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ABSTRACT OF THE DISSERTATION 

 

Synthesis of Sequence-Defined Degradable Polymers  

through Ring-Opening Polymerization 

 

by 

 

Shijie Deng 

Doctor of Philosophy in Chemistry 

 University of California, Los Angeles, 2023 

Professor Paula Loredana Diaconescu, Chair 

 

 

Ring-opening polymerization is an essential form of chain-growth polymerization that facilitates 

precise control over the polymerization process. Our research delved into the realm of redox-

switchable catalysis and its application in synthesizing polyesters, ethers, and carbonates through 

ring-opening polymerization. To broaden the range of available monomers, we also explored the 

ring-opening polymerization of aromatic N-carboxyanhydrides with six-membered rings, resulting 

in the creation of aromatic polyamides. Leveraging the potential of biodegradable polymers crafted 

from ring-opening polymerizations, we investigated how the stereocomplexation of block 

copolymers could enhance the shear viscosity of the polymer solutions in brine. 
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Chapter 1: Introduction 

1.1. Sustainable polymers 

Polymers are an indispensable category of materials, the global production of which seconds only 

that of steel and cement. We use polymers for all kinds of applications ranging from packaging, 

textiles, electronics to healthcare. In 2018, global plastic production was 454 million metric tons. 

Of this, polymers with C-C backbone such as polyethylene (PE), polypropylene (PP), polystyrene 

(PS), polyvinylchloride (PVC) accounted for nearly 77%, while polymers with degradable 

backbones, such as polyethylene terephthalate (PET), polyurethane (PUR), and polyester, 

polyamide, and acrylic (PP&A), and others accounted for only 33%.1, 2 

 

Figure 1-1. Ring opening polymerization of different types of monomers toward polyesters 

synthesis. 

 

The non-degradable polymer waste accumulating in the natural environment has posed a great 

threat to marine wildlife and the global ecosystem.3 Therefore, it’s imperative for us to optimize 
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our polymer design, taking into consideration both the polymer performance and end-of-life 

treatment. To achieve that, precise control over the polymer synthesis is required. In the synthesis 

of polyesters and polyamides, polycondensation reactions play a crucial role. These reactions 

involve the repeated condensation of monomers with the elimination of small molecules, such as 

water or alcohol, as byproducts. While step-growth polymerization, i.e., polycondensation, is a 

versatile method for polymer synthesis, it can lead to challenges in controlling the molecular 

weight and dispersity of the resulting polymers. An alternative route is chain-growth 

polymerization, which has gained an increasing interest over the years for its controlled nature. 

For polyester synthesis, different types of monomers can be employed in such chain-growth 

polymerization e.g., ring opening polymerization of lactide and derivatives, lactones, and O-

carboxyanhydrides; radical ring opening polymerization of cyclic ketene acetals; ring opening 

copolymerization of epoxides and cyclic anhydrides (Figure 1-1). 

In addition to homopolymers, block copolymers offer great opportunities to enrich our polymer 

library for different properties and applications. Even if they currently have a limited monomer 

scope, we can easily modify the block length, block sequence, number of blocks, polymer 

architecture, polymer topology to attain a plethora of polymers with various properties4. By 

tailoring polymer sequence and structure, we can leverage the self-assembled morphology of block 

copolymer to fine-tune the polymer properties for diverse applications such as membrane5, 

nanoparticle6 and thermoplastic elastomer7. 
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Figure 1-2. Different approaches for block copolymer synthesis. 

 

To synthesize block copolymers, various approaches can be employed (Figure 1-2). The first 

approach involves the sequential addition of different monomers. In this method, the chain end of 

the first block should be capable of initiating the polymerization of the second monomer. Therefore, 

sequential addition typically works only for the same type of monomer. The second approach 

involves the use of a dual initiator, which consists of two functionalities, each capable of initiating 

a specific type of polymerization. A similar strategy involves transforming the chain end of a 

homopolymer to make it capable of initiating another type of polymerization. Coupling the end 

groups of two homopolymer serves as another approach. In addition to these approaches, 

switchable catalysis has emerged as an important method for block copolymer synthesis. In 

switchable catalysis, the catalyst can oscillate between different states in response to external 

1. Sequential addition

2. Dual initiator

3. End group transformation

4. End group coupling

I1

I2

I1 I1

I1 I1 I2 I1 I2

I1
I1 I2 I2

EG1 EG2+
EG1 EG2

I1 I2 : Initiator

: Monomer

EG1 EG2 : End group

5. Switchable catalysis

I1
I1 I1

Cat Cat*

Cat Cat* : Catalyst
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stimuli. In each state, the catalyst can catalyze different types of polymerization reactions. 

Switchable catalysis obviates the tedious workup processes, making it possible to make block 

copolymers with well-defined sequence and structure in one pot. 

 

1.2. Spatial-temporally controlled catalysis 

In nature, living organisms have the ability to respond to environmental factors, causing them to 

behave differently or take on different forms. At the microscopic level, external stimuli regulate 

feedback loops and modulate enzymatic reactions within cells to effect biological changes. Taking 

inspiration from nature, scientists have been working on artificial catalytic systems that could be 

tuned reversibly by external stimuli. In such switchable systems, a catalyst could be toggled on/off 

or may oscillate between different catalytic states to achieve orthogonal reactivity (Figure 1-3). 

Depending on the application and reaction conditions, different external stimuli can be used to 

implement a switchable behavior. In this section, redox, chemo-, and photo-switching will be 

discussed, with a focus on the switching mechanisms and general catalyst design concepts. Several 

comprehensive reviews have been published on temporally switchable catalysis.8-12  

 

Figure 1-3. Switchable catalysis using different external stimuli. 



 5 

 

A challenge associated with achieving switchable catalysis is designing a system that has two (or 

more) different reactive states that can be accessed through application of external stimuli. Since 

redox reactions change the electronic configuration of a compound, which is intimately associated 

with its reactivity, an attractive option for switchable catalysts is through iterative addition of 

oxidants or reductants. A common way to carry out redox-switchable catalysis is to design redox-

active ancillary ligands13-15 that are coordinated to a redox-inactive metal, which serves as the site 

for catalysis. This strategy was employed in the first example of redox-switchable catalysis,16 when 

a rhodium complex supported by a cobaltocene bis(phosphine) was used for the hydrogenation 

and isomerization of alkenes. Despite this first example being applied to catalysis involving small 

molecules, the utility of redox-switchable catalysis has been exploited with more success in 

polymerization. For example, a titanium complex containing two redox-active ferrocene moieties 

appended to a salen ancillary ligand (Figure 1-4)17 demonstrated redox modulation when used for 

the polymerization of lactide, with the reduced species being more active than the oxidized form 

of the catalyst. Since this report, several groups have utilized the ferrocene moiety for redox-

switchable polymerization.18-23 For example, using chelating ligands to position the ferrocene 

moiety in close proximity to the redox-inactive site for catalysis results in a greater difference in 

the reaction rate of the oxidized and reduced states of a catalyst (Figure 1-4). For example, while 

both forms of the above titanium complex demonstrated some activity for lactide polymerization, 

an yttrium complex showed complete on/off activity for lactide polymerization.24 

An alternative method for redox-switchable catalysis is to use redox-active metals that serve as the 

redox-switching moiety and the site for catalysis (Figure 1-4). Catalysts based on several different 

redox-active metals have been explored using this strategy, with the most notable examples being 
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ring-opening polymerization catalysts using cerium salfen25 and iron bis(imino)pyridine 

complexes.26 These catalysts show similar behavior as that of polymerization catalysts utilizing 

redox-active ancillary ligands, demonstrating that it is not necessary to separate the redox-

switching entity from the catalytically active entity.  

One challenge associated with redox-switchable catalysis is the need to add oxidants and 

reductants to the reaction. When chemical redox reagents are used, purification of the product is 

required to remove the byproducts from the redox-switch. Moreover, adding chemical redox 

reagents to reactions that require gaseous reagents at elevated pressures requires specialized 

equipment. To address these limitations, an electrochemical potential can be used instead of 

chemical redox reagents for redox switching (Figure 1-4). Such electrochemical potential can be 

achieved by employing bis(imino)pyridine iron complexes whose redox-active site is also the site 

for catalysis,27 or catalysts that contain redox-switchable moieties installed in the ancillary 

ligand.28 

While there are now many redox-switchable catalysts, a mechanistic understanding of how these 

systems perform redox switching is not well established. The oxidation state of the active catalyst 

and the efficiency of the redox switch are dependent on many factors. In addition to the proximity 

of the redox-switching moiety to the catalytically active site, another important factor is the 

identity of the metal center. For example, while the yttrium complex is active for lactide 

polymerization in its reduced state, the indium complex that contains the same ancillary ligand is 

active for lactide polymerization in its oxidized form.24 The interaction between the metal center 

and the redox switchable moiety can be intricate; as revealed by the combination of computational 

and experimental studies29, 30, the oxidation state of redox active group can alter the Lewis acidity 

of the metal center, as well as change the energetic profile of the catalyst-substrate intermediate.31 
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Another factor is the identity of the reactant; different some reactants may display orthogonal 

reactivity with respect to the oxidation state of the catalyst and some may not. For example, the 

iron complex shown in Figure 1-4,32 as well as other redox switchable catalysts,20, 22, 24, 29, 33, 34 is 

capable of polymerizing selectively lactide in its reduced form and epoxide in its oxidized form, 

but less selectivity is observed for lactones or cyclic carbonates.30, 33, 35-37 Selectivity shown by 

each state of the system or orthogonal reactivity behavior is important in being able to combine 

multiple catalytic cycles without interference from the reaction that is turned off, for example. 

While more work is needed to understand these and other effects that have been observed, two 

related factors appear to be important in polymerization catalysis: the propensity of the monomer 

to bind to the catalytically active site and the electrophilicity/nucleophilicity of reactive 

intermediates.30, 36, 38 Both factors are altered by changing the oxidation state of the catalysts, and 

the relative importance of each is related to the nature of each reaction, including the identity of 

the metal centers and the monomers employed. 
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Figure 1-4. Redox-switchable catalysis. Design of a redox-switchable metal catalyst (i). Redox-

switchable polymerization using electrochemical setup (ii). 

 

Chemoswitchable catalysts are compounds that are responsive to the presence of external chemical 

additives. Unlike redox-switchable catalysis, chemoselective catalysis does not involve alterations 

to the catalyst that leads to changes in their formal oxidation state. Because chemical reagents have 

a wide range of properties, they can trigger molecular events via various modes of action. For 

example, cations can bind Lewis basic sites, whereas anions can bind Lewis acidic sites. Such 

interactions could turn a catalyst on or off, or modulate their reaction rates. Alternatively, chemical 
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reagents could covalently modify a catalyst to produce another active species capable of achieving 

orthogonal reactivity. 

The key design challenge in chemoswitchable catalysis is to enable a catalyst to change its 

structure and function by interacting with a chemical additive. One effective strategy for 

chemoswitchable reactivity involves regulating catalysis using anion coordination/dissociation to 

alter the metal complex geometry or block/unblock catalytically active sites. For instance, a 

supramolecular triple layer catalyst, comprising an aluminum salen complex flanked by two 

rhodium nodes equipped with biaryl blocking groups, was used for the chemoswitchable 

polymerization of lactones (Figure 1-5). In the closed form, the rhodium centers are ligated by the 

amino donor of the supporting ligand, which positions the biaryl units above and below the 

aluminum active site.39 Because aluminum is inaccessible due to the steric bulk of the amino arms, 

the catalyst cannot react with substrates. In the open form, chloride anions are bound to rhodium 

so that the amino groups are forced away from aluminum, opening up access to incoming 

monomers. When chloride salts are added, the triple layer catalyst reaches an open state that is 

active for the ring-opening polymerization of e-caprolactone; when sodium salts are added, the 

chloride is abstracted from the rhodium centers, re-forming the closed catalyst state and almost 

completely stopping the polymerization. Remarkably, the molecular weight of the polymer 

increased linearly with conversion even as the catalyst was activated, deactivated, and reactivated, 

indicating an excellent control over catalysis. 

Another strategy for chemoselective switching is to regulate catalysis using cations. By installing 

crown ether moieties in ancillary ligands, alkali metal cations can interact with the crown ether 

moiety to tune the electron density of the catalytically active site. This type of cation switching 

has been well-demonstrated in small molecule activation (Figure 1-5).40 For example, an iridium 



 10 

PCN-pincer complex was prepared containing an aza-crown ether macrocycle, which serves as a 

hemilabile ligand and cation receptor. When sodium or lithium tetrararylborate salts were added 

to a CD2Cl2/Et2O solution of the compound, the free energy of aza-crown ether dissociation from 

iridium is lowered due to the favorable interaction of the alkali metal ion with the macrocycle. In 

the presence of these alkali metal cations, binding of dihydrogen becomes possible, and the cation-

activated iridium species catalyzed H/D exchange with D2 is significantly faster than the 

unactivated complex. This concept can be extended to a three-state (off/slow/fast) catalyst system, 

such as the positional olefin isomerization.41 For example, iridium chloride complex is inactive for 

isomerization of allylbenzene; removal of the chloride produces a cationic species with hemilabile 

Ir–O interactions resulting in a slow catalyst. Addition of Li+ salts to this cationic catalyst enhances 

the isomerization rate over 1,000-fold. The rate enhancement is attributed to cation–crown 

interactions making olefin binding more favorable, and increasing the amount of iridium that is 

actively engaged in catalysis. Another example of cation-switchable system was used to achieve 

regioselectivity in positional isomerization: without salts added, alkenes were isomerized from the 

1- to the 2-position; under the same conditions but with added Na+ salts, 3-alkenes were observed 

instead.42 

The cation coordination strategy of a catalyst can be used to tune not only the reaction rates but 

also the architecture of a polymer product.43 For example, a family of nickel phenoxyimine 

complexes bearing polyethylene glycol (PEG) chains can coordinate secondary metals (Figure 1-

5); the addition of M+ (where M+ = Li+, Na+, or K+) can produce 1:1 and 2:1 nickel: alkali species. 

The association constants between Ni and M+
 correlated with the size match between the ionic 

radius of M+ and the chain length of the PEG chelator (larger cations require longer PEG chains 

and vice versa). Combining Na+ or K+ with the nickel catalysts featuring tri- or tetra-ethylene 
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glycol chains increased the ethylene polymerization activity and gave polymers with higher 

molecular weight and branching density than the nickel catalysts alone. Cation-tuning was also 

applied to other olefin polymerization platforms and catalyst nuclearity was controlled through 

suitable ligand design.44-47 

Small gas molecules can also be utilized as chemoselective switches by serving either as a trigger 

or a substrate for a reaction. For example, CO2 can be used to oscillate a catalytic system between 

ring opening polymerization (ROP) of a lactone and ring opening copolymerization (ROCOP) of 

epoxides and CO2 (Figure 1-5).48, 49 Another example of a small gas molecule switch is O2. 

Although more well-known as a radical scavenger, O2 can also be used in chemical transformations 

to generate radical species that can initiate radical polymerization.50, 51 Small gas molecules have 

the advantage of being easy to remove, however, a pressure reactor might be needed to 

accommodate the reaction.  

Such examples demonstrate that chemical switching can be a useful strategy for regulating many 

different catalytic processes. Chemical switching can also take advantage of solution equilibria to 

tune reaction rates in a dynamic fashion. In cation tuning, different amounts or types of metal salts 

can be used to achieve different effects without requiring tedious synthetic modifications of the 

catalyst. Ideally, the chemical switch is only needed in catalytic amounts relative to the substrate 

(for example, in cation switching) or is incorporated into the reaction product (such as in CHO and 

CO2 ROCOP). Some possible disadvantages of chemical switching are that the chemical reagents 

used are not traceless so they may need to be removed from the final product or they might not be 

compatible with subsequent steps in one-pot tandem or cascade reactions. Another potential 

limitation in cation switching is that the catalyst must be amenable to installation of secondary 



 12 

metal binding groups to achieve high cation responsiveness since Lewis acid additives are 

relatively commonly used to enhance activity.52 

 

Figure 1-5. Chemoswitchable catalysis. Anion coordination leads to allosteric change which 

unblocks the catalytic active center for the ring opening polymerization of e-caprolactone (i). 

Metal cation coordination onto the hemilabile crown ether moiety promotes the hydrogen 
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activation reaction (ii). Metal cation coordination to the oligomeric ethylene glycol chain increases 

ethylene polymerization activity (iii). Presence of CO2 stagnates the polymerization of e-

caprolactone and initiates the ring opening copolymerization of CO2 and cyclohexene oxide (iv). 

Photoresponsive processes are ubiquitous in nature and in artificial synthesis and catalysis. 

Photoswitchable catalysis involves a catalytically active species that can undergo a reversible 

photochemical transformation, which consequently changes its intrinsic catalytic properties.53 In 

photoswitchable catalysis, photochromic functionalities such as azobenzenes, which can undergo 

an E-Z isomerization, and diarylethenes, which can undergo a photo-induced ring closing, are 

commonly employed.  

 

The photoinduced E-Z isomerization of diarylethenes and stilbenes can lead to a change in the 

steric environment of the active site, which can block or unblock substrate access or bring 

substrates closer together or further apart, thus changing the catalytic activity.54 Such azobenzene 

photochromic functionality has been used to control the rate of an amidation reaction (Figure 1-

6).55 For example, for the amidation between aminoadenosine and adenosine-derived p-

nitrophenol ester, a template molecule that contains two adenine receptors linked by an azobenzene 

spacer was designed. When the template molecule is in the E configuration, substrates bound to 

each receptor are far apart, resulting in a slow coupling rate. Upon UV irradiation (λex = 366 nm), 

the template molecule undergoes a photo-induced isomerization, resulting in a photostationary 

state ratio of E:Z = 1:1. The Z configuration brings the two substrates in close proximity, thereby 

accelerating the reaction.  

The photoinduced ring opening or ring closing of photochromic functionalities, such as 

spiropyrans56, 57 and diarylethenes,58 results in steric and electronic changes that have been used to 
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alter rates of lactone polymerization. For example, in a diarylethene-based system (Figure 1-6),59 

the ring-opened phenol catalyst uses the exposed -OH group to activate lactide, which leads to a 

high polymerization rate. Upon UV irradiation (λex = 300 nm), a photostationary state is reached, 

leading to 98% of the ring-closed ketone isomer, which shows a diminished polymerization rate. 

The system can be turned back on to the active state by irradiation with visible light. The different 

rates of the opened and closed forms toward valerolactone and trimethylenecarbonate (TMC) 

polymerization can also be harnessed to control the microstructure of the polymers. The ring-

opened phenol catalyst, incorporates more valerolactone than TMC to synthesize copolymers with 

higher valerolactone content, while the ring-closed ketone isomer leads to a polymer with higher 

TMC than valerolactone content. 

Unlike most redox-switchable and chemoswitchable catalysts, photoswitchable catalysis provides 

a non-invasive method to achieve temporal control since light is the only reagent required for 

switching. Consequently, product purification does not require removing excess reagents. 

Additionally, switching can be fast and not limited by mass transport.60,61,62 A combination of 

different polymerization mechanisms can also be achieved by changing the wavelengths of light. 

For example, by using photocatalysts and a thiocarbonate chain transfer agent, cationic 

polymerization could be initiated by green light, while radical polymerization could be 

commenced by blue light (Figure 1-6).63 In terms of experimental setup, light-emitting diodes are 

typically used as a source of light with specific and narrow wavelength. Although photoswitchable 

catalysis shows many advantages in temporal control, it also needs to overcome several hurdles 

such as obtaining a high photostationary state isomer ratio with a short irradiation time, finding 

isomers with orthogonal reactivity, and using UV light, which limits compatibility with some 

organic substrates or metal catalysts.  
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Figure 1-6. Photoswitchable catalysis. The catalyst can bind the substrates via hydrogen bonds; in 

the E form it can bring the substrates closer and accelerate the amidation process, while the Z form 

separates the substrates apart and thus slows down the amidation (i). The diarylethene-type catalyst 

with a phenol moiety in the ring-opened phenol form incorporates more valerolactone while the 

ring-closed ketone form incorporates more trimethylene carbonate in the copolymerization process 

(ii). By using different photocatalysts and changing the wavelength of light, the polymerization 

mechanism can switch between radical and cationic polymerization (iii). 

 

1.3. Thesis Summary 

Ring-opening polymerization plays a crucial role in chain-growth polymerization, enabling precise 

control over the process. In summary, our study focused on redox-switchable catalysis and its 

application in synthesizing polyesters, ethers, and carbonates via ring-opening polymerization. 
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Additionally, we expanded the monomer variety by investigating the polymerization of aromatic 

N-carboxyanhydrides, yielding aromatic polyamides with six-membered rings. Through the 

utilization of biodegradable polymers produced by ring-opening polymerization, we explored how 

the stereocomplexation of block copolymers can enhance the shear viscosities of polymer solutions 

when subjected to brine environments. 
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Chapter 2: Redox-switchable dimeric yttrium compound and its activity in ring-opening 

polymerization 

2.1. Introduction 

Redox-switchable catalysis has emerged as a powerful tool to modulate polymerization reactions. 

By changing the electron density either at the metal center or at the ligand scaffold, the catalytic 

activity and selectivity of a catalyst can be altered.1-5 In 2006, Long and coworkers reported a 

titanium Schiff base complex bearing two peripheral ferrocene units that displayed a different 

activity toward rac-lactide polymerization in the two different oxidation states9/1/2023 6:46:00 

AM.6 Since then, redox-switchable polymerization has been applied to the ring opening 

polymerization of cyclic ester and ethers,5, 7-27 the coordination insertion polymerization of 

olefins,28-36 olefin metathesis,37-41 and controlled radical polymerization.42-44 

In all aforementioned cases, only two oxidation states were available, systems addressing multiple 

catalytic oxidation states remaining scarce. In 2016, Chen and coworkers reported an α-diimine 

palladium compound, Pd-CN (Chart 2-1), which was the first example of catalytic system that 

was amenable to two stepwise oxidations.45 The three oxidation states not only had different 

catalytic activities toward ethylene polymerization but also produced polyethylene with 

different molar masses and different topologies. Another example was recently reported by 

Hey-Hawkins and coworkers, who showed that a trinuclear gold(I) complex supported by a 

tris(ferrocenyl)arene-based tris-phosphine, [Au]3 (Chart 2-1) had four accessible oxidation states, 

making it possible to tune in a stepwise fashion the rate of catalytic ring-closing isomerisation 

of N-(2-propyn-1-yl)benzamide.46 However, to the best of our knowledge, a system with multiple 

catalytic oxidation states has not been investigated and exploited for the ring opening 

polymerization of cyclic esters and ethers. 
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Chart 2-1. Previously reported representative ferrocene-based metal complexes. 

 

Our group has been developing redox switchable catalytic systems for ring opening polymerization 

in order to synthesize biodegradable polymers. In 2011, we reported the first and only redox-

switchable yttrium complex, (phosfen)Y(OtBu) (phosfen = 1,1’-di(2-tert-butyl-6-

diphenylphosphinimino-phenoxy)ferrocene, Chart 1), which is active toward lactide and trimethyl 

carbonate ring opening polymerization in the reduced state while inactive when oxidized.47 

Although many efforts have been exerted to developing ligand-based redox-switchable metal 

complexes for the ring opening polymerization of cyclic esters and ethers by us16, 19-21, 26, 48 and 

others,49-51 most of them reported so far are based on group 4 metals.18, 22-25 On the other hand, 

group 3 metal complexes remaining mostly unexplored despite their high activity in ring opening 

polymerization.52-56 In this contribution, we report the synthesis and characterization of a redox-
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switchable dimeric yttrium compound, [(salfen)Y(OPh)]2 (salfen = N,N’-bis(2,4-di-tert-

butylphenoxy)- 1,1’-ferrocenediimine), which can switch between three different oxidation states, 

and its application in redox-switchable ring opening polymerization.  

 

2.2. Results and Discussion 

Synthesis of [(salfen)Y(OPh)]2 

A salt metathesis reaction between (salfen)YCl(THF) and KOPh in toluene at ambient 

temperature led to the formation of the phenoxide compound [(salfen)Y(OPh)]2 (Scheme 

2-1). The 1H NMR spectrum showed a set of major peaks and a set of minor peaks, with a 

ratio of 5:1. We also attempted another synthetic route by reacting (salfen)YCl(THF) with 

LiN(SiMe3)2 to generate an yttrium amide intermediate, to which phenol was then added 

added (Scheme 2-1). However, the same product with an identical 1H NMR spectrum was 

obtained. Similar results were reported by Williams et al.: it was suggested that the minor 

peaks belong to an isomer resulting from a different ligand conformation or yttrium 

coordination geometry.57, 58 Therefore, a variable temperature 1H NMR experiment was 

performed and showed that the two sets of peaks showed coalesced at 95 °C. 
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Scheme 2-1. Synthetic routes to [(salfen)Y(OPh)]2. 

 

 

 

 

 

 

 

 

 

Figure 2-1. Thermal ellipsoid (50% probability) representation of [(salfen)Y(OPh)]2. Hydrogen 

atoms were omitted and phenolic t-butyl groups were represented as sticks for clarity. 

 

Single crystals suitable for X-ray crystallography analysis were grown from a dilute 

hexanes solution at ambient temperature. The solid-state molecular structure of 

[(salfen)Y(OPh)]2 (Figure 2-1) shows a dimeric species, in which two yttrium centres are 

bridged by two phenoxide groups. Diffusion ordered spectroscopy (DOSY) NMR 

experiments were conducted to determine whether the dimeric structure was maintained in 

solution. The solution hydrodynamic radius rH was calculated to be 8.2 Å, while the solid-

state value rx-ray was determined to be 7.8 Å using X-ray crystallographic data (Figure A10), 

indicating that the compound exists as a dimer in solution as well. 
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Figure 2-2. Cyclic voltammogram of 5 mM [(salfen)Y(OPh)]2 recorded at a glassy 

carbon electrode at a scan rate of 100 mV/s.1,2-difluorobenzene was used as a solvent 

and 100 mM TPABArF was used as the electrolyte. 

 

Redox properties of [(salfen)Y(OPh)]2 

In order to gain insight into the redox properties of [(salfen)Y(OPh)]2, an electrochemical 

study, as well as chemical redox experiments were performed. According to the reported 

electrochemical studies of the previously mentioned Pd-CN, the half potentials of the 

electron transfer events were close to each other (E1/2 vs Ag/AgCl for Pd-CN: 0.50 V; for 

[Pd-CN]+: 0.47 V; for [Pd-CN]2+: 0.46 V).45 However, in our case, the cyclic 

voltammogram of [(salfen)Y(OPh)]2 (Figure 2) clearly shows two reversible electron 

transfer events with half potentials of 0.16 V and 0.32 V versus Fc/Fc+, suggesting that 

[(salfen)Y(OPh)]2 can be reversibly oxidized in a stepwise fashion. Chemical redox 

experiments were also conducted using AcFcBArF as an oxidant and CoCp2 as a reductant. 

1H NMR spectra showed that the addition of 1 or 2 equivalents of AcFcBArF resulted in the 
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disappearance of the [(salfen)Y(OPh)]2 signals and the formation of broad paramagnetic 

peaks, likely corresponding to [(salfen)Y(OPh)]2
+

 and [(salfen)Y(OPh)]2
2+, respectively, 

while the addition of CoCp2 led to the reappearance of [(salfen)Y(OPh)]2 peaks. Byers and 

coworkers recently reported a technique using DOSY NMR spectroscopy to characterize 

heterobimetallic compounds where one of the metals was a paramagnetic first-row 

transition metal;59 this technique might be a useful tool to characterize and elucidate the 

structure of the oxidized species. When we applied it, we found that the doubly oxidized 

species [(salfen)Y(OPh)]2
2+ showed a single peak in the diffusion spectrum that indicated 

that the dimeric structure was maintained; the mono-oxidized [(salfen)Y(OPh)]2
+ was more 

complicated, but the majority of the signals were also attributed to a dimeric form. 

Crossover experiment was also performed by adding 1 equivalent of [(salfen)Y(OPh)]2 into 

doubly oxidized [(salfen)Y(OPh)]2
2+, the 1H NMR and DOSY NMR spectra matched with 

those of the mono-oxidized species [(salfen)Y(OPh)]2
+. Furthermore, stability tests 

revealed that all three oxidation states were robust, no decomposition was observed at 80 

°C after 24 hours (Figures S7-9). 

 

 

Scheme 2-2. Redox switch between the three oxidation states of [(salfen)Y(OPh)]2. 

 

Homopolymerization reactions 

The catalytic activity of the reduced state and of the two in situ generated oxidized states 

was studied toward the ring opening polymerization of cyclic esters, carbonate, and ethers. 



 31 

In LLA (L-lactide) polymerization, the reduced state compound, [(salfen)Y(OPh)]2, 

showed the highest activity, where 200 equivalents of monomer were polymerized to 73% 

conversion in 0.5 hours at ambient temperature (Table 2-1, entry 1). To gain insight of the 

catalytically active species, DOSY NMR experiements were performed on PLLA obtained 

from 60 equivalents of LLA polymerized by the reduced state [(salfen)Y(OPh)]2, before 

and after quenching with H2O. Despite a more complicated diffusion pattern, the active 

polymer chain showed a diffusion coefficient of 2.7 × 10-11 m2/s which agreed with 

quenched free polymer chain which showed a diffusion coefficient of 2.9 × 10-11 m2/s, 

indicating that the active species is more likely to be mono-nuclear during the 

polymerization. The mono-oxidized state demonstrated a slower polymerization rate but 

produced polymer with a narrower dispersity, and the molar mass of the resulting polymer 

revealed that only one of the two phenoxide groups initiated the polymerization (Table 2-

1, entry 2). The doubly oxidized compound had the lowest activity, only 23% conversion 

was reached after 24 hours, and the polymer molar mass also suggested a single phenoxide 

initiation (Table 2-1, entry 3). A similar trend was observed in CL (ε-caprolactone) and VL 

(δ-valerolactone) polymerizations, where the reduced compound showed the highest rate 

and the activity decrease along with oxidation (Table 2-1, entries 4-9). However, unlike 

LLA polymerization, which was well-controlled, lactone polymerizations were poorly 

regulated, leading to high polymer molar masses compared to theoretical values. In TMC 

(1,3-trimethylene carbonate) polymerization, the reduced state showed the highest activity 

but the molar mass of the resulting polymer was much higher than expected, probably due 

to transesterification21 or catalyst deactivation. The mono-oxidized compound showed a 
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slower polymerization rate but better controlled molar mass in comparison to the reduced 

state (Table 2-1, entries 10-12). 

Ring opening polymerization of epoxides showed an opposite trend, where the activity of 

the yttrium compound increases as the oxidation state increases. For example, the reduced 

compound was inactive toward the polymerization of CHO (cyclohexene oxide), while both 

the mono-oxidized and doubly oxidized compounds reached full conversion in 5 minutes. 

Such a high activity of the oxidized states caused a broad dispersity and uncontrolled molar 

mass of the polymer (Table 2-1, entries 13-15). This behavior was also observed for some 

other ferrocene-based metal complexes. We previously reported a combination of 

experimental results and DFT calculations to elucidate the CHO polymerization 

mechanism by the oxidized compound, which manifests that coordination insertion  

pathway is more feasible than cationic polymerization pathway. Another epoxide, PO 

(propylene oxide), was also tested as a monomer, and the same trend as for CHO was 

observed (Table 2-1, entries 10-12). The reduced state compound didn’t polymerize PO 

even when the temperature was elevated to 80 °C. However, both the mono-oxidized and 

doubly oxidized compounds which were inactive at ambient temperature, reached certain 

conversion when heated to 80 °C for 48 hours (Table 2-1, entry 16-18). Since AcFcBArF 

can act as catalyst in CHO polymerization, a control experiment of PO polymerization with 

the oxidant was performed, and it turned out that AcFcBArF can polymerize PO at 25 °C 

and 81% conversion was reached after 2 hours. 
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Table 2-1. Homopolymerization with [(salfen)Y(OPh)]2, [(salfen)Y(OPh)]2
+, and 

[(salfen)Y(OPh)]2
2+ toward different monomers.a 

Entry 

 

Monomerb Cat.c Time Conv. (%) Mn,calc
d (kDa) Mn,exp

e (kDa) Đ 

 
1 LLA red 0.5 h 73 11 10 1.51 

2 LLA ox+ 6 h 83 12 23 1.25 

3 LLA ox2+ 24 h 23 3.3 6.9 1.11 

4 CL red 21 h 81 8.3 59 1.47 

5 CL ox+ 24 h 3 N/A 

6 CL ox2+ 24 h 0 N/A 

7 VL red 10 h 82 8.2 65 1.23 

8 VL ox+ 24 h 20 2.2 13 1.20 

9 VL ox2+ 24 h 7 0.7 13 1.02 

10 TMC red 24 h 96 9.8 158 1.24 

11 TMC ox+ 72 h 84 8.6 10.2 1.11 

12 TMC ox2+ 72 h 38 2.9 21 1.13 

13 CHO red 24 h 0 N/A 

14 CHO ox+ 5 min 98 9.6 23 3.3 

15 CHO ox2+ 5 min 100 9.8 66 3.5 

16f PO red 24 h 0 N/A 

17f PO ox+ 48 h 16 0.9 291 1.23 

18f PO ox2+ 48 h 65 3.8 380 1.18 

a All polymerization reactions were performed with 2.5 μmol precatalyst, 0.6 mL of C6D6 

as the solvent, 200 equivalents of monomer, at ambient temperature unless otherwise 

mentioned; conversions were determined by 1H NMR spectroscopy. Each polymerization 

experiment was performed at least twice, and one of the trials is listed.b LLA stands for L-

lactide, CL stands for ε-caprolactone, VL stands for δ-valerolactone, TMC stands for 1,3-

trimethylene carbonate, CHO stands for cyclohexene oxide, and PO stands for propylene 

oxide. c “red” represents [(salfen)Y(OPh)]2, “ox+” represents in situ generated 

[(salfen)Y(OPh)]2
+, and “ox2+” represents in situ generated [(salfen)Y(OPh)]2

2+. d Mn,calc is 

calculated based on initiation from both phenoxide groups, Mn,calc = Mmonomer× 100 × conversion. 

e Mn,exp were determined by SEC measurements. f Polymerization was conducted at 80 °C. 
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Copolymerization reactions 

Based on the homopolymerization results, copolymerization experiments were performed. 

We first tried copolymerization of LLA and TMC. Only a few examples48, 60, 61 reported 

before are capable of polymerizing TMC after LLA because, after the insertion of LLA, a 

five-membered ring intermediate would make the energy barrier for insertion too high for 

the next lactide and even harder for TMC incorporation. In 2018, we reported a dimeric 

zinc compound that can polymerize TMC after LLA and thus synthesize multiblock 

copolymers; DFT studies indicated that the dimeric structure lowers the overall activation 

barrier making the propagation possible after the insertion of LLA.48 Therefore, we first 

attempted a one-pot copolymerization of LLA and TMC with [(salfen)Y(OPh)]2 (Table 2, 

entry 1). Real time 1H NMR spectroscopy was used to monitor the conversion of both 

monomers, and indicated that a tapered copolymer was generated. The linkages were 

confirmed by the 13C{1H} NMR spectrum of the isolated polymer. However, due to the 

uncontrolled nature of TMC polymerization, the polymer molar mass did not agree with 

the theoretical value.  

Table 1-2. Copolymerization studies.a 

Entry Monomerb Cat.c Time g Conv.h (%) Mn,calc
d 

(kDa) 

Mn,exp
e 

(kDa) 

Đ 

 

1f LLA-TMC red 17 h 100 - 82 23 52 1.51 

2 LLA-TMC red-ox+ 15 min - 24 h 100 - 53 21 29 1.31 
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3 LLA-CHO red-ox2+ 15 min - 5 min 46 - 100 4.4 7.9 1.32 

4 LLA-CHO-LLA red-ox2+-red 15 min - 5min - 25 min 55 - 100 - 100 N/A 

5 LLA-CHO-LLA ox+-ox2+-ox+ 5 h - 5 min - 1 h 55 - 80 - 73 N/A 

6 LLA-TMC-CHO red-ox+-ox2+ 15 min - 24 h - 6 h 100 - 63 - 0 N/A 

 a All polymerization reactions were performed with 2.5 μmol precatalyst, 0.6 mL of C6D6 

as the solvent, 200 equivalents of monomer, at ambient temperature unless otherwise 

mentioned; conversions were determined by 1H NMR spectroscopy. b LLA stands for L-

lactide, TMC stands for 1,3-trimethylene carbonate, and CHO stands for cyclohexene oxide. 

c “red” represents [(salfen)Y(OPh)]2, “ox+” represents in situ generated [(salfen)Y(OPh)]2
+, 

and “ox2+” represents in situ generated [(salfen)Y(OPh)]2
2+. d Mn,calc is calculated based on 

initiation from both phoxide groups, Mn,calc = Mmonomer× 100 × conversion e Mn,exp were 

determined by SEC measurements. f Polymerization was conducted in one pot. g Each 

number represents the polymerization time catalyzed by each oxidation state, which starts 

with the addition of monomer and ends with the addition of next redox reagents. h Entry 

1,2,3,6, each number represents the monomer conversion at the end of polymerization. 

Entry 4 and 5, the first number represents the conversion after the first time period, the 

other two conversion numbers represent the conversion at the end of the polymerization.  

To synthesize a better regulated block copolymer, we then carried out the redox controlled 

copolymerization of LLA and TMC by sequentially adding the monomers (Table 2-2, entry 

2). 55% conversion of LLA was reached after 15 min with [(salfen)Y(OPh)]2. 

Subsequently, 1 equivalent of AcFcBArF was added to oxidize the catalyst to the mono-

oxidized state, followed by the addition of the second monomer, TMC. After another 24 h 
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of polymerization, LLA was depleted while TMC reached 53% conversion. 1H NMR 

monitoring of the polymerization, as well as the 13C{1H} NMR spectrum of the isolated 

polymer, indicated that LLA and TMC were still polymerized in a tapered fashion when 

they coexisted in the system. We also characterized our copolymers with thermogravimetric 

analysis, and it turned out that, unlike pure PLLA or PTMC which can endure higher 

temperature, the PLLA-PTMC copolymer we obtained started thermal decomposition at 

50°C which could be attributed to the alternating segment in the polymer (Figure A64-65). 

DOSY of the isolated polymer showed a single diffusion peak which confirmed that a 

diblock copolymer was synthesized. 

 

We also performed a LLA and CHO copolymerization utilizing a redox switch (Table 2-2, 

entry 3). We first polymerized LLA with the reduced state; 2 equivalents of AcFcBArF was 

added to oxidize the catalyst to the doubly oxidized state, halting the LLA polymerization. 

Then, 200 equivalents of CHO was added subsequently and a full conversion was reached 

after 5 minutes according to real time 1H NMR monitoring. However, the 1H NMR 

spectrum of the isolated polymer showed only 27% PCHO incorporation; the PCHO 

homopolymer was probably removed during the polymer purification process. To 

determine whether the catalytic activity toward LLA polymerization can be restored after 

the CHO polymerization, a triblock copolymerization was attempted (Table 2-2, entry 4). 

Aliquots were taken to characterize the polymer at each stage, and, according to the SEC 

traces, the PLLA-PCHO peak shifted from the PLLA homopolymer peak, however, the 

PLLA-PCHO-PLLA peak was on top of the PLLA-PCHO peak implying that the triblock 

copolymer synthesis was unsuccessful. When we initiated the LLA polymerization with the 
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mono-oxidized state (Table 2-2, entry 5), a 55% conversion was reached after 5 hours; 1 

equivalent of AcFcBArF was then added to halt LLA polymerization and generate the doubly 

oxidized species that would start the CHO polymerization. After the subsequent addition 

of 1 equivalent of CoCp2 to switch back to the mono-oxidized state, another 200 equiv of 

LLA was added. After the polymerization of CHO, LLA polymerization rate with the 

regenerated mono-oxidized compound was much faster, an overall 73% conversion was 

reached within 1 hour. This behaviour agreed with results from our previous study, which 

investigated in depth on how one monomer influences the polymerization rate of another 

monomer, where LLA is polymerized more quickly after CHO with a ferrocene-based 

zirconium compound.49 SEC traces also indicated that homopolymers instead of a targeted 

triblock copolymer were obtained. We also tried to polymerize CHO after the 

copolymerization of LLA and TMC (Table 2-2, entry 6); however, after adding 1 equivalent 

of AcFcBArF and 200 equivalents of CHO, no CHO polymerization was observed after 6 

hours. We postulate that the failure to synthesize a triblock copolymer could be ascribed to 

the different redox behaviour when a substrate was present.62 

 

2.3. Conclusions 

We synthesized the dimeric yttrium compound [(salfen)Y(OPh)]2 that can be oxidized 

twice in a stepwise fashion. 1H and DOSY NMR spectroscopy were employed to 

characterize the three oxidation states. The catalytic activity toward ring opening 

polymerization of LLA, CL, VL, and TMC decreased along with oxidation. In TMC and 

LLA polymerization, 
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2.4. Experimental Section 

General considerations 

All experiments were performed under a dry nitrogen atmosphere in an MBraun glovebox 

or using standard Schlenk techniques. Solvents were purified with a two-state solid-state 

purification system by the method of Grubbs63 and transferred into a glovebox without 

exposure to air. NMR solvents were purchased from Cambridge Isotope Laboratories, 

degassed, and stored over activated molecular sieves prior to use. 1H NMR spectra were 

recorded on Bruker AV-300, Bruker AV-500, or Bruker DRX-500 spectrometers at room 

temperature. Chemical shifts are reported with respect to the residual solvent peaks, 7.16 

ppm (C6D6), 7.26 ppm (CDCl3) for 1H NMR spectra. Liquid monomers and 1,2-

difluorobenzene were distilled over CaH2 and brought into the glovebox without exposure 

to air. Solid monomers were recrystallized from toluene at least twice before use. n-BuLi, 

2,4-di-tert-butylphenol and CoCp2 were purchased from Sigma-Aldrich and used as 

received. AcFcBArF (AcFc = acetylferrocene, BArF = tetrakis(3,5-bis(trifluoromethyl)-

phenyl)borate),64 KOPh, and (salfen)YCl(THF)65 were synthesized following previously 

published procedures. Molar masses of polymers were determined by size exclusion 

chromatography using a SEC-MALS instrument at UCLA. SEC-MALS uses a Shimazu 

Prominence-i LC 2030C 3D equipped with an autosampler, two MZ Analysentechnik MZ-

Gel SDplus LS 5 μm, 300 × 8 mm linear columns, a Wyatt DAWN HELEOS-II, and a 

Wyatt Optilab T-rEX. The column temperature was set at 40 oC. A flow rate of 0.70 mL/min 

was used and samples were dissolved in THF. The number average molar mass and 

dispersity values were determined using the dn/dc values which were calculated by 100% 

mass recovery method from the RI signal. CHN analyses were performed on an Exeter 
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Analytical, Inc. CE-440 Elemental Analyzer. Thermal gravimetric analysis was performed 

using a PerkinElmer Pyris Diamond TG/DTA Instruments under argon. The program used 

was to increase the temperature from 50 to 500 °C at 5 °C/min. 

Synthesis of [(salfen)Y(OPh)]2. (salfen)YCl(THF) (261.2 mg, 0.4 mmol)  was dissolved 

in 10 mL of toluene; then, a KOPh (113 mg, 0.4 mmol) slurry in toluene was added to it. 

The mixture was stirred for 1 hour at room temperature. Volatiles were removed under a 

reduced pressure. The residue was dissolved in hexanes, concentrated, and kept at -30 oC 

overnight. An orange powder was collected after filtration. Yield: 0.115g, 80%. X-ray 

quality single crystals of [(salfen)Y(OPh)]2 was grown from a dilute hexanes solution at 

room temperature. 1H NMR (500 MHz, C6D6, 25 oC), δ (ppm): 7.91 (s, 2H, N=CH), 7.56 (d, 2H, 

ArH), 7.29 (d, 2H, ArH), 6.78 (d, 2H, ArH), 6.69 (t, 2H, ArH), 6.45 (t, 1H, ArH), 4.81 (s, 2H, fc-

H), 3.72-4.03 (s,s and s, 6H, fc-H), 1.58 (s, 18H, C(CH3)3), 1.27 (s, 18H, C(CH3)3). 13C {1H} NMR 

(125 MHz, C6D6, 25 oC), δ(ppm): 164.8 (N=C), 158.8 (m-OC6H2), 138.8 (m-OC6H2), 136.6 (m-

OC6H2), 130.1 (m-OC6H5), 129.7 (m-OC6H5), 128.3 (m-OC6H2), 122.7 (m-OC6H2), 121.4(m-

OC6H2), 119.3 (m-OC6H5), 109.2 (m-OC6H5), 61.8-68.3(C5H4), 34.5 (C(CH3)3), 33.6 (C(CH3)3), 

31.3 (C(CH3)3), 30.5 (C(CH3)3). Elemental analysis for C47H62FeN2O3Y, Calcd: C, 66.90%, 

H, 6.93%, N, 3.32%; Found: C, 67.22%, H, 7.37%, N, 3.41%.  

Isolation of [(salfen)Y(OPh)]2[BArF]. [(salfen)Y(OPh)]2 (20 mg, 0.025 mmol) and 

AcFcBArF (13.2 mg, 0.012 mmol) were each dissolved in 1,2-difluorobenzene. AcFcBArF 

was added to [(salfen)Y(OPh)]2 dropwise. The mixture was stirred at room temperature for 

0.5 h and solvent was then removed under reduced pressure. The resulting dark red oil was 

washed with 2 mL of cold hexanes for 3 times and then resolved in benzene. After removing 

volatiles, a dark red powder was generated. Yield: 25 mg (83%). 1H NMR (300 MHz, 25C, 
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C6D6), δ (ppm): 8.14 (s, 8H, BArF, o-ArH), 8.03 (d, 2H, ArH), 7.70 (d, 2H, ArH), 7.49 (s, 4H, 

BArF, p-ArH), 4.03-4.29 (m, 8H, Cp-H), 3.61 (s, 9H, C(CH3)3), 1.69 (s, 9H, C(CH3)3), 1.34 (br, 

9H, C(CH3)3), 1.24 (s, 9H, C(CH3)3). 

Isolation of [(salfen)Y(OPh)]2[BArF]2. [(salfen)Y(OPh)]2 (15 mg, 0.02 mmol) and 

AcFcBArF (19.9 mg, 0.01 mmol) were each dissolved in 5 mL diethyl ether. AcFcBArF was 

added to [(salfen)Y(OPh)]2 dropwise. The mixture was stirred at room temperature for 0.5 

h and solvent was then removed under reduced pressure. The resulting dark red oil was 

washed with 2 mL of cold hexanes for 3 times and then resolved in benzene. After removing 

volatiles, a dark red powder was generated. Yield: 28 mg (92%). 1H NMR (300 MHz, 25C, 

C6D6), δ (ppm): 8.41 (s, 8H, BArF, o-ArH), 8.09 (d, 2H, ArH), 7.71 (d, 2H, ArH), 7.56 (s, 4H, 

BArF, p-ArH), 4.09-4.25 (m, 8H, ArH), 3.63 (br, 9H, C(CH3)3), 1.69 (s, 9H, C(CH3)3), 1.25 (s, 9H, 

C(CH3)3), 0.03 (s, 24H, Cp-H), -0.95 (s, 4H, Cp-H). 

Homopolymerizations with [(salfen)Y(OPh)]2. Under an inert atmosphere, 

[(salfen)Y(OPh)]2 (2.5 μmol), C6D6 (0.6 mL), and the monomer were added to a J-Young 

NMR tube. The reaction mixture was shaken occasionally. The tube was sealed and brought 

out of the glovebox and placed in an oil bath when a higher than ambient temperature was 

needed. The NMR tube was taken out of the oil bath and the monomer conversion was 

monitored by 1H NMR spectroscopy. When the reaction reached the desired conversion, 

CH2Cl2 was added to dissolve the polymer and the resulting solution was poured into 10 

mL of cold methanol to precipitate the polymer; the mixture was centrifuged for 5 minutes, 

and the supernatant was decanted. This process was repeated twice to remove the catalyst 

and unreacted monomer. The obtained polymer was dried under a reduced pressure before 

characterization.  



 41 

Homopolymerizations with in situ generated [(salfen)Y(OPh)]2
+ and 

[(salfen)Y(OPh)]2
2+. Under an inert atmosphere, [(salfen)Y(OPh)]2 (2.5 μmol), AcFcBArF 

solution (0.05/0.1 mL, 50 μM in 1,2-difluorobenzene) and C6D6 (0.6 mL) were added to a 

J-Young NMR tube. The reaction mixture was left at room temperature for 15 minutes 

while being shaken occasionally. Then, the monomer was added. The tube was sealed and 

brought out of the glovebox and placed in an oil bath when a higher than ambient 

temperature was needed. The NMR tube was taken out of the oil bath and the monomer 

conversion was monitored by 1H NMR spectroscopy. When the reaction reached the 

desired conversion, CH2Cl2 was added to dissolve the polymer and the resulting solution 

was poured into 10 mL of cold methanol to precipitate the polymer; the mixture was 

centrifuged for 5 minutes, and the supernatant was decanted. This process was repeated 

twice to remove the catalyst and unreacted monomer. The obtained polymer was dried 

under a reduced pressure before characterization. 

General procedure for copolymerization. Under an inert atmosphere, [(salfen)Y(OPh)]2 

(2.5 μmol), an internal standard (hexamethylbenzene), C6D6 (0.6 mL), and the monomer 

were added to a J-Young NMR tube. The reaction mixture was left at room temperature for 

15 minutes while being shaken occasionally. The tube was sealed and brought out of the 

glovebox and the monomer conversion was monitored by 1H NMR spectroscopy. When a 

desired conversion was reached, the NMR tube was brought back into the glovebox, and 

AcFcBArF (0.05/0.1 mL, 50 μM in 1,2-difluorobenzene) or CoCp2 (0.05/0.1 mL, 50 μM in 

1,2-difluorobenzene) was added. The reaction mixture was shaken occasionally for 15 

minutes before the next monomer was added. When the reaction reached the desired 

conversion, CH2Cl2 was added to dissolve the polymer and the resulting solution was 
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poured into 10 mL of cold methanol to precipitate the polymer; the mixture was centrifuged 

for 5 minutes, and the supernatant was decanted. This process was repeated twice to remove 

the catalyst and unreacted monomer. The obtained polymer was dried under a reduced 

pressure before characterization. 

Cyclic voltammetry study of [(salfen)Y(OPh)]2. Cyclic voltammetry was performed in a 

100 mM solution of TPABArF (TPA = tetra-n-propylammonium, BArF = tetrakis(3,5- 

bis(trifluoro-methyl)-phenyl)borate)) in 1,2-difluorobenzene. 1 mM of [(salfen)Y(OPh)]2 

was added. The experiment setup used a glassy carbon working electrode, a platinum 

counter electrode, and an Ag/Ag+ pseudo reference electrode. The working and auxiliary 

electrodes were polished with an aqueous suspension of 1.00 μm, 0.30 μm, and 0.05 µm 

alumina successively on a Microcloth polishing pad before each cyclic voltammogram was 

recorded. Cyclic voltammograms were acquired with a CH Instruments CHI630D 

potentiostat and recorded with CH Instruments software (version 13.04). Data was 

processed using Origin 9.2 and all potentials are given with respect to the ferrocene-

ferrocenium couple. 

2.5. Appendix 
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Figure A1. 1H NMR (C6D6, 500 MHz, 298 K) spectrum of [(salfen)Y(OPh)]2  (ppm): 7.91 (s, 

2H, N=CH), 7.56 (d, 2H, ArH), 7.29 (d, 2H, ArH), 6.78 (d, 2H, ArH), 6.69 (t, 2H, ArH), 6.45 (t, 

1H, ArH), 4.81 (s, 2H, fc-H), 3.72-4.03 (s, s and s, 6H, fc-H), 1.58 (s, 18H, C(CH3)3), 1.27 (s, 18H, 

C(CH3)3). 
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Figure A2. 1H NMR (C6D6, 500 MHz, 298 K) spectrum of [(salfen)Y(OPh)]2. The peaks at 8.05 

ppm and 8.04 ppm represent 2 H atom together. The peak at 0.85 ppm, which represents hexanes 

in remaining in the sample, integrates as 2.80. The integration indicates that the formula of the 

sample is [(salfen)Y(OPh)]2•(C6H14)0.2.  
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Figure A3. 13C{1H} NMR (C6D6, 125 MHz, 298 K) spectrum of [(salfen)Y(OPh)]2  (ppm): 

164.8 (N=C), 158.8 (m-OC6H2), 138.8 (m-OC6H2), 136.6 (m-OC6H2), 130.1 (m-OC6H5), 129.7 

(m-OC6H5), 128.3 (m-OC6H2), 122.7 (m-OC6H2), 121.4(m-OC6H2), 119.3 (m-OC6H5), 109.2 (m-

OC6H5), 61.8-68.3(C5H4), 34.5 (C(CH3)3), 33.6 (C(CH3)3), 31.3 (C(CH3)3), 30.5 (C(CH3)3).  



 46 

 

Figure A4. 1H NMR (C6D6, 300 MHz, 298 K) spectrum of [(salfen)Y(OPh)]2[BArF]  (ppm): 

8.14 (s, 8H, BArF, o-ArH), 8.03 (d, 2H, ArH), 7.70 (d, 2H, ArH), 7.49 (s, 4H, BArF, p-ArH), 4.03-

4.29 (m, 8H, Cp-H), 3.61 (s, 9H, C(CH3)3), 1.69 (s, 9H, C(CH3)3), 1.34 (br, 9H, C(CH3)3), 1.24 (s, 

9H, C(CH3)3). Other 1H NMR peaks were not observed due to the paramagnetic nature of this 

compound. 
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Figure A5. 1H NMR (C6D6, 300 MHz, 298 K) spectrum of [(salfen)Y(OPh)]2[BArF]2  (ppm): 

8.41 (s, 8H, BArF, o-ArH), 8.09 (d, 2H, ArH), 7.71 (d, 2H, ArH), 7.56 (s, 4H, BArF, p-ArH), 4.09-

4.25 (m, 8H, ArH), 3.63 (br, 9H, C(CH3)3), 1.69 (s, 9H, C(CH3)3), 1.25 (s, 9H, C(CH3)3), 0.03 (s, 

24H, Cp-H), -0.95 (s, 4H, Cp-H). Other 1H NMR peaks were not observed due to the paramagnetic 

nature of this compound.  
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Figure A6. 1H NMR (C6D6, 300 MHz, 298 K) spectrum of [(salfen)Y(OPh)]2[BArF] (top) and 

[(salfen)Y(OPh)]2 +1 equivalent of [(salfen)Y(OPh)]2[BArF]2 (bottom). 

 

 

Figure A7. Thermal decomposition study (C6D6, 300 MHz, 298 K) of [(salfen)Y(OPh)]2. 

[(salfen)Y(OPh)]2 before heating (bottom) and after heating at 80C for 24 h (top). 
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Figure A8. Thermal decomposition study (C6D6, 300 MHz, 298 K) of [(salfen)Y(OPh)]2[BArF]. 

[(salfen)Y(OPh)]2[BArF] generated in situ before heating (bottom) and after heating at 80C for 24 

h (top).  

 

Figure A9. Thermal decomposition study (C6D6, 300 MHz, 298 K) of [(salfen)Y(OPh)]2[BArF]2. 

[(salfen)Y(OPh)]2[BArF]2 generated in situ before heating (bottom) and after heating at 80C for 

24 h (top).  
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Figure A10. DOSY (C6D6, 500 MHz, 298 K) of [(salfen)Y(OPh)]2. 

 

Radius in benzene rH: Stoke-Einstein equation D = (kT)/(6πηrH) was used to calculated 

hydrodynamic radius in solution, D was obtained from DOSY NMR spectrum. 

 

Radius in solid state rX-ray: The molecular volume was obtained from Olex2.66 The molecule was 

assumed to be a sphere and the solid-state radius was calculated using the sphere volume equation. 
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Figure A11. DOSY (C6D6, 500 MHz, 298 K) of [(salfen)Y(OPh)]2[BArF]. 

 

Figure A12. DOSY (C6D6, 500 MHz, 298 K) of [(salfen)Y(OPh)]2[BArF]2. 
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Figure A13. DOSY (C6D6, 500 MHz, 298 K) of [(salfen)Y(OPh)]2 + 1 equivalent of 

[(salfen)Y(OPh)]2[BArF]2. 

 

Figure A14. 1H NMR (C6D6, 300 MHz, 298 K) spectrum of [(salfen)Y(OPh)]2 (bottom), 

[(salfen)Y(OPh)]2[BArF] generated in situ (middle), and [(salfen)Y(OPh)]2 generated from 

[(salfen)Y(OPh)]2[BArF] (top). All the peaks in the top spectrum match those in the bottom 

spectrum. The extra peaks in the bottom spectrum belong to AcFc and CoCp2[BArF]. 
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Figure A15. 1H NMR (C6D6, 300 MHz, 298 K) spectrum of [(salfen)Y(OPh)]2 (bottom), 

[(salfen)Y(OPh)]2[BArF]2 generated in situ (middle), and [(salfen)Y(OPh)]2 generated from 

[(salfen)Y(OPh)]2[BArF]2 (top). All the peaks in the top spectrum match those in the bottom 

spectrum. The extra peaks in the bottom spectrum belong to AcFc and CoCp2[BArF]. 

 

 

Figure A16. Variable temperature 1H NMR (C6D6, 500 MHz) study of [(salfen)Y(OPh)]2. 
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Figure A17. Variable temperature 1H NMR (toluene-d8, 500 MHz) study of [(salfen)Y(OPh)]2. 

 

 

Figure A18. 1H NMR (C6D6, 300 MHz, 298 K) spectrum of 200 equivalents of L-lactide 

polymerization by [(salfen)Y(OPh)]2 (Table 2-1, entry 1).  (ppm): 5.04 (q, 1H, CH(CH3)COO, 

PLA), 3.83 (t, 1H, CH(CH3)COO, LA), 1.34 ( d, 3H, CH(CH3)COO, PLA), 1.19 (d, 3H, 

CH(CH3)COO, LA). 

 



 55 

 

Figure A19. 1H NMR (C6D6, 300 MHz, 298 K) spectrum of 200 equivalents of L-lactide 

polymerization by in situ generated [(salfen)Y(OPh)]2
+ (Table 2-1, entry 2).  (ppm): 5.03 (q, 1H, 

CH(CH3)COO, PLA), 3.93 (t, 1H, CH(CH3)COO, LA), 1.34 ( d, 3H, CH(CH3)COO, PLA), 1.21 

(d, 3H, CH(CH3)COO, LA). 
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Figure A20. 1H NMR (C6D6, 300 MHz, 298 K) spectrum of 200 equivalents of L-lactide 

polymerization by in situ generated [(salfen)Y(OPh)]2
2+ (Table 2-1, entry 3).  (ppm): 5.03 (q, 1H, 

CH(CH3)COO, PLA), 4.12 (t, 1H, CH(CH3)COO, LA), 1.36 ( d, 3H, CH(CH3)COO, PLA), 1.24 

(d, 3H, CH(CH3)COO, LA). 
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Figure A21. 1H NMR (C6D6, 300 MHz, 298 K) spectrum of 200 equivalents of -caprolactone 

polymerization by [(salfen)Y(OPh)]2 (Table 2-1, entry 4).  (ppm): 3.97 (t, 2H, COOCH2, PCL), 

3.50 (t, 2H, COOCH2, CL), 2.10 (t, 2H, CH2COO, PCL). 1.50 (m, 2H, COOCH2CH2, PCL) 1.40 

(m, 2H, COOCH2CH2CH2, PCL), 1.16 (m, 2H, COOCH2CH2CH2CH2, PCL), 1.02. (m, 2H, 

COOCH2CH2CH2CH2, CL). 
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Figure A22. 1H NMR (C6D6, 300 MHz, 298 K) spectrum of 200 equivalents of -caprolactone 

polymerization by in situ generated [(salfen)Y(OPh)]2
+ (Table 2-1, entry 5).  (ppm): 3.97 (t, 2H, 

COOCH2, PCL), 3.60 (t, 2H, COOCH2, CL), 2.20 (t, 2H, CH2COO, PCL). 1.50 (m, 2H, 

COOCH2CH2, PCL) 1.40 (m, 2H, COOCH2CH2CH2, PCL), 1.16 (m, 2H, COOCH2CH2CH2CH2, 

PCL), 1.10. (m, 2H, COOCH2CH2CH2CH2, CL).  
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Figure A23.  

 

Figure A24. 1H NMR (C6D6, 300 MHz, 298 K) spectrum of 200 equivalents of -valerolactone 

polymerization by [(salfen)Y(OPh)]2 (Table 2-1, entry 7).  (ppm): 3.95 (t, 2H, COOCH2, PVL), 

3.57 (t, 2H, COOCH2, VL), 2.07 (t, 2H, CH2COO, PVL), 1.99 (t, 2H, CH2COO, VL), 1.54 (m, 4H, 

CH2CH2CH2COO, PVL), 0.96 (m, 4H, CH2CH2CH2COO, VL).  
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Figure A25. 1H NMR (C6D6, 300 MHz, 298 K) spectrum of 200 equivalents of -valerolactone 

polymerization by in situ generated [(salfen)Y(OPh)]2
+ (Table 2-1, entry 8).  (ppm): 3.95 (t, 2H, 

COOCH2, PVL), 3.57 (t, 2H, COOCH2, VL), 2.07 (t, 2H, CH2COO, PVL), 1.99 (t, 2H, CH2COO, 

VL), 1.54 (m, 4H, CH2CH2CH2COO, PVL), 0.96 (m, 4H, CH2CH2CH2COO, VL). 

 

Figure A26. 1H NMR (C6D6, 300 MHz, 298 K) spectrum of 200 equivalents of trimethylene 

carbonate polymerization by [(salfen)Y(OPh)]2 (Table 2-1, entry 10).  (ppm): 4.03 (s, 4H, 
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OCH2CH2CH2O, PTMC), 3.28 (t, 4H, OCH2CH2CH2O, TMC), 1.71 (br, 2H, OCH2CH2CH2O, 

PTMC), 0.70 (m, 2H, OCH2CH2CH2O, TMC). 

 

 

Figure A27. 1H NMR (C6D6, 300 MHz, 298 K) spectrum of 200 equivalents of trimethylene 

carbonate polymerization by in situ generated [(salfen)Y(OPh)]2
+ (Table 2-1, entry 11).  (ppm): 

4.04 (s, 4H, OCH2CH2CH2O, PTMC), 3.53 (t, 4H, OCH2CH2CH2O, TMC), 1.73 (br, 2H, 

OCH2CH2CH2O, PTMC), 0.97 (m, 2H, OCH2CH2CH2O, TMC). 
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Figure A28. 1H NMR (C6D6, 300 MHz, 298 K) spectrum of 200 equivalents of trimethylene 

carbonate polymerization by in situ generated [(salfen)Y(OPh)]2
2+ (Table 2-1, entry 12).  (ppm): 

4.04 (s, 4H, OCH2CH2CH2O, PTMC), 3.63 (t, 4H, OCH2CH2CH2O, TMC), 1.73 (br, 2H, 

OCH2CH2CH2O, PTMC), 1.11 (m, 2H, OCH2CH2CH2O, TMC).  
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Figure A29. 1H NMR (C6D6, 300 MHz, 298 K) spectrum of 200 equivalents of cyclohexene oxide 

polymerization by in situ generated [(salfen)Y(OPh)]2
+ (Table 2-1, entry 14).  (ppm): 3.56 (br, 

2H, CH2CH2CH(O), PCHO), 2.80 (br, 2H, CH2CH2CH(O), CHO), 2.11 (br, 2H, CH2CH2CH(O), 

PCHO), 1.74 (br, 2H, CH2CH2CH(O), PCHO), 1.54 (br, 2H, CH2CH2CH(O), PCHO), 1.32 (br, 

2H, CH2CH2CH(O), PCHO), 0.94 (br, 2H, CH2CH2CH(O), CHO).  
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Figure A30. 1H NMR (C6D6, 300 MHz, 298 K) spectrum of 200 equivalents of cyclohexene oxide 

polymerization by in situ generated [(salfen)Y(OPh)]2
2+ (Table 2-1, entry 15).  (ppm): 3.56 (br, 

2H, CH2CH2CH(O), PCHO), 2.10 (br, 2H, CH2CH2CH(O), PCHO), 1.74 (br, 2H, CH2CH2CH(O), 

PCHO), 1.54 (br, 2H, CH2CH2CH(O), PCHO), 1.32 (br, 2H, CH2CH2CH(O), PCHO). 
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Figure A31. 1H NMR (C6D6, 300 MHz, 298 K) spectrum of 200 equivalents of propylene oxide 

polymerization by in situ generated [(salfen)Y(OPh)]2
+ (Table 2-1, entry 17).  (ppm): 3.50 (br, 

3H, OCH(CH3)CH2O, PPO), 2.57(m, 1H, OCH(CH3)CH2O, PO), 2.32(t, 1H, OCH(CH3)CH2O, 

PO), 2.00(m, 1H, OCH(CH3)CH2O, PO), 1.17 (br, 3H, OCH(CH3)CH2O, PPO), 0.97(d, 3H, 

OCH(CH3)CH2O, PO). 
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Figure A32. 1H NMR (C6D6, 300 MHz, 298 K) spectrum of 200 equivalents of propylene oxide 

polymerization by in situ generated [(salfen)Y(OPh)]2
2+ (Table 2-1, entry 18).  (ppm): 3.50 (br, 

3H, OCH(CH3)CH2O, PPO), 2.57(m, 1H, OCH(CH3)CH2O, PO), 2.32(t, 1H, OCH(CH3)CH2O, 

PO), 2.00(m, 1H, OCH(CH3)CH2O, PO), 1.18 (br, 3H, OCH(CH3)CH2O, PPO), 0.97(d, 3H, 

OCH(CH3)CH2O, PO).  
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Figure A33. 1H NMR (C6D6, 300 MHz, 298 K) spectrum of 200 equivalents of LLA and 200 

equivalents of TMC copolymerization (Table 2-2, entry 2).  

 

 

Figure A34. 1H NMR (C6D6, 300 MHz, 298 K) spectrum of 200 equivalents of LLA and 200 

equivalents of CHO copolymerization (Table 2-2, entry 3). 
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Figure A35. 1H NMR (C6D6, 300 MHz, 298 K) spectrum of 200 equivalents of LLA and 200 

equivalents of CHO and another 200 equivalents of LLA copolymerization (Table 2-2, entry 4).  

 

 

Figure A36. 1H NMR (C6D6, 300 MHz, 298 K) spectrum of 200 equivalents of LLA ,200 

equivalents of CHO, and another 200 equivalents of LLA copolymerization (Table 2-2, entry 5).  

 



 69 

 

Figure A37. 1H NMR (C6D6, 300 MHz, 298 K) spectrum of 200 equivalents of LLA, 200 

equivalents of TMC and 200 equivalents of CHO copolymerization (Table 2-2, entry 6).  

 

Figure A38. 13C{1H} NMR (CDCl3, 125 MHz, 298 K) spectrum of 200 equivalents of LLA, 200 

equivalents of TMC copolymerization (Table 2-2, entry 1).  
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Figure A39. 13C{1H} NMR (CDCl3, 125 MHz, 298 K) spectrum of 200 equivalents of LLA, 200 

equivalents of TMC copolymerization (Table 2-2, entry 2).  
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Figure A40. DOSY (CDCl3, 500 MHz, 298 K) of PLLA-PTMC copolymer (Table 2-2, entry 1). 

 

 

Figure A41. DOSY (CDCl3, 500 MHz, 298 K) of PLLA-PTMC copolymer (Table 2-2, entry 2). 
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Figure A42. DOSY (CDCl3, 500 MHz, 298 K) of PLLA-PCHO copolymer (Table 2-2, entry 3). 

 

 

 

Figure A43. DOSY (CDCl3, 500 MHz, 298 K) of PLLA before quenching with H2O 
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Figure A44. DOSY (CDCl3, 500 MHz, 298 K) of PLLA after quenching with H2O 

 

 

Figure A45. 1H NMR (C6D6, 300 MHz, 298 K) spectrum of 200 equivalents of propylene oxide 

polymerization by AcFcBArF at 298K after 2 hours.  (ppm): 3.50 (br, 3H, OCH(CH3)CH2O, PPO), 

2.57(m, 1H, OCH(CH3)CH2O, PO), 2.32(t, 1H, OCH(CH3)CH2O, PO), 2.00(m, 1H, 

OCH(CH3)CH2O, PO), 1.18 (br, 3H, OCH(CH3)CH2O, PPO), 0.97(d, 3H, OCH(CH3)CH2O, PO). 
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Figure A46. SEC trace for the reaction between 200 equivalents of LLA and [(salfen)Y(OPh)]2 

(Table 2-1, entry 1). 
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Figure A47. SEC trace for the reaction between 200 equivalents of LLA and in situ generated 

[(salfen)Y(OPh)]2
+ (Table 2-1, entry 2). 
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Figure A48. SEC trace for the reaction between 200 equivalents of LLA and in situ generated 

[(salfen)Y(OPh)]2
2+ (Table 2-1, entry 3). 
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Figure A49. SEC trace for the reaction between 200 equivalents of CL and [(salfen)Y(OPh)]2 

(Table 2-1, entry 4). 
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Figure A50. SEC trace for the reaction between 200 equivalents of VL and [(salfen)Y(OPh)]2 

(Table 2-1, entry 7). 
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Figure A51. SEC trace for the reaction between 200 equivalents of VL and in situ generated 

[(salfen)Y(OPh)]2
+ (Table 2-1, entry 8). 
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Figure A52. SEC trace for the reaction between 200 equivalents of VL and in situ generated 

[(salfen)Y(OPh)]2
2+ (Table 2-1, entry 9). 
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Figure A53. SEC trace for the reaction between 200 equivalents of TMC and [(salfen)Y(OPh)]2 

(Table 2-1, entry 10). 
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Figure A54. SEC trace for the reaction between 200 equivalents of TMC and in situ generated 

[(salfen)Y(OPh)]2
+ (Table 2-1, entry 11). 
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Figure A55. SEC trace for the reaction between 200 equivalents of TMC and in situ generated 

[(salfen)Y(OPh)]2
2+ (Table 2-1, entry 12). 
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Figure A56. SEC trace for the reaction between 200 equivalents of CHO and in situ generated 

[(salfen)Y(OPh)]2
+ (Table 2-1, entry 14). 
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Figure A57. SEC trace for the reaction between 200 equivalents of CHO and in situ generated 

[(salfen)Y(OPh)]2
2+ (Table 2-1, entry 15). 
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Figure A58. SEC trace for the reaction between 200 equivalents of PO and in situ generated 

[(salfen)Y(OPh)]2
+ (Table 2-1, entry 17). 
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Figure A59. SEC trace for the reaction between 200 equivalents of PO and in situ generated 

[(salfen)Y(OPh)]2
2+ (Table 2-1, entry 18). 
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Figure A60. SEC trace for PLLA-PTMC copolymer (Table 2, entry 1). 
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Figure A61. SEC trace for PLLA-PTMC copolymer (Table 2, entry 2). 
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Figure A62. SEC trace for PLLA-PCHO copolymer (Table 2, entry 3). 
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Figure A63. SEC traces corresponding to the stepwise preparation of PLLA-PCHO-PLLA (Table 

2-2, entry 4). 
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Figure A64. SEC traces corresponding to the stepwise preparation of PLLA-PCHO-PLLA (Table 

2-2, entry 5). 
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Table A1. Replication of homopolymerization results 

 a All polymerization reactions were performed with 2.5 μmol precatalyst, 0.6 mL of C6D6 

as the solvent, 200 equivalents of monomer, at ambient temperature unless otherwise 

mentioned; conversions were determined by 1H NMR spectroscopy. b LLA stands for L-

lactide, CL stands for ε-caprolactone, VL stands for δ-valerolactone, TMC stands for 1,3-

trimethylene carbonate, CHO stands for cyclohexene oxide, and PO stands for propylene 

oxide. c “red” represents [(salfen)Y(OPh)]2, “ox+” represents in situ generated 

[(salfen)Y(OPh)]2
+, and “ox2+” represents in situ generated [(salfen)Y(OPh)]2

2+. d Mn,calc is 

calculated based on initiation from both phenoxide groups, Mn,calc = Mmonomer× 100 × conversion. 

e Mn,exp were determined by SEC measurements. f Polymerization was conducted at 80 °C. 

  

Entry 

 

Monomerb Cat.c Time Conv. 

(%) 

Mn,calc
d (kDa) Mn,exp

e (kDa) Đ  

1 LLA red 0.6 h 92 13 17 1.26 

2 LLA ox+ 5 h 84 12 29 1.20 

3 LLA ox2+ 24 h 31 4.4 7.9 1.27 

4 CL red 21 h 81 8.3 83 1.59 

5 CL ox+ 24 h 11 N/A 

6 CL ox2+ 24 h 0 N/A 

7 VL red 10 h 82 N/A 

8 VL ox+ 24 h 32 N/A 

9 VL ox2+ 24 h 7 N/A 

10 TMC red 25 h 99 10 118 1.50 

11 TMC ox+ 72 h 84 8.6 16 1.33 

12 TMC ox2+ 72 h 40 N/A 

13 CHO red 24 h 0 N/A 

14 CHO ox+ 5 min 99 9.7 27 2.5 

15 CHO ox2+ 5 min 99 9.7 60 3.5 

16f PO red 24 h 0 N/A 

17f PO ox+ 48 h 25 N/A 

18f PO ox2+ 49 h 56 3.3 300 1.39 
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Figure A65. TGA trace for PLLA-PTMC copolymer (Table 2-2, entry 1) 
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Figure A66. TGA trace for PLLA-PTMC copolymer (Table 2-2, entry 2). 
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Figure A67. TGA trace for PLLA-PCHO copolymer (Table 2-2, entry 3). 
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Figure A68. TGA trace for PLLA-PCHO-PLLA copolymer (Table 2-2, entry 4). 
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Figure A69. TGA trace for PLLA-PCHO-PLLA copolymer (Table 2-2, entry 5). 
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Figure A70. TGA trace for PLLA-PTMC copolymer (Table 2-2, entry 6).  
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X-ray data 

 

 
Figure A71. Thermal ellipsoid (50% probability) representation of the crystallographically 

independent molecules of [(salfen)Y(OPh)]2 in the unit cell (CCDC# 2049815). Hydrogen 

atoms were omitted for clarity. Single crystals suitable for X-ray crystallography were 

grown from a hexanes solution. A total of 102675 reflections (-17 ≤ h ≤17, -18 ≤ k ≤18, -

39 ≤ l ≤ 39) were collected at T = 100 K with 2θmax = 50.00°, of which 23299 were unique. 

The residual peak and hole electron density were 1.62 and -0.83 eA-3. The least-squares 

refinement converged normally with residuals of R1 = 0.0550 and GOF = 0.965. Crystal 

and refinement data for [(salfen)Y(OPh)]2: formula C92H110Fe2N4O6Y2, space group P-1, a 

= 14.8170(17), b = 15.3498(18), c = 33.240(4) Å; α = 84.575(2), β = 81.112(2), γ = 

62.305(2)°; V = 6611.2(13) Å3; Z = 3; λ = 0.71073 Å; μ = 1.678 mm-1; dcalc = 1.249 g∙cm-

3; F(000) = 2604, R1 = 0.1025 and wR2 = 0.1370 (based on all data, I > 2δ(I)). 
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Chapter 3: Ring opening polymerization of six-membered ring N-carboxyanhydride 

toward aromatic polyamide synthesis 

3.1. Introduction   

Aromatic polyamides are extra tough and flame-resistant materials that have a wide range of 

applications.1-3 The introduction of alkyl groups to the nitrogen atoms in the backbone significantly 

expands the range of chemical variations that can be achieved in aromatic poly- and oligoamides, 

making them an important group of abiotic foldamers.4-6 While para- and meta- subtrates have 

been investigated, examples of ortho-aromatic polyamides remained rare. Hamilton and coworkers 

reported that the presence of intramolecular hydrogen bonds in ortho- benzamide oligomers leads 

to a planar arrangement of substituents and promotes the formation of linear strand structures.7 

Alkylation of the nitrogen atom would disrupt these hydrogen bonds, allowing an increased 

chemical diversity and the possibility of tuning cis/trans isomerization based on steric and 

electronic interactions. 

The synthesis of aromatic polyamides, however, is generally limited to polycondensation reactions 

that lead to polymers with low molecular weight and broad dispersity.8, 9 In 2000, Yokozawa and 

coworkers reported a strategy that used a base to deactivate monomers and a reactive initiator to 

optimize the condensation reaction.10-13 Similarly, in 2021, Kiblinger and coworkers reported 

another activation strategy that showed good control over the polycondensation reaction.14 These 

methods were only effective for para- and meta-aromatic polyamides, while the synthesis of ortho-

aromatic polyamides remains challenging (Scheme 3-1).15  

Although the ring-opening polymerization of N-carboxyanhydrides (NCAs) has been investigated 

in polyamide synthesis as an alternative route to polycondensation reactions,16-21 aromatic β-NCAs, 

such as isatoic anhydride and its derivatives, have not been employed before.  
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Scheme 3-1. Synthesis of aromatic polyamides. Chain-growth polymerization for the synthesis 

of para-11 and meta-12 aromatic polyamides was reported by Yokozawa and coworkers, but the 

same strategy does not apply to ortho-aromatic polyamides.15 

 

Given our previous success with using metal complexes for the ring opening polymerization of 

cyclic esters and ethers,22-37 we decided to apply similar systems to NCA polymerization. Herein, 

we report the successful ring-opening polymerization of aromatic β-NCAs using Schiff base metal 

compounds and PPNCl ([PPN]+ = bis(triphenylphosphoranylidene)iminium). Such systems have 
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been previously exploited in the ring-opening copolymerization of epoxides and anhydrides,38, 39 

ring-opening copolymerization of epoxides and dihydrocoumarin,40 as well as coupling reactions 

between CO2 and epoxides.41, 42 The homopolymerization of α-NCAs by salen complexes for 

polypeptide synthesis was also reported.43 

3.2. Results and Discussion  

Table 3-1. Ring-opening polymerization of 6-NCA-Ra. 

 

Entr

y 

Catalyst 6-NCA-R [cat] : [PPNCl] 

: [6-NCA-R] 

Time Polymer 

yieldb 

Mn,theo
c 

(kDa) 

Mn,SEC
d 

(kDa) 

Đd 

 

1 Al-1 6-NCA-Bn 1:2:50 2h 86% -- -- -- 

2 Al-1 6-NCA-C8H17 1:2:50 2h 74% 8.7 38.1 1.33 

3 Al-2 6-NCA-C8H17 1:2:50 2h 83% 9.6 25.3 1.33 

4 Al-2 6-NCA-C8H17 0:1:50 4h 82% 9.5 43.2 1.31 

5 Al-2 6-NCA-C8H17 1:0:50 24h - - - - 

6e Al-2 6-NCA-C8H17 1:1:50 2h 91% 10.5 97.0 1.39 

7 Al-2 6-NCA-C8H17 1:1:50 2h 70% 8.8 25.9 1.38 

8 Al-2 6-NCA-C8H17 1:5:50 2h 74% 8.6 18.5 1.23 

9 Al-3 6-NCA-C8H17 1:1:50 22h 79% 9.1 28.0 1.33 

10 Al-2 6-NCA-C8H17 1:2:25 1h 65% 3.8 20.8 1.21 

11 Al-2 6-NCA-C8H17 1:2:100 4h 90% 20.8 32.2 1.35 

12 Al-2 6-NCA-C8H17 1:2:200 7h 86% 39.8 44.5 1.41 

13 Al-2 6-NCA-C5H11 1:2:50 2h 90% 8.5 19.3 1.21 

14 Al-2 6-NCA-C3H7 1:2:50 2h 94% 7.8 25.6 1.12 

15 Al-2 6-NCA-C2H5 1:2:50 2h 90% 6.6 22.6 1.12 
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16 Al-2 6-NCA-Me 1:2:50 2h 89% -- -- -- 
a All polymerizations were carried out at 80 °C using 4 μmol precatalyst, 0.6 mL PO unless 

otherwise noted. b Polymer yields were determined gravimetrically. c Mn, theo =([6-NCA-R]0/[Cat]) 

× (MW of 6-NCA-R - MW of CO2) × polymer yield. d Mn and Đ were determined by SEC 

measurements. e Polymerization was carried out in THF with 100 equiv. of PO. 

 

We started by adapting reaction conditions from reported five-membered ring NCA 

polymerizations43 using a ferrocene-based aluminum complex.24 An equivalent of (salfen)AlOiPr 

(Al-1, salfen = N,N’-bis(2,4-di-tert-butylphenoxy)-1,1′-ferrocenediimine), 2 equivalents of PPNCl, 

50 equivalents of 6-NCA-Bn, and propylene oxide (PO) as the solvent were used (Table 3-1, entry 

1). The reaction mixture was heated at 80 °C for 2 hours, resulting in the formation of an off-white 

precipitate. Notably, the resulting solid was only slightly soluble in trifluoroacetic acid (TFA), 

while being insoluble in solvents such as THF, methylene chloride, DMF, or DMSO. We 

speculated that the product obtained was a polymer, but our characterization was limited due to its 

low solubility. To address this issue, we attempted to increase the polymer solubility by using 

monomers with longer N-alkyl side chains. We synthesized 6-NCA-C8H17, an analogue with an 

N-octyl group, and used it as a monomer (Table 3-1, entry 2). Using the same conditions as 

described above, we obtained poly(6-NCA-C8H17) with a significantly improved solubility, 

allowing us to acquire its 1H and 13C NMR spectra in CDCl3 (Figure 3-1C). The integration of 

peaks in the 1H NMR spectrum is consistent with the structure of poly(6-NCA-C8H17). 
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Figure 3-1. (A) 1H NMR (500 MHz, 25 C) spectra of 6-NCA-C8H17 (top) and poly(6-NCA-C8H17) 

(bottom) in CDCl3. (B) SEC traces of polymer obtained from using THF as the solvent with 100 

equiv. of PO added (green) and using neat PO (blue, Table 3-1, entries 3, 6). (C) SEC traces of the 

polymers obtained with varying the [6-NCA-C8H17] : [cat] feed ratio (Table 3-1, entries 3, 10-12). 

(D) 1H NMR (500 MHz, 25 C) spectrum of poly(6-NCA-Me) (Table 3-1, entry 16) in CDCl3 : 

CF3COOD = 5 : 1. (E) MALDI-TOF-MS of poly(6-NCA-Me) (Table 3-1, entry 16).  

 

The polymer peaks in the 1H NMR spectrum appeared broader compared to those of the 

corresponding NCA monomer, indicating the presence of both cis- and trans-isomers in the 

polymer backbone amide bonds (Figure 3-1A).44, 45 Additionally, during the course of the 6-NCA-

C8H17 polymerization, the formation of propylene carbonate was observed when monitored by 1H 

NMR spectroscopy. The formation of cyclic carbonate was also observed when the Schiff base 

metal compounds together with PPNCl and PO were employed in the 5-membered ring NCA 

polymerization.43  
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With the metal compounds bearing a ferrocene backbone, we also attempted the redox switchable 

copolymerization22-37 of 6-NCA-C8H17 and PO. We started with an equivalent of (salfen)AlOiPr 

(Al-1), 2 equivalents of PPNCl, 50 equivalents of 6-NCA-C8H17, and propylene oxide (PO) as a 

solvent (the reduced Al-1 does not polymerize epoxides). After heating at 80 °C for 0.5 hours, 

AcFcBArF (AcFc = acetylferrocene, BArF = tetrakis(3,5-bis(trifluoromethyl)phenyl) borate) was 

added to oxidize Al-1 and initiate the polymerization of PO (Figure B24). Unfortunately, only the 

poly(6-NCA-C8H17) homopolymer was isolated. We also attempted to initiate the polymerization 

with the oxidized form of Al-1. However, upon the addition of the PPNCl cocatalyst, the 

decomposition of the oxidized aluminum compound was observed, as evidenced by the color 

change from dark red to orange and the formation of a black precipitate. The decomposition was 

attributed to the incompatibility between the ferrocenium backbone and the chloride anion.53 

Given the lack of redox switchable copolymerization, we then turned to a simple salph (salph = 

N,N′-bis(3,5-di-tert-butylsalicylidene)-1,2-diaminobenzene) aluminum compound, (salph)AlCl 

(Al-2), to study the role of the metal compound, PPNCl, and PO in 6-NCA-C8H17 polymerization. 

Al-2 demonstrated comparable activity to Al-1, and the resulting polymer had a molecular weight 

closer to the theoretical value (Table 3-1, entry 3). We first investigated the role of the PPNCl 

cocatalyst. In a control experiment using only Al-2 without PPNCl, no polymerization was 

observed (Table 3-1, entry 5). However, when PPNCl was used alone without the aluminum 

compound, the polymerization still occurred at a slower rate, resulting in a higher polymer 

molecular weight compared to when the aluminum compound was present (Table 3-1, entry 4). As 

the amount of PPNCl increased from 1 to 2 and 5 equivalents, the polymer molecular weight 

decreased, and the molecular weight distribution became narrower (Table 3-1, entries 7, 8). These 
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findings suggest the importance of both the aluminum compound and the PPNCl cocatalyst in the 

polymerization process. 

To investigate the effect of propylene oxide (PO) amount on initiation efficiency, we proceeded to 

conduct the polymerization using THF as the solvent. We added 100 equivalents of PO to initiate 

the polymerization and trap the CO2 released. Interestingly, when the polymerization was 

performed in THF, the polymerization rate remained relatively unchanged, with a polymer yield 

of 91% after 2 hours (Table 3-1, entry 6). However, the polymer's molecular weight increased 

significantly from 25.9 kDa to 97.0 kDa, indicating a lower initiation efficiency. Both polymers, 

obtained from either using THF with 100 equiv. of PO or neat PO, exhibited unimodal size 

exclusion chromatography (SEC) traces. Specifically, the trace from neat PO displayed a shift 

towards a lower molecular weight (Figure 3-1B).  

To further optimize the catalytic system and achieve better control over the polymerization process, 

we employed a fluorinated salph aluminum compound. Coates and coworkers reported that (salph-

F)AlCl (Al-3) can effectively suppress side reactions in the copolymerization of propylene oxide 

and different cyclic anhydrides such as transesterification and epimerization.54 However, in 6-

NCA-C8H17 polymerization, although Al-3 was significantly slower than Al-2, no major difference 

was observed in the polymer molecular weight (Table 3-1, entry 7 vs. 9).  

We also varied the monomer feed ratio (Table 3-1, entries 10-12). With a higher monomer feed 

ratio, the polymer molecular weight increased and was closer to the theoretical value, in agreement 

with a slow initiation of the polymerization process (Figure 3-1C). 
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Figure 3-2. (A) Thermogravimetric analysis (TGA) and derivative thermogravimetry (DTG) 

curves of poly(6-NCA-C8H17). (B) Differential scanning calorimetry (DSC) curves of poly(6-

NCA-C8H17) (Table 3-1, entry 3). 

 

To investigate the influence of the N-alkyl side chain length on solubility and thermal properties, 

we varied the chain length (Table 3-1, entries 13-16). Previous studies have shown that N-alkylated 

poly(p-benzamide)s are only soluble in THF when the alkyl chain length is no shorter than heptyl.55 
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On the other hand, N-alkylated poly(m-benzamides) generally exhibit better solubility, with even 

the N-methyl polymer being soluble in THF.56 In our current study, we focused on poly(6-NCA-

R), which is de facto poly(o-benzamide). Interestingly, the solubility of poly(6-NCA-R) falls 

between its para and meta counterparts. We found that poly(6-NCA-R) with alkyl chains as short 

as an ethyl group was soluble in THF. Poly(6-NCA-Me) is soluble in TFA and only slightly soluble 

in methylene chloride. Therefore the 1H NMR spectrum of poly(6-NCA-Me) was obtained in a 

CF3COOD/CDCl3 mixture (Figure 3-1D), which showed peak integrations matching the structure 

of an N-methyl aromatic polyamide. The polymer structure was further confirmed by the MALDI-

TOF-MS (Figure 3-1E), in which the spacing between adjacent peaks was consistent with the 

molar mass of the N-methyl aromatic amide repeating unit.  

The poly(6-NCA-R) polymers all demonstrated high thermal stability. For example, poly(6-NCA-

C8H17) showed a Td,5% (temperature at 5% weight loss) as high as 395 °C when heated at a scan 

rate of 5 °C/min under a nitrogen atmosphere (Figure 3-2A). This thermal stability is comparable 

to its para counterparts.55 Differential scanning calorimetry analysis revealed a melting 

temperature Tm of 213 °C for poly(6-NCA-C8H17) (Figure 3-2B). However, at a scan rate of 

10/min, Tg was too weak to be clearly identified. As the N-alkyl chain length decreases, the 

polymer's melting temperature increases. Poly(6-NCA-C5H11) showed a melting transition of 300 

°C, while poly(6-NCA-C3H7) and poly(6-NCA-C2H5) showed no melting transitions within the 

temperature window of -50 °C to 300 °C. This observation indicates that the Tm of these polymers 

is close to Td or that thermal decomposition occurs before melting. 

 

3.3. Conclusions   
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In conclusion, we successfully developed a catalytic system consisting of a Schiff base metal 

compound, PPNCl, and propylene oxide for the polymerization of 6-NCA-R to N-alkylated ortho-

aromatic polyamides. Through the investigation of each component's role in the catalytic system, 

we have achieved improved control over the polymerization process. Additionally, by varying the 

length of the N-alkyl chain, we were able to tune the polymer solubility and thermal properties. 

Overall, this study provides insight into the synthesis and characterization of N-alkylated ortho-

aromatic polyamides, offering control over their solubility and thermal properties through rational 

design and optimization of the catalytic system and monomer structure. These findings open up 

new possibilities for the development of advanced polyamide materials with tailored properties for 

various applications. 

 

3.4. Experimental Section   

Materials and Methods 

All experiments were performed under a dry nitrogen atmosphere in an MBraun glovebox or using 

standard Schlenk techniques. Solvents were purified with a two-state solid-state purification 

system by the method of Grubbs57 and transferred into a glovebox without exposure to air. NMR 

solvents were purchased from Cambridge Isotope Laboratories, degassed, and stored over 

activated molecular sieves prior to use. Propylene oxide was dried over CaH2 and distilled prior to 

used and stored in a glovebox. 1H and 13C NMR spectra were recorded on Bruker AV-300, Bruker 

AV-500, or Bruker DRX-500 spectrometers at room temperature. Chemical shifts are reported with 

respect to the residual solvent peaks. Molar masses of polymers were determined by size exclusion 

chromatography using a SEC-MALS instrument at UCLA. SEC-MALS uses a Shimazu 

Prominence-i LC 2030C 3D equipped with an autosampler, two MZ Analysentechnik MZ-Gel 
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SDplus LS 5 μm, 300 × 8 mm linear columns, a Wyatt DAWN HELEOS-II, and a Wyatt Optilab 

T-rEX. The column temperature was set at 40 oC. A flow rate of 0.70 mL/min was used and samples 

were dissolved in THF. The number average molar mass and molecular weight distribution values 

were determined using the dn/dc values which were calculated by 100% mass recovery method 

from the RI signal. Thermal gravimetric analysis (TGA) was performed using a PerkinElmer Pyris 

Diamond TG/DTA Instruments under nitrogen. The method used was to increase the temperature 

from 50 to 600 °C at 5 °C/min. Differential Scanning Calorimetry (DSC) was obtained using a 

PerkinElmer DSC model 8500 heat flow system with Intracooler II. The first heating scan was 

from 25°C to 300°C at 10 °C/min and the cooling scan was from 300°C to -50°C at 10 °C/min. 

The second heating scan was from -50°C to 300°C at 10 °C/min and the cooling scan was from 

300°C to -50°C at 10 °C/min. The melting transition temperature (Tm), glass transition temperature 

(Tg) and crystallization temperature (Tc) were obtained from the second cycle after the thermal 

history was removed on the first heating scan. Ultraviolet-visible (UV-Vis) spectra were collected 

on an Agilent Cary 60 UV-Vis spectrophotometer. Isatoic anhydride and N-methylisatoic 

anhydride (6-NCA-Me) were purchased from TCI and used as received. 

Bis(triphenylphosphine)iminium chloride (PPNCl, 97%, Aldrich) was recrystallized by layering a 

saturated methylene chloride solution with diethyl ether. (salfen)AlOiPr (Al-1),24  (salph)AlCl (Al-

2),58 and (salph-F)AlCl (Al-3)54 were synthesized following published procedures. 

 

MALDI-TOF-MS 

MALDI-TOF-MS analyses were performed on a Bruker UltraFlex mass spectrometer. Acquisition 

was performed using linear mode. Polymer sample was prepared at a concentration of 5mg/mL 

using a mixture solvent of TFA: acetonitrile = 1:9. Sinapinic acid was used as the matrix, and the 
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matrix solution was prepared at a concentration of 15 mg/mL using TA50 (50:50 [v/v] acetonitrile: 

0.1% TFA in water) as the solvent. 5 μL of sample solution and 15 μL matrix solution were 

premixed and 2 μL were spotted on the MALDI plate. 

 

Representative procedure for 6-NCA-R polymerization 

The reaction was conducted under nitrogen in a 25 mL Schlenk tube equipped with a Teflon coated 

stir bar. In a glovebox, the metal compound (4 μmol) and PPNCl (1-5 equiv) were added into the 

Schlenk tube followed by propylene oxide (0.6 mL). 6-NCA-R was added last. The Schlenk tube 

was taken out of glovebox and placed in an oil bath with a preset temperature of 80 °C. The Schlenk 

tube was taken out of the oil bath after a designated period of time. The polymerization reaction 

was quenched by addition of MeOH. The precipitated polymer was redissolved in dichloromethane 

and precipitated from MeOH three times, dried in vacuo before being subjected to further 

characterization. 

 

Procedure for attempted redox-switchable copolymerization of 6-NCA-R and PO 

Starting with Al-1 

The reaction was conducted under nitrogen in a J-young NMR tube, a capillary tube with C6D6 

was placed in for NMR locking. In a glovebox, Al-1 (2.9 mg, 4 μmol) and PPNCl (2.3 mg, 1 equiv.) 

were added into the J-young NMR tube followed by propylene oxide (0.6 mL). 6-NCA-C8H17 

(55.1 mg, 0.2 mmol, 50 equiv.) was added last. The tube was taken out of glovebox and placed in 

an oil bath with a preset temperature of 80 °C. The J-young NMR tube was taken out of the oil 

bath after 30 minutes, and transferred back into the glovebox. A 0.04 M stock solution of AcFcBArF 

(AcFc = acetylferrocene, BArF = tetrakis(3,5-bis(trifluoromethyl)phenyl) borate) in 
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difluorobenzene (0.1 mL, 4μmol, 1 equiv.) was added. The reaction was left at room temperature 

for 24 hours before being quenched by addition of MeOH. The reaction was monitored by 1H 

NMR (Figure B24). The precipitated polymer was redissolved in dichloromethane and precipitated 

from MeOH three times, dried in vacuo before being subjected to further characterization. 

 

Starting with oxidized Al-1 ([(salfen)AlOiPr][BArF]) 

The reaction was conducted under nitrogen in a J-young NMR tube. In a glovebox, Al-1 (2.9 mg, 

4 μmol) and a 0.04 M stock solution of AcFcBArF in difluorobenzene (0.1 mL, 4μmol, 1 equiv.) 

was added into the J-young NMR tube generate the oxidized Al-1 in situ. 0.6 mL PO was added 

followed by PPNCl (2.3 mg, 1 equiv.). Upon the addition of PPNCl, the dark red solution turned 

orange immediately along with the formation of a black precipitate.  

 

Synthesis of 6-NCA-R 

1-octyl-2H-benzo[d][1,3]oxazine-2,4(1H)-dione (6-NCA-C8H17) 

 

6-NCA-C8H17 was synthesized following a modified published procedure.59 The synthesis was 

carried out under a nitrogen atmosphere. Isatoic anhydride (1.63 g, 10 mmol, 1 equiv) and 15 mL 

of a freshly distilled DMF were added to a 100 mL round bottom flask, then 90% NaH (0.4 g, 15 

mmol, 1.5 equiv) was added slowly to the reaction mixture. After 1 h, 1-bromooctane (2.32 g,12 

mmol, 1.2 equiv) was added to the reaction mixture, and the reaction was stirred under nitrogen 

for 12 hours. After completion, the reaction mixture was added dropwise into 500 mL of ice water 
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to afford a solid precipitate. After filtration, the filter cake was washed with water. The solid was 

collected and recrystallized from diethyl ether to form white needle-shaped crystals (yield: 2.0 g, 

80%). This compound was reported previously.59 1H NMR (500 MHz, 298 K, CDCl3) δ (ppm): 

8.15 (d, J = 7.7 Hz, 1H, ArH), 7.75 (t, J = 8.2 Hz, 1H, ArH), 7.36 (t, J = 7.9 Hz, 1H, ArH), 7.16 

(d, J = 8.5 Hz, 1H, ArH), 4.04 (m, 2H, NCH2(CH2)6CH3), 1.74 (m, 2H , -CH2(CH2)5CH3), 1.55–

1.32 (m, 10H, -CH2(CH2)4CH3, -CH2(CH2)3CH3, -CH2(CH2)2CH3, -CH2CH2CH3, -CH2CH3), 0.96 

(t, J = 6.8 Hz, 3H, -CH3). 13C NMR (125 MHz, 298 K, CDCl3) δ (ppm): 158.6 (ArCOO), 

147.7(ArNCOO), 141.4(ArC), 137.2(ArC), 130.9(ArC), 123.8(ArC), 113.9(ArC), 111.8(ArC), 

45.0(NCH2(CH2)6CH3), 31.7(NCH2CH2(CH2)5CH3), 29.2(N(CH2)2CH2(CH2)4CH3), 

29.1(N(CH2)3CH2(CH2)3CH3), 26.8(N(CH2)4CH2(CH2)2CH3), 26.6(N(CH2)5CH2CH2CH3), 

22.6(N(CH2)6CH2CH3), 14.0(N(CH2)7CH3).  

 

1-pentyl-2H-benzo[d][1,3]oxazine-2,4(1H)-dione (6-NCA-C5H11) 

 

6-NCA-C5H11 was prepared using the same procedure as 6-NCA-C8H17. White needle-shaped 

crystals were obtained with a yield of 1.63 g (70%). This compound was reported previously.60 1H 

NMR (500 MHz, 298 K, CDCl3) δ (ppm): 8.11 (d, J = 7.7 Hz, 1H, ArH), 7.73 (t, J = 8.2 Hz, 1H, 

ArH), 7.25 (t, J = 7.9 Hz, 1H, ArH), 7.14 (d, J = 8.5 Hz, 1H, ArH), 4.01 (m, 2H, NCH2(CH2)3CH3), 

1.72 (m, 2H, -CH2(CH2)3CH3), 1.42–1.31 (m, 4H, -CH2CH2CH3, -CH2CH3), 0.88 (t, J = 6.8 Hz, 

3H, -CH3). 13C NMR (125 MHz, 298 K, CDCl3) δ (ppm): 158.6 (ArCOO), 147.7(ArNCOO), 
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141.4(ArC), 137.3(ArC), 130.9(ArC), 123.8(ArC), 113.9(ArC), 111.8(ArC), 

45.0(NCH2(CH2)3CH3), 28.7(NCH2CH2(CH2)2CH3), 26.6 (N(CH2)2CH2CH2CH3), 22.3 

(N(CH2)3CH2CH3), 13.9(N(CH2)4CH3). 

 

1-propyl-2H-benzo[d][1,3]oxazine-2,4(1H)-dione (6-NCA-C3H7) 

 

6-NCA-C3H7 was prepared using the same procedure as 6-NCA-C8H17. White needle-shaped 

crystals were obtained with a yield of 1.47 g (72%). This compound was reported previously.60 1H 

NMR (500 MHz, 298 K, CDCl3) δ (ppm): 8.11 (d, J = 7.7 Hz, 1H, ArH), 7.75 (t, J=8.2 Hz, 1H, 

ArH), 7.26 (t, J = 7.9 Hz, 1H, ArH), 7.17 (d, J = 8.5 Hz, 1H, ArH), 4.00 (m, 2H, NCH2CH2CH3), 

1.77 (m, 2H, -CH2CH3), 1.02(t, J = 6.8 Hz, 3H, -CH3). 13C NMR (125 MHz, 298 K, CDCl3) δ 

(ppm): 158.6 (ArCOO), 147.7(ArNCOO), 141.4(ArC), 137.3(ArC), 130.9(ArC), 123.9(ArC), 

113.9(ArC), 111.7(ArC), 46.4(NCH2CH2CH3), 20.2(NCH2CH2CH3), 11.0(N(CH2)2CH3).  

 

1-ethyl-2H-benzo[d][1,3]oxazine-2,4(1H)-dione (6-NCA-C2H5) 
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6-NCA-C2H5 was prepared using the same procedure as 6-NCA-C8H17. White needle-shaped 

crystals were obtained with a yield of 1.33 g (70%). This compound was reported previously.60 1H 

NMR (500 MHz, 298 K, CDCl3) δ (ppm): 8.13 (d, J = 7.7 Hz, 1H, ArH), 7.76 (t, J=8.2 Hz, 1H, 

ArH), 7.27 (t, J = 7.9 Hz, 1H, ArH), 7.20 (d, J = 8.5 Hz, 1H, ArH), 4.12 (m, 2H, NCH2CH3), 1.36 

(t, J = 6.8 Hz, 3H, NCH2CH3). 13C NMR (125 MHz, 298 K, CDCl3) δ (ppm): 158.6 (ArCOO), 

147.5(ArNCOO), 141.1(ArC), 137.4(ArC), 130.9(ArC), 123.9(ArC), 113.8(ArC), 111.8(ArC), 

40.1(NCH2CH3), 12.1(NCH2CH3) 

 

Table B-1. Solubility of poly(6-NCA-R) in organic solvents. 

 Hexanes Et2O THF CH2Cl2 MeOH DMF 

Poly(6-NCA-Me) - - - + - - 

Poly(6-NCA-C2H5) - - ++ ++ - ++ 

Poly(6-NCA-C3H7) - - ++ ++ - ++ 

Poly(6-NCA-C5H11) - - ++ ++ - ++ 

Poly(6-NCA-C8H17) - - ++ ++ - + 

++: soluble at room temperature, +: soluble when heated, -: insoluble 
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3.5. Appendix B 

NMR spectra  

 

Figure B1.  1H NMR spectrum (500 MHz, 298 K, CDCl3) of 6-NCA-C8H17. 

 

 

Figure B2.  13C{1H} NMR spectrum (125 MHz, 298 K, CDCl3) of 6-NCA-C8H17. 
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Figure B3.  1H NMR spectrum (500 MHz, 298 K, CDCl3) of 6-NCA-C5H11. 

 

 

Figure B4.  13C{1H} NMR spectrum (125 MHz, 298 K, CDCl3) of 6-NCA-C5H11. 
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Figure B5.  1H NMR spectrum (500 MHz, 298 K, CDCl3) of 6-NCA-C3H7. 

 

 

Figure B6.13C{1H} NMR spectrum (125 MHz, 298 K, CDCl3) of 6-NCA-C3H7. 
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Figure B7.1H NMR spectrum (500 MHz, 298 K, CDCl3) of 6-NCA-C2H5. 

 

 

Figure B8.13C{1H} NMR spectrum (125 MHz, 298 K, CDCl3) of 6-NCA-C2H5. 
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Figure B9.1H NMR spectrum (500 MHz, 298 K, CDCl3) of poly(6-NCA-C8H17) (Table 3-1, entry 

7). 

 

 

Figure B10. 13C{1H} NMR spectrum (125 MHz, 298 K, CDCl3) of poly (6-NCA-C8H17) (Table 

3-1, entry 7).  
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Figure B11. 1H NMR spectrum (500 MHz, 298 K, CDCl3) of poly (6-NCA-C5H11) (Table 3-1, 

entry 17). 

 

 

Figure B12. 13C{1H} NMR spectrum (125 MHz, 298 K, CDCl3) of poly (6-NCA-C5H11) (Table 

3-1, entry 17). 
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Figure B13. 1H NMR spectrum (500 MHz, 298 K, CDCl3) of poly (6-NCA-C3H7) (Table 3-1, 

entry 18). 
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Figure B14. 13C{1H} NMR spectrum (125 MHz, 298 K, CDCl3) of poly (6-NCA-C3H7) (Table 3-

1, entry 18). 

 

Figure B15. 1H NMR spectrum (500 MHz, 298 K, CDCl3) of poly (6-NCA-C2H5) (Table 3-1, 

entry 19). 
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Figure B16. 13C{1H} NMR spectrum (125 MHz, 298 K, CDCl3) of poly (6-NCA-C2H5) (Table 3-

1, entry 19). 

 

Figure B17.  1H NMR spectrum (500 MHz, 298 K, CF3COOD: CDCl3 = 1:5) of poly (6-NCA-

Me) (Table 3-1, entry 20). 
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Figure B18.  13C{1H} NMR spectrum (125 MHz, 298 K, CF3COOD: CDCl3 = 1:5) of poly (6-

NCA-Me) (Table 3-1, entry 20). 

 

 

Figure B19.  Polymerization progress as monitored by 
1
H NMR spectroscopy (500 MHz, 298 K, 

C6D6); 1,3,5-trimethoxybeneze (TMB) was used as an internal standard. Al-1 : PPNCl : 6-NCA-

C8H17 : TMB = 1 : 2 : 50 : 25; 0.6 mL PO was used as a solvent. The polymerization reaction was 

carried out in a J-young NMR tube, a flame-sealed capillary tube with C6D6 was placed in for 

locking. The reaction was heated to 80 °C.  
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Figure B20.  Polymerization progress was monitored by 
1
H NMR spectroscopy (500 MHz, 298 

K, C6D6); Al-1 : PPNCl : 6-NCA-C8H17 = 1 : 2 : 50; 0.6 mL PO was used as a solvent. The 

polymerization reaction was carried out in a J-young NMR tube, a flame-sealed capillary tube with 

C6D6 was placed in for locking. The reaction was heated to 80 °C. The spectra were taken after 

heating at 80 °C for 5 minutes (blue) and for 30 minutes (red) respectively. The J-young NMR 

tube was then transferred into glovebox to add 1 equivalent of AcFcBArF. Two additional spectra 

were taken after the reaction was left at room temperature for 5 minutes (green) and 24 hours 

(purple). 
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SEC traces 

 

Figure B21. SEC trace of poly (6-NCA-C8H17) (Table 3-1, entry 2). 

 

Figure B22. SEC trace of poly (6-NCA-C8H17) (Table 3-1, entry 7). 
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Figure B23. SEC trace of poly (6-NCA-C8H17) (Table 3-1, entry 8). 

 

Figure B24. SEC trace of poly (6-NCA-C8H17) (Table 3-1, entry 10). 
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Figure B25. SEC trace of poly (6-NCA-C8H17) (Table 3-1, entry 11). 

 

 

Figure B26. SEC trace of poly (6-NCA-C8H17) (Table 3-1, entry 12). 
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Figure B27. SEC trace of poly (6-NCA-C8H17) (Table 3-1, entry 13). 

 

Figure B28. SEC trace of poly (6-NCA-C8H17) (Table 3-1, entry 14). 
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Figure B29. SEC trace of poly (6-NCA-C8H17) (Table 3-1, entry 15). 

 

 

Figure B30. SEC trace of poly (6-NCA-C8H17) (Table 3-1, entry 16). 
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Figure B31. SEC trace of poly (6-NCA-C5H11) (Table 3-1, entry 17). 

 

Figure B32. SEC trace of poly (6-NCA-C3H7) (Table 3-1, entry 18). 
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Figure B33. SEC trace of poly (6-NCA-C2H5) (Table 3-1, entry 19). 
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TGA traces 

 

Figure B34. TGA and DTG curves of poly(6-NCA-C5H11) (Table 3-1, entry 17). 

 

 

Figure B35. TGA and DTG curves of poly(6-NCA-C3H7) (Table 3-1, entry 18). 
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Figure B36. TGA and DTG curves of poly(6-NCA-C2H5) (Table 3-1, entry 19). 

 

Figure B37. TGA and DTG curves of poly(6-NCA-Me) (Table 3-1, entry 20). 
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DSC traces 

 

Figure B38. DSC trace of poly(6-NCA-C8H17) (Table 3-1, entry 7). 

 

 

Figure B39. DSC trace of poly(6-NCA-C5H11) (Table 3-1, entry 17). 
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Figure B40. DSC trace of poly(6-NCA-C3H7) (Table 3-1, entry 18). 

 

Figure B41. DSC trace of poly(6-NCA-C2H5) (Table 3-1, entry 19). 
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Figure B42. DSC trace of poly(6-NCA-Me) (Table 3-1, entry 1). 
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Chapter 4: PLA-PEG-PLA block copolymer synthesis and its shear viscosity study 

4.1. Introduction   

In the hydraulic fracturing process, turbulent fluid flow introduces frictional drag, causing energy 

dissipation. This necessitates additional energy input to maintain desired flow rates, as compared 

to laminar flow. To address this issue and save energy, drag reducing agents are commonly 

employed. Among them are water-soluble polymers with ultra-high molecular weight such as 

poly(ethylene glycol) (PEG), polyacrylamide (PAM),1 and certain natural polymers like xanthan 

and cellulose derivatives. However, these covalently linked ultra-long polymers suffer from 

irreversible shear degradation. A study by Horn and Merrill indicated that high-molecular-weight 

polymers are more prone to degradation than lower-molecular-weight ones.2  

As an alternative to covalently linked ultra-high molecular weight polymers, associative polymers 

that aggregate through hydrophobic interactions have gained attention.3 Examples include 

hydrophobically modified PEG4-6 and PAM7-12 with hydrophobic units distributed randomly or in 

block-like arrangements. Telechelic polymers, featuring hydrophilic middle blocks and 

hydrophobic end blocks, exhibit self-assembly into flower-shaped micelles interconnected by 

hydrophilic chains. One such instance is PLA-PEG-PLA. Notably eco-friendly and sustainable, 

PLA-PEG-PLA could serve as a substitute for ultra-high molecular weight PAM and derivatives, 

given that its degradation products are environmentally benign.  

Since Ikada and coworkers’ pioneering work in 1987 on PLLA and PDLA stereocomplex,13 

numerous studies have demonstrated the enhanced thermomechanical properties resulting from 

stereocomplexation between PLLA and PDLA.14 PLA and PEO copolymers stereocomplexation 

has been explored in hydrogel15-18 and micelle 19-22 formations for drug delivery. However, to the 

best of our knowledge, their application as drag reducers remains unexplored. Herein, we propose 
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that PLLA-PEG-PLLA/PDLA-PEG-PDLA stereocomplex, when in aqueous solution, can form 

bridged micelles that, under moderate shear rates, stretch into a loosely associative polymer 

network. This network could offer better friction-reducing performance than isolated polymer 

chains.23-25 Under higher shear rates, the polymer network could reversibly dissociate to prevent 

chain scission at covalent bonds (Figure 4-1). 

In this report, we synthesized a series of PLLA-PEG-PLLA/PDLA-PEG-PDLA amphiphilic 

triblock copolymers and investigated how the length of the hydrophilic/hydrophobic blocks as well 

as stereocomplexation between the PLLA and PDLA influence the rheology properties the 

polymer solution in brine. 

 

Figure 4-1. Enhanced drag-reducing performance by stereocomplexation between PLLA-PEG-

PLLA and PDLA-PEG-PDLA.  
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4.2. Results and Discussion   

Table 4-1. Synthesis of PLA-PEG-PLA triblock copolymer 

 

Entry Polymer formulaa PEGb  LLAb Solubilityc 

1 LLA8-EO100-LLA8 80 mg 40 mg soluble 

2 LLA6-EO458-LLA6 400 mg 40 mg soluble 

3 LLA17-EO458-LLA17 400 mg 65 mg Partially soluble 

4 DLA17-EO458-DLA17 400 mg 65 mg Partially soluble 

5 LLA24-EO458-LLA24 400 mg 85 mg Partially soluble 

6 DLA24-EO458-DLA24 400 mg 65 mg Partially soluble 

7 LLA27-EO458-LLA27 400 mg 95 mg Partially soluble 

8 DLA27-EO458-DLA27 400 mg 95 mg Partially soluble 

a Polymer formulas were determined by 1H NMR spectra. b Amounts of PEG and lactide used to 

synthesize corresponding PLA-PEG-PLA copolymers. c Solubility was determined by dissolving 

1 mg of polymer into 1 mL of American Petroleum Institute (API) brine (aqueous 8 wt % sodium 

chloride and 2 wt % calcium chloride). 
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A series of PLA-PEG-PLA triblock copolymer were synthesized using Sn(Oct)2 as the catalyst 

and toluene as the solvent (Table 4-1). Dihydroxy-terminated PEGs were used as the macro-

initiators to initiate the ring-opening polymerization of D- or L-lactide. The molecular weight and 

molecualr weight distribution of triblock copolymers were characterized by SEC (Figure 2, a). The 

PEG20K macro-initiator was calibrated by SEC to be HO-EO458-OH. Additionally, the polymer 

structure was characterized by 1H NMR spectroscopy. The peaks at 5.15 ppm and 1.58 ppm are 

attributed to the methine and methyl protons in the PLA block, while the peak at 3.64 ppm is 

attributed to the methylene protons in the PEG block (Figure 4-2, b).  

We used solution casting method to prepare the stereocomplex. Equal amount of PLLA-PEG-

PLLA and PDLA-PEG-PDLA in DCM solution were mixed and stirred at room temperature. 

Subsequenlty, the solvent was allowed to slowly evaperate, resulting in the formation of a solid 

form stereocomplex (Figure 4-3, c). The polymer solubility in API brine was then tested. When 

the PLA block is as short as 8 lactic acid repeating units, the PLA-PEG-PLA triblock copolymer 

is soluble in API brine at a concentration of 1 mg/mL. However, when the PLA is longer, e.g. as 

long as 17 lactic acid repeating units, the PLA-PEG-PLA became partially soluble in the brine 

solution (Figure 4-2, d). 
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Figure 4-2. a. SEC traces of the macroinitiator HO-EO458-OH, LLA24-EO458-LLA24 (Table 4-1, 

entry 5), and DLA24-EO458-DLA24(Table 4-1, entry 6). b. 1H NMR spectrum of LLA24-EO458-

LLA24 (Table 4-1, entry 5) c. PLA-PEG-PLA stereocomplex preparation by solution casting. d. 

LA17-EO458-LA17 stereocomplex (left) and LLA17-EO458-LLA17 (right) in API brine solution at a 

concentration of 1 mg/mL. 



 150 

 

Figure 4-3. a. DSC traces of PLA-PEG-PLA stereocomplex samples. b. XRD analysis of LLA24-

EO458-LLA24 and LA24-EO458-LA24 stereocomplex, c. FT-IR spectra of PLA-PEG-PLA samples. 

 

DSC has been widely used to characterize the stereocomplexation because the formation of the 

stereocomplex would lead to the increase of the melting temperature of the PLA block from 180 °C 

to 230 °C.26 To confirm the formation of the stereocomplex between PLLA-PEG-PLLA and 

PDLA-PEG-PDLA, we first did the differential scanning calorimetry (DSC) on our polymer 

samples (Figure 4-3, a). However, due to the short PLA chain length in the triblock copolymer and 

good miscibility between PLA block and PEG block, no PLA melting peak was observed. We then 

conducted X-ray diffraction analysis (XRD) to characterize the formation of stereocomplex. As 

reported by Ikada and coworkers,13, 
27 enantiomerically pure PLA homocrystallite would show 2θ 
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peak at 15°, 16°, 18.5°, and 22.5°, while sterecomplex would show peaks at 12°, 21°, and 24°. For 

the LA24-EO458-LA24 sterecomplex sample, we observed peaks at at 12°, 21° that were not present 

for LLA24-EO458-LLA24 (Figure 3, b) supporting the formation of the stereocomplex. Similar XRD 

spectra were obtained for LA17-EO458-LA17 and LA27-EO458-LA27 stereocomplexes  

We also performed Fourier-transform infrared spectroscopy (FT-IR) analysis to confirm the 

formation of the stereocomplex. Previous reports indicate that in enantiomerically pure PLA the 

carbonyl C=O stretching wavenumber is at 1754 cm-1 while in sterecomplex, a red shift to 1749 

cm-1 occurs due to the CH3···O=C interaction between PLLA and PDLA.28 In our case, the C=O 

stretching bands were observed at 1754 cm-1 for LLA24-EO458-LLA24 and 1757 cm-1 for DLA24-

EO458-DLA24, respectively. For the LA24-EO458-LA24 sterecomplex sample, a C=O stretching of 

1749 cm-1 was observed, which is in accordance with the formation of the stereocomplex (Figure 

4-3, c). Similar red shift of the C=O stretching band was observed for LA17-EO458-LA17 LA27-

EO458-LA27 stereocomplexes (Figure C18 and C19). 

With the PLA-PEG-PLA copolymers in hand, we then proceeded to test the rheology properties 

of these polymers in API brine. Our initial attempt was to assess the impact of PEG middle block 

chain length by comparing LLA8-EO100-LLA8 and LLA6-EO458-LLA6. Despite having similar 

PLA end block lengths, LLA6-EO458-LLA6 showed higher shear viscosity, indicating that longer 

PEG middle block can enhance the shear viscosity of the copolymer in solution. Among the 

partially soluble polymers, LLA27-EO458-LLA27 showed higher shear viscosity than LLA17-EO458-

LLA17 and LLA24-EO458-LLA24 at 1 mg/mL concentration. However, the stereocomplex showed 

no enhancement for all three copolymers (Figure 4-4, a). PAM at 1.2 mg/mL was used as a 

benchmark to evaluate the performance of these copolymers. In comparison, the shear viscosity of 

PLA-PEG-PLA copolymers at 1 mg/mL concentration were generally much lower than that of the 
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PAM. Even though the copolymers were partially soluble even at 1 mg/mL, we still did shear 

viscosity measurements at increased concentrations.  

At a concentration of 2 mg/mL, both LA17-EO458-LA17 and LA24-EO458-LA24 stereocomplexes 

displayed significantly improved shear viscosity compared to their L-lactide counterparts. 

Remarkably, these stereocomplexes even exhibited shear viscosities surpassing those of the PAM 

standard at shear rates lower than 100 s-1 (Figure 4-4, b). At 4 mg/mL, LLA24-EO458-LLA24 and 

LA24-EO458-LA24 stereocomplex showed the best shear viscosity among all the polymers with 

LA24-EO458-LA24 stereocomplex demonstrating the highest performance (Figure 4-4, c). When the 

concentration was further increased to 8 mg/mL, LA24-EO458-LA24 stereocomplex still displayed 

the highest shear viscosity, but the disparity among different copolymers is diminishing (Figure 4-

4, d). 
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Figure 4-4. Shear viscosity measurements of PLA-PEG-PLA in brine solution samples in at 

different concentrations: 1 mg/mL (a), 2 mg/mL (b), 4 mg/mL (c), 8 mg/mL (d). 

 

To understand the mechanism behind the enhanced shear viscosity of the PLA-PEG-PLA 

stereocomplexes, we conducted 1H diffusion-ordered NMR spectroscopy (DOSY)  experiments to 

investigate the self-assembled structure of the copolymers in API brine. 2 mg/mL PLA-PEG-PLA 

polymer solutions were prepared using deuterated API brine solution. In the 1H NMR dimension, 

the peak attributed to hydrophilic PEG block can be observed, while the signal corresponding to 

the hydrophobic PLA block was not detected. In general, the stereocomplexes have smaller 

diffusion coefficient than their L-lactide counterparts. Interesting, LLA24-EO458-LLA24 and LA24-

EO458-LA24 sterecomplex have the highest diffusion coefficients (Figure 4-5). 
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Figure 4-5. Diffusion coefficient obtained by DOSY experiments in deuterated API brine solution 

at 2 mg/mL. LLA17-EO458-LLA17 (red circle), LA17-EO458-LA17 sterecomplex (red triangle), 

LLA24-EO458-LLA24(green circle), LA24-EO458-LA24 sterecomplex (green triangle), LLA27-EO458-

LLA27(blue circle), LA27-EO458-LA27 sterecomplex (blue triangle). 

 

4.3. Conclusions   

In summary, we synthesized a series of PLA-PEG-PLA copolymers with varying PLA and PEG 

block lengths. The polymer structures were characterized using 1H NMR spectroscopy and GPC. 

Stereocomplexes were prepared for LA17-EO458-LA17, LA24-EO458-LA24, and LA27-EO458-LA27. 

The formation of the stereocomplexes was confirmed through FT-IR spectroscopy and XRD 

analysis. Rheology measurements demonstrated that the formation of the stereocomplexes 

enhanced the shear viscosity of the polymer solutions in API brine, with LA24-EO458-LA24 

stereocomplex showing the best performance. This makes it the most promising candidate for 

future drag reduction applications. Additionally, DOSY experiments were conducted to 

characterize the self-assembled structures of the copolymer solutions in API brine. 

 

4.4. Experimental Section   
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Materials and methods:  

L-lactide, D-lactide, dihydroxy PEG, and Sn(Oct)2 were purchased from Fisher chemical. L-lactide, 

D-lactide were recrystallized from Ethyl acetate twice and toluene once before use. PEG was 

purified via azeotropic distillation with toluene. Sn(Oct)2 was used as received. 1H and 13C NMR 

spectra were recorded on Bruker AV-300, Bruker AV-500, or Bruker DRX-500 spectrometers at 

room temperature. Chemical shifts are reported with respect to the residual solvent peaks. Molar 

masses of polymers were determined by size exclusion chromatography using a SEC-MALS 

instrument at UCLA. SEC-MALS uses a Shimazu Prominence-i LC 2030C 3D equipped with an 

autosampler, two MZ Analysentechnik MZ-Gel SDplus LS 5 μm, 300 × 8 mm linear columns, a 

Wyatt DAWN HELEOS-II, and a Wyatt Optilab T-rEX. The column temperature was set at 40 oC. 

A flow rate of 0.70 mL/min was used and samples were dissolved in THF. The number average 

molar mass and molecular weight distribution values were determined using the dn/dc values 

which were calculated by 100% mass recovery method from the RI signal. Differential Scanning 

Calorimetry (DSC) was obtained using a PerkinElmer DSC model 8500 heat flow system with 

Intracooler II. The first heating scan was from 25°C to 300°C at 10 °C/min and the cooling scan 

was from 300°C to -50°C at 10 °C/min. The second heating scan was from -50°C to 300°C at 

10 °C/min and the cooling scan was from 300°C to -50°C at 10 °C/min. The melting transition 

temperature (Tm) were obtained from the second cycle after the thermal history was removed on 

the first heating scan. Attenuated total reflection Fourier transform infrared (ATR ‐ FTIR) 

spectroscopy was performed on Agilent Cary 600 series FTIR microscope equipped with a 

universal ATR assembly. Viscosity versus shear rate measurements were assessed by rheology 

experiments (Anton Paar MCR 302) using a cone and plate geometry (50 mm diameter, 2 cone 

angle). Samples were dissolved in the indicated brine to a final concentration of 1.2 mg/mL and 
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transferred to the rheometer within an hour. A solvent trap was installed during measurements to 

minimize solvent evaporation, and the temperature was set to 25C for measurements. Samples 

were allowed to equilibrate (2 minutes) and pre-sheared by subjecting them to an oscillatory strain 

with strain amplitude () of 0.5% and angular frequency () of 1 rad s-1 for ~2 minutes. Samples 

were then subject to increasing shear rates from either 0.1 or 1 rad s-1 up to 1,000 rad s-1 over 20 

steps at 30 second intervals and viscosity was recorded. X-ray diffraction (XRD) patterns of the 

films were recorded by X-ray diffractometer (PANalytical) with Cu kα radiation at a scan rate of 

4 o/min.  

Synthesis of PLA-PEG-PLA 

PLLA-PEG-PLLA and PDLA-PEG-PDLA were prepared through ring-opening polymerization 

using dihydroxy-terminated PEG as a macroinitiator and Sn(Oct)2 as a catalyst. Under nitrogen 

atmosphere, to a Schlenk flask added purified L-lactide, anhydrous toluene, PEG initiator, and 

catalyst. The bottle was tightly sealed, transferred outside the glovebox, and placed in an oil bath 

at 90 °C for 24 hours. Subsequently, the mixture was cooled and dissolved in dichloromethane, 

followed by precipitation in cold ether. The precipitated polymer was washed with ether and dried 

uder vacuum for 24 hours before further characterization. The synthesis of PDLA-b-PEG-b-PDLA 

samples followed the same procedure, except that D-lactide was used instead of L-lactide. 

Preparation of PLLA-PEG-PLLA/PDLA-PEG-PDLA stereocomplex 

The PLLA-PEG-PLLA and PDLA-PEG-PDLA block copolymers were dissolved separately in 

dichloromethane at a concentration of 0.10 g/mL. After that, equal amounts of each polymer 

solution were mixed together under vigorous stirring for a duration of 3 hours. The resulting 



 157 

mixture was then poured into a petri dish, allowing the solvent to evaporate slowly at room 

temperature. Finally, the blends were dried under vacuum before being used. 

 

4.5. Appendix C  

NMR spectra  

 

Figure C1. 1H NMR spectrum (CDCl3, 500 MHz, 298 K) of LLA8-EO100-LLA8 (Table 4-1, 

entry 1).  
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Figure C2. 1H NMR spectrum (CDCl3, 500 MHz, 298 K) of LLA6-EO458-LLA6 (Table 4-1, 

entry 2). 

 

Figure C3.  1H NMR spectrum (CDCl3, 500 MHz, 298 K) of LLA17-EO458-LLA17 (Table 4-1, 

entry 3). 
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Figure C4.  1H NMR spectrum (CDCl3, 500 MHz, 298 K) of DLA17-EO458-DLA17 (Table 4-1, 

entry 4). 

 

Figure C5.  1H NMR spectrum (CDCl3, 500 MHz, 298 K) of LLA24-EO458-LLA24 (Table 4-1, 

entry 5). 
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Figure C6. 1H NMR spectrum (CDCl3, 500 MHz, 298 K) of DLA24-EO458-DLA24 (Table 4-1, 

entry 6). 

 

Figure C7. 1H NMR spectrum (CDCl3, 500 MHz, 298 K) of LLA27-EO458-LLA27 (Table 4-1, 

entry 7). 
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Figure C8. 1H NMR spectrum (CDCl3, 500 MHz, 298 K) of DLA27-EO458-DLA27 (Table 4-1, 

entry 8). 

 

Figure C9.  DOSY NMR spectrum (D2O with 8 wt.% NaCl and 2 wt.% CaCl2, 500 MHz, 298 

K) of LLA17-EO458-LLA17. 
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Figure C10. DOSY NMR spectrum (D2O with 8 wt.% NaCl and 2 wt.% CaCl2, 500 MHz, 298 

K) of LA17-EO458-LA17 stereocomplex. 

 

Figure C11.  DOSY NMR spectrum (D2O with 8 wt.% NaCl and 2 wt.% CaCl2, 500 MHz, 298 

K) of LLA24-EO458-LLA24. 



 163 

 

Figure C12. DOSY NMR spectrum (D2O with 8 wt.% NaCl and 2 wt.% CaCl2, 500 MHz, 298 

K) of LA24-EO458-LA24 stereocomplex. 

 

Figure C13.  DOSY NMR spectrum (D2O with 8 wt.% NaCl and 2 wt.% CaCl2, 500 MHz, 298 

K) of LLA27-EO458-LLA27. 
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Figure C14. DOSY NMR spectrum (D2O with 8 wt.% NaCl and 2 wt.% CaCl2, 500 MHz, 298 

K) of LA27-EO458-LA27 stereocomplex. 

SEC traces 

 

Figure C15. SEC trace of LLA8-EO100-LLA8 (Table 4-1, entry 1)  
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FT-IR Spectra 

 

 

Figure C16.  FT-IR spectra of LLA17-EO458-LLA17, DLA17-EO458-DLA17, and LA17-EO458-LA17 

stereocomplex. 

 

 

Figure C17.  FT-IR spectra of LLA27-EO458-LLA27, DLA27-EO458-DLA27, and LA27-EO458-LA27 

stereocomplex. 
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XRD Spectra 

 

Figure C18. XRD spectra of LLA17-EO458-LLA17 and LA17-EO458-LA17 stereocomplex. 

 

Figure C19. FT-IR spectra of LLA27-EO458-LLA27 and LA27-EO458-LA27 stereocomplex. 

 

10 15 20 25

0

5000

10000

15000

2θ (°)

In
te

n
s
it

y
 (

a
.u

.)

LLA17-EO458-LLA17

LA17-EO458-LA17 SC

PLLA

PEG

SC

PEG

SC

10 15 20 25

0

5000

10000

15000

20000

2θ (°)

In
te

n
s
it

y
 (

a
.u

.)

LLA27-EO458-LLA27

LA27-EO458-LA27 SC

PLLA

PEG

SC

PEG

SC



 167 

 

Figure C20. Shear viscosity measurements of LLA8-EO100-LLA8 at 1 mg/mL (green) and 8 

mg/mL (orange) concentration. 

 

 

Figure C21. Shear viscosity measurements of LLA6-EO458-LLA6 at 1 mg/mL (green) and 8 

mg/mL (orange) concentration. 
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Chapter 5: Synthesis of mono-substituted ferrocene-based yttrium compounds 

5.1. Introduction   

Redox-switchable catalysis enables different catalytic pathways using a single precatalyst. In 

reduced and oxidized states, the catalyst can catalyze different types of reactions or exhibit varying 

reactivity toward the same reaction, thus allowing precise control over the reaction process. 

Yttrium compounds have been extensively investigated as catalysts for ring-opening 

polymerization.1 However, yttrium compounds have been underexplored in redox-switchable 

catalysis. Our group has reported two redox-switchable yttrium compounds with a ferrocene 

backbone that can serve as a redox handle.2, 3 Nonetheless, the impact of the position and proximity 

of the redox handle on reactivity and switchability still lacks investigation. 

Herein, we present the synthesis and characterization of a tridentate yttrium compound with a 

pendant ferrocene moiety. Chemical redox experiments were also conducted to confirm the 

compound's switchability. 

 

5.2. Results and Discussion 

(FcONO)YBn(THF)2 (FcONO= 6,6'-((ferrocenylazanediyl)bis(methylene))bis(2,4-di-tert-

butylphenoxide) was synthesized by reaction between H2(FcONO) and Y(Bn)3(THF)3. The 

(FcONO)Y(OPh)(THF)2 (FcONO= 6,6'-((ferrocenylazanediyl)bis(methylene))bis(2,4-di-tert-

butylphenoxide) can be generated in situ by adding one equivalent of 2,6-dimethylphenol into 

(FcONO)YBn(THF)2 (Figure 5-1). The redox swithcability of was confirmed by chemical redox 

experiments. As monitored by 1H NMR spectroscopy, after the addition of the oxidant FcAcBArF, 

the peaks of (FcONO)Y(OPh)(THF)2 were shifted and broadened due to the paramagnetic nature of 
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the oxidized compound. Upon the addition of the reductant, CoCp2, the peaks of 

(FcONO)Y(OPh)(THF)2 reappeared indicating that the compound can be reversibly oxidized and 

reduced back. 

 

Figure 5-1. In situ generation of (FcONO)YOPh(THF)2 and its chemical redox switch. 

 

5.3. Conclusions   
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Tridentate yttrium compounds with a pendant ferrocene moiety were synthesized. The chemical 

redox experiment of the yttrium phenoxide compound was performed to confirm the redox 

switchability. 

 

5.4. Experimental Section   

H2(FcONO)4 and Y(Bn)3(THF)3
5 were synthesized according to published procedures. 

Synthesis of (FcONO)YBn(THF)2 

 

In a glovebox under nitrogen atmosphere, H2(FcONO) proligand (120 mg, 0.188 mmol, 1 equiv) 

and Y(Bn)3(THF)3 (109 mg, 0.189 mmol, 1 equiv) were dissolved in toluene respectively. The 

proligand solution was added dropwise into the Y(Bn)3(THF)3 solution. The reaction mixture was 

stirred at room temperature for one hour and then the volatile was removed under vacuum. The 

resulting yellow oil was washed with cold hexanes to give a yellow powder (114 mg, 70%). 
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In situ generation of (FcONO)YOPh(THF)2 and its chemical redox experiment 

In a J-young NMR tube, 2,6-dimethylphenol (1.7 mg, 0.0138 mmol, 1 equiv) was added into 

(FcONO)YBn(THF)2 (12 mg, 0.0138 mmol, 1 equiv) to generate (FcONO)YOPh(THF)2 in situ. Then 

AcFcBArF (AcFc = acetylferrocene, BArF = tetrakis(3,5-bis(trifluoromethyl)-phenyl)borate) 

(15.1 mg, 0.0138 mmol, 1 equiv) and CoCp2 (2.6 mg 0.0138 mmol, 1 equiv) were added 

respectively to oxidize and reduce back (FcONO)YBn(THF)2. 1H NMR spectroscopy was used to 

monitor the reaction at each step. 

 

5.5. Appendix D  

 

Figure D1. 1H NMR spectrum (C6D6, 500 MHz, 298 K) of H2(FcONO). δ (ppm): 7.62 (d, 2H, 

ArOH), 7.53 (d, 2H, ArH), 7.02 (d, 2H, ArH), 4.08 (s, 5H, C5H5), 4.0 1(s, 4H, C5H4), 3.76 (t, 2H, 

NCH2), 3.71 (t, 2H,NCH2 ), 1.63 (s, 18H, C(CH3)3), 1.38 (s, 18H, C(CH3)3). 
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Figure D2. 1H NMR spectrum (C6D6, 500 MHz, 298 K) of (FcONO)YBn(THF)2. δ (ppm): 7.66 (d, 

2H, ArH), 7.40 (d, 2H, ArH), 7.38 (d, 2H, ArH), 7.22 (d, 2H, ArH), 6.66 (t, 1H, ArH), 4.45 (s, 5H, 

C5H5), 4.12 (d, 2H, NCH2), 4.08 (t, 2H, C5H4), 3.78 (d, 2H, NCH2), 3.54 (br, 8H, THF), 3.26 (t, 

2H, C5H4 ), 2.24 (d, 2H,CH2Ar ), 1.84 (s, 18H, C(CH3)3), 1.49 (s, 18H, C(CH3)3), 1.13 (br, 8H, 

THF). 
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Figure D3. 1H NMR spectrum (C6D6, 500 MHz, 298 K) of (FcONO)YOPh(THF)2. δ (ppm): 7.63 

(d, 2H, ArH), 7.35 (d, 2H, ArH), 7.02 (d, 2H, ArH), 6.82 (d, 1H, ArH), 4.36 (s, 5H, C5H5), 4.28 

(d, 2H, NCH2), 4.07 (t, 2H, C5H4), 3.90 (d, 2H, NCH2), 3.60 (br, 8H, THF), 3.41 (t, 2H, C5H4), 

2.42 (t, 6H, ArCH3), 1.72 (s, 18H, C(CH3)3), 1.48 (s, 18H, C(CH3)3), 1.19 (br, 8H, THF). 

 

Figure D4. 1H NMR spectrum (C6D6, 500 MHz, 298 K) of chemical redox of in situ generated 

(FcONO)YOPh(THF)2.  
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