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ABSTRACT

 In this dissertation, cationic metallocene-containing polyelectrolytes were 

investigated for the construction of nano-objects by CDSA and the mechanical force-

responsive polymer. The self-assembly behavior and mechanically induced polymer 

deformation were characterized and discussed.  

 In Chapter 1, the overall background and recent development of metallocene-

containing polymers as well as their applications in self-assembly and polymer 

mechanochemistry were introduced. Primary research objectives were described. 

 The first section of the dissertation on the CDSA of cationic metallocene-containing 

block copolymers was provided in Chapter 2. The preparation of PCL-b-PCoAEMAs was 

achieved through ring-opening polymerization (ROP) of ε-caprolactone and reversible 

addition-fragmentation chain-transfer (RAFT) polymerization of cobaltocenium 

amidoethylmetacrylate hexafluorophosphate, followed by ion-exchange. The 

crystallization-driven self-assembly (CDSA) of these block copolymers was described. 

Moreover, a unique polymer composition-dependent shape transition was studied. The 

resultant 2D micelles showed unprecedented ionic strength-dependent stability. 

The second part of the dissertation is the preparation and characterization of main-

chain cobaltocenium-containing copolymers. In Chapter 3, the preparation of 

cobaltocenium cyclic olefins and main-chain cobaltocenium-containing polymers were 

described. The diallyl cobaltocenium, a precursor for cyclic olefin, was prepared through 



vii 

modification of cyclopentadiene (CP) with allyl bromide, followed by coupling with cobalt 

bromide. The resultant diallyl cobaltocenium showed thermal isomerization in the aqueous 

solution. The ring-closing metathesis of diallyl cobaltocenium isomers resulted in two 

different cobaltocenium cyclic olefins; [3]-asna- and [4]-ansa- cobaltocenophane. The 

main-chain cobaltocenium-containing copolymers were prepared by ring-opening 

metathesis polymerization (ROMP) of cobaltocenium cyclic olefin and cyclooctene 

derivatives, resulting in 2-5 % of labeling ratio. Chapter 4 is dedicated to 

mechanochemistry of main-chain cobaltocenium-containing metallopolymers. The 

cobaltococenium-containing polymers were prepared by ROMP. The computational 

studies proved the mechanistic insight of cobaltocenium mechanophore. A strikingly 

different dissociation mechanism was further proposed. 

 Finally, Chapter 5 provides a summary of this dissertation research and outlook for 

future research. 
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CHAPTER 1 

GENERAL INTRODUCTION
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1.1 Metallopolymer 

 Metallopolymer is defined as any polymer containing metal. The unique 

combination of organic and inorganic components makes the metallopolymer an 

outstanding macromolecule. The metal building blocks are either hydrophobic or 

hydrophilic, affording desirable material properties by tuning their properties. In past 

decades, metallopolymers have gained enormous attention as a novel class of polymeric 

material with the unique electrochemical, optical, responsive, and catalytic properties of 

the metal component.1-4 Especially, metallocene-containing polymers has been in the 

middle of interest of material research due to the high thermodynamic stability, reversible 

redox properties, their unique sandwich structure.5, 6  

One of the most investigated metallocenes is ferrocene, which has iron as a metal 

center and two cyclopentadienyl ligands. Since it was first synthesized in 1951,7 

tremendous efforts have been put into the various metallocene-containing polymers for a 

broad spectrum of applications in catalyst, sensors, nanolithography, and biomedicine.8-14 

The introduction of metallocene into polymers is a versatile method for promising 

materials since it has distinctive characteristics compared to the organic building block. 

For example, Wurm and coworkers reported that the redox-responsiveness of ferrocene 

could be utilized for the controlled drug delivery system.15 The oxidation of ferrocene to 

ferrocenium can provide the cationic charge into the polymer backbone, resulting in 

charge-charge repulsion. This behavior can trigger the morphological transition and release 

the loaded drug to the out of the carrier. Moreover, chemical modification of metallocene 

has provided a more accessible strategy for the metallocene-containing materials. 



3 

 Although the majority of metallocene-containing polymers have mainly focused on 

the neutral metallocene, the charged metallocene, which is called cationic metallocene or 

metallocenium, recently has attracted considerable attention due to their cationic 

characteristics. For example, cobaltocenium, an isoelectronic molecule to neutral ferrocene, 

represents a type of charged metallocene. The unstable 19-e cobaltocene can quickly lose 

one electron to form the much more stable 18-e cobaltocenium cation (Figure 1.1). The 

cationic metalloceniums are primarily different from neutral metallocenes because they are 

ionic states and can possess hydrophilic or hydrophobic characteristics, depending on their 

counterions. The counterion-dependent characteristics of metallocenium-containing 

polymers give rise to more functional materials. For example, the cobaltocenium-

containing polymers show high solubility in water using hydrophilic counterion, which 

could be more beneficial for biomedical applications.16-20 

 

Figure 1.1. Electrochemical properties of cobaltocene/cobaltocenium. 

Generally, the metallocene-containing polymers can be classified based on 

metallocene locations. Rational synthetic strategies and various polymerization techniques 

allow the precise incorporation of metallocene into the specific position of 

macromolecules. Most often, the metallocene can be located in the main chain or side-
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chain with various chemical linkages. The other types of metallocene polymers are star-

shaped and dendritic macromolecules (Figure 1.2). Among the types of metallocene-

containing polymers, main-chain and side-chain metallocene polymers have been 

intensively studied.  

 

 

Figure 1.2. Class of metallocene-containing polymers. 

 Early efforts to prepare metallopolymers with metallocene pendent group mainly 

focused on through free radial polymerization of vinyl functionalized metallocene.21, 22 The 

homo and copolymerization of ferrocene with acrylate, methacrylate, and styrene monomer 

was examined using AIBN as an initiator (Figure 1.3). Not only free radical 

polymerization but also controlled radical polymerization has been examined.  
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Figure 1.3. Free radical copolymerization of ferrocene ethyl methacrylate and structure 

of metallocene monomer with various linker structures.  

Main-chain metallocene-containing polymers with multiple metallocene building 

blocks can be prepared the step-growth polymerization of difunctional metallocene units 

via esterification,23 amidation,24 and cross-metathesis.25 However, step-growth 

polymerization is very challenging to obtain high molecular weight due to its sensitivity to 

monomer conversion and impurities.26 Alternative chain-growth polymerization of cyclic 

monomers via ring-opening polymerization (ROP) has been successfully developed for 

main-chain metallocene polymers.27, 28 Ring-opening metathesis polymerization (ROMP), 

one of the most powerful controlled polymerization techniques with mild reaction 

conditions, has been utilized to prepare main-chain metallocene-containing polymers.29 

Cyclic metallocene monomers, which is called ansa-metallocenophane, are critical 

components for developing main-chain metallocene-containing polymer (Figure 1.4).30 

Highly strained metallocenophanes can be polymerized via an enthalpy-driven ROMP,31 

whereas less strained metallocenophanes can be incorporated via an entropy-driven (ED) 

ROMP.32  



6 

 

Figure 1.4. Representative structures of metallocene cyclic monomers and main-chain 

metallocene-containing polymer. 

1.2 Block Copolymer Self-Assembly 

Self-assembly governs mother nature. Myriads of biomacromolecules are 

constructed by self-assembly: protein, DNA double helix, lipid bilayers, etc. Most 

sophisticated natural structures are assembled via weak interactions, such as hydrogen 

bonding, hydrophobic interactions, and π- π interactions. For the last century, chemists 

have succeeded in finding many ways to make complex structures by forming and 

destroying covalent bonds between molecules. However, these approaches are far from 

what nature does.  

From a material science point of view, molecular self-assembly can provide a 

simple and low-cost bottom-up method to achieve functional materials from pre-fabricated 

building blocks with reduced steps. Several types of building blocks can be utilized for the 

self-assembly process from atoms to macromolecules. 
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Figure 1.5. Typical structures of block copolymers with two different blocks, A and B. 

Among a wide range of different molecules, synthetic block copolymers have 

gained great attraction from material scientists due to their variety of processability. The 

block copolymers consist of two or more chemically different and immiscible blocks which 

are covalently linked (Figure 1.5). Block copolymer self-assembly in bulk can afford 

ordered structures in a series of various morphologies: spheres, gyroid, cylinders, and 

lamellae (Figure 1.6). Self-assembly of these macromolecules depends on their properties, 

such as molecular weight, composition, inter- or intramolecular interactions.33 
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Figure 1.6. Block copolymer phase diagram and representative morphologies. (Adapted 

with permission from ref [33]. Copyright (2021) American Chemical Society) 

Introduction of solvent causes the complexity of block copolymer self-assembly. 

Compared to self-assembly in bulk state, that solution has to account for the interaction 

between polymers and solvent. Despite the complex situation, the BCP self-assembly in 

aqueous solutions provides more potential in biomedical applications since water is a more 

bio-relevant solvent. Moreover, Diverse morphologies can be obtained by BCP self-

assembly in solution.34 More than 20 morphologies have been reported, such as spherical 

micelles, rods, bicontinuous structures, lamellae, vesicles, large compound micelles 



9 

(LCMs), large compound vesicles (LCVs), tubules, ‘‘onions’’, ‘‘eggshells’’, baroclinic 

tubules, pincushions, etc.35  

 

Figure 1.7. Block copolymer self-assembly in solution. (reprinted from ref [34] with 

permission from Elsevier) 

1.3 Crystallization-Driven Self-Assembly 

 Investigations of block copolymer self-assembly in solvents were exclusively 

focused on block copolymers possessing amorphous core-forming blocks. Although BCP 

self-assembly has shown promising potential for many applications, efforts to expand its 

utility have suffered due to several limitations. Firstly, the formation of BCP micelles with 

diverse morphologies is quite challenging.36 Even though 1D fibers or 2D micelles have 

significant advantages over spherical micelles, such as higher drug loading capacity, longer 

circulation time, and efficient accumulation, which are crucial factors in determining 

efficient drug carrier,37 the self-assembly of amorphous core-containing block copolymers 

requires sophisticated material preparation procedure, for example, a narrow range of 
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polymer composition and self-assembly conditions. Second, length control and low 

dispersity of resultant micelles are pretty limited. The majority of impressive self-

assemblies possessing amorphous core-forming blocks controlling micelle have an issue 

on control over micelles' dimension.38 

On the other hand, several interesting studies from the 1960s have reported block 

copolymers containing a crystallizable core-forming block that can form 2D micelles in 

selective solvents selective for the corona-forming blocks. BCP self-assembly that the 

crystallization of core-forming block plays a critical role in determining the morphology is 

referred to as crystallization-driven self-assembly (CDSA). Over the past two decades, 

CDSA of block copolymers with a crystallizable core-forming block in solution has been 

intensively studied to fabricate diverse morphologies from cylindrical micelles to 2D 

platelets. As a pioneer in this field, Manners and his coworkers have developed CDSA and 

living CDSA to construct various and well-controlled micelles. For example, 

poly(ferrocenyldimethylsilane) was utilized as a crystallizable core-forming block with 

various corona-forming blocks.39-41  Not only ferrocenyl derivatives but also a broad 

spectrum of the crystallizable core-forming block has been used for CDSA, such as poly(L-

lactic acid) (PLLA)42-44, polycaprolactone (PCL)45-47, poly(ethylene glycol) (PEG)48, 49, 

polyethylene (PE)50, 51, polythiophene (PHT)52 (Figure 1.8). 
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Figure 1.8. Representative structures of crystallizable polymers. 

The formation of 1D and 2D micelles in CDSA undergoes two sept procedures. 

First, crystalline nuclei are formed during the precipitation step. The formation of nuclei is 

followed by subsequent epitaxial growth of unimers present in the polymer solution. The 

resulting micelles yield relatively largely dispersed size due to the difference in the rate of 

formation of nuclei. The rate of formation of nuclei would be expected to be slow compared 

to the rate of epitaxial growth of unimers (Figure 1.9). More precise control over size in 

resultant micelles can be accomplished by using seeded growth of unimers from 

preexisting nuclei present in the polymer solution. 

 

Figure 1.9. Illustration of crystallization-driven self-assembly of the block copolymer. 
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1.4 Polymer Mechanochemistry 

 The concept of polymer mechanochemistry can be traced back to the 1930s. 

Staudinger reported the molecular weight reduction of polyisoprene when subjected to 

mastication.53 This phenomenon was further elucidated by Kauzmann and Erying, which 

is attributed to the cleavage of the covalent bond in the polymer.54  Mechanical deformation 

of material can limit the lifetime of material on both macroscopic and molecular levels. 

 

Figure 1.10. Illustration of polymer deformation under external force.  

 Polymer mechanochemistry refers to exploiting the mechanical force along with 

the polymer in order to induce chemical transduction. Polymer mechanochemistry takes 

advantage of the macromolecules to harness external forces and translate them into 

modulating chemical reactions. For example, the reactivity of small molecules can be 

affected by photochemical or high reaction temperatures. However, the high energies 

required for the reaction can alter the reaction pathway from desired ways to a variety of 

decomposition ways. In contrast, a mechanical force can offer opportunities to prevent the 

drawback from a chemical reaction of small molecules by lowing activation energy 

throughout the reaction. For example, Craig and Martinez demonstrate that mechanical 

activation of polymers containing cis- and trans-gDFCs showed thermodynamically 

disfavored isomerizations that yielded cis-gDFCs predominant polymers.55  However, 
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thermolysis of the same starting materials resulted in most majority of trans-gDFC 

containing polymers. 

 Cycloreversion showed another limitation related to thermal activation of the 

chemical reaction. High temperatures are commonly required to promote this reaction, 

which can result in undesired decomposition.56, 57 In contrast, mechanical stimuli can 

accelerate the highly stable retrocyclization adduct otherwise difficult to achieve by 

thermal activation. For example, Bielawski et al. reported the mechanical cycloreversion 

of the 1,2,3-triazole moiety, which is a highly stable functional group.58 The application of 

ultrasound to a triazole-containing poly(methyl acrylate) was proved to disassemble the 

adduct into their starting moieties, which are alkyne and azide functionalities. 

 Systematical installation of the mechanical responsive molecule into the polymer 

is a well-known methodology to produce stimuli-responsive polymers that result in desired 

outputs when exposed to chemical or physical input. The chain-like structure of polymers 

is suitable to accumulate mechanical energy onto the polymer backbone. Selective bond 

dissociation events can be modulated by the installation of the mechano-responsive small 

molecule into the polymer backbone. The concept of mechanical deformation of polymeric 

material had risen in destructive ways; however, rationalized design and systematic 

incorporation has shifted the concept toward productive ways.59 

 Productive polymer mechanochemistry has emerged as a promising methodology 

for better material applications. While traditional polymer deformation induces the 

reduction of material physical and chemical properties, recent development in polymer 

mechanochemistry has proved that controlled polymer deformation brings advantages in 
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material applications. A good example is controlled catalyst activation by mechanical 

force. 

1.5 Mechanophores 

 A mechanophore is any chemical molecule that contains mechanically weak bonds, 

which is a functional moiety that changes under external mechanical forces. 

Mechanochemical responses can vary from isomerization to specific bond-breaking events. 

Mechanophores are carefully designed to produce a predictable responsive result. The 

successful design of mechanophores needs the critical structural components that allow 

mechanically induced outputs. For example, most of the mechanophores possess a 

relatively weak chemical linkage, a strained ring structure, or an isomerizable bond that 

can show chain scission or conformational changes when force is applied to the target 

molecule. Therefore, molecules which fall into these criteria can be recognized as a 

mechanophore. A molecule that results in an undesirable or unpredictable response is not 

suitable for the development of a mechanophore. 

 The mechanophore can be classified into three classes based on their 

mechanochemical reactions when exposed to mechanical force, that is, bond cleavage 

(homolytic, heterolytic, or coordination bond scission),60-64 pericyclic reaction,65-67 and 

isomerization.68-70 
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Figure 1.11. Representative structures of mechanophores. 

 One of the mechanochemical responses from mechanophore is the force-induced 

bond cleavage of relatively weak bonds.71 The bond cleavage is substantially affected by 

the bond dissociation energy (BDE). When force is applied onto the mechanophore, 

intrinsically weak bonds can undergo selective bond scission. For example, Encina and 

coworkers reported the selective bond scission of peroxide linkage, which is incorporated 

in the polymer backbone of polyvinylpyrrolidone. The BDE of peroxide is reported as ca. 
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35 kcal/mol.60 The energy of the homolytic extrusion of nitrogen from the azo group is 24-

30 kcal/mol.72 Ultrasound-induced site-specific cleavage of Azo-functionalized 

Poly(ethylene glycol) was reported by Moor and coworkers.73 In contrast, strong bonds 

with high BDE exceeding 72 kcal/mol can also show site-specific bond cleavage. The 

mechanical activation is known to have an effect on bond weakening. When a strong bond 

is incorporated into the cyclic conformation, the ring strain can reduce the high BDE of the 

strong bonds, such as C-C, C-O, and C-N bonds. Three and four-membered, and bridged, 

and bicyclic rings, such as epoxide,74 cyclobutane,65, and spiropyran,75 showed quite 

selective force-responsiveness while they possess high BDE. Generalized mechano-

responses were shown in Figure 1.12. 

 

Figure 1.12. Representative modes of mechanical dissociation of mechanophores. 

(reprinted from ref [71] with permission from John Wiley and Sons) 

 Recently, metallocene mechanophore was proposed. Given the high bond 

dissociation energy (BDE) of metallocenes,76-78 metallocene was not considered as a 
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promising mechanophore. However, recent research has proven that metallocene-

embedded polymers can be utilized as force-responsive materials under sonication.79 Tang 

group further investigated the mechanical-susceptibility of ferrocene and ruthenocene.80-82 

Thus, the metallocene mechanophores have attracted increasing attention. 

1.6 Polymerization Techniques 

Ring-Opening Polymerization (ROP).  

ROP is a very useful chain-growth polymerization method that has been frequently 

investigated.83-85 Strained ring containing a heteroatom, such as lactones, lactides, lactams, 

N-carboxy anhydrides, oxazolines, and siloxanes, are useful cyclic monomers that can 

undergo ROP polymerization.86 The proposed polymerization mechanisms of ROP are 

typically classified into four types; anionic, cationic, organo-catalytic, and coordination-

insertion. Biodegradable polymers, such as polylactic acid (PLA), polycaprolactone (PCL), 

poly(lactic-co-glycolic acid) obtained from the ROP are attractive materials because they 

are eco-friendly and biocompatible.87 Metal catalysts, such as tin(II) bis(2-ethyl hexanoate) 

(Sn(Oct)2), aluminum alkoxides, and zinc salts, have been used for ROP. Figure 1.13 

shows a typical ROP of ε-caprolactone and representative examples of catalysts that can 

be used in ROP.  



18 

 

Figure 1.13. Typical ROP of ε-caprolactone and representative structures of catalysts used 

in ROP. 

Reversible Addition-Fragmentation Chain-Transfer (RAFT) Polymerization. 

RAFT polymerization is one of the controlled radical polymerization (CRP) 

methods that is frequently used for the preparation of precise polymers. This 

polymerization technique was first discovered in 1998.88 RAFT polymerization is well-

known for its improved compatibility toward various monomers compared to other 

controlled radical polymerization. RAFT involves a unique dithioester structure that is 

responsible for its polymerization behavior. The R-group should be suitable to stabilize a 

radical formed and reinitiate the growth of a new polymer. On the other hand, the Z-group 

can assist the stabilization of C=S bond and the intermediate radical in the equilibrium 

state.  There are several typed of RAFT agents, such as dithioester, trithioester, 

thiocarbamates, and xanthates.89-91 The structure of R- and Z- group should be carefully 

designed to control the polymerization of a range of monomers. There are six steps 

involved in RAFT polymerization (Figure 1.14). Radical initiator, such as AIBN, is 
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decomposed to produce a free-radical source, resulting in two fragments (I•) which react 

with a single monomer producing propagating polymeric radical (P1•). The propagating 

radical reacts with the RAFT agent to form a RAFT adduct radical to produce R• which 

can reinitiate new growing polymer fragments. Growing polymer fragments can share the 

present radical through a rapid interchange process. The chain growth can be accomplished 

by repeating these processes. The termination can occur through recombination and 

disproportionation. However, due to the structural stabilization of the radical, the 

termination and other side reactions can be suppressed. RAFT polymerization is also a 

well-understood method to prepare block copolymers due to their livingness. The RAFT 

agent is a dormant state after polymerization is finished. Thus, further incorporation of 

monomers is available through a successive polymerization process. The livingness of 

RAFT features predictable molecular weight and low dispersity, which is helpful for chain-

end modification and macromolecular architecture.92, 93 
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Figure 1.14. General mechanism of RAFT polymerization. 

Ring-Opening Metathesis Polymerization (ROMP).  

Ring-opening metathesis polymerization (ROMP) is a type of olefin metathesis 

chain-growth polymerization. ROMP is a well-known polymerization method of cyclic 

olefin monomers. The relief of ring strain in the cyclic olefin is the driving force of this 

polymerization. By contrast, a large ring-sized cyclic olefin also can be polymerized by 

increasing entropy of the system, which is denoted “Entropy-driven ring-opening 

metathesis polymerization” (ED-ROMP).94 This technique is useful for the synthesis of 

linear polymers with high molecular weight and narrow molecular weight dispersity. In 

general, Grubbs’ catalysts are well-known for their high stability, functional group 

tolerance, fast initiation, and propagation rate.95 Representative structures of Grubbs’ 

catalysts are shown in Figure 1.15.  



21 

ROMP undergoes a [2+2] cycloaddition of two alkenes via the formation of 

metallacyclobutane intermediate (Figure 1.15). A catalyst-mediated unsaturated carbon-

carbon bond exchange occurs. The catalyst coordinates to the cyclic olefin, and a new 

olefin that is generated coordinates with the catalyst as the polymer chain grows. The 

metathesis of the unstrained olefinic bonds in the growing polymer chain known as 

backbiting and chain transfer can increase the dispersity of the polymers. 

Norbornenes, cyclopentenes, and cyclooctenes are the most commonly used 

monomers for ROMP.96 Besides, the sequential addition of different monomers can 

provide a method to prepare block copolymers.97 

 

Figure 1.15. Mechanism of ROMP and structures of Grubbs’ catalysts. 
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1.7 Research Objectives 

This dissertation focused on two main research objectives. The first objective was 

to develop novel polymer materials produced from a combination of cationic metallo-

polyelectrolytes and crystalline polymer for the construction of nano-objects via 

crystallization-driven self-assembly. Crystallizable polymer, PCL, is synthesized via ROP 

of ε-caprolactone. Further chemical modification of PCL affords macro-RAFT agent, 

which is a valuable macromolecule to produce block copolymers. Cobaltocenium 

monomer is introduced by RAFT polymerization for the various polymer composition. The 

prepared block copolymers show unique CDSA behaviors in the protic solvent. The 

formation of 2D micelles showed an unprecedented morphological transition based on their 

compositions. The resultant 2D micelles show improved stability under the increased ionic 

strength of the solution. The cationic characteristics and bioconjugation ability of micelles 

can be further utilized for biomedical applications. 

The second objective of this dissertation is to develop new cationic metallocene 

mechanophores. In order to study the polymer mechanochemistry of cobaltocenium-

containing polymers, a new design of cobaltocenium is required. The unique chemical 

structure of cobaltocenium can differentiate the force-responsiveness of metallocene 

mechanophore. The computational study can provide insight into the force-induced 

transduction of cobaltocenium mechanophore. For the improved incorporation of 

cobaltocenium, cyclic olefin moiety was introduced into the cobaltocenium structure. For 

the preparation of cobaltocenium cyclic olefin, an ally functional group was introduced 

with further chemical transformation to the cyclic form. The ROMP was used to 

incorporate the cobaltocenium moieties into the polymer backbone. The mechanical 
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susceptibility of cobaltocenium was examined by using ultra-sonication under a diluted 

system. The unique dissociative behavior of cobaltocenium was further confirmed by GPC 

and computational studies. This study of mechanochemistry of cationic metallocene 

mechanophore can further expand its possibility toward different types of cationic 

metallocene. 
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CHAPTER 2 

CRYSTALLIZATION-DRIVEN SELF-ASSEMBLY OF METALLO-

POLYELETROLYTE BLOCK COPOLYMERS WITH A 

POLYCAPROLACTONE CORE-FORMING SEGMENT1

                                                           
1 Cha, Y.; Jarrett-Wilkins, C.; Rahman, M. A.; Zhu, T.; Sha, Y.; Manners, I.; Tang, C. 

Crystallization-Driven Self-Assembly of Metallo-Polyelectrolyte Block Copolymers with 

a Polycaprolactone Core-Forming Segment. ACS Macro Lett. 2019, 8, 835-840. 

Reproduced with permission of publisher. Copyright (2021) American Chemical Society. 
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2.1 Abstract 

We report crystallization-driven self-assembly (CDSA) of metallo-polyelectrolyte 

block copolymers that contain cationic polycobaltocenium in the corona-forming block and 

crystallizable polycaprolactone (PCL) as the core-forming block. Dictated by electrostatic 

interactions originating from the cationic metalloblock and crystallization of the PCL, these 

amphiphilic block copolymers self-assembled into two dimensional platelet nanostructures 

in polar protic solvents. The 2D morphologies can be varied from elongated hexagons to 

diamonds, and their stability to fragmentation was found to be dependent on the ionic 

strength of the solution. 

2.2 Introduction 

Self-assembly of amphiphilic block copolymers is one of the most fascinating 

approaches to the creation of nanoscale micelles with core-corona architectures and a broad 

range of morphologies.1-7 Unlike amorphous block copolymers, when placed in a selective 

solvent, block copolymers with a crystallizable core-forming block tend to form micelles 

with a low curvature of the core-corona interface. Most commonly either platelets or 

cylinders are formed, depending on the interplay between the crystallization of the core 

and interchain repulsion of corona. The central role of crystallization in the self-assembly 

process has given rise to the descriptor “Crystallization-Driven Self-Assembly (CDSA)”.8-

12  

Metallopolymers, polymers containing metal centers in the main chain or pendant 

side chains, have also been featured in CDSA processes. The CDSA of 

poly(ferrocenyldimethylsilane) (PFS) to prepare a wide range of nanostructures that are 

spherical, cylindrical13-15 or platelet16-18 micelles has been extensively explored. To date, 



36 

most metallopolymers used for CDSA studies have been neutral. In contrast to neutral PFS, 

cationic cobaltocenium-containing polymers have several advantages, such as 

hydrophilicity, high chemical stability, and bioactivities.19-27 As charged polyelectrolytes, 

cobaltocenium moieties have been utilized for solution self-assembly, including in one case 

for CDSA which gave platelets with a PFS core.28 Recently, Qiu, Manners and coworkers 

reported the formation of chiral metallopolymers consisting of 

poly(cobaltoceniumethylene) with the assistance of N-acyl-amino-acid-derived anionic 

surfactants.29 The Tang group have also reported the preparation and solution self-assembly 

of side-chain cobaltocenium-containing block copolymers in a mixture of acetone and 

chloroform that formed high-aspect-ratio nanotubular structures.30 

Polycaprolactone (PCL) is well known for biomedical applications because of its 

biocompatibility and biodegradability.31 PCL-containing block copolymers have been 

recently utilized for the CDSA process with the formation of spherical, cylindrical and 

lozenge-shaped morphologies.9, 32-37 

Herein we report the CDSA behavior of a metallo-polyelectrolyte block copolymer, 

polycaprolactone-b-poly(cobaltocenium amidoethyl methacrylate) (PCL-b-PCoAEMA). 

Driven by the crystallization of PCL and the electrostatic interactions within charged 

polycobaltocenium segments, this block copolymer can self-assemble into various two-

dimensional platelet morphologies in selective solvents with PCL as the core block and 

cobaltocenium as the corona block. 
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2.3 Experimental 

Materials 

Cobaltocenium amidoethyl methacrylate hexafluorophosphate was synthesized 

according to a previously reported procedure.38 ε-Caprolactone (98%) was purchase from 

Sigma Aldrich and distilled with calcium anhydride. Benzyl alcohol (98%, Sigma Aldrich) 

was distilled before use. Azobisiobutyronitrile (AIBN) was purchase from Sigma Aldrich 

and recrystallized in methanol. Copper iodide, propargyl alcohol, stannous octoate 

tetrabutylammonium chloride, 4-cyano-4-(phenylcarbonothioylthio)pentanoic acid and 4-

(N,N-dimethylamino)pyridine were purchased from Sigma Aldrich and used as received 

without further purification unless it is mentioned. 

Characterization 

1H-NMR spectra were recorded by a Bruker Avance III HD 300 using 

trimethylsilane as an internal standard. Molecular weight and molecular weight distribution 

of polymers were determined by gel permeation chromatography (GPC) with 

tetrahydrofuran (THF) as an eluent at a flow rate of 1mL/min at 35 oC on a Waters GPC 

system equipped with a refractive index (RI) detector, and narrow dispersed polystyrene 

was used for calibration. GPC samples were prepared by dissolving the sample in THF 

with a concentration of 10.0 mg/mL and passing through microfilters with a pore size of 

0.2 μm. Crystallization temperature (Tc) and melting temperature (Tm) of polycaprolactone 

homopolymer were measured by using differential scanning calorimetry (DSC) conducted 

on a DSC 2000 instrument (TA Instruments). Samples were first heated from −30 to +200 

°C at a rate of 10 °C/min. After cooling down to −30 °C at the same rate, the data were 

collected from the second heating and cooling scan. About 4 mg of sample was used for 
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the DSC test with nitrogen gas at a flow rate of 50 mL/min. Fourier transform infrared 

spectrometry (FTIR) spectra were taken from a PerkinElmer spectrum 100 FTIR 

spectrometer. Atomic force microscopy (AFM) was performed using a Multimode 

Nanoscope V system (Bruker, Santa Barbara, CA). Tapping mode AFM was used to map 

the topography by tapping the surface using an oscillating tip. Transmission Electron 

Microscopy (TEM) images were collected from JEOL 200CX transmission electron 

microscope with an acceleration voltage of 120 kV. The samples were prepared by drop-

casting onto a copper grid and dried before measurement. The TEM images were further 

analyzed by ImageJ. 

Synthesis of alkyne modified CTA 

RAFT agent, 4-cyano-4-(phenylcarbono thioylthio) pentanoic acid (CPPA), was 

modified with propargyl alcohol via esterification. CPPA (0.5 g, 1.79 mmol), 4-

dimethylaminopyridine (DMAP) (22 mg, 0.18 mmol) and propargyl alcohol (0.5 g, 

0.89mmol) were placed into a round bottom flask, then added with 20 mL dry DCM and 

placed in an ice bath. 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC) (0.3 g, 1.93 

mmol) was dissolved in dry DCM and added into the above reaction mixture dropwise. 

After addition of EDC, TEA (0.5 ml, 0.36 mmol) was added immediately. The reaction 

mixture was stirred for 24 hours. The reaction mixture was extracted by water three times. 

The organic layer was dried with anhydrous MgSO4 and condensed by rotary evaporation. 

The product was purified by silica column chromatography using hexane and ethyl acetate 

(1:1) as eluents. The product was collected and dried under a vacuum. 1H NMR (CDCl3, 

300MHz, ppm): δ = 7.93 (d, 2H, Ph-), 7.48 (t, 1H, Ph-), 7.33 (t, 2H, Ph-), 4.66(s, 2H, -

OCH2CCH-), 2.75-2.36(m, 5H, -CH2CH2-, -CCH), 1.87(s, 3H, -CH3). 
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Synthesis of polycaprolactone homopolymer with –OH end group. 

PCL was prepared by ring-opening polymerization of ε-caprolactone. The 

procedure was performed according to previous work.39 Stannous octoate was used as a 

catalyst and benzyl alcohol was used as an initiator. ε-Caprolactone (3.0 g, 26.3 mmol), 

benzyl alcohol (90 mg, 0.12 mmol), and stannous octoate (50 mg, 0.12mmol) were placed 

in a 25 mL flame-dried round bottom flask. The mixture was dissolved in 5.0 mL toluene. 

The reaction solution was purged with nitrogen for 30 minutes, and placed into an oil bath 

preheated to 110 oC. The polymerization was proceeded for 3 hours and quenched by 

cooling the reaction mixture in an ice-water bath. The polymer was precipitated into cold 

methanol 3 times (2.41g, ca. 80% yield). The repeating unit of polymer was calculated to 

be 61 by 1H-NMR analysis. Mn (GPC) = 6,500 g/mol, Đ = 1.25. 1H-NMR (CDCl3, ppm, 

300 MHz): δ = 7.36 (br, 5H, PhCH2O-), 5.13 (s, 2H, PhCH2O-), 4.07 (t, 120H, -

COOCH2CH2-), 3.66 (t, 2H, -CH2CH2OH), 2.32(t, 120H, -OCOCH2CH2-), 1.68-1.61 (m, 

240H, -COOCH2CH2CH2CH2CH2OH), 1.43-1.36 (m, 140H, -

COOCH2CH2CH2CH2CH2OH). 
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Figure 2.1. GPC trace of polycaprolactone homopolymer (Mn (GPC) = 6,500 g/mol, Đ = 

1.25). 

 

Figure 2.2. DSC curve of polycaprolactone homopolymer. 
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Modification of PCL-OH with azide.  

The hydroxyl end group of PCL-OH was converted to azide via two-step 

modifications: tosylation and azide substitution. PCL-OH homopolymer (1.5 g, 0.25 

mmol) was dissolved in 5 mL dichloromethane (DCM) and added by trimethylamine (0.35 

ml, 2.54 mmol). The reaction solution was cooled in an ice bath. p-Toluenesulfonyl 

chloride (484 mg, 2.54 mmol) was dissolved in 5 mL DCM and added to the above reaction 

mixture dropwise. After 24 hours, the tosylated polymer was precipitated in cold methanol 

three times. PCL-OTs was converted to PCL-N3 by reaction with sodium azide in 

dimethylformamide (DMF). PCL-OTs (1.04 g, 0.14 mmol) and sodium azide (650 mg, 10 

mmol) were dissolved in dry DMF. The reaction proceeded at room temperature for 24 

hours. The reaction mixture was extracted using DCM and brine three times to remove 

excess sodium azide. The organic layer was dried with anhydrous MgSO4. The PCL-N3 

product was recovered by precipitation in cold methanol (1.1 g, 73% yield). Azide 

substitution was confirmed by IR spectrum. 1H-NMR (CDCl3, 300MHz, ppm): δ = 7.30 

(br, 5H, PhCH2O-), 5.05 (s, 2H, PhCH2O-), 3.99 (t, 120H, -COOCH2CH2), 3.26 (t, 2H, 

CH2CH2N3), 2.32 (t, 120H, -OCOCH2CH2-), 1.63-1.53 (m, 240H, -

COOCH2CH2CH2CH2CH2N3), 1.36-1.29 (m, 140H, -COOCH2CH2CH2CH2CH2N3).  



42 

 

Figure 2.3. FT-IR spectra of PCL-OH (red) and PCL-N3 (blue). 

Synthesis of PCL Macro-CTA 

Synthesis of PCL-RAFT agent was obtained by click reaction between PCL-N3 

and alkyne modified CPPA. Copper(I) iodide (0.8 mg, 4.2 μmol) and 1,8-

diazabicyclo[5.4.0]undec-7-ene (DBU) (0.96 mg, 6.3 μmol) were dissolved in 3 ml dry 

tetrahydrofuran (THF). PCL-N3 (0.3 g, 0.042 mmol) and alkyne modified CPPA (107 mg, 

0.34 mmol) were dissolved in 10 mL dry THF and purged with nitrogen. A mixture of 

DBU and CuI was added to the above reaction mixture. The mixture was stirred for 24 

hours and diluted with 10 ml DCM. The mixture was extracted with water to remove 

residual reagents. The product was recovered by precipitation in cold methanol and dried 
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under a vacuum. 1H-NMR (CDCl3, 300MHz, ppm): δ = 7.81 (d, 2H, Ph-), 7.51 (m, 3H, 

Ph-, Triazole), 7.28 (m, 6H, Ph-), 5.19 (s, 2H, -CH2Triazole-), 5.05 (s, 2H, PhCH2O-), 4.01 

(t, 120H, -COOCH2CH2), 2.25 (t, 120H, -OCOCH2CH2-), 1.62-1.53 (m, 240H, -

COOCH2CH2CH2CH2CH2), 1.36-1.29 (m, 120H, -COOCH2CH2CH2CH2CH2). 

Synthesis of PCL-b-PCoAEMAPF6 block copolymer 

PCL-b-PCoAEMAPF6 was synthesized through RAFT polymerization. PCL-

RAFT macroinitiator (42 mg, 6 μmol), AIBN (0.3 mg, 1.8 μmol), and CoAEMAPF6 were 

dissolved by 0.3 mL dry DMF in a Schlenk flask. The reaction mixture was purged with 

N2 for 30min. The flask was placed into an oil bath preheated at 90oC. The conversion was 

monitored by 1H NMR. Polymerization was quenched when the conversion reached about 

50%. The polymers were precipitated in cold methanol to remove residual monomers. 

Yellow polymers were collected and dried in a vacuum. Yield: 100 mg, 1H NMR (DMSO-

d6, 300MHz, ppm): 6.25 (br, 58H, Cp ring), 5.9 -5.8 (br, 142H, Cp ring) 4.01 (t, 120H, -

OCH2CH2-), 2.25 (t, 122H, -OCO-CH2-). 
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Figure 2.4.  1H-NMR spectrum of PCL-b-PCoAEMAPF6. 

Ion-exchange of PCL-b-PCoAEMAPF6 block copolymer 

PCL-b-PCoAEMAPF6 (100mg) was dissolved in 2mL acetonitrile (CAN). 

Tetrabutylammonium chloride (TBACl) (2.0 g) was dissolved in 10 mL ACN. The 

polymer solution was added to TBACl solution. The ion-exchanged polymers were 

precipitated out. The polymers were collected and washed by ACN three times. The 

polymers were collected and dried in a vacuum overnight. 

Self-assembly of Cobaltocenium-containing block copolymers 

PCL-b-PCoAEMA (2.0 mg) was dissolved in 4 mL distilled water and methanol 

respectively to make a concentration of 0.5 mg/mL. The polymer solutions were annealed 

at 40 oC for 1 hour. After 1 hour, the solutions were cooled down to room temperature 

slowly. The polymer solution was kept at room temperature for the designated time. TEM 
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samples were prepared by drop-casting of polymer solutions onto carbon-coated copper 

grids and dried overnight. 

2.4 Results and Discussion 

Preparation of cobaltocenium-containing block copolymers 

The cobaltocenium-containing block copolymer was synthesized via sequential 

ring-opening polymerization (ROP) of caprolactone and reversible addition-fragmentation 

chain transfer (RAFT) polymerization of cobaltocenium amidoethyl methacrylate 

hexafluorophosphate (Figure 2.5). PCL was synthesized via ROP and the terminal 

hydroxyl group was further converted to azide group, which was then subject to a click-

type cycloaddition reaction with an acetylene-containing chain transfer agent (CTA), 

yielding dithioester-capped PCL as macro-CTA. CoAEMA monomer was then introduced 

as the second block via RAFT using the above macro-CTA. The compositions of block 

copolymers can be adjusted by changing the feed ratios of monomer to macro-CTA and 

were established by 1H-NMR. The solubility of the cobaltocenium-containing block is 

largely dependent on its counterion. In order to increase the hydrophilicity of the corona-

forming block, hexafluorophosphate counterion was exchanged for chloride by using 

tetrabutylammonium chloride, according to a previously reported procedure.40 
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Figure 2.5. Synthesis of cobaltocenium-containing block copolymers. 

CDSA in MeOH 

First, we explored the self-assembly of the metallo-polyelectrolyte block 

copolymer with a short polycobaltocenium block (PCL61-b-PCoAEMA58). This block 

copolymer was dissolved in methanol with a concentration of 0.5 mg/mL, heated at 40 oC 

for 1 hour, and then slowly cooled to room temperature over 5 hours. Methanol was 

selected as the solvent because it is selective for the cobaltocenium block. The polymer 

solution was then aged at room temperature for one month and characterized by 

transmission electron microscopy (TEM) after solvent evaporation. TEM revealed the 

formation of platelets with a highly regular hexagonal shape and an average area of 19.6 

µm2 and a dispersity of Aw/An 1.24, where Aw is the weight-average area and An is the 

number-average area. (Figure 2.6 and 2.7). Selected area electron diffraction (SAED) 

from these hexagonal platelets showed that they possess a crystalline PCL core-forming 
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block (Figure 2.6C). The diffraction pattern is in accordance with those previously 

reported.35, 41, 42 Atomic force microscopy (AFM) clearly revealed that the hexagonal 

platelets have a thickness of ~10 nm. The linear zig-zag extended chain length of the PCL 

block is approximately 60 nm, which indicates the crystalline core contains chains that are 

folded ca. 6 times. Moreover, AFM analysis showed a distinct 1D region of elevation at 

the center (Figure 2.6D), which likely represents the location of a seed formed during the 

initial, self-nucleation stage of CDSA, which has been previously located in cases of seeded 

growth.18, 25 

The chemical composition of these 2D platelets was further characterized. Based 

on the chemical structure of block copolymer, 2D platelets are expected to be covered by 

cobaltocenium, which is more compatible with protic solvent. In order to prove this, we 

used TEM-EDX. As shown in Figure 2.8, scanning of the platelet surface showed the 

elemental cobalt, which is originated from cobaltocenium of the corona-forming block. 

Therefore, it is concluded that the resultant 2D platelets from PCL61-b-PCoAEMA58 are 

covered by cationic cobaltocenium blocks that can stabilize the 2D micelles. 
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Figure 2.6. (A) Schematic illustration of the formation of 2D hexagonal platelets by CDSA 

of block copolymer PCL61-b-PCoAEMA58. (B) TEM micrograph of hexagonal platelets 

from PCL61-b-PCoAEMA58 obtained by heating the polymer solution in methanol at 40 oC 

for 1 h followed by cooling and aging at room temperature for 1 month. (C) TEM SAED 

of hexagonal platelets. (D) AFTM height image. (E) AFM height profile from image D. 
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Figure 2.7. (A) Additional TEM micrograph of elongated hexagonal platelet of PCL61-b-

PCoAEMA58 with a concentration of 0.5 mg/mL in methanol and annealing at 40 oC for 1 

hour, followed by cooling to 25 oC and then aging for 1 month; and (B) area distribution 

(average area = 19.6 µm2, area dispersity = 1.24).  

 

Figure 2.8. TEM-EDX analysis of hexagonal platelets. 

To further explore the CDSA behavior of this block copolymer during the aging, 

1H NMR experiments were carried out in methanol-d4. Before starting the CDSA process 

(i.e. prior to heating), the proton peaks of solvated PCL to poly(cobaltocenium) showed a 

ratio of ca. 1:1 between two segments in the as-prepared block copolymer (Figure 2.4). As 

the aging proceeded, the intensity of the proton peaks of PCL decreased, whereas the 

proton peaks of cyclopentadienyl ring of cobaltocenium maintained unchanged (Figure 

2.9). After aging for 11 days, the peak ratio of PCL to cobaltocenium reached ~0.4:1. As 
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previously reported,43 the protons at the α position of PCL are restricted and show a 

decreased intensity when the crystallization proceeds.  

 

Figure 2. 9. Time dependent 1H NMR spectra of PCL61-b-PCoAEMA58 in methanol-d4. 

The time-dependent CDSA process was also monitored by TEM. As shown in 

Figure 2.11A, when PCL61-b-PCoAEMA58 was dissolved in methanol without heating, 

TEM image shows small crystallites, which could serve as seeds for subsequent CDSA. 

Afterward, the solution was subject to heating and aging as described above. After aging 

for 1 day, small elongated hexagonal platelets were formed (Figure 2.11B). With the 

increase of aging time, these hexagonal platelets grew larger (Figure 2.11C-E). The 

average area of hexagonal platelets after one-day aging was 1.68×105 nm2. It increased to 

2.41×105 nm2 after 3 days and 2.92×105 nm2 after 11 days. The area dispersity was 1.09. 
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the aspect ratios (Ln/Wn, where Ln is the number-average length and Wn the number-average 

width) were similar, ca. 4.6, throughout the CDSA process.  

 

Figure 2.10. TEM micrographs of PCL61-b-PCoAEMA58 in methanol: (A) before heating; 

(B) aging for 1 day; (C) aging for 3 days; and (D) aging for 11 days. Plots of (E) area versus 

aging time and (F) aspect ratio versus aging time. 
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Figure 2.11. Illustration of CDSA of PCL-b-PCoAEMA block copolymer toward 

hexagonal platelet nanostructures. 

Combined the results so far, the whole procedure of CDSA of PCL-b-PCoAEMA 

block copolymer proceeds that is similar to that of crystalline polymer (Figure 2.11). The 

block copolymer first forms small particles that can act as nuclei at the beginning of the 

procedure. Then, the rest of the unimers are attached to the nuclei, followed by the growth 

of micelles. 

Effect of polymer composition on morphological transition 

Next, we studied how the composition of block copolymers affected the CDSA 

process. We synthesized two block copolymers with a longer cobaltocenium block while 

keeping the degree of polymerization of the PCL block the same: PCL61-b-PCoAEMA244 

and PCL61-b-PCoAEMA344. For amphiphilic block copolymers, an increased length of 

corona block can cause higher repulsion between chains, leading to larger interfacial 

curvature and thus resulting in morphological transformations.14, 44 We anticipated that the 
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longer corona of the cobaltocenium block would induce the morphological transition from 

2D hexagonal platelets to 1D cylindrical or spherical morphologies. Self-assembly 

experiments were carried out using the same procedure as for PCL61-b-PCoAEMA58. 

However, TEM images showed that PCL61-b-PCoAEMA244 copolymer also produced 

hexagonal platelets which have an area dispersity of 1.05 with a larger width than that of 

PCL61-b-PCoAEMA58 (Figures 2.12A and E). PCL61-b-PCoAEMA344 showed the 

formation of diamond-shaped platelets with an area dispersity of 1.11 (Figures 2.13A and 

E) and lenticular shapes (Figure 2.14). Electron diffraction patterns of the wider hexagonal 

and diamond-shaped platelets revealed similar diffraction patterns to that of longer platelets 

(Figures 2.12B and 2.13B).  
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Figure 2.12. (A) TEM micrograph of wider hexagonal platelets obtained from PCL61-b-

PCoAEMA244 in methanol (0.5 mg/mL) with heating at 40 oC for 1 hour, followed by 

cooling to 25 oC and then aging for 1 month; (B) Electron diffraction; (C) AFM height 

image; (D) AFM height profile from image C; and (E) area distribution (average area = 

2.76 µm2, area dispersity = 1.05). 
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Figure 2.13. (A) TEM micrograph of diamond-shaped platelets of PCL61-b-PCoAEMA344 

in methanol (0.5 mg/mL) with heating at 40 oC for 1 hour, followed by cooling to 25 oC 

and then aging for 1 month; (B) Electron diffraction; (C) AFM height image; (D) AFM 

height profile from image C; and (E) area distribution (average area = 3.37 µm2, area 

dispersity = 1.11). 
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Figure 2.14. TEM micrographs of lenticular structures from PCL61-b-PCoAEMA344 in 

methanol (0.5 mg/mL) obtained by annealing at 40 oC for 1 hour, followed by cooling to 

25 oC and then aging for 1 month. Insert: magnified areas from dashed yellow squares. 

These 2D micelles share some common characteristics. We measured the angle of 

each platelet (depicted in the yellow line in Figure 2.15C-E). As shown in Figure 2.15, 

the angle at the end of the elongated hexagon is ca. 109o; the wider hexagons and the 

diamond platelets exhibit the same angles at ~109o. The corners of 2D platelets were 

superimposed on each other. To further characterize these 2D platelets, we measured the 

aspect ratios of each platelet. Elongated hexagons from PCL61-b-PCoAEMA58, wider 

hexagons from PCL61-b-PCoAEMA244 and diamond-shaped platelets from PCL61-b-

PCoAEMA244 have the aspect ratios respectively at 3.3, 1.6 and 0.7. The relationship 

between aspect ratio and block ratio showed a linear relationship (Figure 2.15F). As the 

block ratio increased, the aspect ratio decreased. AFM images of wider hexagonal and 

diamond-shaped platelets show the reduced thickness, 6 nm, and 4 nm, respectively 

(Figures 2.12D and 2.13D), suggesting increased chain folding compared to the narrow 

hexagonal case with a thickness of ca. 10 nm in Figure 2.6D and 2.6E. We postulated that 

when the corona block is short, the growth of platelets is dominated by the preferred 
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unidirectional crystallization of the PCL block.45 It is likely that with the increase in the 

spatial extent of the corona, the rate of longitudinal crystallization is reduced by the 

presence of the hairy cobaltocenium segment, forcing platelets to expand more uniformly 

in both longitudinal and lateral directions. The increase in chain folding detected would 

also help stabilize the resulting platelets by reducing inter-coronal steric interactions by 

lowering the areal brush density. It appears that for this system, this approach is favored 

over a reduction in the curvature of the core-corona interface to yield 1D fiber-like 

assemblies. 

One of us reported diamond-shaped platelets from poly(L-lactide) homopolymers 

with a charged terminal phosphonium group.18 O’Reilly, Dove, and coworkers described 

well-defined diamond platelets from poly(N, N-dimethyl acrylamide)-b-P(L-lactide).46 

However, diamond platelets from a PCL-containing block copolymer have not yet been 

reported. It could be reasoned that the growth of 2D platelets is perpendicular to the axis 

of the long hexagonal platelet, as shown in Figure 2.15D (The dashed cartoon of the 

hexagon). Although the reason for this phenomenon is not clear, we hypothesized that the 

direction of growth is governed by the crystallization of the core-forming block. A 2D 

lamellar structure is accomplished by folding of the crystalline core block. The presence of 

a long corona block in a selective solvent can force more folding of PCL chains, as 

evidenced by the decrease of the thickness of platelets via AFM imaging. 
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Figure 2.15. Schematic of (A, B) lower aspect ratio hexagonal platelet from PCL61-b-

PCoAEMA244 and diamond-shaped platelet from PCL61-b-PCoAEMA344. TEM 

micrographs of platelets formed by (C) PCL61-b-PCoAEMA244 with an area dispersity of 

1.05, (D) PCL61-b-PCoAEMA344 with an area dispersity of 1.11, and (E) PCL61-b-

PCoAEMA58 in methanol and (F) plot of aspect ratio versus block ratio. 

In order to further explore this phenomenon, we conducted additional experiments. 

It was reported that blending of crystalline homopolymers with block copolymers could 
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accelerate the crystallization.36 We prepared a homopolymer of PCL38 and dissolved it in 

tetrahydrofuran at a concentration of 10 mg/mL. This solution was added to the diblock 

copolymer solution in methanol-based on a mass ratio of 1:1. The blended solution was 

heated at 40 oC and cooled to room temperature slowly over 5 hours. TEM characterization 

was carried out after aging for 1 week. TEM images revealed that the addition of 

homopolymer resulted in longer hexagonal platelets (Figure 2.16). Blending with PCL61-

b-PCoAEA58 in methanol resulted in elongated hexagonal platelets with a higher aspect 

ratio at ~7.8. For the diblock copolymers that formed wider hexagonal and diamond-shaped 

platelets, they also showed long hexagonal platelets with higher aspect ratios at 6.67 and 

6.52, respectively. Based on this observation, one might conclude that the increased 

crystallization rate of core-forming block induces the growth of 2D platelets along the 

longitudinal direction. The length of the corona-forming block plays an important role in 

the shape formation of 2D platelets and the direction of growth. 

 

Figure 2.16. TEM micrographs of leaf-like platelet of (A) PCL61-b-PCoAEMA58; (B) 

PCL61-b-PCoAEMA244; and (C) PCL61-b-PCoAEMA344 in methanol (0.5 mg/mL), 

followed by addition of PCL38 homopolymer in THF solution. 

 CDSA in the aqueous solution 

Recent advances in self-assembly open a door for applications of micellar 

nanostructures in biomedical sciences. Chen and his coworkers showed that leaf-like 2D 

structures from poly(ethylene oxide)-b-polycaprolactone showed a selective permeability 
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to different cells.47 DeSimone and his coworkers demonstrated that nanoparticles with 

higher aspect ratios showed faster cellular internalization.48 However, few stable 1D 

micellar systems in water by the CDSA process have been reported. Manners and 

coworkers reported cylindrical micelles that can be dialyzed from DMF to water.49 Living 

CDSA of PCL-containing triblock in aqueous media reported by O’Reilly, Dove, and 

coworkers.32 In terms of polyelectrolytes, cationic characteristics of the cobaltocenium 

block can play an important role on the colloidal stability of 2D structures in aqueous 

system. The salt responsiveness of quaternary ammonium-containing random copolymers 

has been previously described.50 The increased ionic strength in aqueous solution can 

reduce the repulsive Coulomb interaction between cationic species. 

In order to investigate the influence of electrostatic effects on the CDSA process, 

we changed the selective solvent from methanol to water, which would be expected to 

significantly enhance electrostatic repulsion between the cobaltocenium groups by 

increasing the solubility of the counterion. Following the same aging procedure, TEM 

analysis showed mainly the formation of small spherical micelles with a size of ~38 nm, 

consistent with 36.7 nm measured by Dynamic Light Scattering (Figures 2.17). This result 

suggests that the strong electrostatic repulsion of cationic cobaltocenium coronal segments 

in water induces maximum curvature of the core-corona interface to form spherical 

micelles where, as a result of the poorer quality of the solvent for PCL, rapid precipitation 

presumably leads to an amorphous core. 



61 

 

Figure 2.17. (A) TEM micrograph of sphere-shaped micelles of PCL61-b-PCoAEMA58 

with a concentration of 0.5 mg/mL in water after annealing at 40 oC for 1 hour; (B) area 

distribution (average area = 19.6 µm2, area dispersity = 1.24); DLS profiles of spherical 

micelles from PCL61-b-PCoAEMA58: (C) in water (red, corresponds to the TEM 

micrograph in Figure S7, Rh= 36.7 nm); (D) unimers dissolved in DMF (blue, Rh= 8.9 nm) 

after annealing at 40 oC. 

Ionic strength dependent stability of 2 D micelles 

To provide further insight, we examined the effect of ionic strength on the 

formation of 2D platelets. Water was added to the solution of hexagonal platelets in 

methanol to give a volume ratio of methanol/water of 1/1. The hexagonal platelets were 

not stable and fragmented into smaller particles after 2 days (Figure 2.18B). However, 

when aqueous NaCl solution instead of pure water was added to the platelet micelle 
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solution in methanol (volume ratio = 1/1, the final concentration of sodium chloride was 

1.0 M), the hexagonal platelets, which have an area dispersity of 1.08, were preserved 

(Figure 2.18C). A series of solutions with different ionic strengths were examined. The 

results indicated that an increase in ionic strength can screen repulsive interactions between 

the cationic cobaltocenium coronal chains and thus stabilize the platelets with respect to 

fragmentation. 

 

Figure 2.18. (A) Illustration of platelet fragmentation of PCL61-b-PCoAEMA58 caused by 

charge repulsion and preservation by charge screening in accordance with ionic strength; 

TEM micrographs: (B) fragmented hexagon by in methanol and water (v/v, 50/50), and (C) 

preserved hexagons by in methanol and 2.0 M NaCl aq. solution (v/v, 50/50). 

2.5 Conclusion 

In summary, cobaltocenium-containing metallo-polyelectrolyte block copolymers 

show some of unique crystallization-driven self-assembly behaviors in protic solvents that 

are selective for the polyelectrolyte block. The CDSA process resulted in exclusive 2D 
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platelet structures including narrow and wide hexagons and diamonds. Moreover, the 

interplay between electrostatics of corona and crystallization of core dictates the 

transformation of morphologies, especially when coupled with block copolymer 

compositions. The platelets exhibited ionic strength-dependent stability in aqueous 

solutions. Recent efforts have revealed that 2D sharp nanostructures can penetrate, cross, 

or mechanically wrap microbial cells. This feature, combined with the promising, 

previously reported biological behavior of cobaltocenium polymers, suggests that the 2D 

platelets described may open up new pathways toward biomedical applications. 
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CHAPTER 3 

PREPARATION OF [3]- AND [4]-ANSA-COBALTOCENIUM 

HEXAFLUOROPHOSPHATE AND THEIR APPLICATION IN RING-

OPENING METATHESIS POLYMERIZATION FOR MAIN-CHAIN 

COBALTOCENIUM-CONTAINING POLYMERS 
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3.1 Abstract 

We report the synthesis of diallyl cobaltocenium and ansa-cobaltocenium 

hexafluorophosphate. The diallyl cobaltocenium shows an isomerization behavior. 

Isomerization of the terminal alkene induces the formation of internal alkene, which is a 

more thermodynamically stable structure. Ring-closing metathesis (RCM) of isomers 

results in two cyclic cobaltocenium monomers with different ring sizes guided by the ring 

strain energy: [3]- and [4]-ansa-cobaltocenium. These ansa-cobaltocenium monomers are 

successfully subject to ring-opening metathesis polymerization (ROMP), leading to main-

chain polymers with controlled molecular weight. 

3.2 Introduction 

Metallopolymers, polymers containing organometallic moieties at the side chain 

or main-chain, have attracted intensive interests owing to their various applications in 

electronics, catalyst, nanomaterial, biomedicine, and sensor.1-7 

Metallopolymers can be categorized based on topologies: linear, cyclic, 

hyperbranched, and dendritic.8-12 Among the structures of metallopolymers, polymers with 

metallocene at the side-chain have been widely studied due to accessible and scalable 

preparation.13, 14 Likewise, main-chain metallocene-containing polymers also have 

attracted considerable attention due to selective stimuli-responsiveness,15-17 construction of 

conjugation structure.18-20 

Earlier the incorporation of organometallic moieties into polymer backbone have 

been achieved via polycondensation of difunctional metallocenes by step-growth approach. 

However, several limitations, such as highly pure monomer, exact stoichiometry, high 
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reaction temperature, and unexpected side reactions, made it difficult to get high molecular 

weight.21 Alternatively, the discovery of ring-opening polymerization of strained 

metallocenophanes has opened up a methodology to prepare high molecular weight of 

main-chain metallocene polymers.22 More recently, Manners and coworkers have 

intensively investigated the preparation of main-chain ferrocene-containing polymers by 

ring opening polymerization (ROP).7, 23-25 Polymerization of strained metallocenophane 

enables to get the higher molecular weight of polymers. Many other strategies have been 

utilized to make main-chain metallopolymers.26 

Strained metallocenophane has been gained great attentions their useful structures 

for the preparation of high molecular weight of main-chain metallocene polymers. Mostly, 

ferrocene is the center of investigation. Their stimulus-responsive and crystalline 

characteristics have been utilized in several applications.27-30 However, cationic 

metallocene has scarcely developed in main-chain metallocene polymers.31-33 

Cobaltocenium, isoelectronic to 18-e ferrocene, has some of unique properties. In contrast 

to neutral ferrocene, cobaltocenium has a positive charge by oxidation of 19-e cobaltocene. 

The air-stable and water-soluble cobaltocenium provides new possibilities for applications. 

As a class of cationic polyelectrolytes, cobaltocenium-containing polymers show potential 

in energy storage, self-assembly, and antimicrobial applications.34-38 For the 

cobaltocenium-containing polymers, side-chain cobaltocenium polymers have been 

intensively investigated due to the accessible synthetic method and polymerization 

techniques. However, main-chain cobaltocenium-containing polymers are rarely reported 

because of the synthetic challenges in the monomer synthesis and polymerization. The first 

main-chain cobaltocenium containing polymers were prepared by Ito and Kenjo in 1968 as 
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an ion-exchanger.39 Sheats et al. reported the main-chain cobaltocenium polymers by 

condensation polymerization and transesterification.40, 41 However, the resulting polymers 

by the aforementioned methods actually revealed to be oligomers with very low degree of 

polymerization (DP = 3-6). Manners and coworkers also reported the main-chain 

cobaltocenium polymers prepared by ring-opening polymerization of ansa-

cobaltocenophane followed by oxidation of polymers.31 They showed the formation of a 

higher molecular weight of cationic polyelectrolytes (Mw = ~55,000 g/mol). 

Recently, ring-opening metathesis polymerization has risen as an attractive 

method to prepare main-chain metallopolymers. Although, ferrocene and ruthenocene have 

been achieved with the main-chain topology by ROMP,42-44 main-chain cobaltocenium-

containg polymers by ROMP have not been reported. In the case of 18-e cobaltocenium, 

the cationic charge of the molecule makes it difficult to be utilized in ROP. ROMP has 

good monomer and solvent tolerance and control over the polymerization. Therefore, the 

synthesis of cyclic cobaltocenium monomer can be an alternative method for the 

preparation of main-chain cobaltocenium-containing polymers by ROMP. 

Herein we report the synthesis of cyclic cobaltocenium monomers via ring-closing 

metathesis (RCM) from allyl-substituted cobaltocenium. Interestingly, the diallyl 

cobaltocenium showed a thermal isomerization behavior. RCM of the isomers resulted in 

two different cyclized cobaltocenium monomers: [3]-ansa cobaltocenium and [4]-ansa 

cobaltocenium hexafluorophosphate. Furthermore, the cyclic cobaltocenium olefins were 

successfully copolymerized with cyclooctene derivatives through ROMP using Grubbs III 

catalyst. 
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3.3 Experimental 

Materials 

Dicyclopentadiene, allyl bromide, lithium diisopropyl amide (LDA), sodium 

hexafluorophosphate, ethyl vinyl ether (EVE), sodium hydride (60% dispersion in mineral 

oil), sodium (sticks stored in mineral oil), Grubbs catalyst 2nd and 3rd generation were 

purchased from Sigma-Aldrich and used as received without further purification. Cobalt(II) 

bromide was purchased from Beantown Chemical. Methanol, dichloromethane, 

tetrahydrofuran, and acetone were purchased from VWR. Chloroform-d, acetone-d6, 

dimethyl sulfoxide (DMSO)-d6 were purchased from Cambridge Isotope Laboratories. 1,2-

epoxy-5-cyclooctene, 5-hydroxy-1-cyclooctene and 5-methoxy-1-cyclooctene were 

synthesized and characterized according to our previous report. 

Characterization 

1H NMR (300 MHz) and 13C NMR (75 MHz) spectra were recorded on a Bruker 

Avance III HD 300 spectrometer using Acetone-d6, DMSO-d6, and CDCl3 as solvents. The 

chemical shifts are reported with respect to CHCl3/CDCl3 (δ(1H) = 7.26 ppm, δ(13C) = 77.0 

ppm). EI mass spectra were collected Waters Micromass Q-Tof mass spectrometer, and the 

ionization source was positive ion electrospray. Gel permeation chromatography (GPC) 

was performed in tetrahydrofuran (THF) at a flow rate of 1.0 mL/min at 35 °C on a Waters-

GPC system equipped with a refractive index (RI) detector, and narrow dispersed PS was 

employed for molecular weight calibration. UV-Vis spectra were recorded on a Shimadzu 

UV-2450 spectrophotometer using chloroform as a solvent with a scan range of 200 nm to 

600 nm. 
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Synthesis of allylic cyclopentadiene 

Cyclopentadiene was obtained by cracking of dicyclopentadiene at 150oC. The 

freshly prepared cyclopentadiene (6.99 g, 105.8 mmol) was added into the r.b.f. containing 

sodium (2.4g, 105 mmol) and 200 mL of dry tetrahydrofuran by dropwise addition. The 

reaction solution was refluxed at 80oC overnight. Allyl bromide (15.0 g, 111 mmol) was 

diluted with dry THF and added into the reaction mixture by dropwise addition. The 

reaction mixture was stirred overnight and quenched by sat. NH4Cl solution. The solvent 

was removed by a rotary evaporator. The liquid residue was dissolved in ether and 

extracted with sat. NaHCO3, DI water, and sat. NaCl solution. The organic layer was dried 

by anhydrous MgSO4, and solvent was removed. 9.5 g of dark orange oil was obtained. 

Further purification was carried out by fractional vacuum distillation (75 mmHg). 3.7 g of 

golden liquid was obtained as a product with 29% yield. 1H NMR (300 MHz, CDCl3): δ= 

6.51-5.97 (m, Cp, 3H), 5.85 (m, -CH=CH2, 1H), 4.97 (m, -CH=CH2, 2H), 3.09 (d, -CH2-

, 2H), 2.88 (d, -CH2-, 2H). 

Synthesis of 1,1’-(diallyl) cobaltocenium and 1-(allyl),1’-(1-propene-1-yl) cobaltocenium 

hexfluorophosphate 

The solution of 2.4 g (22.6 mmol) allyl cyclopentadiene was dissolved in 100 mL 

THF and cooled down to -78 oC. 11.3 mL (22.6 mmol) 2.0M lithium diisopropyl amide 

solution in hexane and ethylbenzene was added. The reaction mixture was stirred at -78 oC 

for 2 h. Then 3.36 g (11.3 mmol) CoBr2 was added. The reaction mixture was warmed to 

room temperature and stirred overnight. The solvent was removed by rotavap and dissolved 

in 90 mL of hot water, resulting in a dark brown solution. The aqueous solution was air-

bubbled for 4 h to oxidize the neutral cobaltocene to cobaltocenium bromide. Then, the 
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aqueous solution was boiled with activated charcoal for 30 min. The solution was filtered 

through celite and washed with water. An orange-colored solution was gathered. The 

orange color solution was added by 4.30 g (22.6 mmol) NaPF6 and extracted with DCM 

for ion-exchange with PF6
-. The organic layer was dried with anhydrous MgSO4. The 

solvent was removed in vacuo, affording dark red oil (2.80 g, 59 % yield) as a mixture of 

1,1’-(diallyl) cobaltocenium and 1-(allyl),1’-(1-propene-1-yl) cobaltocenium 

hexfluorophosphate. 1H NMR (300 MHz, acetone-d6): δ= 6.69 (m, -CH=CH-, 0.5H), 6.31 

(m, -CH=CH-, 0.5H), 6.06 (m, -CH=CH2, 2.5H), 5.85-5.64 (m, Cp, 12H), 3.36 (d, -CH2-

, 4H). 3.24 (d, -CH2-, 1H), 1.88 (d, -CH3, 1.5H). 13C NMR (75MHz, acetone-d6): δ= 

134.22 (CH=CH2), 117.59 (CH=CH2), 106.83, 84.21, 84.01 (Cp), 31.45 (CH2). MS(ESI) 

m/z calculated for C16H18Co+(M+) 269.25, found 269. 

Synthesis of 1,1’-(diallyl) cobaltocenium, 1-(allyl),1’-(1-propene-1-yl) cobaltocenium, and 

1,1’-(di-1-propene-1-yl) cobaltocenium hexfluorophosphate 

The synthesis of three isomers was carried out by analogous procedure to the 

previous one. 1.0 (9.3 mmol) allyl bromide was charged into a round bottom flask filled 

with 50 mL THF. The solution was cooled down to -78 oC, then 4.6 mL (9.3 mmol) of 2.0 

M LDA solution was added in a dropwise manner. The reaction mixture was stirred for 2 

h, followed by the addition of 1.02 g (4.6 mmol) CoBr2. The solution was warmed to room 

temperature and stirred overnight. Solvent removed in vacuo. The residue was dissolved in 

water, followed by oxidation for 4 h. The aqueous solution was filtered through celite, then 

stirred at 50 oC for 1 h. The solution was added by 1.74 g (9.2 mmol) NaPF6 and extracted 

with DCM. The organic layer was dried with MgSO4, dried under vacuum. 0.92 g (48 % 

yield) dark red oil was obtained in a mixture of three isomers. 1H NMR (300 MHz, acetone-
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d6): δ= 6.71-6.64 (m, -CH=CH-, 3H), 6.54-6.46 (m, -CH=CH-, 3H), 6.34-6.26 (m, -

CH=CH2, 3H), 5.85-5.64 (m, Cp, 43H), 3.36 (d, -CH2-, 4H). 3.24 (d, -CH2-, 6H), 1.88 (d, 

-CH3, 19H). 13C NMR (75MHz, acetone-d6): δ= 136.39, 136.16, 134.48, 134.31 

(CH=CH2), 120.44, 119.69, 117.58, 117.54 (CH=CH2), 106.79, 106.16, 103.72, 84.33, 

84.26, 84.22, 84.04, 84.01, 81.09, 80.61 (Cp), 31.43, 30.79 (CH2), 16.42, 16.24 (CH3). 

MS(ESI) m/z calculated for C16H18Co+(M+) 269.25, found 269. 

Synthesis of cyclic cobaltocenium monomer olefins 

Mixture of 1,1’-(diallyl) cobaltocenium and 1-(allyl),1’-(1-propene-1-yl) 

cobaltocenium hexafluorophosphate (300mg, 0.7 mmol) was dissolved in anhydrous 

DCM. Grubbs II catalyst (28 mg, 0.033 mmol) was added, and the resulting solution was 

refluxed at 50oC for 2 h. Several drops of EVE were added to the solution to quench the 

reaction. The solvent was removed, and the product was purified by column 

chromatography using basic aluminum oxide. At first, DCM was used as an eluent to 

remove the catalyst, and then acetone was used to obtain the product. The organic solution 

was collected and dried by vacuum. The dark yellowish solid was obtained. The crude 

product was dissolved in 0.5 mL of acetone and precipitated in ether. 274 mg of yellow 

solid was obtained in 95% yield. 1H NMR (300 MHz, acetone-d6): δ= 6.42 (m, -CH=CH-

, 0.4H), 6.30 (m, -CH=CH-, 2H), 6.18 (m, -CH=CH, 0.4H), 5.85-5.72 (m, Cp, 12H), 3.36 

(d, -CH2-, 4H). 3.24 (d, -CH2-, 0.8H). 13C NMR (75MHz, acetone-d6): δ= 130.11 

(CH=CH2), 115.10 (CH=CH), 107.50, 85.80, 85.61, 85.29, 84.26, 83.69 (Cp), 22.05 

(CH2). MS(ESI) m/z calculated for C14H14Co+(M+) 241.04, found 241, and calculated for 

C13H12Co+(M+) 227.03, found 227. 
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Synthesis of P1 

Cyclic cobaltocenium monomers (33.8 mg, 0.087 mmol) and 1,2-epoxy-5-

cyclooctene (173 mg, 1.39 mmol) were dissolved in 1.0 ml DCM (1.5 M) and degassed. 

Grubbs III catalyst (1.0 mg, 1.4 μmol) was dissolved in 0.1 mL DCM and added to initiate 

the polymerization at room temperature. After the reaction was conducted for 3 h, several 

drops of EVE were added to quench the polymerization. The polymer was precipitated in 

cold methanol three times and dried under a vacuum. The orange solid was obtained (101 

mg, 49 % yield). 

Synthesis of P2 

Cyclic cobaltocenium monomers (30.0 mg, 0.077 mmol) and 5-hydroxy-1-

cyclooctene (209 mg, 1.65 mmol) were dissolved in 1 mL DCM (1.5 M) and degassed. 

Grubbs III catalyst (1.7 mg, 1.7 μmol) was added for the initiation. After 3 h, EVE was 

added to quench the reaction. The polymer was precipitated in cold methanol three times. 

Yellow solid was obtained (193 mg, 80 % yield). 

Synthesis of P3 

 cobaltocenium monomers (30.0 mg, 0.077 mmol) and 5-methoxy-1-cyclooctene 

(200 mg, 1.426 mmol) were dissolved in 1 mL DCM (1.5 M) and degassed. Grubbs III 

catalyst (1.1 mg, 1.5 μmol) was added for the initiation. After 3 h, EVE was added to 

quench the reaction. The polymer was precipitated in cold methanol three times. Yellow 

solid was obtained (164 mg, 71% yield). 
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DFT calculation for the ring strain 

Molecular geometry optimization of substituted cobaltocenium and their ring-

closed derivatives was carried out by using Q-chem 4.3.45 B97-D functional was employed 

to describe the structures of cobaltocenium. The def2-svp basis sets for C, H, F, and P 

atoms and the more extensive def2-tzvp basis set for Co.46 The calculation was carried out 

in the gas state. The simulation takes advantage of the energy difference between reactants 

and products (Figure 3.1). The optimized energy of each molecule was used to calculate 

the ΔE using the equation below. 

∆𝐸 = (𝐸𝑐𝑦𝑐𝑙𝑖𝑐 + 𝐸𝑔𝑎𝑠) − 𝐸𝑜𝑝𝑒𝑛 

The Ecyclic indicates the optimized energy of cyclic cobaltocenium; Egas indicates the 

optimized energy of ethylene; Eopen indicates the optimized energy of di-olefin 

cobaltocenium. 

 

Figure 3.1. The reaction of cyclic cobaltoceniums with gas molecules. 
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3.4 Results and Discussion 

Several literatures have reported the synthesis of cyclic cobaltocene or 

cobaltocenium salt.47-52 However, further polymerization of cyclic cobaltocene or 

cobaltocenium salt has been rarely studied.31, 32 For ROMP, unsaturated carbon-bridge is 

an important functional linkage for the design of cyclic metallocene monomers. For 

example, 1,1’-(1,3-butadienylene)ferrocene was successfully polymerized via ROMP.44 In 

order to introduce an unsaturated bridge onto cobaltocenium, the substitution of 

cobaltocenium is a key hurdle to overcome. Synthesis of substituted cobaltocenium can be 

performed mainly in three ways: “flytrap” reaction between the bridged 

dicyclopentadienide and cobalto(II) dihalide,49 direct substitution of cobaltocenium,53 and 

modification of cyclopentadiene (Cp). Modification of Cp has advantages over the former 

methods: better scalability, and better reaction selectivity. Therefore, we started the 

modification of Cp with functional olefin group, then synthesized disubstituted 

cobaltocenium. Our group previously reported the synthetic methods for the multi-

substituted cobaltocenium from substituted Cp derivatives.34 Building on prior research, 

we introduced allyl group onto Cp by nucleophilic addition. The allyl cyclopentadiene was 

treated with lithium diisopropylamide (LDA) to make allylcyclopentadienyl ligand 

followed by addition of CoBr2, oxidation, and ion-exchange with hexafluorophosphate, 

resulting in 1,1’-diallyl cobaltocenium hexafluorophosphate (Figure 3.2). The diallyl 

substituted cobaltocenium is an effective precursor for the preparation of 1,1’-bridged 

cobaltocenium by RCM. Hayashi and coworkers reported the synthesis of bridged 

metallocenes, which contains Fe(II), Ru(II), Zr(IV), and Hf(IV) as metal centers. 1,1’-

diallylmetallocenes were used to prepare the cyclized metallocene by RCM.54 
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Figure 3.2.  Synthesis of diallyl cobaltocenium hexafluorophosphate, cyclic 

cobaltocenium monomer via RCM, and main-chain cobaltocenium-containing polymers 

via ROMP. 

Initially, it was surprising to observe that the reaction between allyl Cp and CoBr2 

afforded two inseparable isomers: 1,1’-diallyl cobaltocenium 1 and 1-allyl-1’-(1-propenyl) 

cobaltocenium 2 with a ratio of 6.4:3.6 based on 1H NMR (Figure 3.3). The mass analysis 

showed that only one corresponding mass value, 269 for C16H18Co+, was observed. The 

ratio was calculated based on the integration of 3.25 and 3.37, which correspond to –CH2- 

of allyl moiety of each isomer, respectively. It is noted that ~ 1.8 ppm is assigned to a 

terminal –CH3 of the isomerized allyl group in cobaltocenium. The isomers were further 

characterized by 2D COSY 1H NMR (Figure 1B). We ascribed this isomerization to the 

heat during the work-up step of the reaction. After reaction between allyl Cp and CoBr2, 

reaction residue was dissolved in hot water and followed by oxidation. The isomerization 

of terminal alkenes to internal alkenes is thermodynamically favorable. Applied heat would 

facilitate the formation of a more stable internal alkene. 
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Figure 3.3. 1H-NMR spectrum of mixture (6.4:3.6 ratio) of 1,1’-diallyl cobaltocenium 1 

and 1-allyl-1’-(1-propen-1-yl) cobaltocenium hexafluorophosphate 2. 

 

Figure 3.4. (A) 1H NMR spectra of mixtures of compound 1 and 2 with 8.0:2.0 ratio 

(bottom blue) and the mixture of compound 1, 2, and 3 with 1.7:5.0:3.3 ratio (top red); (B) 

2D COSY 1H NMR of compound 1 and 2 with 8.0:2.0 ratio 
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Figure 3.5. UV-vis absorption spectra of the isomerized cobaltocenium. 

As the isomerization of terminal alkenes to internal alkenes can be assisted by 

heat,55 we tested the effect of the temperature for the aqueous solution, which contains 1,1’-

diallyl cobaltocenium bromide, from room temperature to 4 oC and 50 oC. When stirred at 

4 oC, the isomerization was slightly suppressed, showing a decreased portion of internal 

alkene (Figure 3.4A). The isomer ratio was changed from 6.4:3.6 to 8.0:2.0. We attributed 

this result to the effect of conjugation, which can more stabilize the internal alkene. The 

resulting internal alkene can form π-conjugation with Cp, which can more stabilize the 

internal alkene. On the other hand, the increase of temperature to 50 oC afforded three 

isomers: 1,1’-diallyl cobaltocenium 1; 1-allyl-1’-(1-propenyl) cobaltocenium 2; 1,1’-(di-

(1-propenyl)) cobaltocenium 3 (Figure 3.4A). The isomer ratio was changed to 1.7:5.0:3.3, 

which correspond to compounds 1, 2, and 3, respectively. When heating from 4 oC to 50 

oC, the portion of more thermodynamically stable isomers increased from 20% to 70%. 
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Moreover, allyl moieties were both isomerized. By using UV spectroscopy, we confirmed 

that heating resulted in the formation of more internal double bonds, which induced the 

increase of absorption intensity at 360 nm (Figure 3.5). We assigned this absorption at a 

higher wavelength is due to the increased conjugation of π-bond. 

 

Figure 3.6. 1H NMR spectra of mixtures of compounds 4 and 5 with 7.0:3.0 ratio (top blue) 

and 2.2:7.8 ratio (bottom red). 

We expected that cyclic cobaltocenium olefins could be utilized as a potential 

building block for ROMP.28, 42, 44 The isomerization was further verified by RCM of the di-

substituted cobaltocenium compounds with ruthenium catalyst. We hypothesized that all 

isomers would undergo RCM, which could form cyclic cobaltocenium monomers with 

different ring sizes. First, the mixture of compounds 1 and 2 (8.0: 2.0) was subjected to 

RCM. It was found that the resulting cyclic cobaltocenium olefins ha two different ansa-

cobaltocenium hexafluorophosphate: 1,1’-(2-buten-1,4-diyl) cobaltocenium 4, 1,1’-(1-

propen-1,3-diyl) cobaltocenium 5. Prior to RCM, the mass analysis did not show the 
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difference between both isomers. However, post-RCM products showed two different 

molecular mass, 241 and 227, which correspond to cyclic monomers 4 and 5. 1H NMR 

revealed that the resulting cyclized cobaltocenium has a 7.0:3.0 ratio, originated from the 

8:2 ratio of 1 and 2. The increased portion of compound 5 might be attributed to the 

conjugation of double bond of compound 5 that can stabilized the system. Next, the 

cobaltocenium isomers which contains compound 1, 2, and 3 with the ratio of 1.7:5.0:3.3 

were reacted with Grubbs II catalyst for the preparation of three different cyclic 

cobaltocenium. All isomers were expected to form different ring-size of cyclic monomers. 

Interestingly, the result showed that only 4 and 5 were obtained, but not 6 (Figure 2). We 

ascribed that this result may be due to the higher ring strain of hypothetical 6. The smaller 

ring size induces a highly tilted structure of cobaltocenium, leading to high ring strain, 

which was ascribed to the successful synthesis of monomer 6. 

  

Figure 3.7. (A) Optimized energy of 1, 2, and 3; (B) Ring strain energy of 4, 5, and 6. 

We further carried out atomistic computation to compare the ring strain of three 

cyclic cobaltocenium monomers. The ring strain can be assessed by calculating their ring-

opening energy (negative value of ring strain) using the density functional theory (DFT).56 

In comparison, the ring strain of cyclic ferrocene olefin was also evaluated using a similar 
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method.42 As shown Figure 3A, compound 3 has the lowest energy, 11.2 kcal/mol lower 

than 1. The ring strain of cyclic monomers was calculated based the reaction between cyclic 

cobaltocenium olefins and an ethylene molecule, producing corresponding ring-opened 

structures (Scheme S1). It was shown that the ring strain of monomer 6 is three times 

higher than that of 4 (Figure 3B). The ring strains of seven-membered (4) and six-

membered (5) cyclic cobaltocenium are comparable. It should be noted that this estimation 

is semi-quantitative. 

 

Figure 3.8. (A) Synthesis of ROMP for main-chain cobaltocenium-containing polymers; 

(B) GPC trace of copolymers. 

Cyclic olefins of ferrocene and ruthenocene have been reported as precursors for 

preparing polymers.28, 42, 57-59 The synthesis of main-chain cobaltocenium-containing 

polymers via ROMP has not reported. We first performed the synthesis of main-chain 

cobaltocenium-containing homopolymers by ROMP using cyclic cobaltocenium 

monomers. However, homopolymerization of cyclic cobaltocenium olefin monomers was 

unsuccessful. This result might be attributed to the less reactivity of cyclic cobaltocemium 

or the poor solubility of resulting polymers in the polymerization medium. As studied 

earlier,17, 20 some modification of cyclic cobaltocenium monomer might be helpful to 

improve the solubility of resulting polymers and obtain high molecular weight. We next 
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tested copolymerization with cyclooctene derivatives, which have been used to prepare 

other main-chain metallopolymers via ROMP.29, 43 Cyclooctene derivatives have 

comparable ring strain to that of compound 4 and are versatile to further functionalization.60 

The copolymerization was carried out between 1,2-epoxy-5-cyclooctene, 5-hydroxy-1-

cyclooctene, and 5-methoxy-1-cyclooctene by ROMP with ratio of [monomer]:[cat.] = 

1000:1 (Figure 4A). It revealed that cyclic cobaltocenium monomers were successfully 

incorporated in the main-chain polymers. The incorporation of cobaltocenium into the 

polymer backbone was confirmed by 1H NMR and 19F NMR (Figure 5). The labeling ratio, 

actually inserted portion, was calculated by comparison of the characteristic cobaltocenium 

peaks (Cp= 5.4~5.7 ppm, -CH2- = 3.2 ppm) and other characteristic peaks from cyclooctene 

derivatives. The results are summarized in Table 1. Molecular weight was determined by 

gel permeation chromatography (GPC) with THF as an eluent (Figure 4B). As shown in 

Table 1, the molecular weight (Mn) of P3 was relatively lower than P1 and P2. Due to the 

electrostatic binding between the cobaltocenium moietyies and GPC column, it is hard to 

calibrate the peak signal from more cobaltocenium labeled polymer P3. The incorporation 

of cobaltocenium in the main chain shows different efficiency. In the case of 1,2-epoxy-5-

cyclooctene and 5-hydroxy-1-cyclooctene, the labeling ratio was lower than 5-methoxy-1-

cyclooctene. 
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Figure 3.9. 1H NMR spectra of (A) P1, (B) P2, and (C) P3; 19F NMR spectra of (D) P1, 

(E) P2, and (F) P3. 
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Table 1. Results of ROMP for main-chain cobaltocenium-containing polymers. 

Polymers Feed ratio Labeling 

ratio 

Mn Đ 

P1 5.9% 1.9% 17,600 2.35 

P2 4.4% 1.3% 38,300 1.73 

P3 5.9% 5.2% 8,700 1.47 

 

3.5 Conclusion 

In summary, we successfully synthesized 1,1’-dially cobaltocenium. The diallyl 

cobaltocenium showed isomerization behavior, affording three isomers. The isomerization 

was sensitive to temperature. RCM of these isomers afforded cyclic cobaltocenium with 

two different ring sizes. dictated by the ring strain energy. ROMP was utilized for making 

main-chain cobaltocenium-containing copolymers from cyclic cobaltocenium and 

cyclooctene derivatives.  
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MECHANOCHEMISTRY OF CATIONIC METALLOCENE 

MECHANOPORE 
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4.1 Abstract 

Recent research on the mechanochemistry of metallocene mechanophore has 

provided a new concept of force-responsiveness of thermally and chemically stable 

organometallic compounds. This led us to explore the omnipresence of mechanical lability 

on metallocene mechanochemistry. In this work, we report the mechanochemistry of main-

chain cobaltocenium-containing polymers. We find that the cobaltocenium, isoelectronic 

to ferrocene, showed the selective dissociation by external force even though it has higher 

bond dissociation energy (BDE). Unlike the mechanical scission of neutral metallocene, 

the hexafluorophosphate, a counterion to cobaltocenium, played a vital role in the 

dissociation mechanism. Moreover, the dissociation of cobaltocenium showed a unique 

post chain scission process, resulting in the increased molecular weight by back 

complexation between cobalt cation and cyclopentadienyl ligand. 

4.2 Introduction 

A mechanophore, a mechanically labile building block, is the most critical 

component for mechano-responsive polymers. Mechanical degradation of polymers causes 

the reduction in molecular weight, viscosity, and mechanical strength. The recent surging 

of novel mechanophores has enabled new opportunities to open up mechanochemistry.1 

Several types of mechanophores have been investigated, including color change,2-5 

catalysis,6-10 small molecule release,11-13 and self-strengthening.14-16 

Typically, the design of mechano-responsive material mainly focused on 

introducing selectively weak chemical bonds with a low bond dissociation energy (BDE), 

such as peroxide,17 diazo,18 disulfide,19 C-S20. However, mechanophores are not just 
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restricted weak bonds. Significantly strong bonds, such as C-C, C-N, and C-O, are also 

studied for mechanophore when coupled with ring-strained structures.21-23 

Recently, the mechanochemistry of metallocene-containing polymers has been 

explored.24-27 Neutral metallocenes (e.g., ferrocene and ruthenocene) have emerged as a 

new type of mechanophores despite their thermodynamically and chemically inert 

characteristics with the high BDE of the metal-cyclopentadienyl (Cp) bond. However, we 

together with others have demonstrated that metallocenes are mechanically labile at the 

main chain of a polymer under acoustic waves. 

Cobaltocenium, an isoelectronic molecule to neutral ferrocene, represents a type 

of charged metallocene (or metallocenium) with superior thermal and chemical stability.28, 

29 The BDE of Co-Cp is reported to be comparable to that of ferrocene,30-32 while the 

charged nature and the pairing of counterion also provide cobaltocenium with some of 

unique properties that have been used for various applications, ranging from biomedical to 

membranes.33-39 However, the knowledge of neutral metallocenes as mechanophore could 

not be directly translated into cationic metallocenium due to two fundamental challenges: 

(1) The presence of counterion could complete the chain scission of the metal center and 

Cp; (2) the synthesis of main-chain metallocenium polymers. The former should consider 

how the counterion interacts with intermediates of chain scission; while the latter could 

exclude many functional groups (e.g., ester) that destabilize metallocenium, but have 

negligible impact on neutral metallocenes. Nevertheless, the success of mechanochemistry 

of neutral metallocenes has alluded us to explore cobaltocenium as a possible 

mechanophore and its mechanism of chain scission. 
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Herein we report the design, synthesis and mechanochemistry of main-chain 

cobaltocenium-containing polymers. The cobaltocenium is integrated into a polyethylene-

like backbone with the aid of metathesis chemistry. Acoustic sonication was employed to 

explore the mechanochemistry coupled with mechanistic trapping of scission 

intermediates.  The results indicate that cobaltocenium possesses some unique mechano-

responsive behaviors, different from neutral metallocenes. The chain scission mechanism 

was further illustrated by computational methods. 

4.3 Experimental 

Materials 

Cobalt bromide (99%), lithium diisopropyl amide (2.0 M in hexane, THF, 

ethylbenzene, 99%), 4-bromo-1-butene (99%), 1-ethyl-3-(3-dimethylaminopropyl) 

carbodiimide (EDC, 99%), trimethylamine (99%), azobisisobutyronitrile (AIBN, 99%), 4-

cyano-4-(phenylcarbonothioylthio)pentanoic acid (CPPA), ethyl vinyl ether (EVE, 99%), 

3-bromo-1-propanol (98%), methylmetharcrylate (98%), Grubbs II, Grubbs III catalysts 

(98%) were purchased from Sigma-Aldrich and used as received. 5-methoxy cyclooctene, 

ethynyl cobaltocenium hexafluorophosphate, ester-linked cobaltocenium PMA were 

synthesized according to previous report.25, 40, 41 All solvents were dried and freshly 

distilled before use. 

Characterization 

1H NMR, 13C NMR, and 19F NMR spectra were recorded by Bruker Avance III HD 

300 spectrometer using CDCl3 or acetone-d6 as solvents. EI mass spectra were collected 

Waters Micromass Q-Tof mass spectrometer, and the ionization source was positive ion 
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electrospray. Gel permeation chromatography (GPC) was performed in the tetrahydrofuran 

(THF) at a flow rate of 1.0 mL/min at 35 °C on a Waters-GPC system equipped with a 

refractive index (RI) detector, and narrow dispersed PS was employed for molecular weight 

calibration. UV-Vis spectra were recorded on a Shimadzu UV-2450 spectrophotometer 

using DCM as a solvent. 

Sonication Test 

Sonication experiment was conducted by Vibra cell Model VCX500 sonicator at 

20 kHz with a 13 mm titanium probe purchased from Sonics & Materials. Sonication was 

carried out by using 2.5 mg/mL monomer/polymer solutions in DCM in a 20 mL suslik 

vessel immersed in an ice bath. The solution was degassed by N2 for 15 min before 

sonication. The solution was exposed to N2 throughout the sonication process. Pulsed 

ultrasound was produced at a power of 8.7 W/cm2 with a 13 mm repleacable titanium tip 

from Sonics and Materials. The parameters of sonication were set with a 50 % duty cycle 

(1s on and 1s off) and output control at 6. The samples were taken at a designated time for 

further analysis. 

DFT calculation details 

The stretched structure evolution of the cobaltocenium model compound was 

studied by using Q-Chem 4.3 package.42 1,1’-diethyl cobaltocenium hexafluorophosphate 

was used as a model structure, as shown in Figure 4.1, to illustrate the stretching of the 

polymer chain. B97-D functional was employed to describe the conformational evolution 

of cobaltocenium mechanophore. We use def2-tzvp basis set for Co, F and def2-svp basis 

set for C, O, F, and H atoms.43 In order to mimic the stretching of the polymer, the end-to-
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end distance of the model structure was gradually increased; meanwhile, all other 

geometries were fully relaxed. To calculate each step's potential energy, the end-to-end 

distance of the target molecule was fixed, then potential and geometry were optimized. The 

relaxation of stress was performed by removing the fixed end-to-end distance of the model 

compound. The energy and geometry were optimized. The distance between cobalt and P 

atom of PF6
- was measured by using I-Qmol. 

 

 

Figure 4.1. The structure of model cobaltocenium compound. 

Synthesis of azide-modified chain transfer agent 

3-azidopropanol was prepared according to the previous report.44 3-azidopropanol 

(199 mg, 1.96 mmol), 4-cyano-4-(phenylcarbonothioylthio)pentanoic acid (CPPA) 

(500mg, 1.8 mmol), DMAP (33 mg, 0.27 mmol) was placed in a N2 purged round bottom 

flask. EDC hydrochloride (414 mg, 2.16 mmol) was dissolved in DCM, then added to the 
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reaction mixture dropwise. After adding the EDC solution, TEA (0.3 ml, 2.16 mmol) was 

immediately added into the solution. The mixture was stirred for 4 h. The solvent was 

removed by a rotary evaporator. The product was purified by column chromatography 

using nHex: EA=1:1. The product was fully dried under a vacuum. The pink liquid was 

obtained (546 mg, 83 % yield). 1H NMR (300 MHz, CDCl3): δ=7.93-7.26 (m, phenyl, 5H), 

4.19 (t, -OCH2-, 2H), 3.41 (t, -CH2-N3, 2H), 2.73-2.36 (m, -CH2CH2-, 4H), 1.94-1.88 (m, 

-CH3, -CH2-, 5H). 13C NMR (75MHz, CDCl3): δ= 171.41, 144.54, 133.06, 128.93, 128.61, 

126.70, 126.50, 118.47, 113.99, 62.01, 48.14, 45.73, 33.40, 29.76, 28.07, 24.20. 

Synthesis of cobaltocenium-labeled CPPA 

3-azidopropyl-CPPA (546 mg, 1.5 mmol) and ethynyl cobaltocenium (540 mg, 1.5 

mmol) were dissolved in 55 mL of THF/H2O (3/2, v/v). Anhydrous CuSO4 (239 mg, 1.5 

mmol) was dissolved in 1.5 mL of H2O and added into the mixture. With stirring the 

mixture, a freshly prepared 1.0 M solution of sodium ascorbate aqueous solution was added 

dropwise. The reaction mixture was stirred overnight. The solvent was removed by a rotary 

evaporator. Residual liquid was dissolved in DCM and extracted with sat. NaHCO3 soln., 

H2O, and sat. NaCl soln. The organic layer was collected and dried by anhydrous MgSO4. 

The residual solid was dissolved in 1.0 mL of DCM and precipitated in cold ether. Pink 

solid was obtained (371 mg, 34 % yield). 1H NMR (300 MHz, acetone-d6): δ= 8.60 (s, 

triazole, 1H), 8.00-7.50 (m, phenyl, 5H), 6.43 (s, Cp, 2H), 6.00 (s, Cp, 2H), 5.76 (s, Cp, 

5H), 4.64 (t, -OCH2-, 2H), 4.22 (t, -CH2-, 2H), 2.73-2.36 (m, -CH2CH2-, 6H), 1.94-1.88 

(m, -CH3, 3H). MS(ESI) m/z calculated for C28H28CoN4O2S2
+ (M+) 575.61, found 575. 
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Synthesis of cobaltocenium-labeled PMMA 

Cobaltocenium-labeled CPPA (50 mg, 0.07 mmol), MMA (1.39 g, 13.9 mmol), and 

AIBN (3.5 mg, 0.021 mmol) were dissolved in 1.0 mL of degassed DMF. The reaction 

mixture was stirred at 75 oC for 4 h. The polymer was precipitated in cold methanol three 

times. White solid was obtained. 

Synthesis of 1-butene-4-cyclopentadiene 

Freshly distilled cyclopentadiene (6.99 g, 105.8 mmol) was dissolved in THF (200 

mL). The solution was cooled down to -78oC with N2 bubbling. 2.0 M LDA (53 mL, 105.8 

mmol) was added by dropwise addition. The reaction mixture was stirred at -78 oC for 2 h. 

4-Bromo-1-butene (15.0 g, 111 mmol) was diluted with 10 mL of THF and added to the 

reaction mixture. The reaction mixture was stirred overnight. The reaction was quenched 

by sat. NH4Cl soln. The mixture was extracted with ether and sat. NaHCO3 soln. The 

organic layer was collected and washed with water and sat. NaCl soln. The organic layer 

was dried by anhydrous MgSO4. The solvent was removed by evaporation. The dark 

orange liquid was obtained (14.67 g). Further purification was performed by fractional 

vacuum distillation. Light yellow liquid was obtained as a product (3.7 g, 29 % yield). 1H 

NMR (300 MHz, CDCl3): δ= 6.51-6.08 (m, Cp, 3H), 5.88 (m, -CH=CH2, 1H), 5.04 (m, 

=CH2, 2H), 3.00 (d, -CH2-, 2H), 2.51 (m, -CH2-, 2H), 2.36 (m, -CH2-, 2H). 

Synthesis of 1 

Freshly prepared butenyl cyclopentadiene (3.7 g, 30.8 mmol) was dissolved in 200 

mL of THF. The solution was cooled down to -78oC. 2.0 M LDA (15.4 mL, 30.8 mmol) 

was added. The reaction mixture was stirred at -78oC for 2 h. The reaction solution becomes 
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orange in color. CoBr2 (3.36 g, 15.4 mmol) was added. The reaction mixture was stirred 

overnight at rt. The solution becomes dark purple. The solvent was removed by 

evaporation. The liquid residue was dissolved in 80 oC water. The aqueous solution was 

air-bubbled for 4 h. The aq. solution was added by activated charcoal and boiled for 30 

min. The solution was filtered through the celite and washed by 80 oC water. The solution 

was reduced to ca. 100 mL and NaPF6 were added. The mixture was extracted by DCM, 

and the organic layer was dried by anhydrous MgSO4. The solvent was removed by 

evaporation, and the solid was fully dried under vacuum. Yellow solid was obtained (3.7g, 

54 % yield). 1H NMR (300 MHz, acetone-d6): δ= 5.99-5.79 (m, -CH=, Cp, 10 H), 5.3 (t, 

=CH2, 4H), 2.70 (t, -CH2-, 4H), 2.38 (q, -CH2-, 4H). 13C NMR (75MHz, acetone-d6): δ= 

136.87, 115.56, 107.84, 84.26, 84.06, 33.96, 26.83. MS(ESI) m/z calculated for C18H22Co+ 

(M+) 297.31, found 297. 

Synthesis of 2 

1,1’-(di-(1-propen-3-yl)) cobaltocenium hexafluorophosphate (442 mg, 1.0 mmol) 

was dissolved in 600 mL of DCM. The reaction mixture was stirred under N2 atmosphere 

at 40 oC for 20 min. Grubbs II catalyst (42 mg, 0.05 mmol) was dissolved in 0.5 mL DCM 

and added to the reaction mixture. The reaction mixture was stirred at 50 oC for 2.5 h. The 

reaction mixture was cooled down to rt then the solvent was removed by evaporation. 

Brown solid was dissolved in DCM. The product was purified by column chromatography 

using basic aluminum oxide. DCM was used first after an impurity was removed, then the 

eluent was changed to acetone. The solvent was removed and dried under a vacuum. 

Yellow solid was obtained (240 mg, 58 % yield). 1H NMR (300 MHz, acetone-d6): 

δ=5.89-5.68 (m, -CH=CH-, Cp, 10H), 2.69-2.57 (m, -CH2-CH2-, 8H). 13C NMR (75MHz, 
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acetone-d6): δ= 131.90, 130.66, 83.96, 82.30, 81.40, 25.79, 25.10, 24.64. MS(ESI) m/z 

calculated for C16H18Co+ (M+) 269.07, found 269. 

Synthesis of main-chain cobaltocenium-containing polymer 

Cyclic cobaltocenium monomer (68 mg, 0.165 mmol) and 5-methoxy-1-

cyclooctene (439 mg, 3.135 mmol) were dissolved in 1.0 mL of Acetone/DCM (1/1, v/v). 

Grubbs III catalyst (1mg, 1.37 μmol) was dissolved in 0.2 mL DCM and added into the 

reaction mixture. The reaction mixture was stirred at room temperature for 3 h. The 

polymerization was quenched by adding few drops of EVE. The polymer was precipitated 

in cold methanol three times. 

4.4 Results and Discussion 

 

Figure 4.2 Structural variation of substituted cobaltocenium. 

Design Principle and Synthesis of Main-Chain Cobaltocenium-Containing Polymers 

The synthesis of main-chain cobaltocenium-containing polymers initially began 

with the similar design of ferrocene and ruthenocene-labeled polymers, which would 

involve metallocene substituted with esters. It was surprising that these derivatives (either 
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mono- or di-esters) are not stable under sonication (Figure 4.3). It came to our attention 

that electron-withdrawing groups such esters destabilize cobaltocenium due to the reduced 

electron density of Cp rings with the presence of a positive metal center.38, 45 This 

hypothesis was further tested by designing a weak electron-donating group (EDG) of 

triazole attached to cobaltocenium. This new derivative was not observed noticeable 

change prior to and after sonication, indicating the importance of installing EDGs to 

maintain intrinsic chemical stability (Figure 4.4). This is in stark contrast with neutral 

metallocenes. 

 

Figure 4.3. (A) 1H NMR; and (B) 19F NMR of cobaltocenium end-labeled PMA with 

ester linker before (green) and after (red) sonication. 
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Figure 4.4. (A) 1H NMR; and (B) 19F NMR of cobaltocenium end-labeled RAFT agent 

with triazole linker before (green) and after (red) sonication. 

 

Figure 4.5. Synthesis of cobaltocenium end-labeled PMMA by RAFT polymerization. 

To further confirm the mechanical lability of cobaltocenium, we synthesized 

cobaltocenium-labeled polymers. End-labeling of cobaltocenium was achieved by click 

reaction of ethynyl cobaltocenium and azide-modified chain transfer agent.41 Then, we 

carried out reversible addition-fragmentation chain-transfer (RAFT) polymerization of 

using methyl methacrylate to afford the cobaltocenium end-labeled poly(methyl 

methacrylate) (PMMA) with molecular weight of 60,000 g/mol (Figure 4.5). The 
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cobaltocenium end-labeled PMMA was exposed to an acoustic field for 2 h and 

characterized by 1H and 19F NMR. The results showed that the cobaltocenium was not 

dissociated under sonication (Figure 4.6). Moreover, the counterion of PF6
- was also intact. 

Based on these results, it was confirmed that cobaltocenium is stable under ultrasonication, 

when it is located at the end of a polymer chain. 

 

Figure 4.6. (A) 1H NMR spectrum; (B) 19F NMR spectrum (blue: before sonication; red: 

after sonication); and (C) UV-vis absorption spectrum of P1. 

Following these initial investigations, a class of main-chain cobaltocenium-

containing polymers was conceptualized using a simple polyethylene-like chain as the 

framework. This design considers (1) alkyl group as an EDG and (2) the elimination of 

unnecessary complications from other functional groups. A combination of ring-closing 

metathesis (RCM) and ring-opening metathesis polymerization (ROMP) was executed 

toward the synthesis of multiple cobaltocenium-containing polymers. Multi mechanophore 

labeling is more sensitive than a single mechanophore in mechanochemistry.46 First, a 

diene compound 1 was prepared from lithium 1-butene-4-cyclopentadienide and CoBr2 

(Figure 4.7). Cyclic cobaltocenium monomer 2 was prepared by RCM of 1. The 

cobaltocenium-containing polymer (Mn= 67,000 g/mol, Ð = 1.03) was synthesized by 
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copolymerization of 2 and 5-methoxycyclooctene in a similar approach to previous reports 

of our work. 25, 26 

 

Figure 4.7. Synthetic scheme of a main-chain cobaltocenium-containing polymer. 

Mechanochemistry of Cobaltocenium Polymers 

Sonication of P2 was conducted in DCM with a concentration of 2.5 mg/mL. Two-

hour sonication led to a decrease of molecular weight from 67,000 g/mol to 46,000 g/mol 

(Figure 4.8A). The susceptibility of cobaltocenium was further quantified by the change 

in 1H NMR. The relative integration changes around 5.58 and 5.28 ppm, responding to the 

Cp of cobaltocenium, showed that 30% of cobaltocenium has disappeared (Figure 4.8B). 

In addition, 19F NMR also showed the reduction of PF6
-, also indicating the destroy of the 

cobaltocenium (Figure 4.9). These results demonstrated that cobaltocenium is the 

preferential scission site in the polymer chain. 
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Figure 4.8.  (A) GPC trace of P2 before and after sonication for 2 h; (B) 1H NMR spectrum; 

UV-vis absorption spectrum of P2 (C) with 1,10-phenanthroline (D) without 1,10-

phenanthroline. 
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Figure 4.9. 19F NMR spectrum of P2 before and after sonication for 2 h in DCM at a 

concentration of 2.5 mg/mL. 

 

Figure 4.10. Schematic illustration of cobaltocenium dissociation under ultrasonication 
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Given that the scission mechanism of ferrocene and ruthenocene is quite similar to 

the heterolytic one, we anticipated that the scission of cobaltocenium would resemble that 

of ferrocene and ruthenocene. As illustrated in Figure 4.10, the dissociation of 

cobaltocenium might produce cobalt cation or its half-sandwich. From the earlier work, 

1,10-phenanthroline is a useful molecule to trap the dissociated metal ions, resulting in UV 

absorption changes. Moreover, the trapping of released metal ions provides insight into the 

dissociation mechanism of the metallocene.24, 25, 47 Therefore, we expected that this method 

could be valid for cobaltocenium. P2 was dissolved in 3.0 mM of 1,10-phenanthroline 

solution in DCM, followed by the same sonication condition. The UV-vis absorption was 

compared between before sonication and after sonication. The results revealed that a new 

absorption peak at 325 nm appeared (Figure 4.9D, solid red line), which is assigned to the 

ligand to metal charge transfer. By contrast, sonication without 1,10-phenanthroline did 

not show any new absorption peak (Figure 4.9C). In order to further confirm this result, 

we prepared [Co(phenanthroline)3]
3+,48 and compared UV-vis absorption. As shown in 

Figure 4.9D (blue dashed line), the result was consistent with that of polymer sonication. 

This result supports that the dissociation of cobaltocenium produces Co3+ or [CoCp]2+, 

which might be originated from the heterolytic dissociation of cobaltocenium. 
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Figure 4.11. (A) GPC trace; (B) Plot of Mn vs. sonication time of P2 in DCM; (C) GPC 

trace; and (D) Plot of Mn vs. sonication time of P2 in DCM/MeOH (9/1, v/v) after 

sonication 30, 60, 90, 120, 150, 180, 210, and 240 min. 

We next further investigated the molecular weight changes during sonication. It is 

quite reasonable that the molecular weight of the main-chain cobaltocenium-containing 

polymer should decrease during sonication due to the chain scission. We conducted the 

same experiment, but a longer sonication time was applied. At each interval, the aliquot of 

the solution was taken, and molecular weight was monitored. We found some strange 

results. As shown in Figure 4.11A and 4.11B, the sonication of P2 initially reduced the 

molecular weight from 67,000 g/mol to 37,000 g/mol. However, the molecular weight 

started to increase after 30 min sonication, reaching finally 49,000 g/mol. This result is 
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quite counterintuitive to our expectation because the sonication reduces the molecular 

weight of the polymer.25  

We speculated that this change might be attributed to the back complexation of the 

Co(III) and Cp-. If these adducts can form an ionic bond, the increased molecular weight 

can be reasonably explained by that a back complexation of these adducts might increase 

the molecular weight. Therefore, this phenomenon might be suppressed by the protonation 

of Cp-. To test this, the P2 was dissolved in DCM/MeOH (9:1, v/v) solution at a 

concentration of 2.5 mg/mL, then exposed to the pulsed ultrasonication (MeOH can 

protonate the Cp-). The sonication under protic solvent revealed the decrease of molecular 

weight of polymers during the sonication (Figure 4.11D). As shown in Figure 4.11C, the 

molecular weight at 60 min increased when compared to that at 30 min, indicating that 

back complexation is dominant at this point. Further sonication and protonation of Cp- 

afforded smaller segments and larger segments, leading to the decrease in molecular 

weight. However, it still contains a large portion of high molecular weight. This might be 

attributed to the characteristics of Co(III). Co(III) can form a thermodynamically more 

stable complex.49-51 And it has a slower ligand exchange rate compared to Co(II).52 The 

formation of a stable complex might result in the back complexation. 
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Figure 4.12. proposed mechanism of back complexation during sonication. 

DFT calculation of cobaltocenium mechanophore 

To further explore the stretching and breaking of cobaltocenium mechanophore, 

we carried out DFT calculation with constrained geometry simulating external force 

(COGEF), a well-known method for mechanochemistry mechanophore.53, 54 1,1’-diethyl 

cobaltocenium hexafluorophosphate was chosen as a model compound due to its similarity 

of the mechanophore core structure. To mimic the elongation of the polymer backbone, we 

varied the end-to-end distance of the model cobaltocenium mechanophore (Figure 1). As 

shown in Figure 4.13B, the Cp rings are aligned in a slightly staggered geometry at the 

most energetically favored state when fully relaxed. As the cobaltocenium is stretched, two 

Cp rings rotate to form the anti-position of two ethyl groups (2 Å). The aligned two Cp 

rings start to slip with the increased end-to-end distance, resulting in the increase of the 

energy of the system. This step resembles that of ferrocene.25 However, subsequent 
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stretching of cobaltocenium shows different structural evolution. As shown in Figure 

4.13A, stretching of cobaltocenium induces the rupture of the sandwich structure at 3.8 Å, 

similar to the dissociation of ferrocenophane mechanophore.27 Further stretching of this 

structure causes elongation of the Co-Cp bond and opens the ruptured structure with 

increased potential. Clearly, the full dissociation of Cp takes place when the stretching 

distance reaches 6.5 Å, producing Cp- and [CpCo]2+PF6
-. COGEF potential also reveals 

deviation from those of ferrocene. The COGEF potential increases until it reaches the first 

potential peak at 3.7 Å because of the distorted bond angle and bond distance. When the 

stretching distance of cobaltocenium reaches 3.8 Å, COGEF potential abruptly decreases. 

Another potential decrease also occurs at 5.6 Å. Compared with geometries at these points, 

potential decreases are likely related to the structural evolutions. We hypothesized that this 

difference might be originated from the counterion. In contrast to ferrocene, cobaltocenium 

is coupled with a counterion, which can stabilize the molecule. Therefore, the counterion 

effect might affect the dissociation mechanism and potential changes of cobaltocenium 

mechanophore.  
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Figure 4.13. (A) Side view; (B) top view for the structural evolution of cobaltocenium 

model compound with stretching distance; (C) representative electrostatic potential map 

(The contour surface is described based on van der Waals surface with an electron density 

of 0.001 e/Bohr3 proposed by Bader55; (D) COGEF potential (red symbol) and ion distance 

(blue symbol) with stretching of end-to-end distance. 

To examine the counterion effect, the distance of cobalt to PF6
- was measured and 

compared to the COGEF potentials. As shown in Figure 4.13D, the distance dramatically 

decreased at each transition point, demonstrating that interaction between cobalt and PF6
- 

has a critical impact on the dissociation of cobaltocenium. With the stretching of 
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cobaltocenium, Cp rings are slipping along with the force direction, making more space for 

cobalt to interact with PF6
-. The Coulumbic attraction between cobalt cation and PF6

- might 

be increased as the stretching proceeds. As a result, the cobaltocenium sandwich structure 

is ruptured. The attraction guides the dissociation of cobaltocenium through a peeling-like 

pathway rather than slipping. One of the differences is that the maximum force calculated 

over the stretching is slightly reduced compared to that of ferrocene. Fmax is 2.73 nN and 

3.18 nN for cobaltocenium and ferrocene, respectively (Figure 4.15). Given that these 

metallocenes have comparable BDE, it might be concluded that counterion can facilitate 

the bond dissociation in the case of cobaltocenium. 
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Figure 4.14. COGEF potential of ferrocene model compound with stretching of end-to-

end distance. 
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Figure 4.15. COGEF force of (A) cobaltocenium; and (B) ferrocene with stretching 

distance. 

To further examine the bond cleavage mechanism, a molecular electrostatic 

potential (ESP) was used to depict the charge distribution during dissociation.56 The 

representative ESP maps of the cobaltocenium model were shown as a function of distance 

in Figure 4.13C. Before chain elongation, the charge distribution was biased on 

cobaltocenium and PF6
-. When it was stretched to 3.8 Å, where the sandwich structure 

ruptures, the negative charge on PF6
- starts to diminish. With the decreased distance 

between cobalt and PF6
-, the charge distribution along the molecule is delocalized, 

stabilizing the charge separation. After complete dissociation, half-sandwich 

cobaltocenium holds a more positive charge, and the negative charge density is distributed 

on PF6
- and dissociated Cp-. The ESP map also supports the heterolytic dissociation of 

cobaltocenium mechanophore, with separated charge density after dissociation. 
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Figure 4.16. (A) COGEF potential of cobaltocenium model compound with stretching and 

relaxing; (B) optimized geometries at 3.8 Å, 5.6 Å, and 6.5 Å. 

Next, we proposed that the back complexation might induce the molecular weight 

increase during sonication. For further insight into this phenomenon, we conducted a 

simple simulation to mimic the post-sonication. The optimized geometries of each 

intermediate obtained from stretching were re-optimized to get potential and geometry 

(Figure 4.16A). As shown in Figure 4.16B, the optimized geometries obtained from 3.8 

Å and 5.6 Å show the recovery of their stable sandwich structures, indicating that the 

stretching of the mechanophore is reversible unless dissociation is completed. However, 

the fully dissociated structure at 6.5 Å shows the complex structure of half-sandwich 

cobaltocenium and Cp. This study suggested that the dissociated Cp can rebind to cobalt, 

leading to the increased molecular weight as experimentally observed. 

4.5 Conclusion 

In summary, we prepared the cobaltocenium derivatives and the main-chain 

cobaltocenium-containing copolymers via RCM and ROMP. Although the cobaltocenium 

possesses high thermodynamic stability, it showed a selective chain scission under the 
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acoustic field. In contrast to neutral metallocene, cobaltocenium has a different chain 

scission mechanism confirmed by computational mechanistic studies. Mechanical 

susceptibility and dissociation mechanism of cobaltocenium are likely dependent on 

counterion. Moreover, the chemical characteristic of cobalt affords unique back 

complexation that is probably useful for material applications, such as mechanical self-

strengthening. We speculate that this discovery might put a stepping stone to further expand 

the mechanochemistry of metallocene. 
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SUMMARY AND OUTLOOK 
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6.1 Dissertation Summary 

In this dissertation work, two major research frontiers were explored. First, 

crystallization-driven self-assemblies of block copolymers consist of crystallizable block 

and cationic metallo block were developed. These block copolymers were prepared by 

carefully designed sequential polymerization techniques. The novel combination of 

metallo polyelectrolyte and crystalline polymer showed 2D platelet formation in protic 

solvent. The composition effect on the resultant micelle’s morphologies was quite 

unprecedented: an increase in corona-forming block induced the morphological transition 

from the elongated hexagon to diamond-shaped 2D platelet. Their morphological 

transformation was further demonstrated by the blending of homo-PCL. Moreover, the 

ionic strength-dependent stabilization in the aqueous system was elucidated. The cationic 

characteristics of cobaltocenium have a critical role in micelle stabilization. This feature 

suggests that the 2D platelets obtained here may open up new possibilities for biomedical 

applications. 

In the second part, the development of mechanical-responsive copolymers was 

achieved. First cyclic cobaltocenium olefin monomer was designed and synthesized. 1,1’-

diallyl cobaltocenium was synthesized as a precursor for the cyclic cobaltocenium olefin 

monomer. Interestingly, this compound showed unexpected thermal isomerization. The 

RCM of these isomers resulted in two different cyclic cobaltocenium monomers: [3]-ansa 

cobaltocenium and [4]-ansa cobaltocenium hexafluorophosphate. The ring strain energy 

played a critical role in the formation of cyclic cobaltocenium. The cyclic cobaltocenium 

olefin monomers were used to synthesize main-chain cobaltocenium-containing 

copolymers. The results showed that these cyclic monomers were successfully 
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incorporated into the polymer backbone via ROMP. With the effort to synthesis main-chain 

cobaltocenium-containing polymers, mechano-responsiveness was also examined. 

Metallocene mechanophore recently has gained considerable attention due to its sensitivity 

toward external force. Unlike neutral metallocene, cationic cobaltocenium mechanophore 

showed a unique counterion-dependent dissociation mechanism. The computational study 

revealed that the chain scission of cobaltocenium underwent peeling-like dissociation. 

Moreover, ultrasonication of polymer solution showed unexpected back complexation, 

leading to increased molecular weight. This behavior might be a useful tool for material 

application, such as self-strengthening. 

6.2 Outlook 

Cobaltocenium with cationic charge and its self-assembly ability can be further 

developed to prepare antimicrobial micelles. As shown in this dissertation, the stability of 

the resultant micelles is quite dependent on their shell structures. Shell-crosslinking can be 

utilized to improve the micelle stability in the aqueous system. For example, thiol-ene click 

chemistry can be used via post-CDSA (Figure 6.1A). Shell-Crosslinking would afford the 

stable 2D micelles, which can be further used as a new type of antimicrobial agent. 

 

Figure 5.1. Schematic illustration of (A) Shell-crosslinking of 2D micelle and (B) 

application of di-bridged cobaltocenium for cross-linking of polymers. 
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The new cyclic cobaltocenium olefin monomer can be expanded to its application. 

The mechanical susceptibility and its post-dissociation behavior of cobaltocenium moiety 

can be combined to produce self-strengthening material. Cobaltocenium di-bridge can be 

utilized to construct a crosslinking system in hydrogel via ROMP (Figure 6.1B). The 

mechanical stress-induced damage can be healed by the back complexation of the 

dissociated adducts. Moreover, the ion-complex ability can be further developed for the 

stress-responsive color change, called mechanochroism. Although this dissertation 

demonstrated promising studies regarding the performance of cationic cobaltocenium-

containing polymers as self-assembled nano-objects and mechano-responsive polymer, 

further investigations are required to expand its potential for biomedical and stimulus-

responsive materials.
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Figure A. 1. Permission to reprint Figure 1.6. 
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Figure A.2. Permission to reprint Figure 1.7. 
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Figure A.3. Permission to reprint Figure 1.12. 
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Figure A.4. Permission to reprint Chapter 2. 
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