, catalysts47,48, and catalyst supports49,50 for 

numerous applications. Their relatively low cost, high specific surface area, and remarkable 

stability, mechanical properties, and electron conductivity have attracted much attention in 

water splitting applications.46,49 Versatile and well-established methods for functionalizing 

the surface of carbon materials have also broadened carbon-based material applications.51 

This section of the review focuses on carbon-supported catalysts for electrocatalytic, 

photocatalytic, and photoelectrocatalytic water splitting.  

D.2.1. Carbon-based electrode supports in electrocatalytic water oxidation and reduction 

Catalysts supported on carbon-based electrodes for electrocatalytic water oxidation 

and water reduction applications typically exhibit increased catalyst stability and enhanced 
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catalyst efficiency.13,52-54 Artero et al. suggest that catalyst stability increases due to 

optimization in the supply of electrons between the electrode and covalently bound catalysts, 

which limits the lifetime of reduced/oxidized catalyst intermediates and diminishes degradative 

side reactions.52 In addition, covalent attachment of the catalyst to the electrode surface enhances 

catalyst dispersion, shown in Figure D.4, and diminishes catalyst deactivation by reducing 

intermolecular collisions.52,55,56 

Using an electrocatalyst-CNT covalent assembly scheme, Artero et al. demonstrated for 

the first time a diimine−dioxime cobalt (Co) catalyst having high electrocatalytic activity for H2 

production from a fully aqueous, mildly acidic solution (pH = 4). Catalyst immobilization was 

realized by surface functionalization of the CNTs via electrochemical reduction of an 

aryldiazonium salt, followed by azide−alkyne cycloaddition catalyzed by a copper(I) (CuI) 

catalyst. The CNT-supported Co catalyst exhibited a high turnover frequency (TOF), ca. 8,000 (± 

5%) h-1 per catalyst (ca. 2.2 s-1), at an overpotential of 590 mV with a stable current density of ca. 

1 mA cm-2 over 4 h. Catalyst stability was maintained over seven hours of cycling at – 590 mV vs 

RHE (reversible hydrogen electrode) and after 55,000 (± 5%) turnovers. 

The water oxidation catalyst, [Cp*IrCl(4-NH2-bpy)] (Cp* = pentamethylcyclo-

pentadienyl), immobilized on a glassy carbon electrode (GCE) also demonstrated enhanced 

catalyst efficiency in comparison to the same catalyst in solution.54 This water oxidation catalyst 

 
Figure D.4. (left) SEM image of Pt particles electrodeposited on untreated CNTs and (right) SEM image of Pt 

electrodeposited on CNTs functionalized with carboxyl groups from electrochemical reduction of a diazonium salt. 

Reproduced with permission from Elsevier.56  
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(WOC) exhibited a TOF of 0.113 s-1 at an overpotential of 660 mV, with a current density of 14.2 

μA cm-2 and TON of 644 after 1 h, while the same catalyst in solution obtained only ca. 150 

turnovers after 7.5 h. The efficiency of the GCE−supported WOC decreased rapidly after 1 h of 

electrolysis due to corrosion of the GCE. Electrode corrosion by water, facilitated by high 

oxidative potentials, is a major challenge in electrocatalysis carried out in aqueous 

environments.53-55 Carbon materials with high graphitization (sp2 hybridization) and hydrophobic 

character (e.g. CNFs and CNTs) exhibit enhanced corrosion resistance, making them more suitable 

than GC as catalyst supports in electrocatalytic applications.49,57  

 CNFs and CNTs have exceptionally high specific surface areas that promote high catalyst 

loading.13,53 Palacin et al. found that using multi-walled CNTs (MWCNTs) to immobilize a nickel 

(Ni) diphosphine-based WRC enhances catalyst loading by nearly two orders of magnitude relative 

to an indium tin oxide (ITO) electrode (1.5 (± 0.5) nmol cm-2 : 0.045 (± 0.015) nmol cm-2), 

demonstrated by a large current response in cyclic voltammetry (CV).13 The MWCNT−supported 

Ni-catalyst achieved 20,000 (± 30%) turnovers in 1 h with a sustained current of 2 mA cm-2 at 500 

mV overpotential in an acidified acetonitrile (CH3CN) solution. Exceptional stability and catalyst 

efficiency was also observed in aqueous media (0.5 M H2SO4) after coating the Ni-functionalized 

MWCNTs in Nafion®, a commercially available proton exchange membrane. A steady current 

density of 4 mA cm-2 and more than 100,000 (± 30%) turnovers were achieved in 10 h at low 

overpotential (300 mV). High catalyst loading does not ensure greater efficiency for the appended 

catalyst, as demonstrated by Roberts et al. in a study of the same Ni catalyst covalently attached 

to a GCE.55 A significant reduction in TOF for the surface bound Ni catalyst at a surface 

concentration of 0.13 nmol cm-2 (28 s-1) was observed, relative to unbound catalyst in acidic 

CH3CN solution (> 540 s-1), though consistency between reaction conditions for these experiments 
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was not apparent. Decreased catalyst efficiency at high surface concentrations has been contributed 

to steric crowding, catalyst deactivation via intermolecular interactions, a reduced effective 

number of active catalyst sites, and slow or inhibited electron transfer between catalyst and the 

electrode.52,54-56 High specific surface area electrode materials still present an advantage over lower 

surface area electrodes since higher catalyst loading with greater catalyst dispersion can be 

achieved using these materials given the same unit area. 

D.2.2. Carbon-supported catalysts in photocatalytic and photoelectrocatalytic water 

splitting 

Carbon-based electrode materials utilized as scaffolds in semiconductor-based 

photocatalytic and photoelectrochemical systems have been shown to improve charge separation, 

reduce charge-transfer resistance, and suppress electron−hole recombination, resulting in 

enhanced catalyst efficiency.48,58 The high specific surface area of carbon materials also promotes 

catalyst dispersion and maximizes the number of active catalyst sites.48,56,58,59 Kamat et al. 

observed a nearly two-fold increase in photoconversion efficiency for a photoelectrochemical cell 

composed of TiO2 nanoparticles dispersed on SWCNT films.48 Incident photon conversion to 

charge carrier conversion efficiency (IPCE) increased from 7.36% under 350 nm irradiation and 0 

V vs SCE to 16% with incorporation of the SWCNT scaffold support under the same reaction 

conditions. A small increase in photoelectrocatalytic efficiency was also observed (0.09% to 

0.20%). The authors note that charge separation efficiency in SWCNT networks under visible 

excitation was low and did not contribute to the photocatalytic activity of the SWCNT/TiO2 

composites. The incorporation of activated carbon (AC) into a mesoporous Pt/TiO2/AC 

nanocomposites, in the presence of a sacrificial reagent, increased photocatalytic H2 production by 

10% over Pt/TiO2 photocatalysts.58 The AC surface was functionalized by acid treatment to 
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oxidize the carbon surface and improve TiO2 dispersion. The mesoporous Pt/TiO2/AC 

nanocomposites exhibited enhanced rates of H2 production, possibly from adsorption of the 

sacrificial reagent to the AC surface, keeping the reagent nearer to the TiO2 surface. These results 

demonstrate the usefulness of carbon-based electrode materials for enhancing electrocatalyst and 

photocatalyst performance. 

D.2.3. Functionalizing carbon-based electrode materials for catalyst attachment 

Functionalizing carbon-based electrode materials for covalent attachment of molecular 

catalysts can be realized using well-established methods provided in the literature.51,60,61 For water 

splitting applications that use carbon electrode supports, carbon surface modification is most often 

achieved by either acid treatment,58,62 Hassner addition of azide from iodine azide (IN3),
55 or 

electrochemical reduction of aryldiazonium salts.13,52-54,63 Acid treatment is an oxidation process 

using strong acids (e.g. HNO3 and H2SO4) to introduce oxygen-containing functional groups (e.g. 

–OH, – COOH, etc.) to the carbon surface.62 This method produces a surface that is difficult to 

characterize and creates defects in the electrode surface that impede electronic conductivity.64 

Hassner addition forms a monolayer of azide functional groups on the carbon surface via ionic 

addition of IN3, which limits the utility of this method to catalysts containing functional groups 

that react with azide (e.g. alkynes).
55,61 IN3 is a dangerous explosive, and thus a non-ideal reagent 

for surface modification. Electrochemical reduction of aryldiazonium salts is the most frequently 

used surface modification method because of the wide variety of aryldiazonium salts that have 

been shown to attach to the carbon electrode surface.13,52-54,63 In this reaction, a potential bias 

applied to the electrode reduces the aryldiazonium salt to a radical and liberates nitrogen gas (N2). 

The radical then reacts with the electrode surface forming a C−C bond (Figure D.5).60 The degree 

of functionalization can be controlled by varying the concentration of starting material. This 
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method produces very stable surfaces, important for electrocatalytic and photocatalytic water 

splitting applications.53,63 

 

Figure D.5. Mechanism for electrochemical reduction of an aryl diazonium salt to a carbon electrode surface.60 E = 

applied potential. 

 

Before assembling a photocatalyst/carbon-based electrode complex, it is necessary to first 

investigate the behavior and stability of the photosensitizer and catalyst on a polymer support, in 

order to obtain deeper insight into the structure-function relationship of the full supramolecular 

photocatalyst assembly. In particular, random and block, or block-like, copolymers can be useful 

supports for investigating how the spatial separation of the photosensitizers or catalysts effects 

their photophysical properties and function. 

Covalent attachment of transition metal photosensitizers to a polymer support has been 

shown to facilitate energy and electron transfer between photosensitizers when the photosensitizers 

are assembled in close spatial proximity.65-68 Through-space energy transfer and electron transfer 

can occur when sufficient orbital overlap exists between molecules. Tunable energy transfer was 

observed by Waters et al.69 in a self-assembled, coiled-coil peptide scaffold of RuII- and OsII-

polypyridyl complexes. In this study, metal complexes were loaded onto specific residues in the 

repeating heptad peptide sequence to control the distance between complexes. Remarkably, energy 

transfer was only observed when the metalopeptide was in its coiled-coil tertiary structure, 
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demonstrating the need for close contact between the complexes to facilitate *RuII→OsII energy 

transfer. As the distance between complexes decreased, the rate of energy transfer increased, 

consistent with distance dependent, through space energy transfer. The energy and electron 

transfer processes exhibit directionality, based on the relative energies of occupied and 

unoccupied molecular orbitals. Papanikolas and co-workers66,69 showed that polymer supported 

RuII- and OsII-polypyridyl complexes experience energy and electron transfer that occurs through 

the photosensitized RuII complexes, *RuII, to an OsII complex, driven by the lower energy orbital 

vacancy in OsII. 

Recently, Thanneeru et al.70 reported that a Cu-coordinated random copolymer experienced 

polymer-promoted cooperative catalysis, where the near proximity of the catalysts generated by 

the random distribution along the polymer chains, enhanced the catalytic function. The Cu-

polymer demonstrated up to an eight-fold enhancement in activity compared to a Cu-monomer 

complex. The researchers noted that block copolymer supports were not explored due to the 

generally arduous procedures required to synthesize block copolymers. Nevertheless, this work 

suggests that catalysts supported on block or block-like copolymers will exhibit further 

enhancement in their catalytic function.  

Block copolymers have been extensively investigated for the preparation of well-defined 

metal nanostructures, based on their well-ordered, micro-phase separated morphologies stemming 

from the immiscibility between the chemically dissimilar blocks.71,72 In these studies, the metal 

was typically incorporated into the block copolymer through selective coordination to one of the 

comonomers. Casting a film of a metal-block copolymer solution produced a pattern of metal 

nanostructures localized within one of the well-defined nanoscale domains. Often, the polymer is 

used only as a template and removed by pyrolysis followed by calcination to generate a metal 



323 

nanopattern on the surface. Block copolymers also have unique properties that originate from the 

individual character or function of their discrete blocks that in combination with the metal guest 

particles can be useful in the design of advanced materials.73  

 

As global interest in H2 fuel increases, improving the efficiency of renewable, non-carbon-

based water splitting systems remains a critical challenge. Photoinitiated electron collectors that 

consist of supramolecular water reduction catalysts and are capable of producing H2 from water in 

the presence of an electron donor are a positive step toward addressing the global need for a solar 

energy-based H2 fuel source. The current supramolecular WRC assemblies can be further 

simplified by covalently attaching the WRC to a carbon-based electrode material to rationalize the 

effect of the sacrificial electron donor on catalyst efficiency and to obtain a deeper understanding 

of photocatalytic water splitting under tunable environmental conditions.52,54,55 Covalent binding 

of the catalyst to an electrically conductive surface is expected to improve catalyst dispersion and 

reduce catalyst deactivation through intermolecular collisions. Charge separation in the carbon 

material is also expected to suppress back electron transfer reactions from the catalyst. Thus, the 

WRC-carbon-based electrode assembly is anticipated to demonstrate improved catalyst stability 

and enhanced overall catalyst efficiency compared to an analogous WRC in solution. The 

photosensitizer and photocatalyst can also be linked to a polymer support, where the behavior and 

stability of the complexes can be investigated in order to obtain deeper insight into the structure-

function relationship of the full supramolecular photocatalyst assembly. 
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The purpose of this research is to investigate the electron transfer rate and efficiency of 

RuII,RhIII supramolecular photocatalysts that are attached to a material capable of donating 

electrons to the catalyst, with the goal of understanding how these electron and proton transfer 

processes impact catalyst function. As a first step in this work, the focus will be to attach the RuII 

photosensitizer and the bimetallic catalyst to a polystyrene support in order to understand how the 

spatial separation of the photosensitizers along the polymer chain affects the photophysical 

properties and stability. Specific objectives and fundamental questions of this research are as 

follows. 

• Synthesize novel RuII- and RuIIRhIII-polypyridyl complexes with carboxylic acid 

substituents to provide a site for covalent attachment to a polystyrene-based support 

• Covalently attach the photosensitizer to the polymer support and explore analytical 

methods to fully characterize the complex 

• Rationalize the effect of comonomer sequence distribution on the photophysical properties 

of the photosensitizer 

o How does covalently attaching the photosensitizer to a polymer support impact the 

photosensitizer photophysical properties? 

o How does the spatial distribution of the photosensitizer along the copolymer chain 

impact the photosensitizer photophysical properties? 

• Synthesize novel RuII- and RuIIRhIII-polypyridyl complexes with an alkyne substituent to 

provide a site for covalent attachment of the complex to a functionalized CNF 

• Covalently attach the photosensitizer and photocatalyst to the CNF and explore analytical 

methods to fully characterize the complex 

• Develop a fundamental understanding of the physical and chemical interactions that take 

place between the photocatalyst and the CNF 

o How does covalent attachment of the photocatalyst impact catalyst function? 

o How does catalyst loading impact catalyst function? 

o How does applying an external potential to the CNF impact catalyst function? 
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D.6.1. Synthesis and characterization of tris-heteroleptic RuII-polypyridyl complexes with 

Ph2phen, dpp, and bpy or dcbpy ligands 

Tris-heteroleptic RuII-polypyridyl complexes were prepared using modified literature 

procedures, starting with the synthesis of a Ru-dimer complex and adding each bidentate ligand in 

subsequent reaction steps.74-76 The reactions for the synthesis of the Ru-dimer, [Ru(BZ)Cl2]2 (BZ 

= benzene), and the monosubstituted complexes [(BZ)(bpy)RuCl]Cl (bpy = 2,2′-bipyridine) and 

[(BZ)(dcbpy)RuCl]Cl (dcbpy = 2,2′-bipyridine-4,4′-dicarboxylic acid) are provided in Scheme 

D.1. The Ru-dimer was synthesized from the reaction of RuCl3∙H2O and 1,3-cyclohexadiene in 

ethanol (EtOH) at reflux.74 After 4 h a brown precipitate had formed. The precipitate was filtered, 

washed with methanol, and dried under vacuum. The reaction of the Ru-dimer with two 

equivalence of bpy terminal ligand (TL) in refluxing methanol produced the monosubstituted 

[(BZ)(bpy)RuCl]Cl complex after 3 h and was followed by removing the solvent under vacuum.75 

The product was purified by dissolving in methanol and precipitating in hexanes with a yield of 

98%. The product was a pale-orange powder. Synthesizing the monosubstituted [(BZ)(dcbpy)-

RuCl]Cl complex required deprotonation of the dcbpy TL with a base. After the reaction, the 

addition of acid precipitated the unreacted ligand, which was removed by filtering through a 

sintered glass funnel. The product was dried under vacuum and purified by dissolving in methanol 

and precipitating in hexanes, producing a pale-yellow powder in 58% yield. Looking back at the 

literature procedure,75 the monosubstituted reactions may also be performed at room temperature. 
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Scheme D.1. Reaction scheme for the synthesis of the dimer [Ru(BZ)Cl2]2 and the monosubstituted complexes 

[(BZ)(bpy)RuCl]Cl (bpy = 2,2′-bipyridine) and [(BZ)(dcbpy)RuCl]Cl. 

 

 The Ru-dimer and monosubstituted complexes were characterized using 1H nuclear 

magnetic resonance (NMR) spectroscopy. The aromatic regions of the NMR spectrum for the Ru-

dimer, bpy and dcbpy ligands, and the [(BZ)(bpy)RuCl]Cl and [(BZ)(dcbpy)RuCl]Cl complexes 

are compared in Figure D.6. The Ru-dimer contains a single peak from the benzene aromatic 

protons. Coordination of the bpy or dcbpy ligands to a Ru-center produces a downfield shift in the 

benzene protons, indicating that the protons are deshielded by ligand coordination. The benzene 

protons are deshielded to a greater extent by the electron withdrawing carboxylic acid groups of 

dcbpy, as expected. The NMR spectra of the monosubstituted complexes exhibit a 1:1 ratio of 

ligand to benzene. In addition, there is no indication of unbound ligand in the monosubstituted 

complexes. The set of doublets in the [(BZ)(dcbpy)RuCl]Cl around 7.9 ppm may be from an 

impurity. This sample was used without further purification. 
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Figure D.6. 1H NMR spectra of the (top to bottom) [Ru(BZ)Cl2]2 dimer, bpy ligand, [(BZ)(bpy)RuCl]Cl, dcbpy 

ligand, and [(BZ)(dcbpy)RuCl]Cl. BZ = benzene; bpy = 2,2′-bipyridine; dcbpy = 2,2′-bipyridine-4,4′-dicarboxylic 

acid. Referenced to d6-DMSO. The asterisks correspond to the asterisks included in Scheme C.1. 

 The monosubstituted complexes were subsequently reacted with Ph2phen (4,7-diphenyl-

1,10-phenanthroline) TL to produce the disubstituted cis-[(X2bpy)(Ph2phenRuCl2] complexes (X 

= H, COOH) according to the reaction procedure in Scheme D.2.77 The monosubstituted 

complexes were reacted with one equivalent of Ph2phen in dimethyl formamide (DMF) and 1,4-

dioxane in the presence of a chloride salt to reduce the likelihood of forming the trisubstituted 

impurity. To recover the product, the solutions were added dropwise to a large excess of stirring 

acetone, which resulted in precipitation of a purple powder. The cis-[(bpy)(Ph2phenRuCl2] 

reaction showed excellent success with LiCl and could be purified using column chromatography 

with deactivated alumina as the stationary phase and acetonitrile (CH3CN), chloroform (CHCl3) 

and acetone as the mobile phase in a 1:0.8:0.2 ratio by volume (v/v). The synthesis of cis-

[(dcbpy)(Ph2phenRuCl2] using tetrabutylammonium chloride (TBACl) proved to be more 

successful than with LiCl. In the presence of the LiCl salt, the product did not precipitate in acetone 

14

dcbpy

[Ru(BZ)Cl2]2

* * * *

* * * * *

bpy

1.992.00 2.002.01

[(BZ)(dcbpy)RuCl]Cl
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1H-NMR in d6-DMSO
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and remained as an oily residue at the bottom of the Erlenmeyer flask. These results suggest that 

the bulky TBA+ cation more effectively neutralizes the charge on the ligand, potentially through 

ionic interactions with the delocalized electrons on the COO− group. The carboxylated complex 

was difficult to purify by column chromatography. A silica gel stationary phase with a 

CH3CN:CHCl3:MeOH (0.05 M TBACl) (2:1:0.7 by volume) mobile phase appeared to separate 

the product from the excess ligand and other impurities. While non-chromatographic techniques 

were not explored in the purification of this complex, protonation of the carboxylate ligand may 

result in the precipitation of the hydrated disubstituted complex and should be investigated in the 

future. Fractions collected from the column chromatography that did not demonstrate emission 

from the trisubstituted impurity after excitation at 460 nm were combined and dried in vacuum. 

Scheme D.2. Reaction scheme for the preparation of cis-[(X2bpy)(Ph2phenRuCl2] (X = H, COOH). 

 

 Finally, the disubstituted complexes were reacted with dpp (2,3-bis(2-pyridyl)pyrazine) 

bridging ligand to produce the tris-heteroleptic [(X2bpy)(Ph2phen)Ru(dpp)](PF6)2 complexes (X = 

H, COOH), according to Scheme D.3. The disubstituted complexes were reacted in refluxing 

ethanol:water (2:1 v/v, EtOH:H2O) with an excess of dpp to reduce the probability of forming the 

bimetallic impurity. To recover the product, the solutions were added dropwise to a 0.1 M 

NH4PF6(aq) solution, resulting in precipitation. The products were filtered, dissolved in a minimal 

amount of acetone, and precipitated in diethyl ether, affording orange powders. Column 

chromatography was performed to purify the [(bpy)(Ph2phen)Ru(dpp)](PF6)2, using deactivated 

alumina as the stationary phase and toluene:CH3CN (0.05 M NH4PF6) (3:2 v/v) as the mobile phase 

X = H, COOH

1 eq.

Ph2phen

1 eq. cis-[(X2bpy)(Ph2phen)RuCl2]
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(electrospray ionization mass spectrometry ((+)ESI-MS): [M−PF6]
+ calcd: 969.10, found: 969.16). 

The [(dcbpy)(Ph2phen)Ru(dpp)](PF6)2 complex was purified using a silica gel stationary phase 

and EtOH:H2O (0.05 M NH4PF6) (1:1 v/v) mobile phase ((+)ESI-MS: [M−PF6]
+ calcd: 1057.10, 

found: 1057.15). The mass spectra are included in Figure SD.1. 

Scheme D.3. Reaction scheme for the preparation of [(X2bpy)(Ph2phenRu(dpp)](PF6)2 (X = H, COOH). 

 

 

The tris-heteroleptic complexes, referred to herein as Bpy and Dcbpy, were characterized 

using electrochemistry to probe the electronic transitions, and electronic absorption spectroscopy 

and emission spectroscopy to investigate the photophysical properties. The instrumentation and 

methods are described in subsection D.8.1. The cyclic voltammograms (CV) of Bpy and Dcbpy 

are compared in Figure D.7. Scanning oxidatively, the CV of Bpy contains a reversible oxidation 

at E½ = +1.39 V and two reversible reductions at E½ = −1.03 V and −1.40 V (all vs Ag/AgCl), 

attributed to the RuII/III oxidation and ligand-based reductions, respectively. The Dcbpy complex 

shows a reversible oxidation at E½ = +1.53 V that is preceded by an irreversible oxidation at E½ 

= +1.32 V. Based on the structure of Dcbpy, the irreversible oxidation is tentatively assigned to 

the oxidation of a carboxylate functional group on the dcbpy ligand. Continuing to scan 

reductively, a reversible reduction is observed at E½ = −1.03 V, attributed to a ligand-based 

reduction. The second ligand-based reduction appears to be masked by a rapid increase in the 

current at below −1.2 V. The rapid increase in current may be catalytic current from the reduction 

of water molecules that were around the carboxylate functional groups.78
 

X = H, COOH

1 eq.

dpp

(excess) [(X2bpy)(Ph2phen)Ru(dpp)](PF6)2
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Figure D.7. Cyclic voltammograms of the (a) [(bpy)(Ph2phen)Ru(dpp)](PF6)2 (E½ = +1.39 V (RuII/III), −1.03 V 

(dpp0/−), −1.40 V (Ph2phen0/−) vs Ag/AgCl, and (b) [(dcbpy)(Ph2phen)Ru(dpp)](PF6)2 (E½ = +1.53 V (RuII/III), −1.03 

V (dpp0/−), −1.42 V (Ph2phen0/−); ox. = +1.32 V (COO−/0) vs Ag/AgCl. Recorded in CH3CN with 0.1 M TBAPF6 

supporting electrolyte, a Pt disc working, Pt wire auxiliary, Ag/AgCl (3 M NaCl) reference and rate of 100 mV s−1. 

In order to obtain further insight into the effect of terminal ligand substitution on the 

electrochemical properties, the tris-heteroleptic complexes were compared to a model complex 

with two Ph2phen terminal ligands, [(Ph2phen)2Ru(dpp)](PF6)2, synthesized by Mongelli and 

Brewer.79 Figure D.8(b) compares the square wave voltammograms (SWV) of the 

[(X2bpy)(Ph2phen)-Ru(dpp)](PF6)2 complexes (X = H, COOH) and the 

[(Ph2phen)2Ru(dpp)](PF6)2, referred to herein as Ph2phen. The electrochemical properties of the 

Bpy complex are similar to Ph2phen. Both complexes exhibit a Ru-based oxidation at +1.39 V (vs 

Ag/AgCl for all). Conversely, in the Dcbpy complex the Ru-based oxidation occurs at a more 

positive potential than in the model. These data suggest that the electron withdrawing carboxylic 

acid functional groups decrease the electron density on the metal center, which in turn stabilizes 

the Ru-based HOMO, making it more energy intensive to remove an electron. All of the 

monometallic complexes show a first ligand-based reduction at ca. −1.03 V and is therefore 

assigned to dpp0/−. The second ligand reduction occurs at ca. −1.40 V in every complex and is 

therefore tentatively assigned to Ph2phen 0/−, based on the similar reduction potential in the model. 

The second ligand reduction in the Bpy and Dcbpy complexes occurs at a slightly more negative 
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potential, suggesting that the ph2phen ligand possess a lower energy LUMO and is thus easier to 

reduce. 

The electronic absorption and emission spectra of the Bpy, Dcbpy, and Ph2phen complexes, 

absorbance matched at 490 nm, are compared in Figure D.8(c). The monometallic complexes 

exhibit similar absorption properties, with UV absorption (250 – 320 nm), attributed to overlapping 

intraligand π→π* transitions, and visible absorption (350 – 500 nm), attributed to overlapping 

1MLCT Ru(dπ)→ligand π* transitions. The lowest energy transition at ca. 485 nm is assigned to 

the Ru(dπ)→dpp(π*) charge transfer transition, based on the model complex. The observed 

differences in the absorption spectra are attributed to differences in the molar absorptivity of the 

intraligand and 1MCLT transitions, as expected for different complexes. After excitation with 490 

nm light, the monometallic complexes exhibit an intense emission at approximately 670 nm. While 

 
Figure D.8. (a) Structures of the tris-heteroleptic [(X2bpy)(Ph2phen)Ru(dpp)](PF6)2 complexes (X = H, COOH) and 

the previously synthesized [(Ph2phen)2Ru(dpp)](PF6)2 complex. (b) Square wave voltammograms in CH3CN with 

0.1 M TBAPF6 supporting electrolyte (Pt disc working, Pt wire auxiliary, Ag/AgCl (3 M NaCl) reference and rate 

of 100 mV s−1) and (c) electronic absorption spectra (absorbance matched at 450 nm) and emission spectra of the 

complexes in (a) recorded in CH3CN (λex = 450 nm).  
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the Dcbpy complex shows a lower emission intensity, not enough is understood about the charge 

of this complex (e.g., protonated versus deprotonated), therefore more information is needed to 

interpret these results. The electrochemical and photophysical data demonstrate that the dcbpy 

terminal ligand does not significantly perturb the photophysical and electronic properties of the 

Ru photosensitizer and should therefore be a suitable coordination site for covalent attachment to 

a polymer support. 

D.6.2. Synthesis and characterization of a novel Ru,Rh bimetallic complex 

A novel Ru,Rh bimetallic complex, [((dcbpy)(Ph2phen)Ru(dpp))RhBr2(Ph2phen)](PF6)3 

was synthesized from Dcbpy using a previously reported method.28 The reaction is provided in 

Scheme SD.1. The bimetallic complex was synthesized using a building block approach in which 

the Dcbpy monometallic was reacted with a large excess of [RhBr4(Ph2phen)] in refluxing 

EtOH:H2O (2:1 v/v) for 3 h and precipitated by slow pouring into an NH4PF6(aq) solution. The 

product was filtered and washed with water and diethyl ether. Herein,  the new bimetallic complex 

will be referred to as trisRuRh. Figure D.9 compares the electronic absorption spectra of trisRuRh, 

Dcbpy, and a model bimetallic complex and known photoinitiated electron collector, 

[((Ph2phen)2Ru(dpp))RhBr2(Ph2phen)]3+.80 All of the complexes show intense UV absorption from 

overlapping intraligand π→π* transitions. The bimetallic complexes have remarkably similar 

absorption spectrum in the visible region and absorb light throughout the UV and visible spectrum. 

In addition, the 1MLCT Ru(dπ)→ligand π* transitions in the bimetallic complexes are red-shifted 

relative to that of the monometallic complex. These data are consistent with the stabilization of the 

dpp(π*) orbital upon coordination to a second electropositive metal center and support that the 

lowest 1MLCT transition is a Ru(dπ)→dpp(π*) charge transfer transition. Thus, these results 

strongly suggest that the novel Ru,Rh bimetallic complex will behave as a photoinitiated electron 



333 

collector. In addition, trisRuRh contains carboxylic acid groups that can be used to attach the 

complex to a polymer support. Further characterization of the trisRuRh complex was not 

performed because the emission spectrum showed emission upon excitation with 490 nm light that 

was likely from the monometallic impurity. Attempts to purify the sample using size exclusion 

chromatography (SEC) with a Sephadex® LH-20 stationary phase and CH3CN:EtOH (3:2 v/v) 

mobile phase were unsuccessful. However, new methods of purification should be explored, and 

the electrochemical and spectroscopic properties should be analyzed in the future. 

 
Figure D.9. (a) Structures and (b) electronic absorption spectra of the (left) [(dcbpy)(Ph2phen)Ru(dpp)]2+, (center) 

[((dcbpy)(Ph2phen)Ru(dpp))RhBr2(Ph2phen)]3+, and (right) [((Ph2phen)2Ru(dpp))RhBr2(Ph2phen)]3+ complexes. 

D.6.3. Covalent attachment of a photosensitizer to a crosslinked polystyrene resin 

To investigate the reversible covalent attachment of a RuII-polypyridyl photosensitizer to 

a polymer support, a [Ru(bpy)2(Mebpy-COOH)]2+ (Ru-OH) model complex was reacted with 

cross-linked polystyrene resins and the fluorescence of the resin was investigated using a UV light 

source. Figure D.10 shows the amidation reaction used to attach Ru-OH to polystyrene rink amide 
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(PS-RA). This reaction is typically carried out in peptide synthesis procedures and uses HCTU, an 

aminium coupling reagent, and N,N-diisopropylethylamine (DIEA). After the reaction, the resin 

was washed several times. The reaction procedure was repeated using [Ru(bpy)3]
2+ as a non-

complexing control. Before the reactions, the PS-RA was a white solid. After the reaction with 

[Ru(bpy)3]
2+ the resin was an off-white color and showed no visible fluorescence under irradiation 

with UV light. In contrast, the PS-RA/Ru-OH complex was bright orange, consistent with the color 

of the Ru-OH complex, and the resin exhibited strong fluorescence. 

 
Figure D.10. (a) Reaction scheme for the covalent attachment of [Ru(bpy)2(Mebpy-COOH)]2+ (bpy = 2,2′-

bipyridine; Mebpy-COOH = 4′-methyl-2,2′-bipyridine-4-carboxylic acid) to polystyrene rink amide (PS-RA) and 

(b) the appearance of PS-RA, the complexed PS-RA/RuOH, and an noncomplexed PS-RA/[Ru(bpy)3 (top) under 

normal lighting conditions and (bottom) exposed to ultraviolet radiation. HCTU = aminium coupling reagent; DIEA 

= N,N-diisopropylethylamine. 

 The same Ru-OH complex was attached through a glycine linker molecule to another 

polystyrene resin with a 2-chlorotrityl chloride functional group (2-ClTrt), in order to investigate 

the cleavage and recovery of the complex from the resin. The glycine residue was incorporated as 

a marker to show an increase in the mass of the Ru-OH complex after cleavage. The polystyrene 

resin and cleavage reaction are shown in Figure D.11. The reaction used to attach the glycine 

PS-RA

PS-RA/

RuOH

PS-RA/

[Ru(bpy)3]

[Ru(bpy)2(Mebpy-COOH)]2+ (RuOH)

polystyrene-rink amide (PS-RA)

(0.6 mmol/g, 1% crosslinked))

+

PS-RA/RuOH

(a)
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residue and Ru-OH complex is provided in Scheme SD.2. To remove the Ru-OH complex with 

the glycine linker, the 2-ClTrt/Ru-Gly was exposed to acetic acid (HOAc) and trifluorethanol 

(TFE) in dichloromethane (DCM), which breaks the C−O bond between the resin and the Ru-Gly 

complex. Before any reaction, the resin was an off-white solid and showed a pale-yellow 

fluorescence. After the reaction with Ru-OH the resin (2-ClTrt/Ru-Gly) was a bright orange and 

exhibited strong fluorescence. Following the cleavage reaction, the resin returned to an off-white 

color and showed bright yellow fluorescence, suggesting that the Ru-Gly complex was not 

completely removed during the reaction. The solution from the cleavage reaction was recovered 

and analyzed by ESI-MS. The mass spectrum contained a peak with a m/z of 342.27, in excellent 

agreement with the calculated m/z for the Ru-Gly2+ complex of 342.57. Thus, these data 

demonstrate that a RuII-polypyridyl complex can be successfully coordinated to a polystyrene resin 

through an amide condensation reaction and is stable after cleavage from the resin. 

 
Figure D.11. (a) Structure of the 2-chlorotrityl chloride polystyrene resin (2-ClTrt). (b) Reaction scheme to remove 

the RuII-polypyridyl photosensitizer from the polystyrene resin. (c) The appearance of 2-ClTrt, the complexed 2-

ClTrt/Ru-Gly, and the resin post-cleavage (top) under normal lighting conditions and (bottom) exposed to ultraviolet 

radiation. HOAc = acetic acid; TFE = trifluorethanol. 

D.6.4. Synthesis and characterization of [(Mebpy-COOH)(Ph2phen)Ru(dpp)](PF6)2 

The novel tris-heteroleptic [(Mebpy-COOH)(Ph2phen)Ru(dpp)](PF6)2 complex (Mebpy-

COOH 4′-methyl-2,2′-bipyridine-4-carboxylic acid) was synthesized according to a slightly 

2-Chlorotrityl Chloride

PS resin (2-ClTrt) (1.0 mmol/g)

(a)

Ru-Gly

(b)

2-ClTrt/Ru-Gly

2-ClTrt/

Ru-Gly

2-ClTrt

Post-cleavage2-ClTrt
(c)
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different procedure proposed by Vougioukalakis et al.,81 that appears to have been quite successful. 

The step-by-step reaction is provided in Scheme D.4. Starting with the same Ru-dimer that was 

described previously, the dimer was first reacted with the Ph2phen ligand. After 4 h, the Mebpy-

COOH ligand was then added directly to the reaction vessel in one step and the reaction was 

continued for another 4 h. The product was precipitated by reducing the solvent volume in vacuum, 

followed by dropwise addition to diethyl ether to form the disubstituted [(Mebpy-

COOH)(Ph2phen)RuCl2] intermediate. The product was washed with diethyl ether and used 

without further purification. The dpp bridging ligand was combined with the disubstituted complex 

and refluxed in EtOH:H2O (2:1 v/v) for at least 3 h. The crude product was recovered by slow 

addition to stirred 0.1 M NH4PF6(aq) solution to afford an orange powder. Size exclusion 

chromatography was conducted to purify the crude product using a Sephadex® LH-20 stationary 

phase and CH3CN:EtOH (3:2 v/v) mobile phase ((+)ESI-MS: calcd: 441.0997, found: 441.1031 

[M2+]; calcd: 1027.164 found: 1027.1713 [M−PF6]
+). 

Scheme D.4. Reaction scheme to prepare [(Mebpy-COOH)(Ph2phen)Ru(dpp)](PF6)2. 

 

1 eq. 2 eq. [Ru(BZ)Cl2]2 (A)

Step 1:

Ph2phen

2 eq.

Mebpy-COOH

2 eq.

A +

1 eq.

[(Mebpy-COOH)(Ph2Phen)RuCl2]

Step 2:

Step 3: +

dpp

(excess) [(Mebpy-COOH)(Ph2Phen)Ru(dpp)](PF6)2
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The electrochemical and photophysical properties of the [(Mebpy-COOH)(Ph2phen)-

Ru(dpp)](PF6)2, were investigated using electrochemistry and electronic absorption and emission 

spectroscopies. Herein, the complex is referred to as Mebpy-OH. Overall, the properties of Mebpy-

OH are consistent with those of the Dcbpy complex with two carboxylic acid functional groups 

instead of one. The CV and SWV of Mebpy-OH are provided in Figure D.12(a). Scanning 

oxidatively, a reversible oxidation was observed at E½ = +1.43 V (all vs Ag/AgCl), assigned to a 

Ru-based oxidation. The metal-based oxidation was preceded by an irreversible oxidation at E½ = 

+1.35 V, which is consistent with that observed in the CV of Dcbpy and strongly supports that this 

feature is from the oxidation of the carboxylate functional group on the dcbpy ligand. Two 

reversible reductions occurred at E½ = −1.06 V and −1.45 V, assigned to the dpp-based and 

Ph2phen-based reductions, respectively, based on the ligand reduction potentials of the model 

Ph2phen complex. The rapid increase in current below −1.6 V may be catalytic current from the 

reduction of water molecules that were around the carboxylate functional group.78 The electronic 

absorption and emission spectra of the Mebpy-OH are shown in Figure D.12(b). The absorption 

spectrum contained intense UV absorption, attributed to overlapping intraligand π→π* transitions, 

and visible absorption, attributed to overlapping 1MLCT Ru(dπ)→ligand π* transitions. After 

excitation with 450 nm light, the complex showed intense emission at 675 nm. The electrochemical 

and photophysical properties of Mebpy-OH are consistent with those observed for Dcbpy. These 

results suggest that the three-step reaction procedure shown in Scheme D.4 may be a simpler route 

to achieve a high purity tris-heteroleptic complex that involves fewer purification steps. 

Unfortunately, this project was abandoned because of the difficulty in synthesizing the Mebpy-

COOH terminal ligand. 
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Figure D.12. Characterization of [(Mebpy-COOH)(Ph2phen)Ru(dpp)](PF6)2

 (Mebpy-COOH = 4′-methyl-2,2′-

bipyridine-4-carboxylic acid; Ph2phen = 4,7-diphenyl-1,10-phenanthroline; dpp = 2,3-bis(2-pyridyl)pyrazine). (a) 

CV (bold black) and SWV (black) in CH3CN with 0.1 M TBAPF6 supporting electrolyte (grey = background). E½ 

= +1.43 V (RuII/III), −1.06 V (dpp0/−), −1.45 V (Ph2phen0/−); ox. +1.35 V = COO−/0 vs Ag/AgCl(b) Electronic 

absorption spectrum (black) and emission spectrum (red) in CH3CN (250 – 320 nm: overlapping ligand π→π* 

transitions; 350 – 500 nm: overlapping Ru(dπ)→ligand π* transitions; λex = 450 nm; λmax = 675 nm). 

D.6.5. Synthesis of cis-[(X)2RuCl2] complexes 

The cis-[(Mebpy-COOH)2RuCl2] and cis-[(dcbpy)2RuCl2] complexes were synthesized 

using a modified literature procedure.82 Briefly, RuCl3̇•2H2O (0.229 mmol) and (0.463 mmol) of 

ligand were refluxed under argon in DMF (8 mL) for 8 h, followed by cooling to room temperature 

and filtering. According to the literature method, the product should precipitate in acetone after 

evaporating the solvent under vacuum. When this procedure was performed the products did not 

precipitate and instead remained as an oily residue at the bottom of the stirred acetone. It was later 

discovered that reducing the volume of DMF to less than 1-2 mL prevented the precipitation of 

the product. However, not removing the solvent and pouring into stirred acetone followed by 

cooling the mixture overnight at 4 °C did result in product precipitation. The product also may 

have precipitated if added dropwise to stirred acetone. In addition, the volume of DMF used in this 

reaction was less than recommended. Increasing the reaction volume may have improved product 

recovery. Figure D.13 shows the electronic absorption spectrum of each complex. The spectra are 

similar and exhibit the characteristic intraligand π→π* transitions at 250–340 nm and two 

Ru(dπ)→ligand π* transitions at 340–450 and 470−630 nm. The cis-[(Mebpy-COOH)2RuCl2] 

0.0

0.2

0.4

0.6

0.8

150 350 550 750

In
ten

sity

A
b

so
rb

a
n

ce

Wavelength (nm)
-2.0-1.5-1.0-0.50.00.51.01.52.0

Potential (V vs. Ag/AgCl)

20 μm 

IL (π → π*)

MLCT

(Ru(dπ) → ligand(π*)

(a) (b)

RuIII/II

dpp0/−

Ph2phen0/−

COO−/0



339 

shows greater absorbance at ca. 200 nm, which may be indicative of ligand impurity. Both crude 

products contained impurities of the [L3Ru]Cl2 (L = ligand), demonstrated by an intense emission 

peak at ca. 630 nm after excitation at 450 nm. Attempts were made to remove the impurity using 

column chromatography techniques with alumina and silica stationary phases and a broad range 

of solvent systems. The conclusions were that the impurity could not be removed below the 

detection limit of the fluorometer and there was significant product loss in the process. Looking 

back on this synthetic approach, the recovered product could have been washed with acetone and 

used without purification. In addition, purification methods to precipitate the product at its 

isosbestic point should be investigated in the future.82 

 
Figure D.13. Electronic absorption spectrum of (a) of cis-[(Mebpy-COOH)2RuCl2] and (b) cis-[(dcbpy)2RuCl2]. 

Mebpy-COOH = 4′-methyl-2,2′-bipyridine-4-carboxylic acid; dcbpy = 2,2′-bipyridine-4,4′-dicarboxylic acid. 

D.6.6. Procedure for preparing electrospun carbon fiber mats 

Electrospun carbon fiber mats were prepared from a 12% w/w polyacrylonitrile (PAN, 

2.1856 g) in DMF (16.0 g) solution using a syringe pump and a rotating cylinder collector. The 

solution was prepared by combining the two components with heat and stirring overnight. The 

electrospinning parameters included a distance of ca. 30 cm, syringe volume of 2 mL, flow rate of 

0.75 mLh-1, and voltage of +18.01 to +18.35 V. Throughout the electrospinning process the 

measured relative humidity remained ca. 51% and the temperature was ca. 22 °C. An as prepared 
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mat is shown in Figure D.14(a). The mat was fluffy and did not role tight at the edges. The mat 

was cut off the rod using a scalpel blade. After removal from the rod, a glass plate heated to 125°C 

was used to anneal the fibers with heat treatment for approximately five minutes on each side, as 

shown in Figure D.14(b). Oxidation was performed in an oven in an air-purged environment. The 

temperature was increased from room temperature to 260°C at a rate of 5°C/min, followed by 

heating to 380°C at 1°C/min. At 380°C, the mat was promptly removed and allowed to cool to 

room temperature in air. The mat was carbonized in a tube furnace by ramping the temperature 

from room temperature up to 1000°C at 5°/min in a N2 purged environment followed by cooling 

to room temperature in the tube furnace. The product was a black, flexible mat as shown in Figure 

D.14(c). 

 
Figure D.14. Electrospun carbon fiber mat prepared from a 12% w/w solution of polyacrylonitrile (PAN) and DMF 

(a) as prepared, (b) after annealing at 125 °C for 10 minutes, and (c) after oxidation and carbonization.  

 

Solar is an inexhaustible source of energy that can be stored as chemical energy through 

the formation of molecular bonds. The photocatalytic production of hydrogen gas from water 

splitting is a particularly attractive sustainable process to store solar energy because H2 can be 

converted back into water in an energy rich, exothermic combustion reaction without forming 

environmentally detrimental carbon-based byproducts. Furthermore, the energy density per gram 

of H2 burned in the combustion reaction is nearly double that of other small molecule fuel sources 

(a) (b) (c)
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(excluding nuclear-based fuels). Supramolecular photocatalysts have been reported that produce 

H2 by reducing water in the presence of a sacrificial electron donor.  

This work demonstrates the synthesis of two novel, tris-heteroleptic RuII-polypyridyl 

complexes and one novel Ru,Rh bimetallic complex each containing carboxylic acid functional 

groups that can allow for covalent attachment of the monometallic and bimetallic complexes to a 

polymer support or electron donor source. The stability of a RuII-polypyridyl complex to covalent 

attachment and cleavage from a polystyrene resin was investigated. The complex was stable and 

could be recovered after cleavage, which supports that the monometallic and bimetallic may be 

reversibly attached to a polymer in order to simplify the supramolecular photocatalyst assembly. 

The novel bimetallic complex contained a low energy Ru(dπ*)→dpp(π*) charge transfer that is 

expected to direct electrons from the formally Ru(dπ) HOMO to the Rh(dσ*), as observed 

previously in similar bimetallic photocatalysts. Overall, the synthesis of the complexes proved to 

be challenging. The synthetic strategies involved required confidence, patience, significant 

synthetic skill, and experience, which the researcher did not have when performing this project. 

Nevertheless, the preliminary results are promising and demonstrate that this work should be 

continued in the future. Reducing molecular collisions through covalently binding a WRC to an 

electron donor source will provide valuable insight into electron transfer processes. In addition, 

the knowledge gained from this continued work will benefit other areas of photocatalysis, as 

well as the areas of membrane engineering, and fuel cell research.  
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The (+)ESI-MS of the tris-heteroleptic [(X2bpy)(Ph2phen)Ru(dpp)](PF6)2 complexes (X = 

H, COOH) are provided in Figure SD.1. 

 
Figure SD.1. (left) mass spectrum and (right) predicted mass spectrum of (a) [(bpy)(Ph2phen)Ru(dpp)]2+ and (b) 

[(dcbpy)(Ph2phen)Ru(dpp)]2+. 

Scheme SD.1 provides the reaction scheme for the synthesis of the novel bimetallic 

complex, [((dcbpy)(Ph2phen)Ru(dpp))RhBr2(Ph2phen)](PF6)3.
28

 The [(Ph2phen)RhBr4] complex 

was prepared according to Rogers et al.,80 who reported that this complex should actually be 

[(Ph2phen)RhBr3(DMF)], however the 1H NMR spectrum did not suggest the complex contained 

a coordinated DMF molecule. 
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Scheme SD.1. Reaction scheme for the synthesis of [((dcbpy)(Ph2phen)Ru(dpp))RhBr2(Ph2phen)](PF6)3. 

 

Scheme SD.2 shows the reaction scheme used to attach [Ru(bpy)2(Mebpy-COOH)]2+ to 

the 2-chlorotrityl chloride PS resin.83 This reaction procedure is typically used in peptide synthesis. 

Scheme SD.2. Reaction scheme for the covalent attachment of [Ru(bpy)2(Mebpy-COOH)]2+ (bpy = 2,2′-bipyridine; 

Mebpy-COOH = 4′-methyl-2,2′-bipyridine-4-carboxylic acid) to 2-chlorotrityl chloride polystyrene resin. DIEA = 

N,N-diisopropylethylamine; DCE = 1,2-dichloroethane; HCTU = aminium coupling reagent; Gly = Fmoc protected 

glycine. 

 

D.8.1. Instrumentation and methods 

1H NMR experiments were recorded at room temperature in d6-dimethyl sulfoxide 

(DMSO) on an Agilent U4-DD2 400 MHz spectrometer. Positive ion electrospray ionization mass 

spectrometry ((+)ESI-MS) experiments were performed by Mr. William Bebout in the Virginia 

Tech Chemistry Department Analytical Services laboratory using an Agilent Technologies 6220 

Accurate-Mass time-of-flight (TOF) instrument with a dual ESI source. Samples were dissolved 

Gly
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in HPLC grade CH3CN and directly injected into the instrument source through a preloading 

capillary at +1.2 kV with a flow rate of 0.4 mL min-1, using N2 gas at a pressure of 60 psi as the 

inert nebulizing gas, and a charging voltage of 2000 V, fragmentor voltage of 125 V, and skimmer 

voltage of 65 V. Electrochemistry experiments were conducted in deoxygenated CH3CN 

electrolyte solution containing 0.1 M Bu4NPF6 using an Epsilon potentiostat (Bioanalytical 

Systems, Inc.) with a one compartment three electrode cell, glassy Pt disk working electrode, 

platinum wire auxiliary electrode, and a Ag/AgCl (3 M NaCl) reference electrode. The cyclic 

voltammetry (CV) experiments were performed at a scan rate of 100 mv s-1. Osteryoung square 

wave voltammetry (SWV) experiments were performed with a pulse frequency of 15 Hz, pulse 

time of 30 ms, fixed pulse potential magnitude of 25 mV, and potential step of 4 mV. Electronic 

absorption spectra were recorded using an Agilent 8453 diode array UV-Vis spectrophotometer 

with 1 nm resolution and a spectral range of 190 to 1100 nm. Samples were dissolved in room 

temperature spectral grade CH3CN and measured in a 1 cm pathlength quartz cuvette (Starna Cells, 

Inc.; Atascadero, CA, USA). 
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Collaboration with Dr. Congcong Wu, Virginia Tech 

 

Organic-inorganic hybrid perovskite solar cells (PSCs) show unprecedented enhancement 

in light-electricity conversion efficiency compared to their silicon-based solar cell analogs.1-4 

Nevertheless, the poor long-term stability of PSCs is a critical challenge to their usefulness and 

implementation. This work demonstrates a highly stable methylammonium lead iodide 

(CH3NH3PbI3, MAPbI3) perovskite prepared using a self-assembly process in which MAPbI3 

layered perovskite intermediates are complexed with the hydrophobic polymer, poly(methyl 

methacrylate) (PMMA).5 The resulting three-dimensional self-assembly consists of perovskite 

grains coated along grain boundaries with PMMA that effectively blocks moisture corrosion. To 

rationalize the effect of MAPbI3 complexation with PMMA on the improved stability of the 

MAPbI3 perovskite, Fourier transform infrared spectroscopy in attenuated total reflectance (ATR-

FTIR) mode was used to investigate the interaction between MAPbI3 and PMMA in the self-

assembled PSC. This work was conducted in collaboration with Dr. C. Wu from Professor S. 

Priya’s research group. The starting materials of the PSC were prepared by Dr. C. Wu and provided 

for characterization. 
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Figure E.1(a) shows the infrared spectra of methylammonium iodide (CH3NH3I, MAI), 

PMMA, and the complexed MAI-PMMA. Upon complexation of MAI with PMMA, the infrared 

spectrum of MAI exhibits a shift in the ammonium ion (NH3
+) bending mode from 1490 cm-1 to 

1485 cm-1. This shift in frequency is consistent with an elongation of the N−H bond. In addition, 

vibrations assigned to the C−N stretching mode at 991 cm-1 and the CH3 bending mode at 1406 

cm-1 shift to 989 cm-1 and 1404 cm-1, respectively.6,7 The frequency shifts in MAI are suggestive 

of intermolecular hydrogen bonding interactions between MAI and PMMA that originate from a 

hydrogen in NH3
+, acting as a Lewis acid electron acceptor, and the carbonyl (C=O) oxygen on 

PMMA, a well-known Lewis base-type polymer, shown in Figure E.1(c). In the case of MAPbI3, 

the polar (δ−) O in the C=O of PMMA can potentially interact with both MA+ and Pb2
+.8 However, 

the Pb2+ cation in MAPbI3 is known to exist as the PbI3
− anion arranged in an octahedron and is 

not expected to interact with C=O. In contrast, in the two-dimensional layered perovskite 

intermediate, MA+ cations are exposed at the layer surface, favoring the interaction between the 

permanent dipole moment in MA+ and the polar C=O bond in PMMA. Figure E.1(b) shows the 

infrared spectra of PMMA, MAI−PMMA, and MAPbI3−PMMA. For both MAPbI3−PMMA and 

MAI−PMMA, the C=O stretch in PMMA, located at 1721 cm-1, shifts to 1726 cm-1, which strongly 

suggests that the complexation between PMMA and MAPbI3 is analogous to that of PMMA and 

MAI. The dipole moment in MA+ promotes water absorption through hydrogen bonding.9 

Complexation of MAPbI3 with PMMA leads to a monolayer of PMMA anchored between the 

perovskite grains. The PMMA coating is expected to improve the long-term stability of the 

perovskite light absorber by isolating the MA+ cations from water molecules in the air, illustrated 

in Figure E.1(d). 
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Figure E.1. The complexation of the MAPbI3 perovskite with PMMA. ATR-FTIR of PMMA, MAI, and 

MAI−PMMA in the regions of (a) 1350−1550 cm-1, highlighting the N−H and C−H bending modes, 908−1000 cm-1, 

highlighting the C−N stretching mode, and (b) 1500−1900 cm-1, highlighting the carbonyl (C=O) stretching mode. 

(c) Illustration of the complexation of the carbonyl oxygen of PMMA with the amine group of MA+. (d) Schematic 

illustration of the PMMA coating on the outer layer of the perovskite grains that prevents water penetration. 

Reproduced with permission from John Wiley and Sons.5 
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