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ABSTRACT 

A key challenge in renewable energy is to capture, convert and store solar power with earth-

abundant materials and environmentally benign technologies. The goal of this thesis is to 

develop rationally designed complex functional materials for bio-renewable energy applications.  

On one hand, photoconversion membrane proteins (MPs) are nature’s nanoengineering feats 

for renewable energy management. Harnessing their functions in synthetic systems could help 

understand, predict, and ultimately control matter and energy at the nanoscale. This is 

particularly enticing in the post-genome era as recombinant or cell-free expression of many MPs 

with high yields becomes possible. However, the labile nature of lipid bilayers renders them 

unsuitable for use in a broad range of engineered systems. A knowledge gap exists about how to 

design robust synthetic nanomembranes as lipid-bilayer-mimics to support MP functions and 

how to direct hierarchical MP reconstitution into those membranes to form 2-D or 3-D ordered 

proteomembrane arrays. Our studies on proteorhodopsin (PR) and bacterial reaction center 

(BRC), the two light-harvesting MPs, reveal that a charge-interaction-directed reconstitution 

(CIDR) mechanism induces spontaneous reconstitution of detergent-solubilized MPs into various 

amphiphilic block copolymer membranes, many of which have far superior stability than lipid 

bilayers. Our preliminary data also suggest MPs are not enslaved by the biological membranes 

they derive from; rather, the chemically nonspecific material properties of MP-supporting 

membranes may act as allosteric regulators. Versatile chemical designs are possible to modulate 

the conformational energetics of MPs, hence their transport performance in synthetic systems. 
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On the other hand, microalgae are widely regarded as a sustainable feedstock for biofuel 

production. Microalgae-derived biofuels have not been commercialized yet because current 

technologies for microalgae dewatering add a huge cost to the final product, and present a major 

bottleneck. We propose to solve the microalgae dewatering problem in the context of controlling 

colloidal stability, where inter-algal potential is tuned via surface engineering of novel 

coagulation agents. We report here a nanoparticle-pinched polymer brush design that combines 

two known colloidal destabilization agents (e.g., nanoparticle and polymer) into one system, and 

allows the use of an external field (e.g., magnetic force) to not only modulate inter-algae pair 

potentials, but also facilitate retrieval of the coagulation agents to be reused after algal oil 

extraction. We will discuss our extensive data on the preparation of well-defined nanoparticle-

pinched polymer brushes, their structure-dependent coagulation performance on both fresh water 

and marine microalgae species, and their re-suability for continuous cycles of microalgae 

farming and harvesting. 
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CHAPTER 1 

INTRODUCTION 

1.1 Objective  

A key challenge in renewable energy is to capture, convert and store solar power with earth-

abundant materials and environmentally benign technologies.1-3 Our objective is to develop 

complex functional materials for renewable energy applications.  

 On one hand, many synthetic materials have been developed to convert solar energy into 

consumable energy forms, but with relatively low efficiency and high environmental footprints. 

In contrast, light-active membrane proteins (MPs) have evolved in nature to convert solar energy 

with an extremely high quantum efficiency (approaching 100%).4  However, little is known on 

how to use these sophisticated nature-evolved MP functions in practical devices. Therefore, at 

this sub-cellular level, we are interested in developing synthetic polymer membranes to support 

MP functions. 

 On the other hand, biofuels have been widely recognized as a sustainable alternative to fossil 

fuels.5 At cellular level, it has been generally acknowledged that microalgae is a promising 

feedstock for the next-generation biofuels.6-8 One of the biggest barriers limiting a successful 

commercialization of algal biofuels is the high cost associated with microalgae dewatering. In 

view of this challenge, we are interested in developing novel separation technologies for cost-

effective biofuel production. We study the utility of complex functional nanomaterials that have 

high specific area, versatile surface function chemistry, and stimuli-responsive handling ability 

as novel coagulation agents for microalgae dewatering. In particular, re-usable composite 

paramagnetic nanoparticles that combine a “hard” paramagnetic nanoparticle and “soft” 

functional molecules (e.g., polymers) in one system were designed, synthesized, and tested to 
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harvest microalgae. The development of polymer chemistry and nanotechnology opened an 

avenue to synthesize complex functional materials with precisely designed molecular 

architecture and nano-structured morphologies. In the following part, we will review recent 

development on controlled/living free radical polymerizations employed for this thesis. 

1.2 Literature review  

Living polymerizations are chain-growth polymerizations that proceed in the absence of 

irreversible chain transfer and chain termination.9 

1.2.1 Controlled/living radical polymerization 

It is widely acknowledged that a controlled/living free radical polymerization usually has the 

following features:1) first-order kinetic behavior; i.e. the polymerization rate (Rp) with respect to 

the log of the monomer concentration ([M]) is a linear function over time, which indicates 

concentration of the active propagating species ([P•]) is constant; 2) pre-determinable degree of 

polymerization; 3) desired (usually) narrow molecular weight distribution; and 4) long-lived 

polymer chains with preserved end functionalities.9 By using only a few monomers and a 

controlled/living free polymerization, one can create many new materials with vastly differing 

properties simply by varying the topology of the polymer (i.e., comb, star, dendritic, etc.), the 

composition of the polymer (i.e., random, periodic, graft, etc.), or the functional groups at 

various sites on the polymer (i.e., end, center, side, etc.) (Figure. 1.1).10 

The controlled/living radical polymerization techniques that are receiving greatest attentions 

are nitroxide mediated polymerization (NMP),11 atom transfer radical polymerization (ATRP),12 

and reversible addition fragmentation chain transfer (RAFT) polymerization.13 The central theme 

of our study is to develop novel polymer-based materials via synthetic approaches and examine 

their structure-property relationship, and our focus is the utility of RAFT and ATRP approaches.  
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Figure 1.1 A schematic representation of how new polymers and materials can be prepared from 

a few monomers using controlled/living polymerizations.10 

1.2.2 Reversible addition fragmentation chain transfer (RAFT) polymerization  

RAFT polymerization is a reversible deactivation radical polymerization and is based on a 

process that consists of the simple introduction of a small amount of thiocarbonylthio chain 

transfer agent (CTA) in a conventional free-radical system (monomer + initiator). The 

advantages of RAFT polymerization includes: 1) the ability to control polymerization of most 

monomers polymerizable by free radical polymerization. These include (meth)acrylates, 

(meth)acrylamides, acrylonitrile, styrenes, dienes, and vinyl monomers; 2) tolerance of 

unprotected functionality in monomer and solvent (e.g., OH, NR2, COOH, CONR2, SO3H). 

Polymerizations can be carried out in aqueous or protic media; 3) compatibility with many 

reaction conditions (e.g., bulk, organic or aqueous solution, emulsion, mini-emulsion, 

suspension); and 4) ease of implementation and inexpensive relative to competitive technologies. 

The disadvantages of RAFT polymerization include: 1) synthesis of a RAFT agent typically 



4 

 

requires a multistep synthetic procedure and subsequent purification; and 2) RAFT agents can be 

unstable over long time storage periods.14 

1.2.2.1 Mechanism of RAFT polymerization 

The RAFT polymerization mechanism involves a series of reversible addition-fragmentation 

steps; i.e., the addition of a propagating radical (Pn•) to the thiocarbonyl compound in the agent 

[S=C(Z)S–R] and generation of an adduct radical, which fragments to form a polymeric 

thiocarbonyl compound, [Pn–S–C(Z)=S], and a new radical, R•. The reaction of R• with the 

monomer (M) generates a new propagating radical Pm•. Subsequent addition-fragmentation steps 

allow a dynamic equilibrium that establishes itself between the active propagating radicals (Pn• 

and Pm•) and the dormant polymeric thiocarbonyl compounds [Pn–S–C (Z)=S and Pm–S–

C(Z)=S]; both the propagating radicals and the dormant chains have an equal probability of 

growth, permitting a narrow molecular weight distribution.13,15 

 

Figure 1.2 Mechanism of RAFT polymerization.13,15  
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1.2.2.2 Guidelines for the selection of RAFT agents 

It is critical to choose the right RAFT agents to achieve controlled/living polymerization. A 

general structure of a RAFT agent is shown in Figure 1.3.13,15 Both the reactive double bond C=S 

and the simple weak S–R bond are the structural keys of RAFT transfer agents. Thus, by 

changing Z and/or R groups it is possible to determine the addition and fragmentation rate and, 

therefore, the activity of the RAFT agent. 

 

Figure 1.3 The structure of a RAFT agent. 13,15 

 

Figure 1.4 Guidelines for selection of RAFT agents (Z-C(=S)S-R) for various polymerizations. 

For ‘Z’, addition rates and transfer constants decrease and fragmentation rates increase from left 

to right. For ‘R’, fragmentation rates decrease from left to right. A dashed line indicates limited 

control (e.g., retardation, high polydispersity etc.).13,15,16 

The Z group modifies both the rate of addition of propagating radicals, and the rate of 

fragmentation of the intermediate radicals. General guidelines for selection of Z groups are 
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shown in Figure 1.4. To accomplish good control, one of the more active RAFT agents such as 

dithioesters and trithiocarbonatesis is required for the “more activated” monomers (MAMs):  

monomers where the double bond is conjugated to an aromatic ring, a carbonyl group, or a nitrile 

belong to MAMs. One of the less active transfer agents such as the N-alkyl-N-

aryldithiocarbamates and the O-alkyl xanthates is sufficient to mediate the polymerization of 

“less activated” monomers (LAMs). LAMs include the monomers where the double bond is 

adjacent to saturated carbon, oxygen, or nitrogen lone pair or the heteroatom. When a more 

active RAFT agent is used in LAM polymerization, fragmentation is slow and inhibition or 

retardation is more possible.13,15,16 The R group of the RAFT agent must be a good hemolytic 

leaving group and be a good reinitiating group.  General guidelines for selection of R groups are 

shown in Figure 1.4. Generally, the fragmentation rates increase in the series primary < 

secondary < tertiary radicals.13,15,16 

1.2.3 ATRP polymerization  

Advantages of the ATRP technique include:1) catalytic amounts of transition metal 

complexes; 2) many commercially available initiators including multifunctional and hybrid 

systems; 3) a large range of monomers; 4) easy end-functionalization; and 5) block 

copolymerization can be achieved in any order (with halogen exchange), which is not possible 

for other living/controlled free radical polymerization methods. The limitations of ATRP 

include: 1) the transition metal complex must often be removed from the product; and 2) 

challenge in polymerization of acidic monomers and dienes.9 

1.2.3.1 Mechanism of ATRP polymerization 

ATRP is controlled by an equilibrium between propagating radicals and dormant species, 

predominately in the form of initiating alkyl halides/macromolecular species (Pn-X). The 
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dormant species periodically react with the rate constant of activation (keact) with transition metal 

complexes in their lower oxidation state, Mtm/L, acting as activators to intermittently form 

growing radicals (Pn•), and deactivators-transition metal complexes in their higher oxidation 

state, coordinated with halide ligands X−Mtm+1/L. The deactivator reacts with the propagating 

radical in a reverse reaction (kdeact) to re-form the dormant species and the activator (Figure 

1.5).17  

 
Figure 1.5 ATRP equilibrium. 17 

1.2.3.2 Structure-reactivity correlation in ATRP 

Knowledge of the order of reactivity of different alkyl halides and transition metal complexes 

is essential for the selection of appropriate initiators, catalyst and ligand for different monomers. 

1.2.3.2.1 Alkyl halides   

As shown in Figure 1.6, reactivity of alkyl halides in ATRP is dependent on the structure of 

the alkyl group and transferable (pseudo)-halogen. KATRP, The equilibrium constants, is equal to 

kact/kdeact..Thus reactivity of alkyl halides increases with the increase of the KATRP when the same 

transition metal complexes were employed. Reactivity of alkyl halides follows the order of 

tertiary carbon (3°)>secondary carbon (2°)>primary carbon (1°), consistent with bond 

dissociation energy needed for hemolytic cleavage. Alkyl halide reactivities obey the order I > 

Br > Cl and are higher than those of alkyl pseudohalides. Without the halogen exchange, block 

copolymer synthesis in ATRP should comply with the order: acrylonitrile >methacrylates> 

acrylates ≈ styrene > acrylamides. 
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1.2.3.2.1 Transition metal complexes 

As shown in Figure 1.7, the range of activity of ATRP catalyst complexes covers over 6 

orders of magnitude. The general order of Cu complex activity in ATRP for ligands is 

tetradentate (cyclic-bridged) >tetradentate (branched) >tetradentate (cyclic) > tridentate 

>tetradentate (linear) > bridged cyclam. Tris(2-dimethylaminoethyl)-amine(Me6TREN) and 

tris(2-pyridylmethyl)amine (TPMA) are among the most active, while  pyridineimine and 2,2′-

bipyridine the least active.  

 

Figure 1.6 ATRP activation rate constants for various initiators with CuIX/PMDETA (X = Br or 

Cl) in MeCN at 35 °C. 3°: red; 2°: blue; 1°: black; isothiocyanate/thiocyanate: left half-filled; 

chloride: open; bromide: filled; iodide: bottom half-filled; amide: ▼; benzyl: ▲; ester: □; nitrile: 

○; phenyl ester: ◇.19 

The nature of nitrogen atoms in ligands also influences in the activity of the Cu complexes 

and follows the order pyridine ≈ aliphatic amine > imine < aromatic amines. Generally, alkyl 

amines complex to Cu (II) is stronger than pyridines. A C2 bridge between N atoms generates 

complexes with higher activities than C3 and C4. Steric effects around the Cu center are very 
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important. The ideal catalyst for ATRP of less reactive monomers or used at lower concentration 

should have a large value for KATRP (i.e., larger kact) but also preserve very large value of kdeact.
18 

 

Figure 1.7 ATRP activation rate constants for various ligands with EtBriB in the presence of 

CuIBr in MeCN at 35 °C. N2: red; N3: black; N4: blue; amine/imine: solid; pyridine: open; 

mixed: left-half solid; linear: □; branched: ▲; cyclic: ○.18 

1.3 Summary 

Built upon our synthetic capabilities to develop well-defined polymeric materials, we will 

explore how to rationally design these materials for bio-renewable energy applications. Chapter 

2 focuses on synthesis and characterization of series of amphiphilic block copolymer. In chapter 

3 to chapter 5, we will discuss the design principles to direct spontaneous reconstitution of 

membrane proteins in self-assembled amphiphilic block copolymer membranes, and how to 

allosterically modify membrane protein functions through polymer membrane engineering; in 

chapter 6 to chapter 8, we will discuss the synthesis and characterization of nanoparticle-pinched 

polymer brushes, and how to optimize their structures for cost-effective microalgae harvesting. 

In each of these chapters, we will review relevant literatures first. This study has resulted 3 peer-
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reviewed publications on JACS, ACS Nano, and JPC Lett, respectively. Two more papers are 

being prepared at present. 
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CHAPTER 2 

SYNTHESIS AND CHARACTERIZATION OF AMPHIPHILIC BLOCK 

COPOLYMERS TO SUPPORT MEMBRANE PROTEIN FUNCTIONS 

2.1 Introduction  

Amphiphilic block copolymers consist of at least one hydrophilic and one hydrophobic 

polymer chain that are covalently bonded together. The most commonly employed copolymer 

architectures are linear block copolymers. According to their sequence of hydrophilic and 

hydrophobic blocks, they are often abbreviated by capital letters (e.g. AB, ABA or ABC).1 In 

aqueous solution, because of the different solubility of individual blocks, they self-assemble into 

various morphologies such as rods, spherical and wormlike micelles and lamellar structures 

(vesicles). A number of factors, including both the structure of polymer blocks (chemical 

constitution and the relative lengths of the individual blocks) and the properties of the solution, 

such as concentration, pH, temperature and solvent, affect the sizes and morphologies of these 

self-assembled structures.2 

Vesicles (polymersomes) are hollow, lamellar spherical structures (Figure 2.1) that resemble 

cell membranes, the dimensions of which range from nanometers to hundreds of micrometers.3 

The lipid-like block copolymer assemblies forming the wall of these vesicles can be considered 

as synthetic analogs of biological membranes.2 Lipids are biocompatible, naturally occurring 

compounds and seem to be ideally suited for supporting biological functions. However, lipid 

vesicles have a very poor stability and high membrane permeability, which pose some problems 

in engineered systems. In contrast, block copolymer vesicles may have enhanced toughness and 

reduced water permeability.4 The goal of our synthesis effort is to achieve rational design of new 

block polymers to support membrane protein (MP) functions, particularly these light active MPs 
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that play important roles on energy harvesting and conversion in the biosphere. With the tools 

employed in polymer chemistry as we reviewed in Chapter 1, molecular parameters including 

chain length and molecular weight, charge state, chemical composition, hydrophilic/hydrophobic 

ratio, number of blocks, and molecular architecture can be adjusted, which offer distinct 

advantages over lipids. 

 

Figure 2.1 Lipid or copolymer membrane systems studied by fluorescence recovery after photo-

bleaching (FRAP) (Copyright 2002, The American Chemical Society)(A)Self-assembled 

membranes with fluorescent probes: (i) phospholipid bilayer, (ii) diblock copolymer bilayer, or 

(iii) high molecular weight diblock copolymer bilayer. Relative membrane thicknesses are 

illustrated to scale. (B) Confocal microscope image of an equatorial section through a giant, 

unilamellardiblock copolymer vesicle.3 

Fluidity is often regarded essential for biomembranes,5,6 but stability is highly valued in 

engineered systems.7 How to design MP-supporting membranes that balance a dichotomy 

between fluidity and stability is a critical but not well understood issue. Consequently, four 

different polymers with decreasing glass transition temperature (Tg), i.e., polystyrene (PS) with a 

Tg of approximately 373K, poly(methylacylate) (PMA) with a Tg of approximately 279k-304k, 

polybutadiene (PBD) with a Tg of approximately 213k, and polydimethylsiloxane (PDMS) with a 

Tg of approximately 150k were chosen to serve as hydrophobic blocks. At the same time, we 
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hypothesize that a generic charge-interaction-directed MP reconstitution paradigm applies to 

amphiphilic block copolymer membranes. Therefore, both cationic and anionic ABA block 

copolymer were employed as hydrophilic blocks as shown Figure 2.2 A&B. 

One of important drawbacks of AB/ABA polymer membranes to support MP functions is that 

there is no built-in asymmetry guiding proteins into the correct orientation within the vesicle 

membrane. Therefore, differing form the situation in biological membranes, proteins were 

incorporated in both directions, which reduces or cancels the system’s activity.2 We aim to 

address this challenge by synthesizing ABC tri-block copolymers consisting of three chemically 

distinct blocks (with two different water soluble blocks A and C and a hydrophobic middle block 

B). We expect that self-assembled ABC polymersomes are therefore chemically asymmetric as 

shown in Figure 2.2C and Figure 2.2D.  

We expect that we can control the hydrophilic block preferentially residing on the outside of 

polymersome membranes by adjusting the relative chain lengths of the hydrophilic blocks. 

Previous report also showed that depending on the arrangement of blocks—ABC (poly(ethylene 

oxide)-block-poly(dimethylsiloxane)-block-poly(2-methyloxazoline) (PEO-PDMS-PMOXA), a 

majority of proteins pointed either ‘‘in’’ or ‘‘out’’.8 

 

Figure 2.2 Experiment design for different polymersome structures 
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2.2 Synthesis and characterization of PBD-based triblock copolymer  

Due to the presence of double bond, it will be a challenge to synthesize the polybutadiene-

based ABA block polymers by controlled/living radical polymerizations. Hence, we first chose 

an esterification method to synthesize the PBD-b-(P4VP)2 triblock polymer. 

2.2.1 Experiment  

Materials. The PBD22 (1,200 Da) and PBD56 (3,000 Da) were obtained from Scientific 

Polymer Products, Inc. (Ontario, NY) and Cray Valley HSC (Exton, PA), respectively. p-

toluenesulfonic acid (PTSA), 4-(dimethylamino)pyridine (DMAP), anhydrous p-toluene sulfonic 

acid, α-bromophenylacetic acid , monomethoxy poly(ethylene oxide) (Mn = 5,000, PDI = 1.04), 

styrene monomer, acrylate monomer, 2-2’-azobisisobutyronitrile (AIBN),anhydrous 

dichloromethane, dichloroethane, dicyclohexylcarbodiimide (DCC), hexane, carbon disulfide, 

and tetrahydrofuran were purchased from Sigma Aldrich. The acrylate, styrene and 4-vinyl 

pyridine monomers were run through a basic alumina column to remove the inhibitor prior to 

use. 

Synthesize of S-1-Dodecyl-S’-(α,α’-dimethyl-α’’-acetic acid) trithiocarbonate (DATC).9 1-

Dodecanethiol (26.92 g, 0.13 mol), acetone (64.13 g, 1.10 mol), and tetrabutyl ammonium 

bromide (1.14g, 3.55 mmol) were mixed in a round-bottom flask cooled to 0 °C under a nitrogen 

atmosphere. Sodium hydroxide aqueous solution (50%) (11.18 g, 0.14 mol) was added dropwise 

over 20 min. The reaction was stirred for an additional 15 min before carbon disulfide (10.14 g, 

0.13 mol) in acetone (13.45 g, 0.23 mol) was added slowly, during which time the color turned 

red. Ten minutes later, chloroform (23.75 g, 0.20 mol) was added in one portion, followed by 

dropwise addition of 50% sodium hydroxide solution (53.33 g, 0.67 mol) over 30 min. The 

reaction was stirred overnight and then 200 mL of water was added, followed by 33.3 mL of 
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concentrated HCl to acidify the aqueous solution. Nitrogen was purged with vigorous stirring to 

evaporate acetone. The solid was collected with a Buchner funnel and then stirred in 0.33 L of 2-

propanol. After the undissolved solid was filtered off, the 2-propanol solution was concentrated 

to dryness, and the resulting solid was recrystallized from hexanes twice to afford yellow 

crystalline solid. The obtained product was confirmed by NMR spectra. 

RAFT polymerization of 4-vinyl pyridine (4-VP). The mixture of 4VP (4 mol), DATC (0.4 

mmol), AIBN (0.1 mmol) and THF (2.0 mL) was placed in a 5 mL polymerization tube. After 

freeze-thaw cycles for three times, the tube was sealed under vacuum. It was then immersed in a 

temperature controlled oil bath kept at 60°C and stirred for a prescribed amount of time. After 

the heating was stopped, the reaction mixture was dissolved with THF and then precipitated in 

10-fold petroleum ether. The carboxyl functionalized P4VP polymer was collected by 

centrifugation and dried in a vacuum oven at 40°C. An optional reduction step with tributyltin 

hydride 10  or N-ethylpiperidine hypophosphite 11 was used to remove the trithiocarbonate group 

bearing a hydrophobic tail (-C12H25). 

Synthesis of PBD22-b-(P4VP28)2 triblock polymer by an esterification reaction. In order to 

obtain the triblock copolymer P4VP-b-PBD-b-P4VP, an esterification reaction between the 

monocarboxyl-terminated P4VP and dihydroxyl-terminated PBD was performed. The mixture of 

P4VP (0.4mmol), PBD (0.1mmol), 1,3-dicyclohexylcarbodiimide (0.12mmol) and 4-(N,N-

dimethylamino) pyridine (0.01mmol) was stirred in a 5 mL THF and DMF mixture (1:1) for 48h 

at room temperature. The resulting mixture was poured into methanol. The precipitate was 

collected by centrifugation at 10000 rpm for 30 minutes and dried in a vacuum oven at 40°C. The 

tri-block copolymer was then quanternized with iodomethane to give the cationically charged 

copolymer. Specifically, the P4VP-b-PBD-b-P4VP copolymer was reacted with excess 
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iodomethane in DMF as reported.12  The mixture was finally precipitated in 10-fold acetone. The 

product was collected by filtration and dried in a vacuum oven at 40°C. 

Synthesis of PBD56-b-(P4VP29)2 triblock polymer by an esterification reaction. To prepare 

PBD56-b-(P4VP29)2, a mixture of P4VP (0.2 mmol), PBD (0.05 mmol), DCC (1,3-

dicyclohexylcarbodiimide) (0.2 mmol), DMAP (4-(N,N-dimethylamino) pyridine (0.02 mmol), 

and DPTS13 (4-(Dimethylamino)pyridinium-4-toluenesulfonate) (0.02 mmol) was stirred in a 5 

mL anhydrous dichloromethane mixture for 48 hrs at 30°C. The resulting mixture was filtrated 

and poured into petroleum ether twice. The precipitate was dried in a vacuum oven at 40°C. The 

tri-block copolymer was dialyzed against a mixture of acetone and deionized (DI) water (volume 

ratio 1/1), followed by a quaternization reaction to convert the P4VP blocks into P4MVP.12 The 

reaction mixture was precipitated in 10-fold ethyl acetate twice, and the tri-block copolymer 

product was collected by centrifugation and dried in a vacuum oven at 40°C. The product was 

further dialyzed in deionized water to remove free P4MVP. Specifically, 0.1 g crude product was 

dissolved in 5 ml dimethylformamide (DMF) and transferred into a dialysis tube (Spectrum 

MWCO 10-12 kDa). The dialysis was performed against DI water for 72 hours by changing the 

water every 6 hours. The final solution was then dried for 24 hours in a vacuum oven to recover 

the tri-block copolymer product.  

Characterization. The polymer sizes were determined by their 1H nuclear magnetic resonance 

(1H NMR) spectra using a JEOL500 MHz NMR spectrometer with either CDCl3 or DMF-d7 as 

solvent. The gel permeation chromatography (GPC) was performed on a Viscotek model 270 

with DMF or THF as the eluent at a flow rate of 1.0 mL/min, using ViscoGel I-series G-3000 

and G-4000 mixed bed columns with Mn range 0-20 × 103 and 0-200 × 103 g/mol, respectively. 

The instrument was calibrated with polystyrene standards. DLS of spherical polymersome 
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vesicles was measured by Malvern Zetasizer Nano ZS90, which automatically sets to 

accommodate the requirements of high sensitivity by detecting the scattering information at 

173°, and reports size information with its own software package to fit the Photon Correlation 

Spectroscopy.  

2.2.2  Experiment design  

Briefly, S-1-dodecyl-S'-(α,α'-dimethyl-α''-acetic acid) trithiocarbonate (DATC)9 was used as a 

chain-transfer agent to prepare well-defined poly(4-vinylpyridine) (P4VP) blocks via a RAFT 

polymerization. The monocarboxyl-terminated P4VP blocks were subsequently linked to both 

ends of dihydroxyl-terminated PBD prepared by anionic polymerization. The synthetic route was 

designed as shown in Figure 2.3. 

 

Figure 2.3 Reaction design for the synthesis of PBD-b-(P4VP)2  triblock copolymer  

2.2.3 Synthesis of monofunctional chain transfer agent (CTA)  

DATC has been reported to have a high chain transfer efficiency and control over the radical 

polymerization because the carbon attached to the labile sulfur atom is tertiary and bears a 
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radical stabilizing carboxyl group.9 The successful synthesis of DATC was confirmed by 1H 

NMR as shown in Figure 2.4. 

 

 

 

 

 

 

Figure 2.4 1H NMR spectrum of DATC 

2.2.4 RAFT polymerization of P4VP mediated by DATC 

1H NMR shows that the trithiocarbonate moieties peak at 3.2 ppm and pyridine peaks 

confirms clearly its structure and number average molecular weight (Mn) (Figure 2.5A). UV-Vis 

also clearly show -C=S adsorptions (λmax = 310 nm) (Figure 2.5B, red trace). FI-IR spectrum 

clearly confirm show -C=S adsorptions at 1070 cm-1 (Figure 2.5C).   

In order to exclude the end of group (-C12H25) effect during the self-assembly, reduction 

reactions of the thiocarbonylthio group by tributyltin hydride10 or N-ethylpiperidine 

hypophosphite11 to -H group were performed. Disappearance of the thiocarbonylthio adsortption 

(λmax=310 nm) proves the successful removal the end group (Figure 2.5 B, black trace). After the 

reduction reaction, an obvious transition from yellow solution to colorless one was observed. FI-

IR spectrum clearly shows the P4VP was functionalized with carboxylic acid group at 1701 cm-1 

(Figure 2.5C). A representative GPC P4VP block that also shows it has polydispersity indices 

(PDIs) near unity) (Figure 2.5D, the top trace). 
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Figure 2.5 (A) An example of 1H NMR spectrum of P4VP block synthesized via RAFT 

polymerization. (500MHz, CDCl3). δ (ppm): 8.15-8.65 and 7.00-6.25 (pyridine), 3.2 (CH2-S), 

and 2.25-0.50 (alkyl H). (B) Comparison of the trithiocarbonate group absorption (λmax = 310 nm) 

in RAFT-polymerized P4VP before (top trace) and after (bottom trace) its removal. The 

absorption peak centered at 270 nm is caused by the pyridine moieties. (C) FT-IR spectrum of 

the momocarboxyl-terminated P4VP. (D) GPC of nearly monodisperse P4VP block (lower trace: 

Mn = 2,900 Da, PDI = 1.08) and P4VP28-b-PBD22-b-P4VP28 copolymer (upper trace: Mn = 6,600 

Da, PDI = 1.19).  

2.2.5 Synthesis of well-defined PBD22-b-(P4VP28)2 tri-block copolymers via esterification 

reactions 

The synthetic route was designed as shown in Figure 2.3. The successful synthesis of well-

defined PBD22-b-(P4VP28)2 tri-block copolymers was confirmed by 1H NMR and GPC 

measurements as shown in Figure 2.6.  

(B) 
(A) 

(C) (D) 

   Retention time (min) 
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Figure 2.6 Charged amphiphilic tri-block copolymer P4MVP28-b-PBD22-b-P4MVP28 and its self-

assembly. (A) 1H NMR of P4VP28-b-PBD22-b-P4VP28 (300MHz, CDCl3). δ(ppm): 8.15-8.65 and 

7.00-6.25 (pyridine), 5.75- 4.75 (alkene H of PBD), 4.10 (CH-S), 3.70(CH2-S), 2.25-0.50 (alkyl 

H), and 3.60-2.80 (trace solvent impurities from THF, methanol, and DMF). Based on the size of 

PBD (1,200 Da, assuming 100% 1,4-addition), the size of this block copolymer is estimated to 

be 7,200 Da. (B) 1H NMR of P4MVP28-b-PBD22-b-P4MVP28 (300MHz, DMF-d7). Note: ~100% 

shift of the pyridine peaks in panel (B) to its quanternized equivalencies accompanied by the 

appearance of the strong CH3-N peak.  

2.2.6 Synthesis of well-defined PBD56-b-(P4VP29)2 tri-block copolymers via esterification 

reactions. 

A reaction scheme to prepare PBD56-b-(P4VP29)2 tri-block copolymers is the same as that of 

PBD22-b-(P4VP28)2. However, due to the increase of degree of polymerization (DP) of PBD, the 

purification of PBD56-b-(P4VP28)2 is different (details see experiment part).  

The successful synthesis of well-defined PBD56-b-(P4VP28)2 tri-block copolymers was 

confirmed by 1H NMR and GPC measurements as shown in Figure 2.7. An example GPC of 

well-defined P4VP29, PBD56, and PBD56-b-(P4VP29)2 reveals their molecular 

weight/polydisperse indices (Mn/PDIs) as 3,200 Da/1.13, 3,600 Da/1.07, and 10,660 Da/1.08, 

respectively (Figure 2.7C). The tri-block copolymer PBD56-b-(P4VP29)2 (black trace) was tainted 

with a minor amount of unreacted P4VP29 (marked by arrow) due to the difficulty of removing it 

completely by solvent precipitation. However, after converting P4VP to cationic P4MVP via a 

(A) (B) 
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quaternization reaction, the free P4MVP was easily removed by dialysis. The single-component 

product, PBD56-b-(P4MVP29)2 was confirmed by 1H NMR (Figure 2.7 A).  

PBD56-b-(P4MVP29)2 also self-assembles in water into polymersomes. The PBD-membrane 

thickness was estimated as reported previously.12 Briefly, the membrane-forming blocks of 

polymersomes adopt an unperturbed state (i.e., -state)1 and the root mean square end-to-end 

distance (<r2>0
1/2) of PBD at the -state was determined as (<r2>0

1/2=0.892M1/2 (in Å), where 

M is its molar mass. We found the PBD-based polymersome membrane thickness calculated 

from this equation is almost identical as that measured by cryo-TEM,1 thus estimated the 

membrane thickness as 31 Å and 49 Å for PBD22-b-(P4MVP28)2 and PBD56-b-(P4MVP29)2 

(Figure 2.7 B), respectively. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.7 Characterization of well-defined, polymersome-forming PBD56-b-(P4MVP29)2. (A) 1H 

NMR (500MHz, DMF-d6) confirms successful synthesis. δ(ppm): 8.15-8.65 and 7.00-6.25 

(pyridine), 5.75- 4.75 (alkene H of PBD), 4.2-4.75(-CH3-N), and 2.25-0.50 (alkyl H). Note the 

PBD56 block consists of 1,2- and 1,4-polymerized fractions at 65% and 35%, respectively. (B) 

TEM of self-assembled polymersomes (stained with 1% uranyl acetate. Scale bar: 1000 nm). (C) 

GPC of P4VP29 (green), PBD56 (red) and PBD56-b-(P4VP29)2 (black). Traces are shifted along 

the y-axis for clarity  

(A) (B) 

(C) 
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2.3 Synthesis of PS-based amphiphilic triblock copolymers via controlled/living 

polymerization 

The synthesis of PS-based symmetric, ABA-type triblock copolymers, and PS-based 

asymmetric, ABC tri-block copolymers with well-defined architecture via controlled/living free 

radical polymerization will be discussed in this section.  

2.3.1 Experiment  

Synthesis of Bi-functional CTA (DATC). In a typical run, anhydrous CH2Cl2 solution (10 

mL) containing ethylene glycol (0.124g, 2.0 mmol) and DCC (1.12 g, 5.4 mmol) was added 

drop-wise to another anhydrous CH2Cl2 solution (10 mL) of DATC (1.88 g, 5.2 mmol) and 

DMAP (0.12 g, 1 mmol) at 0°C under N2 protection. The reaction mixture was then warmed to 

room temperature. After the mixture was stirred overnight, the precipitated byproduct of 1, 3-

dicyclohexylurea (DCU) was filtered off, and the filtrate was evaporated to dryness. The crude 

product was purified by passing through a silica gel column using dichoromethane/hexanes 

(v/v=3:1) as an eluent. 

Synthesis of PS-b-(P4VP)2 via RAFT polymerization. PS was first synthesized using Bi-

DATC as the chain transfer agent. In a typical run, a mixture of styrene (St, 0.6g, 5.8 mmol), Bi-

DATC (90mg, 0.12 mmol), AIBN (3.8mg, 0.023 mmol) and benzene (1.0 mL) was placed in a 

10 mL Schlenk flask. After freeze-evacuate-thaw cycling three times, the flask was sealed under 

vacuum, and immersed in an oil bath at 70°C and stirred for prescribed reaction times. The PS 

blocks were precipitated in 10-fold methanol and collected by centrifugation and dried in a 

vacuum oven at 40°C.We used the PS blocks as bifunctional macro-chain transfer agents to 

synthesize the tri-block copolymer PS-b-(P4VP)2. In a typical run, a mixture of 4-VP (1.15g, 

11mmol), PS (0.504g, 0.12mmol), AIBN (3.9mg, 0.024 mmol) and DMF (1.0 mL) was placed in 
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a 10 mL Schlenk flask. After three freeze-evacuate-thaw cycles, the flask was sealed under 

vacuum, and immersed in an oil bath at 60°C and stirred for prescribed reaction times. After the 

heating was stopped, the reaction mixture was dissolved with THF and then precipitated in 10-

fold diethyl ether. The polymer was collected by centrifugation and dried in a vacuum oven.  

Synthesis of PS-b-(P4VP)2 via ATRP polymerizations. In a typical run, a reaction mixture of 

St (2g, 19.20 mmol), CuCl (18.8mg, 0.19 mmol), N,N,N′,N′′,N′′-Pentamethyldiethylenetriamine 

(PMDETA, 32.9mg, 0.19mmol), Dimethyl-2,6-dibromoheptanedioate (DM-2,6-DBHD, 133mg, 

0.38mmol) was placed in a 10 mL Schlenk flask. After freeze-evacuate-thaw cycling three times, 

the tube was sealed under vacuum. Then it was immersed in an oil bath at 80°C and stirred for 

prescribed reaction times. When reaction is finished, the mixture was diluted with THF and then 

passed through a column filled with neutral alumina, concentrated by a rotary evaporator, and 

precipitated in methanol. The product (Cl-PS-Cl) was centrifuged and dried under vacuum at 

40°C.To get the tri-block copolymer PS-b-(P4VP)2, the polymerization of 4-VP was performed 

in the presence of Cl-PS-Cl as bifunctional macro-initiator. In a typical run, a reaction mixture of 

4-VP (2g, 19mmol), Cl-PS-Cl (206 mg, 0.079 mmol), CuCl (7.8 mg, 0.079 mmol), CuCl2 (7.8 

mg, 0.079 mmol), Me6TREN (36.5 mg, 0.159 mmol) and THF (2.0mL) was placed in a 10 mL 

Schlenk flask. After freeze-evacuate-thaw cycling three times, the tube was sealed under 

vacuum. Then it was immersed in a temperature-controlled oil bath kept at 40°C and stirred for 

prescribed reaction times. After the heating was stopped, the reaction mixture was dissolved with 

THF and then passed through a column filled with neutral alumina, concentrated by a rotary 

evaporator, and precipitated diethyl ether.  

Synthesis of PEO12 macro-CTA (PEG12-DATC). 1.10g of monomethoxy PEO (2mmol) and 

49mg of DMAP (49mg, 0.2 mmol) are dissolved in 20mL of toluene. The trace of water in the 
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solution is removed by azeotropic distillation. The solution containing 2.06 g DCC are added by 

drop-wise to another 20ml anhydrous CH2Cl2 solution consisting of PEG, DATC (1.05g, 

3mmol), and DPTS (1mmol) at 0°C. After the mixture was stirred overnight, the precipitated 

byproduct of 1, 3-dicyclohexylurea (DCU) was filtered off, and the filtrate was evaporated to 

dryness. The crude product was purified by passing through a silica gel column using 

dichoromethane/hexanes/diethyl ether (v/v/=2:1:1) as an eluent. 

Synthesis of PEO112 macro-CTA (PEG112-DATC). 10g of monomethoxy PEO (2mmol) and 

49mg of DMAP (49mg, 0.2 mmol) are dissolved in 20mL of toluene. The trace of water in the 

solution is removed by azeotropic distillation. Subsequently, the solution was added with DATC 

(1.45g, 4mmol), DPTS (300mg, 1mmol) at 0°C. The solution containing 2.06g DCC are added 

by drop-wise to the resulting solution. The mixture is stirred at room temperature for 48hrs. The 

mixture is precipitated in 500ml hexane twice.  

Synthesis of PEG12-b-PS-b-P4VP via RAFT polymerizations. In a typical run, a mixture of 

styrene (5.76mmol, 0.6g), PEG12-DATC (0.504g, 0.096mmol), AIBN (1.58mg, 0.0096 mmol), 

and benzene (1.2g) was placed in a 10 mL Schlenk flask. After three freeze-evacuate-thaw 

cycles, the flask was sealed under vacuum, and immersed in an oil bath at 70°C and stirred for 

prescribed reaction times. After the heating was stopped, the reaction mixture was diluted with 

THF and then precipitated in 10-fold methanol. After confirming the successful synthesis of the 

di-block copolymer, PEG12-b-PS32-DATC was utilized for tri-block polymer preparation. In a 

typical run, a mixture of 4-VP (4.42 mmol, 0.465g), PEG12-b-PS32-DATC (0.15g, 0.059mmol), 

AIBN (0.97mg, 0.0096 mmol) and DMF (1.86g) was placed in a 10 mL Schlenk flask. After 

three freeze-evacuate-thaw cycles, the flask was sealed under vacuum, and immersed in an oil 
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bath at 70°C and stirred for prescribed reaction times. The reaction mixture then precipitated in 

10-fold diethyl ether and dried in a vacuum oven at 40°C. 

Synthesis of PEG112-b-PS-b-P4VP via RAFT polymerizations. In a typical run, a mixture of 

styrene (7.68mmol, 0.8g), PEG112-DATC (0.536g, 0.01mmol), AIBN (1.64mg, 0.001mmol) and 

benzene (1.8g) was placed in a 10 mL Schlenk flask. After three freeze-evacuate-thaw cycles, 

the flask was sealed under vacuum, and immersed in an oil bath at 80°C and stirred for 

prescribed reaction times. After the heating was stopped, the reaction mixture was diluted with 

benzene and then precipitated in 10-fold methanol. After confirming the successful synthesis of 

the di-block copolymer, PEG112-b-PS26-DATC was utilized for tri-block polymer preparation. In 

a typical run, a mixture of 4-VP (4.9mmol, 0.514g), PEG112-b-PS26-DATC (0.808g, 0.098mmol), 

AIBN (4.01mg, 0.0245mmol) and DMF (1.86g) was placed in a 10 mL Schlenk flask. After 

three freeze-evacuate-thaw cycles, the flask was sealed under vacuum, and immersed in an oil 

bath at 70°C and stirred for prescribed reaction times. The reaction mixture was precipitated in 

10-fold diethyl ether and dried in a vacuum oven at 40°C. 

Synthesis of PS-b-(PDMAEA)2 via ATRP polymerizations. To get the tri-block copolymer 

PS-b-(PDMAEA)2, the polymerization of DMAEA was performed in the presence of Cl-PS-Cl 

as bifunctional macro-initiator. In a typical run, a reaction mixture of DMAEA (2.5g, 

17.4mmol), Cl-PS-Cl (276mg, 0.072 mmol), CuCl (7.2 mg, 0.073mmol), CuCl2 (9.8 mg, 

0.073mmol), Me6TREN (33.5 mg, 0.073 mmol) and THF (5g) was placed in a 10 mL Schlenk 

flask. After freeze-evacuate-thaw cycling three times, the tube was sealed under vacuum. Then it 

was immersed in a temperature-controlled oil bath kept at 40°C and stirred for prescribed 

reaction times. After the heating was stopped, the reaction mixture was dissolved with THF and 

then passed through a column filled with neutral alumina, concentrated by a rotary evaporator, 
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and precipitated petroleum ether. The polymer was collected by centrifugation and dried in a 

vacuum oven at 40°C.  

Removal of thiocarbonylthio group for triblock polymers prepared by RAFT and 

quaternizaiton of triblock polymers. The procedures is the same as that of PBD-b-(P4VP)2. 

Hydrolysis of PS-b-(PDMAEA)2. PS37-b-(PDMAEAn-co-PTMAEA (28-n)) polymersome was 

formed by dialysis against DI water for 48hrs. Zeta potential was used to study the hydrolysis 

kinetics at various times at room temperature. 

2.3.2 Synthesis of PS-b-(P4VP)2 triblock copolymer via RAFT polymerization 

A reaction scheme to prepare PS-b-(P4MVP)2 via RAFT polymerization as shown in Figure 

2.8. We first synthesized a bi-functional chain transfer agent (Bi-DATC) by coupling DATC to 

ethylene glycol with DCC and DMAP as catalysts. Its structure was confirmed by 1H NMR 

(Figure 2.9). 

 
 

Figure 2.8 A reaction scheme to prepare PS-b-(P4MVP)2 via a RAFT polymerization method 
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Figure 2.9 1H NMR of Bi-functional CTA (Bi-DATC)  

Successful synthesis of well-defined PS blocks by RAFT polymerization was confirmed by 

1H-NMR, GPC and DSC measurements as shown in Figure 2.10. 

 
 

Figure 2.10 Successful synthesis of well-defined PS blocks by RAFT polymerization. (A) An 

example 1H NMR spectrum of PS42 block with the trithiocarbonate moieties on both ends 

confirms clearly its structure. (B) DSC of PS blocks (with the trithiocarbonate moieties on both 

ends) that have four different degree of polymerization (DP) reveals systematically increased Tg 

as block size increased. Note the measured Tg of PS blocks will increase further once their 

trithiocarbonate moieties are cleaved. (C) GPC of the same four PS blocks with 

cleavedtrithiocarbonate moieties reveals their molecular weight Mn/PDIs are: 2,300 Da/1.16; 

3,400 Da/1.17; 3,800 Da/1.16; and 4,200 Da/1.18, respectively. The traces are shifted along y-

axis for clarity. 
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After confirming the successful synthesis of PS blocks, we used the PS blocks as bifunctional 

macro-chain transfer agents to synthesize the tri-block copolymer PS-b-(P4VP)2. The successful 

synthesis of the tri-block copolymer PS-b-(P4VP)2 was confirmed by 1H-NMR, GPC and DSC 

measurements as shown in Figure 2.11.  

 

Figure 2.11 Well-defined PS-b-(P4MVP)2 prepared via RAFT polymerization. (A)1H NMR of 

PS42-b-(P4MVP29)2 confirms successful synthesis. (B) DSC of PS26 (black,Tg=71.3⁰C) and PS42 

blocks(red, Tg=79.6⁰C). (C) GPC of PS42block (black,Mn/PDI: 4,200 Da/1.18; shifted upward for 

clarity) and PS42-b-(P4VP29)2triblock copolymer (red, Mn/PDI: 10,500 Da/1.10) 

2.3.3 Synthesis of PS-b-(P4VP)2 triblock copolymer via ATRP  

 

Figure 2.12 A reaction scheme to prepare PS-b-(P4MVP)2 via an ATRP method 
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To address the potential instability of ester bonds introduced by bi-DATC, we also prepared 

PS-b-(P4MVP)2 via ATRP (Figure 2.12). The successful synthesis of the tri-block copolymer 

PS-b-(P4VP)2 was confirmed by 1H NMR, GPC and DSC measurements. As shown in Figure 

2.13, the degree of polymerization determined by different methods agreed with each other.  

 

Figure 2.13 Successful synthesis of well-defined PS-b-(P4MVP)2 triblock copolymer via ATRP. 

(A) An example 1H NMR spectrum of PS26-b-(P4MVP21)2 clearly confirms its structure. (B) 

GPC of the PS26 block (Mn/PDI: 2,600 Da/1.17) and PS26-b-(P4VP21)2 triblock copolymer 

(Mn/PDI: 7,300 Da/1.22) 

2.3.4 Synthesis and characterization of  PS-based asymmetric triblock copolymers 

PS-based ABC triblock polymers were also synthesized to study the effect of structures on 

their self-assembly. Polyethylene glycol (PEG), a neutral, biocompatible hydrophilic polymer, 

was used as one of the hydrophilic vesicle corona. P4MVP was employed as the other the 

hydrophilic vesicle corona. Figure 2.14 shows our experimental design to prepare PEG-b-PS-

P4MVP triblock copolymer via a RAFT approach.  

 Monomethoxy PEGs with the DP of 12 were coupled with DATC through an esterification 

reaction catalyzed by DPTS and DCC to serve as macro CTA. Quantification of chain end 

functionalization was accomplished by 1H NMR. By comparing the integration of the unique 
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signals for the -CH2-S group at 3.23 ppm and -CH2-O-C=O group at 4.23ppm with that of the 

resonances for the PEG chain at 3.34 ppm, we concluded that 100% of PEG chains was 

terminated with CTA group (Figure 2.15A).The fidelity of the growth process was confirmed by 

GPC, which shows the controlled increase in molecular weight on chain extension from the 

PEO12, to PEO12-PS diblock (Figure 2.15B, black trace), finally to the PEG12-b-PS32-b-P4MVP29 

triblock (Figure 2.15B, red trace). The molecular weights of each block were determined by 1H 

NMR based on the known molecular weight of 550 Da for the starting PEG block (Figure 

2.15C), which were consistent with GPC and conversion data. The self-assembly of PEG12-b-

PS32-b-P4MVP29 in aqueous water was also investigated. The zeta potential of PEG12-b-PS32-b-

P4MVP29 polymersome (Figure 2.15D, red trace) is similar with that of  PS30-b-(P4MVP29)2 

polymersome (Figure 2.15D, black trace), suggesting that PEG12 block having a smaller 

hydrodynamic size aligns inwards and P4MVP29 block having a larger size aligns outwards.   

 

Figure 2.14 A reaction scheme to prepare PEG-b-PS-b-P4MVP via a RAFT method 
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Figure 2.15 Successful synthesis of well-defined PEG12-b-PS32-b-P4MVP29 triblock copolymer 

via a RAFT method. (A) 1H NMR spectrum of PEG12-DATC. (B) GPC of PEG12-b-PS32 (black 

trace, Mn/PDI: 4,000 Da/1.17) and PEG12-b-PS32-b-P4MVP29 (red trace, Mn/PDI: 7,140 Da/1.15) 

respectively. (C) 1H NMR spectrum of PEG12-b-PS32-b-P4MVP29. (D) Zeta potential of PEG12-b-

PS32-b-P4MVP29 (red trace) and PS30-b-(P4MVP29)2(black trace) polymersome respectively  

A monomethoxy PEG with the DP of 112 was also chosen to react with DATC. Due to steric 

effect, longer reaction time and more excess DATC were required to achieve high 

functionalization. The incorporation and quantification of the CTA at the termini of the PEO112 

chains was confirmed by 1H NMR. The new CH2- protons at 4.23 ppm appear due to the 

formation of ester bond (Figure 2.16A). If CH3- protons at the PEG chain end at 3.34ppm were 

utilized as a reference (Labeled f in Figure 2.16A), 100% of PEG chains was successfully 

(A) 

(C) (D) 

(B) 
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functionalized. If the CH2-group at 3.63 ppm in the PEG main chain was employed as a 

reference (Labeled b in Figure 2.16 A), 83.7% of PEG chain was successfully functionalized. 

This discrepancy can be attributed large integration ratio between CH2- protons at 3.63ppm and 

new CH2- protons at 4.23 ppm, resulting in the instrument error. Note, the CH2-S- group signal at 

3.23ppm was overlapped with the peak from byproduct, 1, 3-dicyclohexylurea which was hardly 

removed by precipitation. The signal at 2.09 ppm was also from 1, 3-dicyclohexylurea.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.16 Successful synthesis of well-defined PEG112-b-PS26-b-P4VP14 triblock copolymer 

via RAFT. (A) 1H NMR spectrum of PEG112-DATC. (B) GPC traces of PEG112-b-PS26 (black 

trace, Mn/PDI: 8,300 Da/1.07) and PEG112-b-PS32-b-P4MVP14 (red trace, PDI, 1.07) respectively. 

(C) 1H-NMR spectrum of PEG112-b-PS26-b-P4VP14 triblock copolymer. 

(A) 

(C) 

(B) 
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The reactivity of PEG112-DTAC was observed low due to the higher DP compared with 

PEG12-DTAC. The styrene is also one of monomer with low polymerization rate. Consequently, 

the higher [CTA]/[Initiator] ratio (4/1) was employed to support sufficient polymerization rate. 

The fidelity of the polymerization process was confirmed by GPC, which shows the controlled 

increase in molecular weight on chain extension from the PEO112-PS26 diblock, to the PEG112-b-

PS26-b-P4MVP14 triblock (Figure 2.16B). The monodistribution of PEO112-PS26 diblock without 

purification with a PDI of 1.07 further verified 100% functionalization of the monomethoxy 

PEG. The molecular weights of each block were determined by1H NMR based on the known 

molecular weight of 5,000 Da for the starting PEO112 block (Figure 2.8C), which were consistent 

with GPC and conversion data. The PEG112-b-PS26-b-P4MVP14 shows small tailor, which may 

be ascribed to the termination during the polymerization or recent GPC instrument errors. 

2.3.5 Synthesis and characterization of  PS-b-(PDMAEA)2 triblock copolymer 

 We are also interested in examining how polymersome would support protein reconstitution 

and function differently when their surface charge is reversed. Poly (2-dimethylaminoethyl 

acrylate) (PDMAEA) is cationically charged at neutral or acidic medium due to protonation of 

the tertiary amine group (pKa=7.6-8.2).14,15 When kept in solutions, PDMAEA will undergo 

auto-degradation from its cationic state to an anionic polymer over a few days.
16 Interestingly, 

unlike PDMAEA, the quaternary ammonium polymer (PTMAEA) is stable in aqueous 

solution.17,18 To address the potential the cleavage of other functional groups during hydrolysis 

of PDMAEA, we chose the ATRP method to synthesize PS-b-(PDMAEA)2, as shown in  Figure 

2.17. CuCl/Me6TREN was selected to slow down the rate of propagation with respect to 

initiation and increased stability of the dormant species towards nucleophilic substitution, which 
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prevented competitive complexation of the monomer or polymer.19 The secondary initiator was 

chosen to slow down the rate of initiation.  

 

Figure 2.17 A reaction scheme to prepare PS-b-(PDMAEA)2 via a ATRP method 

Successful synthesis of well-defined PS-b-(PDMAEA)2 triblock copolymer was verified by 

GPC and 1H NMR measurements. Although DMAEA has been a challenging monomer 

candidate for ATRP because of side reactions of chain-end carbon-halide group with the tertiary 

amine group in the monomer and a coordinated reaction of ligand with tertiary amine group, PDI 

values of PS37-b-(PDMAEA)2 remain low (<1.20) throughout our polymerization (Figure 

2.18A), which is significantly improved compared with previous report.20 The improvement may 

because that we did halogen change during polymerization of PS blocks. The new peaks at 4.2, 

2.54, and 2.29 ppm further verified the incorporation of the DMAEA block in the block 

copolymers (Figure 2.18B). The DP of PDMAEA block were determined by 1HNMR based on 
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the known DP of 37 for the starting PS block, which are in good agreement with GPC and 

conversion data.  

 

 

 

 

 

 

 

Figure 2.18 Successful synthesis of well-defined PS-b-(PDMAEA)2 triblock copolymer via a 

ATRP method.(A) GPC of the PS37 block (Mn/PDI: 3800 Da/1.12) and PS37-b-(PDMAEA28)2 

triblock copolymer (Mn/PDI: 7,300 Da/1.14), PS37-b-(PDMAEA103)2 triblock copolymer (PDI 

=1.20). (B) 1H NMR spectrum of PS37-b-(PDMAEA28)2 triblock copolymer. 

In order to assess how PDMAEA block and PTMAEA affect the self-assembly of the 

amphiphilic block copolymer, we designed a partially quaternized amphiphilic block 

copolymers, PS37-b-(PDMAEAn-co-PTMAEA (28-n))2. For 100% quaternization polymer, the 

proton peak of dimethyl groups attached to the tertiary amine at 2.2 ppm disappeared, while the 

methyl protons peak of the quaternary ammonium group at 3.1 ppm appeared (Figure 2.19D). In 

addition, the peak of –C(=O)-OCH2 shifts to 4.47 ppm from 4.2 ppm. The quaternization degrees 

were calculated according to I4.47/(I4.47+I 4.2) equation. I4.47 and I4.2 were defined as integrals of 

peaks at 4.47 ppm and 4.2 ppm respectively. In Figure 2.19, PS37-b-(PDMAEA28)2 polymers 

with quaternization degrees of 19.8%, 46.8%, 70.7 %, and 100% were successfully synthesized.  

The hydrolysis kinetics of the PS37-b-(PDMAEAn-co-PTMAEA (28-n))2 block copolymers were 

studied by zeta potential (ζ-potential) measurements. The ζ-potential of PS37-b-(PTMAEA28)2 

maintained almost the same after 140hrs (Figure 2.20A, pink trace). The ζ-potential of PS37-b-

(A) (B) 
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(PDMAEA8-co-PTMAEA20)2 (Figure 2.20A, red trace) and PS37-b-(PDMAEA14-co-

PTMAEA14)2 (Figure 2.20A ,blue trace) decreased fast within 90hrs and still kept positively after 

120hrs, suggesting that not all of PDMEAEA blocks degraded in 120hrs The ζ-potential of PS37-

b-(PDMAEA22-co-PTMAEA6)2 continuously reduced and switched to negative after ~140hrs 

(black trace). In Figure 2.20B, the hydrolysis rate of PS37-b-(PDMAEA22-co-PTMAEA6)2 (black 

trace) is faster than the mixture of PS37-b-(PDMAEA28)2/PS37-(PTMAEA28)2 (molar ratio=1/4) 

(red trace). In addition, the precipitation was observed for this mixture, suggesting that it is not a 

good candidate for charge switchable polymersome.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.19 1H NMR spectra of PS37-b-(PDMAEA28)2 with a quaternization degree of (A) 19.8%, 

(B) 46.8%, (C) 70.7 %, and (D) 100% respectively.  

(C) 

(A) (B) 

(D) 
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 Figure 2.20 (A) The zeta potential of PS37-b-(PDMAEAn-co-PTMAEA(28-n)): PS37-b-

(PDMAEA22-co-PTMAEA6)2 (black trace), PS37-b-(PDMAEA14-co-PTMAEA14)2  (red trace), 

PS37-b-(PDMAEA8-co-PTMAEA20)2 (blue trace), PS37-b-(PTMAEA28)2  (pink trace) as a 

function of time in DI water at r.m temperature. (B)With comparison of the hydrolysis rate of 

PS37-b-(PDMAEA22-co-PTMAEA6)2 (black trace) and the mixture of PS37-b-(PDMAEA28)2/ 

PS37-(PTMAEA28)2(molar ratio =1/4) (red trace).  

2.4 Synthesis of PMA-based amphiphilic triblock copolymer via RAFT polymerization  

The synthesis of PMA-based symmetric, ABA-type triblock copolymers, and PMA-based 

asymmetric, ABC tri-block copolymers with well-defined architecture via controlled/living free 

radical polymerization will be discussed in this section.  

2.4.1 Experiment  

Synthesis of PMA-b-(P4VP)2 triblock copolymer via RAFT polymerization. PMA was first 

synthesized using Bi-DATC as the chain transfer agent. In a typical run, a mixture of methyl 

acrylate (MA) (0.6g, 7.0 mmol), Bi-DATC (94mg, 0.124 mmol), AIBN (2.6mg, 0.016 mmol) 

and THF (0.628mg) was placed in a 10 mL Schlenk flask. After freeze-evacuate-thaw cycling 

three times, the flask was sealed under vacuum, and immersed in an oil bath at 60°C and stirred 

for prescribed reaction times. The PMA blocks were precipitated in 10-fold petroleum ether and 

collected by centrifugation and dried in a vacuum oven at 40°C. After confirming the successful 

synthesis of PMA blocks, we used the PMA blocks as macro-chain transfer agents to synthesize 

(A) (B) 
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the tri-block copolymer PMA-b-(P4VP)2. In a typical run, a mixture of 4-VP (0.536g, 5.09 

mmol), PMA (0.173g, 0.0509 mmol), AIBN (1.05mg, 0.0063 mmol) and DMF (1.78g) was 

placed in a 10 mL Schlenk flask. After three freeze-evacuate-thaw cycles, the flask was sealed 

under vacuum, and immersed in an oil bath at 60°C and stirred for prescribed reaction times. The 

reaction mixture was dissolved with THF and then precipitated in 10-fold diethyl ether.  

Synthesis of PEG12-b-PMA-b-P4VP triblock copolymer via RAFT polymerization. In a 

typical run, a mixture of MA (5.1mmol, 0.5g), PEG12-DATC (0.104g, 0.12mmol), AIBN 

(1.97mg, 0.012 mmol) and benzene (0.7ml) was placed in a 10 mL Schlenk flask. After three 

freeze-evacuate-thaw cycles, the flask was sealed under vacuum, and immersed in an oil bath at 

60°C and stirred for prescribed reaction times. After the heating was stopped, the reaction 

mixture was diluted with benzene and then precipitated in 10-fold petroleum ether. The polymer 

was collected by centrifugation and dried in a vacuum oven at 40°C. After confirming the 

successful synthesis of the di-block copolymer, PEG12-b-PMA25-DATC was utilized for tri-block 

polymer preparation. In a typical run, a mixture of 4-VP (6.37 mmol, 0.67g), PEG12-b-PMA25-

DATC (0.29g, 0.095mmol), AIBN (1.4mg, 0.0085 mmol) and DMF (1.7g) was placed in a 10 

mL Schlenk flask. After three freeze-evacuate-thaw cycles, the flask was sealed under vacuum, 

and immersed in an oil bath at 60°C and stirred for prescribed reaction times. The reaction 

mixture was diluted with DMF and then precipitated in 10-fold diethyl ether. 

Synthesis of PEG112-b-PMA-b-P4VP triblock copolymer via RAFT polymerization. In a 

typical run, a mixture of MA (5.1mmol, 0.4386g), PEG112-DATC (0.5168g, 0.1 mmol), AIBN 

(1.64mg, 0.01 mmol) and DMF (3.8g) was placed in a 10 mL Schlenk flask. After three freeze-

evacuate-thaw cycles, the flask was sealed under vacuum, and immersed in an oil bath at 60°C 

and stirred for prescribed reaction times. After the heating was stopped, the reaction mixture was 
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diluted with DMF and then precipitated in 10-fold diethyl ether. The polymer was collected by 

centrifugation and dried in a vacuum oven at 40°C. After confirming the successful synthesis of 

the di-block copolymer, PEG12-b-PS32-DATC was utilized for tri-block polymer preparation. In a 

typical run, a mixture of 4-VP (4.42 mmol, 0.465g), PEG112-b-PS34-DATC (0.42g, 0.048mmol), 

AIBN (0.79mg, 0.0048 mmol) and DMF (1.96g) was placed in a 10 mL Schlenk flask. After 

three freeze-evacuate-thaw cycles, the flask was sealed under vacuum, and immersed in an oil 

bath at 60°C and stirred for prescribed reaction times. The reaction mixture was diluted with 

DMF and then precipitated in 10-fold diethyl ether. 

 Removal of thiocarbonylthio group and quaternization of triblock polymers. The procedure is 

the same as that of PS-b-(P4VP)2 samples.  

2.4.2 Synthesis of PMA-b-(P4MVP)2  triblock copolymer via  RAFT polymerization  

 

Figure 2.21 A reaction scheme to prepare PMA-b-(P4MVP)2 via  RAFT polymerization  
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A reaction scheme to prepare PMA-b-(P4MVP)2 triblock copolymer via RAFT 

polymerization is shown in Figure 2.21. In the case of polymerization of acrylate monomers, 

chain branching events contributes to the broadening of the molecular weight distribution. 

Initially, a ratio of [AIBN]: [Bi-DATC] (0.2:1) was used. However, a small shoulder occurs at 

high molecular weights (data not shown). A well-controlled RAFT polymerization was realized 

by using a lower ratio of [AIBN]: [Bi-DATC] (0.125:1), as verified by 1H NMR, GPC and DSC 

measurements. 

Figure 2.22A shows an example 1H NMR spectrum of PMA30 block with the trithiocarbonate 

moieties on both ends, confirming its structure. As shown in Figure 2.22B, the glass transition 

temperature (Tg) of PMA blocks with the trithiocarbonate moieties on both ends reveals 

systematically increased Tg as DP increased from 24 to 39. GPC shows that the PMA blocks 

have narrow PDIs. The Mns determined by 1H-NMR, GPC, DSC and conversion are in good 

agreement with each other.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.22 Successful synthesis of well-defined PMA blocks via RAFT polymerization. (A) An 

example 1H NMR spectrum of PMA30 block with the trithiocarbonate moieties. (B) DSC of 

PMA blocks (with the trithiocarbonate moieties on both ends that have three different degree of 

polymerization (DP=24, 30, 39 respectively). (C) GPC of the same three PMA blocks with 

cleaved trithiocarbonate moieties reveals their molecular weight Mn/PDIs are: 2,100 Da/1.15; 

2,600 Da/1.17; and 3,400 Da/1.19, respectively. The traces are shifted along y-axis for clarity 

(A) 
(B) (C) 
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 The chain branching and termination events led to less well-defined block copolymers in the 

case of the acrylate based macro CTA. Initially, a ratio of [AIBN]:[DATC-PMA-DATC] (0.2:1) 

was preformed to extend the polymerization. However, the occurrence of a shoulder at high 

molecular weights, increasing with conversion, is caused by chain branching during the RAFT 

polymerization (data not shown). A well-controlled polymerization was realized by using a 

lower ratio of [AIBN]:[DATC-PMA-DATC] (0.125:1). The block extension with 4-VP is well 

controlled, as demonstrated by the evolution of unimodal molecular weight distributions and low 

PDI (Figure 2.23B).The molecular weights of P4VP block were determined by 1H NMR based 

on the known DP of 40 for the starting PMA block, which are in good agreement with GPC and 

conversion data( Figure 2.23A). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.23 Successful synthesis of well-defined PMA-b-(P4MVP)2 triblock copolymer via 

RAFT polymerization. (A) 1H NMR spectrum of PMA39-b-(P4MVP29)2. (B) GPC of PMA23-b-

(P4VP23)2 triblock copolymer (Mn/PDI: 6,900Da/1.18) 

2.4.3 Synthesis of PMA-based asymmetric triblock copolymer via a RAFT polymerization  

A reaction scheme to prepare PEG-b-PMA-b-P4MVP triblock copolymer via RAFT 

polymerization is shown in Figure 2.24. 

Block extension of MA experiments werefirst undertaken using PEO12-DATC as macro-

RAFT agents. In order to minimize the chain branching and termination, it is necessary to keep a 

(A) (B) 



43 

 

lower ratio of [AIBN]:[PEO12-DATC] and quench reactions at moderate conversions. The 

fidelity of the growth process was confirmed by GPC, which showed the controlled increase in 

molecular weight on chain extension from the PEO12, to PEO12-PMA diblock, finally to the 

PEG12-b-PS-b-P4MVPtriblock (Figure 2.8B &C). Note, the DP of PEG12 is too small to be 

characterized by GPC. The molecular weights of each block were determined by 1H NMR based 

on the known molecular weight of 550 Da for the starting PEO block (Figure 2.25A), which 

were consistent with GPC and conversion data.  

 

Figure 2.24 Synthesis of PEG-b-PMA-b-P4MVP by RAFT polymerization 

Block extension of MA and 4-VP experiments were also performed using PEO112-DATC as 

macro-RAFT agents. The successful synthesis of PEG112-b-PMA34-b-P4MVP10 was confirmed 

by 1H NMR and GPC. (Figure 2.26 A&B).The molecular weights of each block were determined 

by 1H NMR based on the known molecular weight of 5000 Da for the starting PEG block, which 

were consistent with GPC and conversion data. GPC studies show that both diblock and triblock 
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polymers have low PDIs. A tiny shoulder at high Mn may be due to the chain branching of MA 

monomer.  

The self-assembly of PEGa112-b-PMA34-b-P4MVP29 in DI water was also investigated. As 

shown in Figure 2.26C, the zeta potential of PMA30-b-(P4MVP9)2, is positive, while the zeta 

potential of PEG112-b-PMA34-b-P4MVP10 is centered with zero.  This suggests that PEG112 block 

having a larger hydrodynamic size tends to align outwards and P4MVP10 block having a smaller 

size tends to align inwards. 

 

 

 

 

 

 

 

 

 

Figure 2.25 Successful synthesis of well-defined PEG12-b-PMA25-b-P4VP27 triblock copolymer 

via a RAFT polymerization. (A) 1H NMR spectrum of PEG12-b-PMA25-b-P4VP27. (B) THF GPC 

of the PEG12-b-PMA25 ((Mn/PDI: 3,100 Da/1.02) (C) DMF GPC of the PEG12-b-PMA25-b-

P4VP27 (Mn/PDI: 6,300 Da/1.12)  

2.5 Synthesis and  characterization of PDMS-based triblock copolymer  

The synthesis of PDMS-based symmetric, ABA-type cationic and anionic triblock 

copolymers, with well-defined architecture via controlled/living free radical polymerization will 

be discussed in this section.  

 

(A) (B) 

(C) 
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Figure 2.26 Successful synthesis of well-defined PEG112-b-PMA34-b-P4MVP10 triblock 

copolymer via a RAFT method (A) 1H NMR spectrum of PEG112-b-PMA34-b-P4MVP10 (B) GPC 

of the PEG5k-b-PMA34-b-P4MVP10 triblock polymer (black trace Mn/PDI: 9,500 Da/1.19) and 

PEG5k-b-PMA34 diblock (red trace, Mn/PDI: 8,400 Da/1.15). (C) Zeta potential of PEG112-b-

PMA34-b-P4MVP10 (red trace) and PMA30-b-(P4MVP9)2 (blue trace) polymersome. (D) 

Hydrodynamic size distribution of PEG112-b-PMA34-b-P4MVP10 

2.5.1 Experiment  

Synthesis of bifunctional PDMS macro CTA (DATC-PDMS-DATC). 2.8 g of OH-PDMS-OH 

(2.8g, 0.5mmol) are dissolved in 20mL of toluene.  A anhydrous CH2Cl2  solution  containing 

OH-PDMS-OH (2.8g, 0.5mmol) and dicyclohexylcarbodiimide (DCC) (1.03 g, 5 mmol) was 

added drop-wise to a solution consisting of DATC (1.0g, 2.73mmol) and DPTS (180 g, 0.6 

mmol) and 12.5 mg of DMAP (0.1 mmol ) in CH2Cl2 at room temperature. After 24 h, the crude 

(A) (B) 

(C)  



46 

 

product were filtered and precipitated in methanol three times. The polymer was collected by 

centrifugation and dried in a vacuum oven at 40°C.  

Synthesis of PDMS-b-(P4VP)2 via RAFT polymerization. We used the DATC-PDMS-DATC 

as a bifunctional macro-chain transfer agent to synthesize the tri-block copolymer PDMS-b-

(P4VP)2. In a typical run, a mixture of 4-VP (0.47g, 4.45mmol), DATC-PDMS-DATC (0.28g, 

0.045 mmol), AIBN (1.46mg, 0.0089 mmol) and THF (1.0 mL) was placed in a 10 mL Schlenk 

flask. After three freeze-evacuate-thaw cycles, the flask was sealed under vacuum, and immersed 

in an oil bath at 60°C and stirred for prescribed reaction times. After the heating was stopped, the 

reaction mixture was dissolved with THF and then precipitated in 10-fold diethyl ether. The 

polymer was collected by centrifugation and dried in a vacuum oven at 40°C.  

 Synthesis of bifunctional PDMS marco ATRP initiators (Br-PDMS-Br). Typically, 2-bromo-

propionyl bromide (1.34g 6mmol) and triethyl amine (0.367g, 3mmol) were dissolved in 15ml 

anhydrous dichloromethane. The mixture of difunctional amine-terminated PDMS (11.2g, 

2mmol) and 10ml anhydrous dichloromethane was drop-wise into the solution at 0oC. After 24 h, 

the crude product were filtered and precipitated in methanol six times. The polymer was 

collected by centrifugation and dried in a vacuum oven at 40°C.  

Synthesis of PDMS-b-(P4VP)2 via ATRP polymerizations. The polymerization conditions for 

the synthesis of PDMS-b-(P4VP)2 are as follows: CuCl2: CuCl: Me6TREN: Br-PDMS-Br:4-

VP=1:1:2:1: 200. In detail, the mixture of 4-VP (1.3g, 12mmol), Br-PDMS-Br (0.32g, 

0.062mmol), CuCl (6.2mg, 0.062mmol), CuCl2 (8.3mg, 0.062 mmol), Me6TREN (28.5mg, 

0.124mmol), and THF (4.4 mL) was placed in a 10mL polymerization tube. After freeze-

evacuate-thaw cycling three times, the tube was sealed under vacuum. Then it was immersed in a 

temperature controlled oil bath kept at 50°C and stirred for a prescribed time. After the heating 
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was stopped, the reaction mixture was dissolved with THF and then was passed through a 

column filled with neutral alumina, concentrated on a rotary evaporator, and precipitated in 10-

folden diethyl ether. The polymer was collected by centrifugation and dried in a vacuum oven at 

40°C.  

Synthesis of PDMS-b-(PtBA)2 via a RAFT approach. We used the DATC-PDMS-DATC as a 

bifunctional macro-chain transfer agent to extend the polymerization of butyl acylate (tBA). In a 

typical run, a mixture of t-BA (0.46g, 4.45mmol), DATC-PDMS-DATC (0.28g, 0.045 mmol), 

AIBN (1.46mg, 0.0089 mmol), and THF (1.5 mL) was placed in a 10 mL Schlenk flask. After 

three freeze-evacuate-thaw cycles, the flask was sealed under vacuum, and immersed in an oil 

bath at 60°C and stirred for prescribed reaction times. After the heating was stopped, the reaction 

mixture was dissolved with THF and then precipitated in 10-fold methanol/H2O mixtures (2:1). 

The polymer was collected by centrifugation and dried in a vacuum oven at 40°C.  

Synthesis of PDMS-b-(PtBA)2 via a ATRP approach. The polymerization conditions for the 

synthesis of PDMS-b-(tBA)2 are as follows: PMDETA: CuBr: Br-PDMS-Br: t-BA=1:1:1: 80. In 

detail, the mixture of t-BA (0.68g, 5.31mmol), Br-PDMS-Br (0.35g, 0.066mmol), CuBr (9.5mg, 

0.066mmol), PMDETA (11.4mg, 0.066mmol), and toluene (1.33g) was placed in a 10mL 

polymerization tube. After freeze-evacuate-thaw cycling three times, the tube was sealed under 

vacuum. Then it was immersed in a temperature controlled oil bath kept at 90°C and stirred for a 

prescribed time. After the heating was stopped, the reaction mixture was dissolved with THF and 

then was passed through a column filled with neutral alumina, concentrated on a rotary 

evaporator, and precipitated in10-fold methanol/H2O mixtures (volume ratio 2/1). The polymer 

was collected by centrifugation and dried in a vacuum oven at 40°C.  
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2.5.2 Synthesis and characterization of PDMS-b-(P4MVP)2 via RAFT polymerization  

A reaction scheme to prepare PDMS-b-(P4MVP)2 triblock copolymer via RAFT 

polymerization is shown in Figure 2.27. 

 

Figure 2.27 Synthesis of PDMS-b-(P4MVP)2 by RAFT polymerization  

A bihydroxyl terminated polydimethylsiloxane (PDMS) was functionalized with DATC by a 

esterification reaction. The quantitative conversion of the esterification reaction was confirmed 

by 1H NMR measurements as shown in Figure 2.28A. The new peak appeared at 4.25 ppm 

because of the formation of the ester bond. In addition, The integration of the (-S-CH2) peak at 

3.25 ppm or new peak at 4.25 ppm was the same as that of the peak at 0.5 ppm from bi-hydroxyl 

terminated PDMS, indicating that ~100% of hydroxyl terminated PDMS was functionalized 

which was in good agreement with the analysis by using methyl group adjunct to the silica atom 

(-Si-CH3) as a reference. Then, DATC-PDMS-DATC was used to mediate the polymerization of 

4-VP. Successful synthesis of well-defined PDMS-b-(P4MVP)2 was verified by 1H NMR and 
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GPC as shown in Figure 2.28. PDI of PDMS-b-(P4MVP)2 is lower than PDMS block itself. 

However, with the increase of conversion during block extension of 4-VP, GPC of PDMS76-b-

(P4MVP28)2 shows a small tail, possible due to the occurrence of termination.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.28 Successful synthesis of well-defined PDMS-b-(P4VP)2 by RAFT polymerization. (A) 
1H NMR spectrum of PDMS76 block with the trithiocarbonate moieties on both ends confirms 

clearly its structure. (B) GPC traces of PDMS (black trace), PDMS76-b-(P4VP18)2 (blue trace), 

PDMS76-b-(P4VP28)2 (red trace) reveal their molecular weight Mn/PDIs are: 5800Da/1.45, 9,700 

Da/1.07; 12,000Da/1.15 respectively. (C) 1H NMR spectrum of PDMS76-b-(P4VP18)2 as an 

example (D) 1H NMR spectrum of PDMS76-b-(P4MVP18)2 as an example. 

2.5.3 Synthesis and characterization of PDMS-b-(P4MVP)2 via ATRP 

To address the potential instability of ester bonds, we also prepared PDMS-b-(P4MVP)2 via a 

ATRP approach as shown in Figure 2.29.  

(A) (B) 

(C) (D) 
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Figure 2.29 Synthesis of PDMS-b-(P4MVP)2 via ATRP polymerization 

Amine terminated PDMS at both end reacted with α-bromoisobutyryl bromide to serve as 

bifunctional macro initiators (Br-PDMS-Br). As shown in Figure 2.30A, the new peak appears at 

3.2 ppm due to the formation of the amide group. The integration of the new protons at 3.2 ppm 

is the same as that of the peaks at 0.5 ppm from PDMS, indicating there are two initiators per 

functional PDMS chain. If we used methyl group adjunct to the silica atom   (-Si-CH3) as a 

reference, the same conclusion that 100% of hydroxyl terminated PDMS was functionalized was 

found.  The Br-PDMS-Br was used to initiate the polymerization of 4-VP. Successful synthesis 

of well-defined PDMS-b-(P4MVP)2 was verified by 1H NMR as shown in Figure 2.30B.  

2.5.4 Synthesis and characterization of PDMS-b-(PAA)2 via RAFT polymerization 

A reaction scheme to prepare PDMS-b-poly(acrylic acid)2 (PAA) triblock copolymer via 

RAFT polymerization is shown in Figure 2.31. Poly(tert-butyl acrylate) (PtBA) was synthesized 

as the precursor and subsequently converted to PAA.  
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Figure 2.30 Successful synthesis of PDMS-b-(P4VP)2 via ATRP. (A) 1H NMR spectrum of 

PDMS74 block with the –Br moieties on both ends confirms clearly its structure. (B) 1H NMR 

spectrum of PDMS70-b-(P4MVP33)2. 

 

Figure 2.31 Synthesis of PDMS-b-(PAA)2 via a RAFT polymerization. 

The successful synthesis of well-defined PDMS76-b-(PtBA15)2 was verified by 1H NMR. In 

Figure 2.32A, the peak at 2.2 ppm verified the incorporation of the tert-butyl group in the block 

copolymers. The DPs of PtBA block were determined by 1H NMR based on the known DP of 76 

for the starting PDMS block, which were in good agreement with GPC (Figure 2.32B) and 

(A) (B) 
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conversion data. The hydrolysis of the ester of tert-butyl ester group was carried out under 

anhydrous conditions using a trifluoroacetic acid (TFA) as a catalyst. The tert-butyl ester group 

was found to be more than 90% hydrolyzed based on 1 H-NMR analysis (Figure 2.32B). The 

peak of tert-butyl proton at 1.2 ppm disappeared, and a new peak of carboxylic acid at 12.5 ppm 

appeared. However, this chain breaking of PDMS was also observed as evidenced by the 

significant loss of -Si-CH3 peak at 0.5 ppm.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.32 Successful synthesis of PDMS76-b-(PtBA)2 via RAFT polymerization. (A) 1H NMR 

spectrum of PDMS76-b-(PtBA15)2 as an example. (B) GPC of PDMS (black trace), PDMS76-b-

(PtBA15)2 (red trace) reveals their molecular weight Mn/PDIs are: 5,800 Da/1.45, 10,700 Da/1.17 

respectively. (C) 1H NMR spectrum of hydrolysis product of PDMS76-b-(PtBA15)2. 

(A) (B) 

(C) 
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The first interpretation of these results evokes acidolysis by TFA of all the ester bonds in the 

triblock copolymer; including then chain-backbone ester bond connecting PDMS with PtBA (see 

the last line in Figure 2.31). 

2.5.5  Synthesis and characterization of PDMS-b-(PAA)2 via ATRP  

To address the problem of the cleavage of ester bond by TFA, we tried to introduce the amide 

bond to connect each blocks. It is not easy to synthesize the macro-RAFT agent with an amide 

bond since thio-esters are susceptible to aminolysis even under mild conditions. An ATRP 

approach was adopted as shown in Figure 2.33. ATRP method cannot be used for acrylic acid 

monomers because the acid functionality inherent in the monomer will poison the ATRP 

catalyst.21 Therefore, PtBA was also used as the precursor of PAA.  

 

Figure 2.33 Synthesis of PDMS-b-(P4MVP)2 via an ATRP polymerization 

The successful preparation of PDMS76-b-(PtBA)2 was confirmed by 1H NMR and GPC 

measurements as shown in Figure 2.34. The tentative treatment of the PDMS70-b-(PtBA20)2 

triblock copolymer with a ratio of TFA/tBA (molar ratio 5/1) at anhydrous condition turned out 

to deprotect PtBA and simultaneously remove PDMS. Yet, this amide bond was expected to be 
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stable to TFA; therefore, at that moment we did have a good explanation for the surprising 

quantitative removal of the PDMS block by TFA. Furthermore, and most surprisingly, this chain 

breaking of PDMS was also observed in hydrolysis of homo-PDMS under the same reaction 

condition. Similar phenomena was also observed by a previous report.22 

 Finally, the pyrolysis process at 190–200oC achieved 100% removal of tert-butyl groups, as 

evidenced by the 1H NMR (data not shown). However, the pyrolysis process resulted in the color 

change and the decrease of solubility PDMS-b-(PAA)2 in its good solvent. Further study on the 

transformation from PDMS-b-(PtBA)2 to PDMS-b-(PAA)2 is needed.  

 

 

 

 

 

 

 

Figure 2.34 Successful synthesis of PDMS76-b-(PtBA)2 via ATRP. (A) An example of 1H NMR 

spectrum of PDMS76-b-(PtBA20)2. (B) GPC of PDMS (black trace), PDMS70-b-(PtBA20)2 (red 

trace) reveals their molecular weight Mn/PDIs are: 5400Da/1.41, 11,300 Da/1.16 respectively. 

2.6 Conclusion  

A series of symmetric, ABA-type cationic triblock copolymers (PDMS-based, PBD-based 

PMA-based, and PS-based) with well-defined structures were successfully synthesized by 

controlled/living free radical polymerization. PMA-based and PS-based asymmetric, ABC tri-

block copolymers with well-defined architecture were also successfully prepared by 

controlled/living free radical polymerization. Zeta potential studies showed that the block having 

a larger hydrodynamic size tended to align outwards and the block having a smaller size tended 

(A) (B) 
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to align inwards. PS-b-(PDMAEA)2 with well-controlled structures were successfully 

synthesized via ATRP. Zeta potential studies suggests PS37-b-(PDMAEAn-co-PTMAEA (28-n))2 

series are good candidates for the preparation of polymersomes with switchable surface charge 

states. The precursor of anionic ABA triblock polymer, PDMS-b-(PtBA)2 with well-controlled 

structures were successfully fabricated via ATRP. However, the transformation from PtBA to 

PAA was problematic and needed further study.  
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CHAPTER 3 

 SELF-DIRECTED RECONSTITUTION OF PROTEORHODOPSIN WITH 

AMPHIPHILIC BLOCK COPOLYMERS INDUCES THE FORMATION OF 

HIERARCHICALLY ORDERED PROTEOPOLYMER MEMBRANE ARRAYS1 

3.1 Introduction  

Manipulating recognition and transport at the nanoscale holds great promise for technological 

breakthroughs in energy conversion, catalysis and information-processing. Living systems 

evolve specialized membrane proteins (MPs) embedded in lipid bilayers to exquisitely control 

communications across the insulating membrane boundaries. Harnessing MP functions directly 

in synthetic systems opens up enormous opportunities for nanotechnology, but there exists 

fundamental challenges on how to address the labile nature of lipid bilayers that renders them of 

inadequate value under a broad range of harsh non-biological conditions, and how to reconstitute 

MPs coherently at 2-dimension (2-D) or 3-D into non-lipid-based artificial membranes. Here we 

show amphiphilic block copolymers can be designed to direct proteorhodopsin (PR) 

reconstitution and formation of hierarchically ordered proteopolymer membrane arrays 

spontaneously, even when the membrane-forming polymer blocks are in entangled states. These 

findings unfold a viable approach for the development of robust and chemically versatile 

nanomembranes with MP-regulated recognition and transport performance.  

Engineered materials rivaling MPs’ inherent specificity and efficiency at the nanoscale have 

been enthusiastically pursued with only limited success.1-6 Since most amphiphilic MPs are 

purified by detergents from their native enviroment,2 harnessing MPs’ recognition and transport 

properties directly in synthetic systems3 faces an upmost challenge on how to direct coherent 

                                                 

1Reproduced with permission from D.B. Hua, L.J. Kuang, and H.J. Liang, J. Am. Chem. Soc. 

2011, 133, 2354-2357. Copyright 2011 American Chemical Society. 
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reconstitution of detergent-bound MPs into robust proteomembrane arrays. Conventional 

approaches such as mechanical means or detergent-assisted reconstitution rely on hydrophobic 

and van der Waals interactions to strip one type of amphiphile (e.g. detergent) from MPs while 

encouraging the embedding of another type of amphiphile (e.g. lipid); this often demands 

external help to drive selective detergent removal while enduring slow assembly kinetics (e.g. 

days to weeks), poor control on MP orientation, and easily trapped states of randomized 

proteoliposome-detergent-mixed-assemblies that are of limited practical value.7,8 Besides the 2-D 

MP reconstitution into proteoliposomes with isolated internal volumes as typically seen in 

conventional approaches, planar proteomembrane arrays with externally addressable MP 

extramembrane domains are highly desired for engineering purposes.9 Within that compass, 3-D 

stacked proteomembranes offer additional advantages to harvest MP functions collectively. For 

instance, the stacked electrocytes in electric eels amplify the transmembrane potential of a single 

electrocyte membrane (150mV) to an amazingly high voltage (600V) to stun prey and ward off 

predators.10 Obtaining coherently assembled proteoliposome membranes at 2-D in synthetic 

systems is possible by tethering tagged MPs unidirectionally on supporting substrates before 

reconstitution,11,12 but becomes extremely difficult at 3-D via conventional approaches.7,8 Using 

PR, a light-driven proton pump capable of converting solar energy into chemical energy13,14 as a 

prototype, Liang et al recently identified a charge density matching between one PR 

extramembrane domain and lipid membranes drove coherent PR reconstitution spontaneously, 

and the asymmetrically-charged PR extramembrane domains resting on the opposite surfaces of 

the resultant proteoliposome membranes played a decisive role on directing polarized stacking of 

these membranes at 3-D with a tunable packing density.15,16  
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Despite the progress on proteoliposome assembly, practical applications involving liposomes 

have been continually hindered by their lack of stability.9,17 Little is known on how to design 

synthetic membranes in lieu of the labile lipid bilayers to direct spontaneous MP reconstitution 

and support MP performance with unsurpassed stability. We suggest a good membrane candidate 

needs to have at least the following features: i) amphiphilicity and nanoscale thickness 

commensurate with MPs’ structures; ii) good insulating properties to preclude random transport 

across the membrane; iii) sufficient area elastic modulus to supply appropriate levels of lateral 

pressure needed to keep MPs from denaturation; and iv) sufficiently high bending modulus to 

minimize membrane rupture under environmental disturbance. Polymersome membranes fulfill 

all the requirement put forth,18-20 but rational design of amphiphilic block copolymers to serve as 

structural materials supporting MP functions has not been widely examined. Previous pioneering 

studies21,22 focused exclusively on a neutral tri-block copolymer system with 

poly(dimethylsiloxane) (PDMS) as the hydrophobic membrane-forming block, and either poly(2-

methyloxazoline)) or a slightly modified poly(2-ethyl-2-oxazoline) as the hydrophilic 

membrane-surface block. The resultant proteopolymersomes demonstrated undisturbed MP 

activities with an improved stability, but the reconstitution had to follow conventional 

approaches,7,8,21,22 hence suffered the same limitations. Furthermore, the PDMS chosen as the 

membrane-forming block is one of the most flexible polymers with a glass transition temperature 

(Tg) as low as 150K.23 It is not clear whether conventional approaches could help MP 

reconstitution at all when more robust polymer membranes that strongly resist detergent 

destabilization are used.   

We hypothesize that a generic charge-interaction-directed MP reconstitution paradigm applies 

to amphiphilic block copolymer membranes. It works synergistically with van der Waals forces 
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and hydrophobic interactions at the onset of detergent decortication and MP embedment, and 

directs spontaneous reconstitution of MP even when the charge density of MP mismatches that 

of the polymer membranes. We use PR as a prototypical MP, and express a recombinant PR 

strain (BAC31A08) that has an isoelectric point of 4.5.15,16 A neutral pH (7.4) is chosen to 

examine the directed reconstitution of PR into oppositely charged polymer membranes. At this 

pH both PR extramembrane domains are anionically and asymmetrically charged. The block 

copolymers are prepared via controlled/living polymerization methods to yield nearly 

monodisperse size distributions and uniform membrane structures. We show here that the self-

directed MP reconstitution induces spontaneous formation of hierarchically-ordered 

proteopolymer membrane arrays (Figure 3.1). 

 

Figure 3.1 Self-directed MP reconstitution induces the spontaneous formation of hierarchically 

ordered proteopolymer membrane arrays. PR molecules embedded in each nanometer-thick 

polymer membrane are packed into a 2-D hexagonal lattice, and different proteopolymer layers 

are stacked into a multi-lamellar structure.  

3.2 Experiment and Methods 

Synthesis of P4MVP-b-PBD-b-P4MVP (see 2.2.2.4). 

Preparation of proteorhodopsin (PR) and proteopolymer complexes. PR was expressed in E. 

coli and purified as described previously.16 Proteopolymer complexes were obtained by mixing 

prescribed amount of PR and amphiphilic block copolymers (stoichiometric ratio ~1:10) in ten 
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times (in volume) PBS buffer (0.25x, pH=7.4) with 0.05% DDM (n-Dodecyl-β-D-Maltoside). 

Spontaneous formation of condensed proteopolymer complexes was visually observable.  

Characterization. The chemical structure of synthesized polymers was characterized by 1H 

NMR (Bruker AVANCE-III 300 NMR spectrometer operating at 300.13 MHz for 1H observe, 

with either CDCl3 or DMF-d7 as solvent), and their molecular weight was measured by GPC 

(Viscotek 270max system) with either THF or DMF as the eluent. The GPC is a triple detector 

system comprised of an Eldex column heater model CH-150 (30°C), a Viscotek differential 

viscometer/low angle laser light scattering detector (model 270, λ = 670 nm, 3 mW laser, 

detector angles of 7° and 90°), UV/Vis detector (model 3210, λ = 254 nm, tungsten/deuterium 

lamp), and a refractive index detector model 3580 (10 mV, λ = 660 nm).The instrument was 

calibrated with polystyrene standards.  

For SAXS studies, the proteopolymer complexes were sealed in quartz capillaries (diameter 

~1.5 mm) and measured with both in-house setup and synchrotron at SSRL (Stanford 

Synchrotron Radiation Lightsource). The in-house setup is a Rigaku S-Max 3000 high brilliance 

3 pinhole SAXS system outfitted with a MicroMax-007HFM rotating anode (Cu Kα), confocal 

Max-Flux™ optics and a Gabriel multiwire area detector. For the SSRL experiments, incident 

synchrotron X-rays from a 8-pole Wiggler was monochromatized (=1.3776 Å) and focused 

using a cylindrical mirror, and the scattered radiation was collected using an MAR Research 

CCD camera (pixel size 73.2 µm, 3072×3072 array). The 2D SAXS data from both setups were 

mutually consistent. The SAXS data were fitted by the nonlinear least square method using Igor 

Pro (WaveMetrics). The background was fitted by a power law function, and each scattering 

peak was fitted by a Gauss function. UV-Vis spectra were measured with a HP 8453 photodiode 

array spectrometer, and the data was processed with Chemstation software. DLS of spherical 
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polymersome vesicles was measured by Malvern Zetasizer Nano ZS90, which automatically sets 

to accommodate the requirements of high sensitivity by detecting the scattering information at 

173°, and reports size information with its own software package to fit the Photon Correlation 

Spectroscopy. For TEM studies, the self-assembled block copolymers or proteopolymer samples 

(~5 µl) were put on a 400 mesh ultrathin Type-A grid (Ted Pella) and imaged with a Philips 

CM200 TEM. Unless otherwise specified, an accelerating voltage of 200 kV was used and the 

samples were stained with 1% Uranium Acetate as described previously15 to enhance contrast. 

For confocal microscopy studies, PR and hydrophobic polymer membranes were fluorescently 

labeled with FITC and Rhodamin B (Invitrogen), respectively, following similar procedures 

describing before.15 The measurements were performed with an Olympus FluoView FV10i 

Confocal Microscope.  

3.3 Results and Discussion  

The first block copolymer we examined is poly(4-vinylpyridine)-block-polybutadiene-block-

poly(4-vinylpyridine) (P4VP28-b-PBD22-b-P4VP28) (Figure 3.2). Nuclear magnetic resonance 

(NMR) and gel permeation chromatography (GPC) studies confirm the successful synthesis, and 

show that both the copolymer and individual blocks have polydispersity indices (PDIs) near 

unity (Figure 3.3A, C). To examine its charge-interaction-directed assembly behavior with PR, 

the P4VP blocks were rendered cationically charged to P4MVP (poly(4-vinyl-N-methylpyridine 

iodide) by a quaternization reaction, and ~100% quaternization is shown in the NMR results 

(Figure 3.3B). The amphiphilic block copolymer self assembles readily in aqueous solution into 

spherical particles with a relatively focused size distribution as observed by transmission electron 

microscopy (TEM) and dynamic light scattering (DLS) (Figure 3.3E, D). High resolution TEM 

studies of individual particles stained by OsO4 (which preferentially binds to the unsaturated 
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PBD blocks) reveal their circular-ring membranes, suggesting they are polymersomes (Figure 

3.3E, insert). 
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Figure 3.2 The reaction scheme for the synthesis of amphiphilic tri-block copolymer P4MVP-b-

PBD-b-P4MVP. 

One distinct difference between charged polymersomes and liposomes is that each 

phospholipid molecule often has only one charged head-group, so lipid bilayers have a relatively 

small surface charge density (typically ~1/100Å2).24,25 In contrast to that, each block copolymer 

chain usually has many charged repeating units. For instance, the P4MVP block here has 28 

charged units. Considering a typical interfacial area per polymer chain of ~250Å2,18-20 this 

polymersome membrane has a surface charge density ~10 times higher than that of a charged 

lipid bilayer, and is also an order of magnitude higher than the extramembrane domains of PR at 

neutral pH.15,16 Interestingly, charge-interaction-directed reconstitution still drives the formation 
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of condensed proteopolymer complexes spontaneously (Figure 3.6A, insert). The complexes 

show invariant chromophore absorption, indicative of unaffected PR tertiary structure and 

proton-pumping function (Figure 3.4).22 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.3 Charged amphiphilic tri-block copolymer P4MVP28-b-PBD22-b-P4MVP28 and its self-

assembly. (A) 1H NMR of P4VP28-b-PBD22-b-P4VP28 (300MHz, CDCl3). δ(ppm): 8.15-8.65 and 

7.00-6.25 (pyridine), 5.75- 4.75 (alkene H of PBD), 4.35 (CH2-O at the ends of PBD), 4.10 (CH-

S), 3.70 (CH2-S), and 2.25-0.50 (alkyl H). Trace solvent impurities (3.60-2.80) from THF, 

methanol, and DMF23 are also observed. Based on the size of PBD (1,200 Da, assuming 100% 

1,4-addition), the block copolymer is estimated to be 7,200 Da.  (B) 1H NMR of P4MVP28-b-

PBD22-b-P4MVP28 (300MHz, DMF-d7). Note: ~100% shift of the pyridine peaks in panel a) to 

its quanternized equivalencies accompanied by the appearance of the strong CH3-N peak. (C) 

GPC of nearly monodisperse P4VP block (lower trace: Mn=2,900 Da, PDI=1.08) and P4VP28-b-

PBD22-b-P4VP28 copolymer (upper trace: Mn=6,600 Da, PDI=1.19). (D) DLS and (E) TEM of 

the polymersomes (scale bar: 500nm). Insert: an individual polymersome stained with 4% OsO4 

and imaged at 120kV (scale bar: 100nm).    

(A) (C) (D) 

(B) (E) 
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Figure 3.4 Comparison of the retinal chromophore absorption in PR and proteopolymer 

complexes (pH=7.4). Upper trace: Proteopolymer complexes; Lower trace: PR solution. Both 

traces reveal the same absorption maximum of 530nm (marked by arrow), indicating an invariant 

PR tertiary structure and proton-pumping function after being reconstituted into polymeric thin 

films. The huge background in top trace is contributed by Rayleigh scattering of the particulate 

proteopolymer complexes.  

Confocal microscopy studies of fluorescently labeled PR and polymer membranes show 

nicely the presence of PR (Figure 3.6D), block-copolymer membrane (Figure 3.6E), and their co-

localization (Figure 3.6F) in the proteopolymer complexes. Synchrotron small-angle x-ray 

scattering (SAXS) studies of the complexes reveal two strong harmonics indicative of a multi-

lamellar structure (Figure 3.6A), which is further confirmed by TEM (Figure 3.6B). The first 

harmonic is centered at ~0.103Å-1, indicating a lamellar periodicity of 61Å that is just big 

enough to accommodate the transmembrane dimension of PR after detergent micelle 

decortication (~55Å).15,16 Note the overall size of detergent-solubilized PR with the associated 

detergent micelle is much larger (~16±3nm at pH=7.4).9 Despite a highly mismatched charge 

density, the nanometer-thick polymer membranes directed the spontaneous reconstitution of PR 
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into a simple multi-lamellar structure, which is in sharp contrast to the self-assembly of 

liposomes and uniformly charged biopolymers where a charge density mismatching has been 

shown to drive the transition from a simple multi-lamellar structure24,25 to a ‘missing-layer’ 

lamellar superlattice structure.26 It is also different from the directed-reconstitution of detergent-

solubilized PR with liposomes where a superlattice-like expanded lamellar structure was 

observed when both PR extramembrane domains were anionically and asymmetrically charged 

at neutral pH.15,16 The results here suggest van der Waals attraction between the dangling 

membrane-surface blocks protruding from adjacent proteopolymer layers play an important role 

on their 3-D stacking. Although the P4MVP block has a hydrophobic tail (Figure 3.3A) 

introduced by the controlled/living polymerization process, it is easily removable (Figure 3.2 and 

Figure 2.5B). We did not find any different behavior in the self-directed reconstitution of PR 

incurred by the presence of this hydrophobic tail (Figure 3.5).  

Another distinct difference between polymersomes and liposomes lies in their hydrophobic 

membranes. Amphiphilic block copolymer assumes more complex membrane structures than 

lipid bilayers made up of two small-amphiphile leaflets. It has been shown that the membrane-

forming blocks of amphiphilic block copolymer membranes adopt an unperturbed state.18-20 The 

mean square end-to-end distance of monodisperse PBD under  conditions was determined 

experimentally as <r2>0
1/2=0.892M1/2 (in Å), where M is its molar mass.28 We find the membrane 

thickness of polymersomes with PBD as the membrane-forming block calculated from this 

equation is almost identical as that measured by cryo-TEM,18-20 thus estimate the polymer 

membrane thickness here as 31Å (M=1,200 Da). Considering the proteopolymer membrane 

lamellar periodicity of 61Å, this leaves ~30Å inter-membrane spacing that is sufficient to 

accommodate the extramembrane domains of PR and the P4MVP blocks on membrane surface.  
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Figure 3.5 Charged amphiphilic tri-block copolymer P4MVP28-b-PBD22-b-P4MVP28 (without 

the trithiocarbonate tail on its P4MVP blocks) and its self-assembly with PR. (A) 1H NMR of 

P4VP28-b-PBD22-b-P4VP28 (300MHz, CDCl3). δ(ppm): 8.15-8.65 and 7.00-6.25 (pyridine), 5.75- 

4.75 (alkene H of PBD), 2.25-0.50 (alkyl H), and 3.60-2.80 (trace solvent impurities from THF, 

methanol, and DMF27). Note the missed 4.10 (CH-S), 3.70(CH2-S) peaks caused by the 

trithiocarbonate moiety. Based on the size of PBD (1,200 Da, assuming 100% 1,4-addition), the 

size of the block copolymer is estimated to be 6,900 Da.  (B) 1H NMR of P4MVP28-b-PBD22-b-

P4MVP28 (300MHz, DMF-d7). Note: ~100% shift of the pyridine peaks in panel (A) to its 

quanternized equivalencies accompanied by the appearance of the strong CH3-N peak. (C) 

Synchrotron SAXS of proteopolymer complexes when the trithiocarbonate tail of the block 

copolymer is removed. The scattering data (labeled as ) are fitted to resolve a background 

(dashed line) and the same two sets of structural features: a multi-lamellar proteopolymer 

membranes (dotted peaks marked by black arrows, q001=0.102 Å-1); and a 2-D hexagonal PR 

lattice in individual membrane layers (dotted peaks marked by red arrows at 0.069, 0.117, 0.140, 

0.184, 0.209 and 0.239 Å-1, corresponding to q01, q11, q02, q12, q03 and q22 of the PR lattice, 

respectively). The summation of these contributions (black line) overlaps nicely with the 

scattering data.  

The lamellar harmonics are noticeably asymmetric and the second harmonic (q002=0.201Å-1) 

is deviated from its expected position (~0.206Å-1), indicating the presence of shoulder peaks. 

There are also clearly identifiable correlations centered at 0.070 and 0.142Å-1, respectively 

(A) 

(B) 

(C) 
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(Figure 3.6A). In PR-liposome systems, Liang et al15,16 and Klyszejko et al29 have observed a 

well-ordered 2-D hexagonal PR lattice when different liposomes were used, and its first 

scattering peak (q01=0.071Å-1)15,16 appeared at nearly the same position as the first correlation 

peak observed here.  Using a 2-D hexagonal PR lattice model for each proteopolymer membrane 

layer, we fit the SAXS data and show a series of 2-D PR correlations (peaks marked by red 

arrows) superimposed on the 3-D stacked proteopolymer membrane harmonics (peaks marked 

by black arrows) (Figure 3.6A). The PR correlation peaks are more diffusive than what were 

observed previously in proteoliposome systems,15,16 which could be explained by the long chain 

nature of block copolymers that responds to in-plane PR packing not as readily as short chain 

lipids. The highly mismatched charge density may also restrict in-plane PR assembly to avoid 

the rearrangement of unbalanced counterions on P4MVP backbones. Nevertheless, these data 

unambiguously demonstrate for the first time that reconstitution of MPs into hierarchically 

ordered proteopolymer membranes occurs spontaneously via a generic charge-interaction-

directed reconstitution paradigm without the need of a charge density matching or poorly-

controllable external means for selective detergent removal.  

Although amphiphilic block polymer membranes have similar oil-water interfacial energy 

() as that of lipid bilayers,18-20 hence similar membrane area elastic moduli (Ka~4)30 

exerting the same levels of lateral pressure to reconstituted MPs, they could have much higher 

bending moduli (Kd) to withstand deformation, which explains their often superior stability.18-20 

In the previous studies of MP reconstitution in polymersomes via conventional approaches,21,22 

the PDMS membrane-forming block was chosen to have a size (~5400 Da) far smaller than the 

onset of its entanglement molecular weight (~9600 Da),31 and the polymersome membranes were 
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actually in a viscous flow stage at room temperature that only offered limited enhancement to 

membrane stability in engineered systems. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.6 Amphiphilic block copolymer P4MVP-b-PBD-b-P4MVP directs spontaneous 

reconstitution of oppositely charged PR into hierarchically ordered proteopolymer membrane 

arrays. (A), Synchrotron SAXS of proteopolymer complexes when PBD block is 1,200 Da. The 

scattering data (labeled as ) are fitted to resolve a background (dashed line) and two sets of 

structural features: a multi-lamellar proteopolymer membranes (dotted peaks marked by black 

arrows, q001=0.102Å-1); and a 2-D hexagonal PR lattice in individual membrane layers (dotted 

peaks marked by red arrows at 0.069, 0.117, 0.141, 0.185, 0.207 and 0.238Å-1, corresponding to 

q01, q11, q02, q12, q03 and q22 of the PR lattice, respectively). The summation of these contributions 

(black line) overlaps nicely with the scattering data. Insert: Picture of PR solution (left) and 

spontaneously condensed proteopolymer complexes (right) in PBS buffer at pH=7.4. (B), (C), 

TEM of the multi-lamellar proteopolymer complexes when PBD block is 1,200 and 5,000 Da, 

respectively. Scale bar: 100nm. (D), (E), (F), Confocal microscopy pictures of PR (D, labeled 

with FITC), block-copolymer membranes (E, labeled with Rhodamin B) and their coexistence (F) 

in the proteopolymer complexes when PBD block is 1,200 Da. Scale bar: 100µm. 

Although PBD has a Tg (218K23) much higher than that of PDMS, the size of PBD used here 

is still below its entanglement molecular weight (~1500 Da).31 A larger membrane-forming 

(A) (B) 

(C) 
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block not only increases membrane thickness to yield a higher bending modulus (Kd  dα, where 

d is the membrane thickness, α is a scaling factor),32 but also drives the transition of polymer 

chain motion from Rouse dynamics to an entanglement release regime31 that further reinforces 

membrane integrity from environmental disturbance. It is not clear how close the membrane 

thickness has to be commensurate to the hydrophobic domains of MPs, but mean-field analysis 

suggested that MPs can be reconstituted into amphiphilic membranes with considerable 

thickness mismatching.33,34 To examine whether this charge-interaction-directed MP 

reconstitution paradigm works for more robust polymer membranes with entangled membrane-

forming blocks, we prepared another tri-block copolymer P4MVP18-b-PBD93-b-P4MVP18 with a 

PBD block size of 5,000 Da. NMR and GPC studies confirm the successful synthesis, and both 

the copolymer and individual blocks have PDIs near unity (Figure 3.7). At neutral pH, 

spontaneous reconstitution of PR into the oppositely charged block copolymer membranes still 

occurs and condensed proteopolymer complexes form. TEM studies of the complexes reveal a 

multi-lamellar structure (d~61Å, Figure 3.6C) in agreement with synchrotron SAXS studies 

(q001=0.102Å-1, Figure 3.7). Interestingly, although the PBD membrane thickness is expanded by 

32Å via increasing its size from 1,200 Da to 5,000 Da,28 the lamellar periodicity stays the same 

with respect to the transmembrane dimension of PR, and the in-plane hexagonal PR lattice is still 

resolvable (Figure 3.7). This result not only affirms PR reconstitution within block copolymer 

membranes, but also confirms the simulations33,34 that unlike lipid bilayers, polymeric 

membranes are highly compressible to accommodate MP reconstitution even when their 

hydrophobic domain sizes are not physically matched with each other initially. It also 

demonstrates that charge-interaction-directed reconstitution of MPs into polymeric membranes 
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occurs readily even when the membranes are in entangled states with significantly restricted 

chain motion and remarkably enhanced bending moduli. 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.7 Polymersome membranes of charged amphiphilic block copolymer P4MVP18-b-

PBD93-b-P4MVP18 direct spontaneous PR reconstitution even when the PBD blocks are in 

entangled states. (A) 1H NMR of P4MVP18-b-PBD93-b-P4MVP18 (300MHz, DMF-d7). All 

proton groups are identified and indicated. δ(ppm): 9.50-7.75 (quanternized pyridine), 5.75- 4.75 

(alkene H of PBD), 4.75-4.25 (CH3-N), 4.10-3.25 (CH-S, CH2-S, and H2O), and 2.50-0.50 (alkyl 

protons). Based on the size of PBD (5,000 Da, assuming 100% 1,4-addition), the size of the 

block copolymer is estimated to be 8,900 Da. (B) GPC of nearly monodisperse P4VP block 

(lower trace: 1,900nM  Dalton, PDI=1.04) and P4VP-b-PBD-b-P4VP tri-block copolymer 

(upper trace: 8,900nM  Dalton, PDI=1.06) before quanternization. (C) Synchrotron SAXS of 

the proteopolymer complexes. Although the PR correlations are not as prominent as that in the 

proteopolymer complexes when PBD is 1,200 Da, the scattering data (labeled as ) can be still 

fitted to resolve a background (dashed line) and the same two sets of structural features: a multi-

lamellar proteopolymer membranes (dotted peaks marked by black arrows, q001=0.102 Å-1); and 

a 2-D hexagonal PR lattice in individual membrane layers (dotted peaks marked by red arrows at 

0.068, 0.117, 0.140, 0.184, 0.207 and 0.236 Å-1, corresponding to q01, q11, q02, q12, q03 and q22 of 

the PR lattice, respectively). The summation of these contributions (black line) overlaps nicely 

with the scattering data.  

(A) 

(B) 

(C) 
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3.4 Conclusion  

In summary, we investigated how to rationally design amphiphilic block copolymers to direct 

spontaneous MP reconstitution and formation of robust nanometer-thick proteopolymer 

membrane arrays. These membranes may serve as structural materials to support MP-regulated 

recognition and transport performance in lieu of lipid bilayers known for their poor stability in 

synthetic systems. We identified a generic charge-interaction-directed MP reconstitution 

paradigm that guides MP reconstitution into polymeric membranes spontaneously. Significantly, 

the self-directed reconstitution was accomplished without the need of time-consuming and 

poorly-controllable external means for selective detergent removal as conventionally 

needed.7,8,21,22 It proceeded even when the membrane-forming polymer blocks are in entangled 

states with excellent stability resisting membrane disintegration. We also demonstrated for the 

first time that 3-D hierarchically ordered proteopolymer membrane arrays can be obtained 

spontaneously, where the MPs crystallized in individual polymeric membrane layers. Combined 

with methods to tether MPs unidirectionally on 2-D substrates,11,12 these findings open the 

possibilities for future development of abiotic-biotic hybrid nanomembranes in robust and 

chemically versatile polymeric thin film formats at both 2-D and 3-D, which may be used to 

harvest the unique functions of MPs in synthetic systems with unsurpassed stabilities.  
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CHAPTER 4 

 “FROZEN” BLOCK COPOLYMER NANOMEMBRANES WITH LIGHT-DRIVEN 

PROTON PUMPING PERFORMANCE2 

4.1 Introduction  

Integral membrane proteins (MPs), which are characterized by a hydrophobic membrane-

spanning domain and hydrophilic extra-membrane regions, mediate diverse recognition and 

transport functions across the membrane boundaries.1 Adapting artificial systems to support MP 

functions may help understand, predict, and ultimately control matter and energy at the 

nanoscale; this is particularly enticing in the post-genomic era as recombinant or cell-free 

expression of these MPs in sizable quantities became feasible.2,3 Since Mueller’s pioneering 

work on reconstituting a cell membrane structure,4 great progress has been made on MP 

reconstitution into different forms of lipid bilayers5-8 and fluidic polymersome membranes.9-13 

However, the labile nature of these membranes limits their use under a broad range of engineered 

conditions. Strengthening methods such as crosslinking,14 chemical bonding with a supporting 

substrate,15 and encapsulation16,17 have been used to improve the stability of membranes, but it is 

desirable to develop synthetic nanomembranes that are sufficiently strong by themselves to 

support MPs without compromising the protein’s structural integrity and functions. 

Fluidity is often regarded essential for biomembranes,18,19 but stability is highly valued in 

engineered systems.16 Recent studies revealed that native MP-supporting biomembranes are 

actually more mosaic than fluid,20,21 a condition that is hard to reproduce in artificial systems 

when lipids are used alone. How to design MP-supporting membranes that balance a dichotomy 

                                                 

2 Reproduced with permission from L.J. Kuang, D.A. Fernandes, M. O’Halloran, W. Zheng, Y.J. 

Jiang, V. Ladizhansky, L.S. Brown, and H.J. Liang, ACS Nano, 2014, 8(1), 537-545. Copyright 

2014 American Chemical Society. 
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between fluidity and stability is a critical but not well understood issue. The reductionist view of 

biology assumes MPs and biomembranes must have co-evolved, such that lipids become 

indispensable components. The important roles of specific endogenous lipids on MP functions 

have been demonstrated in many studies,22-25 while there are also compelling evidences 

suggesting MP-lipid partnership is not exclusive, and the role of lipids may be related to their 

contribution to the bulk physical properties of MP-supporting membranes, such as curvature, 

lateral pressure profile, thickness etc.26-30 These seemingly contradictory recognitions may be 

reconciled by the observation of tightly bound lipids on MPs, distinct from “solvent” lipids that 

are further apart.31-34 Unlike “solvent” lipids that collectively define bulk membrane properties, 

MP-bound lipids may supplement specific interactions critical for MP’s structural integrity and 

functions. By choosing detergents that don’t disrupt this specific pairing, it is possible to stably 

extract many MPs from their native environment,35 therefore creating a family of biologically-

derived nanomaterials (i.e., MPs) to be explored in synthetic systems. Pioneering studies by 

Meier et al9 and others10-13 have shown that detergent-solubilized MPs can be functionally 

reconstituted into fluidic polymersome membranes, primarily polydimethylsiloxane (PDMS)-

based membranes with a PDMS block size far smaller than its entanglement molecular weight. 

What remains poorly understood though is how to direct spontaneous reconstitution of MPs into 

robust synthetic nanomembranes, and how to tune MP functions through rational design of these 

membranes. 

The limited choice of MP-supporting membranes may reflect the working mechanism of 

conventional MP reconstitution methods: they rely critically on detergent solubilization or 

mechanical agitation to destabilize membranes followed by delicate and time-consuming 

external means to remove detergent; this eventually results in a transition from MP-detergent-
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lipid co-assembled states to proteomembranes.36-40 Using proteorhodopsin (PR), a light-driven 

proton pump with a common seven transmembrane (7TM) architecture of G protein-coupled 

receptors (GPCRs) as an example,41,42 we revealed a charge-interaction-directed reconstitution 

(CIDR) mechanism that induces formation of 2-D or 3-D polarized proteolipid membrane arrays 

spontaneously without detergent removal.43,44 We further showed that CIDR can be applied to 

induce spontaneous reconstitution of PR45 and bacterial photosynthetic reaction center (a MP that 

has 3 subunits and is ~4x larger than PR)46 into polybutadiene (PBD)–based block copolymer 

membranes even when PBD is in an entangled state with greatly enhanced stability. Here, we 

report that spontaneous reconstitution of PR into “frozen” polymersome membranes – which 

have unsurpassed stability as MP-supporting matrices – is achieved via the CIDR mechanism. 

The broad utility of CIDR enables systematic study of matrix-dependent MP functions in a wide 

range of synthetic nanomembranes; this aspect has not been examined with conventional MP 

reconstitution methods. We show here that the PR-supporting polymersome membranes act as 

allosteric regulators: increasing membrane thickness and rigidity gives rise to increasingly 

restricted light–induced conformational dynamics of PR. Counter intuitively, the kinetics of PR-

mediated proton-pumping across “frozen” polymer membranes is tunable to rival that in lipid 

bilayers, underscoring the possibility to balance local chain-motion freedom and bulk-state 

membrane stability at the nanoscale. 

4.2 Experiment and Methods  

Synthesis and assembly of proteopolymer complexes. We used controlled/living free radical 

polymerization to prepare a series of well-defined amphiphilic tri-block copolymers (SI). The 

polymers were dissolved in dimethylformamide (DMF), and dialyzed against Millipore water 
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using Spectrum MWCO 10-12kDa dialysis tubes to prepare polymersomes at defined 

concentrations (~5-10 mg/ml). 

Natural abundance PR was expressed in E. coli and purified as described previously.43 

Expression and purification of doubly isotopically labeled 13C, 15N-PR for Nuclear Magnetic 

Resonance (NMR) spectroscopy (the wild-type-like mutant C107S/C156S was used, the DNA 

kindly provided by A.R. Choi and K.-H. Jung, Sogang University, Korea) was performed as 

described elsewhere,47 with a single modification. The carbon source was [2-13C] labeled 

glycerol (Cambridge Isotope Laboratories) instead of 13C labeled glucose, to achieve better 

spectral resolution due to sparse labeling.48,49 

Proteopolymer complexes were obtained by mixing prescribed amount of DDM-solubilized 

PR and amphiphilic block copolymer polymersomes (stoichiometric ratio ~1:10) in ten times (in 

volume) PBS buffer (0.25x, pH=7.4) with 0.05% DDM. Formation of condensed proteopolymer 

membrane phase occurred spontaneously without using any external means for detergent 

removal. The settled proteopolymer complexes were easily separated from the rest of the 

supernatant, and re-dispersed in a different buffer if needed, for structural and function assays.  

Proteoliposome membranes were obtained by reconstituting DDM-solubilized PR into a 

binary mixture of DMPC/DMPA (9:1 w/w) liposomes via Bio-Beads-mediated detergent 

removal as described earlier,47 at 2:1 protein/lipid ratio (w/w). 

Polymer and proteopolymer complexes structural characterization. The chemical structure of 

synthesized polymers was characterized using JEOL500 MHz NMR spectrometer with either 

CDCl3, DMF-d7 or dimethyl sulfoxide (DMSO)-d6 as a solvent. Their molecular weight was 

measured by GPC (Viscotek model 270 series platform) with DMF or tetrahydrofuran (THF) as 

the eluent at 55 °C with a flow rate of 1.0 mL/min (columns: ViscoGel I-series G-3000 and G-
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4000 mixed bed columns: molecular weight range 0-20 × 103 and 0-200 × 103 g/mol, 

respectively). The GPC is a triple detector system, a Viscotek differential viscometer/low angle 

laser light scattering detector (model 270, λ = 670 nm, 3 mW laser, detector angles of 7° and 

90°), UV/Vis detector (model 3210, λ = 254 nm, tungsten/deuterium lamp), and a refractive 

index detector model 3580 (10 mV, λ = 660 nm).The instrument was calibrated with polystyrene 

standards.  

Dynamic Light Scattering (DLS) of spherical polymersome vesicles was measured by 

Malvern Zetasizer Nano ZS90, which automatically sets to accommodate the requirements of 

high sensitivity by detecting the scattering information at 173°, and reports size information with 

its own software package to fit the Photon Correlation Spectroscopy data. Zeta potentials are 

measured using Smoluchowski model. 

Glass transition temperature of polymers (Tg) in solid state was examined with TA DSC 

(Q20). Samples (~20 mg) were placed in alumina T-zero pan, cooled to -40°C at a rate of 40°C 

/min, equilibrated at -40 °C and then heated at a rate of 10 °C/min to 150 °C and repeated the 

cycle three times under the protection of N2. 

The Tg of polymersome in aqueous solution was measured by a VP-DSC (MicroCal) system. 

The instrument was equilibrated with a background scan (with water or buffer as that used to 

prepare poymersomes) overnight before measurement. In a typical run, 0.5 ml of polymersome 

solution (~10 mg/ml) was put in a tantalum alloy cell, and scanned between 10⁰C and 95⁰C at 

10⁰C/hour. Water or buffer as that used to prepare polymersomes was used as a reference.  

For synchrotron Small Angle X-ray Scattering (SAXS) studies, the proteopolymer complexes 

were sealed in quartz capillaries (diameter ~1.5 mm, Hilgenberg GmbH, German) and measured 

at SSRL (Stanford Synchrotron Radiation Lightsource). Incident synchrotron X-rays from a 8-
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pole Wiggler was monochromatized (=1.37776 Å) and focused using a cylindrical mirror, and 

the scattered radiation was collected using a Rayonix MX225-HE detector(pixel size 73.2 µm, 

3072×3072 array). A typical radiation time at SSRL is 5 seconds, and each sample was measured 

6 times. No radiation damage was observed for all measurements. The 2D SAXS powder 

patterns were integrated using FIT2D (www.esrf.eu/computing/scientific/FIT2D/), and the 

sample-to-detector distance was calibrated using silver behenate as a standard. The final SAXS 

data of individual samples were averaged over 6 different measurements. 

The SAXS data were fitted by the nonlinear least square method using Igor Pro 6 

(WaveMetrics, Lake Oswego, OR). We used a structural model consisting of multilamellar 

proteopolymer membranes, while testing different forms of 2D PR lattice modelsin individual 

membranes in order to best fit the scattering data. All scattering features were fitted 

simultaneously to optimize peak positions, scattering amplitudes, and full width at half 

maximum (FWHM). The background scattering was fitted with a power law function, and each 

scattering peak was fitted with a Gauss function.  

For Transmission Electron Microscope (TEM) studies, the self-assembled block copolymers 

or proteopolymer samples (~5 µl) were put on a 400 mesh ultrathin Type-A grid (Ted Pella) and 

imaged with a Philips CM200 TEM. An accelerating voltage of 200 kV was used and the 

samples were stained with 1% UranylAcetate (UAc) as described previously44 to enhance 

contrast.  

Raman spectroscopy. FT-Raman spectroscopy was performed using Bruker IFS66vs FTIR 

spectrometer with FRA106s accessory, with excitation at 1024 nm, at 2 cm-1 resolution, using 

highly concentrated suspensions of proteoliposomes or proteopolymers in 10 mM NaCl, 25 mM 

CHES, pH 9, at room temperature. Several thousand spectra were averaged to achieve better 

http://www.esrf.eu/computing/scientific/FIT2D/
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signal-to-noise ratios. While the same doubly isotopically labeled samples as those used for 

ssNMR were employed, it should be noted that the retinal is not 13C-labeled, as it was added 

externally, thus, only 15N isotopic shifts (from lysine Schiff base labeling) can be observed if 

compared with published Raman spectra of native PR. 

Solid-state NMR (ssNMR) spectroscopy. Magic angle spinning ssNMR spectroscopy was 

performed on a 800 MHz Bruker Avance III NMR spectrometer using a triple resonance 

1H/13C/15N E-free magic angle spinning probe, at  a spinning rate of 14.3 kHz, and using 

experimental parameters described earlier.47,50 3-4 mg of PR reconstituted in proteoliposome or 

proteopolymersome complexes was hydrated with a buffer (10 mM NaCl, 25 mM CHES, pH 9), 

packed into 3.2 mm rotor, and kept at 5°C during the experiments (sample temperature). The 

total experiment time of each 2D NCA experiment was 4.4 h. 

Flash-photolysis experiments. For time-resolved laser difference spectroscopy, ~0.3 mg of PR 

reconstituted in proteoliposome or proteopolymersome complexes was suspended in the same 

buffer as used for NMR and Raman measurements. The custom-built flash-photolysis set-up was 

described elsewhere.51 Sample excitation was provided by the second harmonic of an Nd-YAG 

laser (Continuum Minilite II) with 7 ns pulses at 532 nm. Several hundred kinetic traces at 

selected wavelength were averaged using GAGESCOPE, converted into a quasilogarithmic time-

scale, and analyzed by the global exponential fitting using FITEXP.52 Four exponential 

components were used in the fittings, and this method has been confirmed by F-test to be 

statistically valid.53 

Synthesis of amphiphilic triblock copolymer PS-b-(P4MVP)2 via controlled/living 

polymerization. See our previous description in 2.3.2 and 2.3.3.  
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Confirmation of successful synthesis and additional example of proteopolymer complexes 

structural characterization and photocycle kinetics assay. See our previous description in 2.3.2 

and 2.3.3. 

4.3 Results and discussion  

We expressed PR (BAC31A08) in E. coli, extracted and purified the MP with n-dodecyl-β-d-

maltoside (DDM). The isoelectric point of DDM-solubilized PR was determined as 4.5.44 Using 

controlled/living free radical polymerization methods (Chapter 2),54,55 we synthesized a series of 

well-defined and cationically charged amphiphilic block copolymers polystyrene-b-poly(4-vinyl-

N-methylpyridine iodide)2 (PS-b-P4MVP2), which have “frozen” membrane-forming PS block 

of tunable size (Chapter 2). For example, to prepare the block copolymer via reversible 

addition−fragmentation chain-transfer (RAFT) polymerization, we first prepared a bi-functional 

chain transfer agent (bi-DATC) by coupling S-1-dodecyl-S'-(α,α'-dimethyl-α''-acetic acid) 

trithiocarbonate (DATC)56 with ethylene glycol (Figure 2.9). The bi-DATC was then used to 

prepare PS blocks with near unity polydisperse indices (PDIs), as shown by gel permeation 

chromatography (GPC), differential scanning calorimetry (DSC), and 1H nuclear magnetic 

resonance (1H NMR) studies (Figure 2.10). We then used the PS blocks as bi-functional macro 

chain transfer agents to add poly (4-vinylpyridine) (P4VP) blocks on both ends. We finally 

converted the PS-b-P4VP2 block copolymers to their cationic forms by a quaternization reaction 

after cleaving the trithiocarbonate moieties.45 We also prepared PS-b-P4MVP2 via atom transfer 

radical polymerization (ATRP) to address potential instability of ester bonds introduced in RAFT 

polymerization. A combination of characterization methods were used to characterize the 

polymer products at each synthesis step and the results were mutually consistent. We confirmed 

that PS-b-P4MVP2 prepared by both polymerization approaches behaved in the same way: they 
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self-assembled into polymersomes in water, and these polymersomes directed spontaneous and 

functional reconstitution of PR, vide infra. 

 

Figure 4.1 Well-defined amphiphilic tri-block copolymers PS-b-(P4MVP)2 prepared 

viacontrolled/living free radical polymerization methods. (A)GPC of PS26 block (black trace, 

Mn/PDI: 2,600 Da/1.17) and PS26-b-(P4VP21)2 tri-block copolymer (red trace, Mn/PDI: 7,300 

Da/1.22; shifted upward for clarity). (B) GPC of PS42block (black trace, Mn/PDI: 4,200 Da/1.18) 

and PS42-b-(P4VP29)2 triblock copolymer (red trace, Mn/PDI: 10,500 Da/1.10; shifted upward for 

clarity). (C) DSC of PS26 (black trace) and PS42 blocks (red trace) reveals their Tg at 71.3 oC and 

79.6oC, respectively. 

We focus our discussions on two representative block copolymers that have two different 

membrane-forming block sizes, PS26-b-(P4MVP21)2 and PS42-b-(P4MVP29)2. Their well-defined 

structures were confirmed by GPC (Figure 4.1A, B) and 1H NMR studies (Figure 2.13). Both 

membrane-forming PS blocks are in a “frozen” state at room temperature, as expected from their 

glass transition temperature (Tg) at 71.3⁰C and 79.6⁰C, respectively (Figure 4.1C).  

The amphiphilic tri-block copolymers self-assemble in water into polymersomes, most of 

which have diameters of ~80±20 nm, as revealed by transmission electron microscopy (TEM) 

and dynamic light scattering (DLS) (Figure 4.2). It has been shown that the membrane-forming 

blocks in polymersomes assume a theta-state.57,58 We confirmed that the theta-state PS in both 

polymersomes remains “frozen”. For example, Tg of PS26-b-(P4MVP21)2 polymersomes in 

aqueous solution was measured as 66.3⁰C (Figure 4.3C), which matches closely that of the 

membrane-forming PS26 block measured in its solid state (i.e., 71.3⁰C, Figure 4.1C). 

We prepared a series of proteopolymer complexes comprised of PR and well-defined “frozen” 

PS-b-(P4MVP)2 membranes with systematically varied PS block sizes: PS26-b-(P4MVP21)2 
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(Figure 2.13), PS38-b-(P4MVP21)2 (Figure 4.3), and PS42-b-(P4MVP29)2 (Figure 2.11). Their 

spontaneous reconstitution occurs via the CIDR mechanism at pH 7.4, where both extra-

membrane regions of PR are anionically and asymmetrically charged.45 The oppositely charged 

polymersomes and DDM-solubilized PR spontaneously co-assembled to form condensed 

proteopolymer complexes without detergent removal, and the settled proteopolymer membranes 

can be easily separated from the rest of the supernatant, re-dispersed in a different buffer if 

needed, for structural and functional assays. 

 

Figure 4.2 The amphiphilic tri-block copolymers PS-b-(P4MVP)2 self-assemble in water into 

polymersomes. The polymersome morphology of PS26-b-(P4MVP21)2 (A) and PS42-b-

(P4MVP29)2 (B) is clearly revealed by TEM (scale bar: 100 nm; stained with 1% UAc), and their 

respective size distribution is confirmed by DLS (C, D). 

TEM of all three proteopolymer complexes revealed a striking morphological transition from 

spherical polymersomes to stacked proteopolymer membrane arrays, with a similar lamellar 

periodicity of ~6.0 nm (Figure 4.4B). It has been shown that the thickness (d) of theta-state 

polymersome membranes can be estimated from the mean-square end-to-end distance (<R2>) of 

the membrane-forming blocks, yielding identical results as that measured by cryo-TEM.45 Given 

the Flory’s characteristic ratio of PS (C=9.5),59 the PS26-, PS38-, and PS42-membrane thickness 
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was estimated using𝑑 = √< 𝑅2 >= √𝐶∞𝑛𝑙2 (where n and l represents the number and length of 

C-C bonds) to be 3.4 nm, 4.1 nm, and 4.4 nm, respectively. Since DDM-solubilized PR (i.e., PR-

DDM micelles) has an overall size of 16±3 nm at pH=7.4,44 the observed lamellar periodicity of 

6.0 nm can’t physically fit any forms of random flocculation between polymersome membranes 

and DDM-solubilized PR, but is sufficient to fit a transmembrane dimension of PR (~5.5 nm), 

suggesting that the PR-associated DDM micelles are decorticated during the CIDR process.45 A 

reconstituted state of PR was also confirmed by the same lamellar periodicity observed for all 

proteopolymer complexes, agreeing with simulations that polymersome membranes are able to 

accommodate the dimension of reconstituted MPs via hydrophobic-matching.60,61 

 

Figure 4.3 Successful synthesis of well-defined PS38-b-(P4MVP21)2 triblock copolymer via 

RAFT polymerization. (A) 1H NMR spectrum confirms the structure of PS38-b-(P4MVP21)2 tri-

block copolymer; (B) GPC traces of PS38 block (black trace: Mn/PDI = 3,800Da/1.16) and PS38-

b-(P4VP21)2 tri-block copolymer (red trace: Mn/PDI =9,400 Da/1.19; shifted upward for clarity) 

confirm the well-defined polymer structure. 

Synchrotron small-angle x-ray scattering (SAXS) studies further confirmed the successful 

CIDR of PR in “frozen” polymersome membranes (Figure 4.4A).Despite the difference in 

polymersome membrane thickness, SAXS spectra of all proteopolymer complexes are nearly 

identical: there are two strong harmonics (marked by black solid arrows) and a series of diffusive 

scatterings that are clearly discernible albeit weak (marked by blue dotted arrows).The two 

strong harmonics are attributed to the multi-lamellar proteopolymer membrane structure without 
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ambiguity, as its lattice spacing, judged by its first harmonics (q001=0.101 Å-1), agrees nicely 

with the well-ordered stacking-layer structure observed in TEM (Figure 4.4B). The shape of 

these two strong harmonics and their relative positions further reveal the co-existence of other 

structural features. For instance, additional shoulder peaks are clearly discernible on the right 

side of the first harmonic peak and both sides of the second harmonic peak, as their contributions 

render both peaks asymmetrically-shaped, and slightly shift the apparent center of the second 

harmonics from 0.202Å-1 (as expected) to 0.194Å-1. These fine scattering features can be only 

attributed to in-membrane protein correlations. 

To better understand the structure of these proteopolymer complexes, we fit the SAXS data 

with different proteopolymer membrane structural models using the nonlinear least square 

method. Our data analysis revealed that a 2-D hexagonally packed PR lattice in individual 

proteomembrane layers is the most plausible choice to account for all the fine scattering features: 

a full set of the first seven characteristic scatterings of the 2D PR hexagonal lattice from q10 to 

q13 (blue dotted peaks, q10=0.072Å-1) shows up nicely (Figure 4.4A). These scattering peaks 

show consistent full width at half maximum (FWHM, 0.04-0.045Å-1) and form factor, except for 

the first peak at q10, which is shadowed by strong scattering in the vicinity of the beam stop and 

appears weak. This 2D PR lattice has a lattice parameter (a=101 Å) similar to that observed 

previously,44,45,62 suggesting consistent PR packing arrangement within a supporting membrane. 

The diffusive nature of these correlations, however, suggests that the 2D proteopolymer lattice is 

fairly imperfect, probably due to the “frozen” nature of PS chains that restricts PR re-

organization to achieve highly ordered states. For instance, estimation using Scherrer equation 

suggests that the coherent PR crystalline domain size is only ~30-40 nm, i.e., spanning across 

~3-4 PR hexagonal lattice units. Furthermore, since rhodopsins have a typical hydrophobic size 
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of 3.5 nm or less,32 considerable hydrophobic mismatch is expected when PR is reconstituted in 

PS42-membrane. Interestingly, SAXS confirmed that all proteopolymer membranes have 

identical lamellar periodicity, suggesting that the nanoscale polymersome membranes, even 

when “frozen”, have sufficient conformational freedom to match the hydrophobic domain of 

reconstituted PR. 

 

Figure 4.4 CIDR induces spontaneous PR reconstitution into “frozen” PS-b-(P4MVP)2 

membranes. (A) Synchrotron SAXS of proteopolymer complexes (trace 1: PR and PS26-b-

(P4MVP21)2; trace 2: PR and PS38-b-(P4MVP21)2; trace 3: PR and PS42-b-(P4MVP29)2). The 

SAXS spectra are characterized by two strong harmonics (marked by black solid arrows) and a 

series of diffusive scatterings that are clearly discernible albeit weak (marked by blue dotted 

arrows). As an example shown for trace 3, the SAXS spectra are fitted to reveal a background 

scattering (dashed line), a multilamellar proteomembrane structure (black dotted peaks, 

q001=0.101 Å-1) that agrees well with TEM observation (panel B), and a 2-D hexagonally 

packed PR lattice in individual membranes (blue dotted peaks centered at 0.072, 0.124, 0.145, 

0.189, 0.215, 0.247, and 0.26Å-1, corresponding to q10, q11, q20, q12, q30, q22, and q13, 

respectively. Note that the first peak at q10 is shadowed by strong scattering in the vicinity of the 

beam stop and appears weak). The summation (solid blue trace) of all scattering contributions 

overlaps nicely with the scattering data (O). (B) TEM of proteopolymer complexes (PR and 

PS42-b-(P4MVP29)2, stained with 1% UAc) confirms the multi-lamellar proteopolymer 

membrane structure (d~6.0 nm). Scale bar: 50 nm. (C) DSC confirms that the polymersome 

membrane (PS26-b-(P4MVP21)2) is “frozen” (Tg=66.3ºC) in solution.  
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Using PR that was uniformly isotope labeled with 15N and alternately labeled with 13C by 

growing the protein on 2-13C glycerol, we examined the structural integrity of reconstituted PR 

in “frozen” polymer membranes with Raman (Figure 4.5) and solid-state NMR (ssNMR) 

spectroscopy (Figure 4.6).We confirmed that the native-like PR structure is maintained even 

when reconstituted in a cationically charged and mismatched “frozen” PS42-membrane. 

 

Figure 4.5 Raman spectra of PS42proteopolymer complexes (green) and DMPC/DMPA 

proteoliposome complexes (red) reveal identical retinal vibrational peaks. The retinal fingerprint 

C-C stretches, ethylenic C=C stretch, and Schiff base C=N stretch are marked by rectangle, star 

and circle, respectively. 

The retinal chromophore of PR, which is central to PR’s light-driven proton-pumping 

performance, is positioned in a hydrophobic pocket via a Schiff base conjugation with Lys231 

side-chain on helix G. Any change of its local chemical environment, e.g., alteration of PR 

tertiary structure, will be sensitively reflected in retinal Raman bands. We compared the Raman 

spectrum of 15N,13C-labeled PR reconstituted in “frozen” PS42-b-(P4MVP29)2 membranes (green 

trace, Figure 4.5) with that in a liposome system (red trace) recently used to determine PR 

secondary structure by ssNMR,47,63 i.e., a binary mixture of 1,2-dimyristoyl-sn-glycero-3-

phosphocholine (DMPC) and 1,2-dimyristoyl-sn-glycero-3-phosphate (DMPA)(w/w=9/1). We 

confirmed that PR reconstituted in both membranes has identical Raman spectra (Figure 4.5). 

For instance, the relative ratio and width of retinal fingerprint C-C stretches (1199/1186/1162 
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cm-1, marked by rectangle), ethylenic C=C stretch (1538 cm-1, marked by star), and Schiff base 

C=N stretch (1639 cm-1, marked by circle) are exactly the same, suggesting invariant 

chromophore-protein local interactions. 

 

Figure 4.6 2D NCA ssNMR spectra of PS42 proteopolymer complexes (green) and 

DMPC/DMPA proteoliposome complexes (red). See text for details. 

We also compared the 2D ssNMR NCA spectra (i.e, correlations of spins of the backbone N 

and Cα atoms) of 13C, 15N-labeled PR in both proteomembranes (Figure 4.6). Chemical shifts in 

NCA spectra are strongly dependent on backbone torsion angles64 (i.e., PR secondary structure), 

while the intensity of the peaks in PR depends on the protein dynamics.63 The unprocessed (i.e., 

measured without applying a window function prior to Fourier Transform) carbon line widths of 

both spectra were found to be in the same range of 0.25-0.35 ppm, typical of structurally 

homogeneous samples. We observed close agreement between the cross peak positions in the 

spectra of both proteomembranes, indicating similar PR secondary structure. A few extra peaks 

showing up in PS42-membranes (marked by arrows) may be attributed to some additional 

immobilized amino acids outside the transmembrane helices of PR, possibly due to a different 

hydrophilic-hydrophobic interface in the multilamellar polymersome membranes. To the best of 
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our knowledge, this is the first example of ssNMR study on MPs reconstituted in “frozen” 

proteopolymer membrane, a system that may open new opportunities for structural analysis of 

MPs by ssNMR methods. 

PR reconstituted in “frozen” polymer membranes is confined within a fundamentally different 

supporting media as compared to lipid-based biomembranes. Very little is known on how MP 

functions are regulated by synthetic nanomembranes other than lipid bilayers. We applied time-

resolved visible spectroscopy (i.e., flash-photolysis) to quantitatively probe PR functionality. 

Flash-photolysis has been used extensively for the functional characterization of rhodopsins, 

including PR,7,53,65,66 by monitoring their key photocycle steps and overall turnover kinetics. We 

used the most important wavelengths indicative of PR’s normal proton pumping function: 1) 

420nm –M intermediate reporting on the deprotonation and reprotonation of the retinal Schiff 

base; 2) 600nm –red-shifted K and N/O intermediates reporting on retinal isomerisation as well 

as isomeric composition of the dark state; 3) 500nm – bleaching of the dark parent state reporting 

on the overall photocycle turnover kinetics. The key indicators of native-like behavior of PR in 

proteopolymer membranes are the presence of the M intermediate at 420nm, the absence of 

strong signals from the 13-cis-dark state at 600 nm (distinct from those of the red-shifted K and 

N/O intermediates), and relatively fast (hundreds of ms) photocycle turnover kinetics as 

measured at 500 and 600nm. 

Representative single-wavelength light-induced kinetics traces are shown in Figure 4.7. As 

the membrane-forming PS block size increases from PS26 (Figure 4.7A) to PS38 (Figure 4.7B), 

and to PS42 (Figure 4.7C), continuous deceleration of the PR photocycle was observed. To 

quantitatively compare the overall photocycle behavior, we applied global exponential fitting to 

all traces to extract the kinetic data.52 The kinetic data from different proteomembranes (limited 
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to statistically valid four-exponential fits) are summarized and compared in Table 4.1. Note that 

because the true photo-intermediates exist in equilibria, each of the apparent kinetic states is a 

mixture of two or more intermediates. As such, the same kinetic components can show up in the 

decay of different intermediates.53,65 

 

Figure 4.7 Kinetics of the proton-pumping photocyles of PR reconstituted in “frozen” 

polymersome membranes. The light-induced absorption difference changes reflecting the 

characteristic photocyle intermediate states of PR reconstituted in (A) PS26-b-(P4MVP21)2,  (B) 

PS38-b-(P4MVP21)2, and (C) PS42-b-(P4MVP29)2 membranes are shown (red trace: K and N/O 

states, 600 nm; green: the parent dark state, 500 nm; and blue: M state, 420 nm).  
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Table 4.1 Photocycle kinetics of PR reconstituted in different membranes (pH=9) 

Membranes M rise M decay N/O decay 

DDM-treated E. coli membr.a 12/120/800µs 2/9.4ms 9.4/35/230ms 

DMPC/DMPA (w/w=9/1)67 ?b/853µs 3.6/29/241 ms 29/241 ms 

PS26-membrane ?/613µs 4.9/40/260ms 40/260ms 

PS38-membrane ?/1.5 ms 14/74/649 ms 74/649 ms 

PS42-membrane ?/2.8ms 25/112/878ms 112/878ms 

aMeasured at pH=9.5 (ref. 59). bUnresolved due to strong Rayleigh scattering.  

Although the exact kinetic model of PR’s photocycle is unknown so far, 

ourphenomenological time constants derived from the kinetic traces tracking PR’s key 

photocycle intermediates, as shown in Table 4.1, clearly demonstrate that PR’s proton-pumping 

function is critically dependent on the physical properties of PR-supporting matrices: while 

structurally intact PR is reconstituted in all polymer membranes, its proton-pumping photocycles 

slow down as the membrane block size and rigidity increase. We reason that PR, like many other 

MPs, need to perform conformational changes to function.68 The energetics associated with these 

expansion and/or stretching modes are tuned by the physical properties of supporting 

membranes, such as compression (Ka) and bending moduli (Kc).
29,30,45Ka is primarily related to 

the interfacial tension (γ), i.e., Ka~4γ,
69,70 and Kc can be modeled as ~βKad

x,71,72 where β is a 

constant reflecting membrane interdigitation or entanglement, d is membrane thickness, and x is 

a scaling factor depending strongly on membrane chain flexibility. By increasing “frozen” PS 

block sizes, we further reduce the membrane fluidity (i.e., Kc) and conformational freedom of 

the membrane-forming blocks (i.e., via hydrophobic matching). Not surprisingly, we observed 

deceleration of all photocycle phases, indicating that a less fluidic, compressed polymer 

membrane impedes PR conformational changes in general. We note that the physics behind this 
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allosteric regulation is independent on specific PR-membrane chemical interactions. Similar 

slowed-down photocyle kinetics was also observed when PR is confined in lipid nanodiscs.7 

Although it has been recognized that the physical properties of lipid bilayers play important roles 

on MP functions,26-30 it is generally challenging to distinguish bulk effects from specific ones in 

lipid-based membranes.24 Using non-lipid-based synthetic nanomembranes, we unambiguously 

demonstrate here that PR-supporting membranes act as allosteric regulators for its function. 

Surprisingly, the photocycle kinetics of PR reconstituted in the “frozen” PS26-membranes 

approaches the reported numbers in DDM treated, PR-containing E. coli membrane (Table 

4.1).53 This suggests that “frozen” polymer membranes, with their reduced fluidity and greatly 

enhanced stability, can still bear sufficient conformational freedom that rivals lipid-based 

biomembranes in supporting MP functions. We expect that versatile polymer membrane designs 

can be created to balance membrane fluidity and stability at the nanoscale. This modulates the 

conformational energetics of reconstituted MPs, hence optimizing proteomembrane stability and 

performance in synthetic systems. 

4.4 Conclusion  

In summary, we report here that spontaneous and functional reconstitution of PR into 

“frozen” amphiphilic block copolymer membranes, which have unsurpassed stability as MP-

supporting matrices, is achieved via the CIDR mechanism. We demonstrated that polymer 

membranes can be designed to have a balanced local chain-motion freedom and bulk-state 

membrane stability at the nanoscale, a feature that is critical to harness MP functions in synthetic 

systems. Even “frozen” polymer membranes can be tuned to bear sufficient conformational 

freedom that rivals lipid-based biomembranes in supporting MP functions. We also showed that 

well-defined block copolymer nanomembranes, with their tunable membrane moduli, act as 
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allosteric regulators to support the structural integrity and function of reconstituted PR, likely by 

modulating its conformational energetics. Given that it is possible to use unidirectionally 

oriented MPs tethered on a substrate as templates to direct the formation of 2D supported 

proteomembrane arrays,73 and it is also possible to prepare polymersome membranes with 

removable hydrophilic mantles74 to control proteopolymer membrane surface chemistry,  we 

expect that what learned here may be useful to a subset of other MPs, hence open a viable 

approach on development of MP-based nanotechnologies with optimized stability and 

performance. 
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CHAPTER 5  

INTERFACE FOR LIGHT-DRIVEN ELECTRON TRANSFER BY PHOTOSYNTHETIC 

COMPLEXES ACROSS BLOCK COPOLYMER MEMBRANES3 

5.1 Introduction 

A key challenge in renewable energy is to capture, convert and store solar power with earth-

abundant materials and environmentally benign technologies.1-3 Photosynthesis realizes light 

energy conversion on a grand scale using membrane proteins (MPs), such as reaction centers 

(RCs), which evolutionarily couple their absorption spectra to solar flux4 to mediate light-driven 

charge separation across an embedding lipid-bilayer through a three-dimensional (3D) 

configuration of pigment cofactors precisely held by a protein framework.5,6 The use of 

chlorophyll cofactors derived from photosynthetic complexes as renewable sensitizers for solar 

conversion has attracted much attention.4,7-10 However, hierarchical assembly of different dye 

molecules in 3D at a nanoscale to mimic the highly efficient light-harvesting and electron 

transfer functions inherent to photosystems has not been achieved.9-11 Ideally, photosynthetic 

complexes could be used as biologically-derived high-performance energy materials. RCs can be 

expressed in sizable quantities and stably purified from their cellular environment as detergent-

solubilized forms. Incorporation of RCs into solar energy conversion devices, such as dye-

sensitized solar cells (DSSCs),12 would improve the photoresponse in the red and near-infrared 

regions and reduce reliance on resource-limited dyes.7,12 Photoelectric functions of detergent-

solubilized photosynthetic complexes tethered on various substrates have been examined,13-18 but 

                                                 

3 Reproduced with permission from L.J. Kuang, T.L. Olson§, S. Lin, M. Flores, Y.J. Jiang, W. 

Zheng, J.C. Williams, J.P. Allen, and H.J. Liang, “Interface for light–driven electron transfer by 

photosynthetic complexes across block copolymer membranes”, J. Phys. Chem. Lett., 2014, 5, 

787–791. § The same contribution. Copyright 2014 American Chemical Society. 
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harnessing their light-activated charge separation collectively in a scalable fashion is contingent 

on the inclusion of these MPs into a supporting nanomembrane. RCs have been incorporated into 

lipid bilayers for many years,19-21 but the fluidic and labile nature of lipid bilayers has limited 

their use in engineered systems. To overcome these limitations, we have designed synthetic 

block copolymers that induce spontaneous reconstitution of RCs to form hierarchically organized 

proteopolymer membrane arrays (Figure 5.1). The RCs were shown to be fully active in the 

nanomembranes using steady-state and time-resolved spectroscopic probing methods. 

 

Figure 5.1 Schematic representations show a 2D rectangular proteopolymer lattice (left) with 

spontaneously reconstituted RCs from Rhodobacter sphaeroides, and a 3D arrangement of the 10 

cofactors precisely held by individual RCs embedded across the membrane (right). The RC-

supporting polymer membranes consist of amphiphilic tri-block copolymers (represented as 

curved strings with hydrophobic middle-blocks in yellow, and hydrophilic end blocks in white). 

The L, M, and H subunits of RCs are represented in green, purple, and red, respectively. The 10 

cofactors within individual RCs are represented in stick models with different colors. 

The RC from Rhodobacter sphaeroides has three protein subunits (shown in green, purple, 

and red in Figure 5.1, left panel), which hold 10 cofactors in two quasi-symmetrical branches (A, 

B) related to each other via a C2 axis (Figure 5.1, right panel).6 The axis runs through an 

excitonically-coupled bacteriochlorophyll (BChl) dimer (PA, PB) that serves as an electron-hole-

pair generator, and an iron atom across the protein. The other two BChls (BA, BB), 

bacteriopheophytins (BPheos; HA, HB) and quinones (QA, QB) spread along the two branches 

symmetrically. A single carotenoid (Crt) cofactor, associated with the B-branch, provides 

photoprotection.22 Light-induced electron transfer occurs along the A-branch from P to QA (red 
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arrows in Figure 5.1) on a picosecond (ps) time-scale with 100% quantum efficiency, and 

produces a stable (lifetime ~0.1 s) electron-hole pair (i.e., P•+QA
•-) across RC-supporting 

membranes with a large open circuit voltage (~0.7 V). This highly efficient photovoltaic function 

has great potential in engineered systems that could make use of the spontaneous and functional 

reconstitution of RCs into synthetic membranes as described below. 

Previously, we developed a charge-interaction-directed reconstitution (CIDR) method23,24 to 

induce spontaneous and functional reconstitution of proteorhodopsin, a light-driven proton pump 

consisting of seven transmembrane helices and one cofactor,25 into amphiphilic block copolymer 

membranes with different membrane moduli.26,27 These findings differ from other proteopolymer 

studies that focused on fluidic polymer membranes in a viscous-flow state,28-31 and suggest a 

different mechanism of reconstitution: while conventional MP reconstitution approaches rely 

critically on detergent or mechanical means to destabilize membranes followed by a delicate 

detergent removal process,28-32 CIDR occurs spontaneously and needs no external help.23,24,26,27 

5.2 Experiment    

In this section, we will discuss the preparation of polymersome, the purification of reaction 

centers, and characterization methods.  

5.2.1 Synthesis of well-defined PBD-b-(P4MVP)2 tri-block copolymers and their self-

assembly into polymersomes 

 Synthesis of well-defined PBD-b-(P4MVP)2 tri-block copolymers and their self-assembly 

into polymersomes have been discussed in  in 2.2.2.5. 

5.2.2 Expression and purification of reaction centers (RCs)  

RCs from Rhodobacter sphaeroides were expressed and purified as described.33 Briefly, cells 

were re-suspended in 1 mM tris (hydroxymethyl) aminomethane hydrochloride (Tris-HCl) at pH 
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8 overnight, and lysed using a French press (Thermo). After that, 0.1 M sodium chloride, 0.25% 

lauryl dimethylamine-oxide (LDAO), 1 mM ethylenediaminetetraacetic acid (EDTA), and 15 

mM Tris-HCl were added and the solution was centrifuged at 235,000  g for 2.25 hr. Following 

centrifugation, the pellet was re-suspended in 15 mM Tris-HCl pH 8, 1 mM EDTA, and 0.1 M 

NaCl at 27°C for 30 min and the RCs were solubilized using 0.66% LDAO. After centrifugation 

at 235,000  g for another 2.25 hr, ammonium sulfate and LDAO were added to the decanted 

supernatant at concentrations of 2.4 M and 1%, respectively. After incubation for 5 min at 30°C, 

the solution was centrifuged at 14,500  g for 10 min. The floating pellets were separated from 

the supernatant and resuspended in 15 mM Tris-HCl pH 8, 0.1 % LDAO, 1 mM EDTA, and 0.1 

M NaCl. To remove the salt, the resuspended solution was passed through a Sephadex G25 size 

exclusion column equilibrated in 15 mM Tris-HCl pH 8, 0.025% LDAO, 1 mM EDTA and then 

dialyzed overnight. Following dialysis, the RCs were purified using a DEAE ion exchange 

column equilibrated in 15 mM Tris-HCl pH 8, 0.1% LDAO, and 1 mM EDTA. The purified 

protein was dialyzed against 15 mM Tris-HCl pH 8, 0.025% LDAO overnight, concentrated 

using a Centricon centrifugal filter (Amicon) with a 30 kDa MWCO and frozen until usage.  

The WT-NA strain of Rb. sphaeroides, which contains the RC complex but lacks the light-

harvesting I and II complexes, was described previously.34,35 The genes encoding the L and M 

subunits of the RC are expressed from the plasmid pRKSCH, which also contains the genes for 

the α and β subunits of the light-harvesting I complex, with a mutation at His 32 in the α subunit 

that results in the loss of the light-harvesting I complex. The genes encoding the L and M 

subunits of the RC, the α and β subunits of the light-harvesting I complex, and the α and β 

subunits of the light-harvesting II complex are deleted from the chromosome in this strain. To 

isolate the wild type Rb. sphaeroides antenna-less chromatophores (WT-NA chromatophores), 
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i.e., a photosynthetically active membrane fragment containing RCs but without the antenna, the 

WT-NA cells were grown and harvested. The cells were re-suspended in 10 mM Tris-HCl at pH 

8 and lysed using a French press (Thermo). The whole cells and debris were removed by 

centrifugation at 7,650  g for 30 minutes in a SS34 rotor (Sorvall), followed by high speed 

centrifugation at 235,000  g for 2.25 hr in a Beckman Ti45 rotor. The cell pellets containing 

WT-NA chromatophores were re-suspended in 15 mM Tris-HCl pH 8, 0.1 M NaCl, and 15% 

glycerol and frozen until further use. 

5.2.3 CIDR of proteopolymer complexes 

The proteopolymer complexes were obtained by mixing a prescribed amount of LDAO-

solubilized RCs and the polymersomes (stoichiometric ratio RC:polymer ~ 1:25) in ten times (in 

volume) Tris-HCl buffer (15 mM, pH=8) with 0.025% LDAO. Condensed proteopolymer 

complexes formed spontaneously without using any external means for detergent removal, and 

can be easily separated from the rest of the supernatant, re-dispersed into a different buffer if 

needed, for structural characterizations and functional assays. 

5.2.4 Structural characterization of proteopolymer complexes 

For TEM studies, the self-assembled and dispersed proteopolymer complex samples (~5 µl) 

were put on a 400 mesh ultrathin Type-A grid (Ted Pella) and imaged with a Philips CM200 

TEM. An accelerating voltage of 200 kV was used and the samples were stained with 1% Uranyl 

Acetate (UAc) as described previously23 to enhance contrast.  

For synchrotron small angle x-ray scattering (SAXS) studies, the proteopolymer complexes 

were sealed in quartz capillaries (diameter ~1.5 mm, Hilgenberg GmbH, German) and measured 

at SSRL (Stanford Synchrotron Radiation Lightsource). Incident synchrotron X-rays from a 8-

pole Wiggler was monochromatized (=1.37776 Å) and focused using a cylindrical mirror, and 
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the scattered radiation was collected using a Rayonix MX225-HE detector (pixel size 73.2 µm, 

3072×3072 array). A typical radiation time at SSRL is 5 seconds, and each sample was measured 

6 times. No radiation damage was observed for all measurements. The 2D SAXS powder 

patterns were integrated using FIT2D (www.esrf.eu/computing/scientific/FIT2D/), and the 

sample-to-detector distance was calibrated using silver behenate as a standard. The final SAXS 

data of individual samples were averaged over 6 different measurements. The SAXS data were 

fitted by the nonlinear least squares method using Igor Pro 6 (WaveMetrics), and all scattering 

features were fitted simultaneously. The background scattering was fitted with a power law 

function, and individual scattering peaks was fitted with a Gauss function.  

5.2.5 Steady-state absorption spectroscopy 

All RC samples were in 15 mM Tris-HCl at pH 8, and the RC concentration was poised at 

~1.5 µM. Terbutryn was added at a final concentration of 0.1 mM to block electron transfer 

between the quinones. The absorption spectra were measured using a Cary 6000 UV-Vis-NIR 

spectrophotometer (Agilent Technologies), and the scan rate was adjusted to complete a scan in 

30 seconds. To obtain the P•+QA
•- state, samples were illuminated during scanning by an Oriel 

tungsten lamp filtered through a 860 ± 15 nm interference filter. After the scan was complete, the 

lamp was turned off. The recovery spectrum was measured after 3 minutes in the dark.   

5.2.6 Electron paramagnetic resonance (EPR) spectroscopy 

EPR spectra were measured at 90 K using a Bruker ELEXSYS 580 continuous wave (CW) X-

band spectrometer equipped with an Oxford model 900 EPL continuous flow cryostat. The 

microwave frequency was 9.42 GHz, the power was 0.06 mW, and the magnetic field 

modulation was 6 Gauss peak-to-peak. The concentration of WT-NA chromatophores was 3.3 

µM (A804~1.0) and other samples were approximately 10 µM (A804~3.0) in a 15 mM Tris-HCl 
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buffer at pH 8. The samples were transferred into Wilmad quartz (CFQ) EPR tubes and slowly 

frozen in liquid nitrogen under dim green light. Each tube was continuously illuminated while in 

the EPR cavity by the unfiltered output of an Oriel tungsten lamp at 90 V. The spectra were 

averaged from 4 scans and measured at 84 s per scan. 

5.2.7 Time-resolved ultrafast spectroscopy and evolution-associated decay spectra  

Femtosecond transient absorption measurements were performed using a broadband pump-

probe system. Laser pulses with a 100 fs duration at 800 nm were generated from a regenerative 

amplifier system (Tsunami and Spitfire, Spectra-Physics) operated at 1 kHZ. Part of the beam 

was used to pump an optical parametric amplifier (IR OPA, Spectra-Physics) to generate 

excitation pulses at 600 nm. The white-light probe pulses were generated by focusing part of the 

800-nm beam into a 3 nm sapphire plate and detected using a CCD camera (DU420, Andor 

Technology). The collected data had a 2.3 nm spectral resolution.  

Samples were loaded into a 2-mm cuvette and the optical density of the sample at 800 nm was 

adjusted to ~0.5. Samples were not stirred during measurement because of their highly scattering 

nature. To ensure that all the excited RCs recovered to the ground state for each excitation pulse 

(at a repetition rate of 1 KHz), the quinone acceptors (QA and QB) were reduced by adding 

sodium dithionite at a concentration 20-fold larger than the concentration of the RCs. It has been 

well studied that the electron transfer from P to HA in the isolated RCs takes 3-5 ps, followed by 

transfer to QA and QB (200 ps and 200 µs, respectively).36 In this case, the HA
•- to QA electron 

transfer is blocked and P•+HA
•- recombines in 10-20 ns. Furthermore, as the P* → P+BA

- reaction 

has a time constant of 3 ps, whereas the P•+BA
•- → P•+HA

•- reaction occurs in less than 1 ps,19,20 

only the P* → P•+HA
•- reaction can be well resolved in the 700 – 900 nm region. The difference 

absorption spectra in the 790-920 nm region were recorded as a function of delay time up to 1 ns 
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at room temperature. The absorption changes as a function of time (t) and probe wavelength (λ) 

were fit globally using ASUFIT (www.publicasu.edu/laseweb/asufit/asufit.html), the instrument 

response function was fit to a Gaussian curve (full-width at half maximum of 150 fs), and the 

evolution-associated decay spectra (EADS) were generated using a sequential kinetic model. The 

resulting EADS provide a simple means of visualizing the progession of spectral changes as a 

function of time. 

5.3 Results and Discussion 

We synthesized two well-defined amphiphilic tri-block copolymers, PBD22-b-(P4MVP28)2 

and PBD56-b-(P4MVP29)2, which self-assemble in water into liposome-mimicking polymersomes 

(see Chapter 2, 2.2.6). Increasing the membrane-forming block from PBD22 to PBD56 enlarges 

the membrane thickness from 31 to 49 Å and drives a transition of PBD-chain motion mode from 

Rouse dynamics to entanglement release,26 which further strengthens the membrane.  Because 

the isoelectric point of RCs solubilized using lauryl dimethylamine oxide (LDAO) is 6.1,37 CIDR 

was performed at pH=8, where the two extramembrane regions of RCs are anionically and 

asymmetrically charged. The oppositely charged polymersome membranes induce spontaneous 

reconstitution of RCs into condensed proteopolymer complexes. Using a transmission electron 

microscope (TEM), a striking morphological transition from spherical polymersomes to a multi-

lamellar structure with a periodicity of ~75 Å is revealed in both cases (Figure 5.2b, c). This 

spacing does not physically fit any forms of random flocculation between polymersome 

membranes and LDAO-solubilized RCs, and is attributed to stacked proteopolymer membrane 

arrays of reconstituted RCs, as RCs have a transmembrane dimension of 70 Å,38 and 

polymersome membranes are known to accommodate the dimension of reconstituted MPs via 

hydrophobic-matching.39 The success of CIDR was further confirmed by synchrotron small 
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angle x-ray scattering (SAXS) studies (Figure 5.2a): besides two harmonics (black arrows) 

revealing a multi-lamellar structure spaced 78 Å (q001=0.081 Å-1) apart that agrees well with 

TEM, in-membrane RC correlations are clearly discernible (blue arrows). These peaks are fitted 

best with a rectangular lattice of a=142 Å and b=72 Å (shown schematically in Figure 5.1). Note 

a full set of its first 9 peaks (up to q42, insert) are clearly resolved with a consistent full-width-at-

half-maximum (FWHM, ~0.020-0.025 Å-1) and form factor, although q10 is shadowed by strong 

scattering in the vicinity of the beam stop and appears weak. This 2D proteopolymer lattice is 

surprisingly similar to the basal plane of various forms of RC 3D crystals,40 suggesting a 

consistent packing arrangement defined by the protein itself. 

 

Figure 5.2 CIDR of RCs from Rb. sphaeroides in PBD-based polymersome membranes. a) 

Synchrotron SAXS of proteopolymer complexes comprised of RCs and PBD22-b-(P4MVP28)2. 

The scattering data (O) are fitted to resolve a background (gray dashed line) and two sets of 

structural features: a multi-lamellar proteopolymer membrane (black dotted peaks, q001=0.081 Å-

1) and a 2D rectangular RC lattice within individual membranes (blue dotted peaks centered at 

0.044, 0.086, 0.099, 0.123, 0.158, 0.179, 0.199, 0.22 and 0.25 Å-1, corresponding to q10, q01, q11, 

q21, q31, q12, q22 (or q41), q32, and q42, respectively). Insert: a blow-out of the q=0.14-0.3 Å-1 range. 

Summation of fitted contributions (green solid line) overlaps nicely with the scattering data. 

TEM confirms similar multi-lamellar proteopolymer complexes comprised of (b) RCs and 

PBD22-b-(P4MVP28)2 and (c) RCs and PBD56-b-(P4MVP29)2 (scale bar: 50 nm). 
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We examined whether the polymersome membranes, which are much more robust than lipid 

bilayers41 yet still flexible due to the low glass transition temperature of PBD (Tg
PBD~218 K),42 

would incorporate RCs that retain their structural and functional states. The spectral 

characteristics of RCs depend critically on the 3D configuration of cofactors, hence can be used 

as sensitive indicators of any change in the pigment organization or interactions with the protein 

environment. The three distinct maxima at 865 nm, 804 nm and 760 nm in the steady-state 

absorption spectra arise from the BChl dimer P, BChl monomers, and BPheos, respectively 

(Figure 5.3a). These features are identical for wild-type (WT) RCs solubilized using LDAO 

(black trace), WT-NA chromatophores (blue), i.e., antenna-less RC-containing membrane 

fragments, as well as RCs reconstituted in PBD22- (green) and PBD56-membranes (red). This 

suggests that the pigment-pigment and pigment-RC interactions are not disrupted when RCs are 

reconstituted into block copolymer membranes, and that the polymer membranes provide an 

excellent amphiphilic environment to stabilize the RC complexes. 

 

Figure 5.3 Characteristic spectra of RCs are similar when solubilized by LDAO (black), and 

embedded in WT-NA chromatophores (blue), PBD22- (green) and PBD56-membranes (red). a) 

Steady-state absorption spectra. b) Light-minus-dark difference optical absorption spectra (solid 

line: illuminated; dashed line: 3 min. after light removed). c) Light-induced EPR spectra. All 

spectra have been normalized.  
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The light-minus-dark difference optical absorption spectra of RCs were also compared 

(Figure 5.3b). Terbutryn was added to block electron transfer from QA to QB; therefore, only the 

P•+QA
•- state was formed upon illumination. For each of the samples, we observed the same 

P•+QA
•- formation (solid line): generation of the P•+ species causes a loss of absorbance at 865 

nm, and the presence of QA
•- results in electrochromic shifts of the BChls and BPheos. We 

confirmed the complete reversibility of this charge separation (P•+QA
•- → PQA) in all cases after 

light was removed (dashed line). The proteopolymer membranes were fully active for several 

weeks during their storage in the dark. 

Electron paramagnetic resonance (EPR) spectroscopy is a sensitive measure of the oxidized 

state of primary electron donor P•+. The magnetic field was calibrated using isolated WT RCs as 

a g-value standard at 2.0026.43 The continuous wave (CW) EPR spectra in all preparations show 

a narrow signal (10 Gauss) with the same g-value, within the error (±0.0003), as WT RCs 

(Figure 5.3c); this demonstrates an unaltered electronic structural arrangement of P in the 

proteopolymer membranes. 

 

Figure 5.4  EADS of RCs in a) WT-NA chromatophores, b) PBD22- and c) PBD56-membranes 

with different decay times: <1 ps (dotted), 5-6 ps (dashed) and non-decaying (solid line). See 

experiment for details on data collection and analysis. 

To examine whether the RC-mediated electron transfer pathway is membrane-dependent, we 

applied ultrafast transient absorption spectroscopy to characterize the evolution-associated 

difference spectra (EADS) of RCs in WT-NA chromatophores and PBD membranes (Figure 
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5.4). The shortest-lived spectra (dotted lines) exhibit broad positive signals across the entire 

wavelength region that are superimposed on bleachings at the B-band (800 nm) and P-band (860 

nm), representing the initially formed excited states of B and P upon illumination. These spectra 

evolved within 0.1-0.2 ps to the second EADS that have a lifetime of 5-6 ps (dashed lines), and 

reveal a typical spectral profile of the excited state P*, dominated by a bleaching at 870 nm that 

extends to the 920 nm region.36 The initial electron transfer from P* forming P•+HA
•- has been 

shown to be multi-exponential in the WT RCs36,44 with time constants of 2.8-3.5 ps and 10-12 ps, 

or a single exponential lifetime of 3-5 ps. The EADS of the third component (solid lines) have a 

lifetime that is at least 2-3 times longer than the 1-ns measuring time window (non-decaying). 

Because sodium dithionite was added to pre-reduce QA, the final state is P•+HA
•-, which lives for 

10-20 ns,36 and the non-decaying spectra in Figure 5.4 consist of features well documented for 

P•+HA
•-.45 We could not detect the small population of transient state P•+BA

•- because the P•+BA
•- 

→ P•+HA
•- reaction is faster than that for P* → P•+BA

•- (1 ps vs 3 ps).46 For the PBD56-

membranes, the absorption change at 910 nm does not recover to zero resulting in an increased 

contribution from P•+ at that wavelength; the signal does recover to zero at wavelengths longer 

than 917 nm. These essentially identical spectra of RCs embedded in native and different 

synthetic membranes suggest that the RC-mediated electron transfer properties are insensitive to 

variations of supporting membranes. 

We examined whether the light-driven, cross-membrane charge separation is regulated by 

RC-supporting membranes, using time-resolved spectroscopy to track the electron transfer 

kinetics when P and the BChl monomers were excited with 600 nm light (Figure 5.5). The 

kinetic traces at 910 nm represent mainly the decay of P*. As energy transfer from the BChl 

monomers to P takes ~100 fs,36 the P* population was fully developed within 200 fs as seen by a 
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rapid loss of absorbance in the 910 nm kinetic trace. The recovery of the bleaching signal at 910 

nm is accompanied by a bleaching increase at 805 nm due to the BA ground state absorbance 

shift, resulting from formation of P•+HA
•- from P* via P•+BA

•-.46 The P* stimulated emission 

decay, as well as the kinetics at 805 nm, are very similar in all samples. The kinetics at 830 nm 

show that there was no P recovery or no change in the P•+HA
•- population up to hundreds of ps, 

indicating that there is no yield loss during electron transfer for RCs embedded in both native 

and synthetic nanomembranes. 

 

Figure 5.5 Kinetics traces of RCs in a) WT-NA chromatophores, b) PBD22- and c) PBD56-

membranes recorded at 910 (triangles), 805 (diamonds), and 830 nm (circles). Lines are 

theoretical fits by ASUFIT. 

5.4 Conclusion 

In summary, we demonstrate that spontaneous reconstitution of RCs from Rb. Sphaeroides, a 

photosynthetic complex comprised of 3 protein subunits and 10 cofactors, into block copolymer 

nanomembranes of different moduli is achieved via the CIDR mechanism. We show 

unambiguously that the structural and functional integrity of the RCs is maintained in the 

proteopolymer membranes. While MP-supporting lipid bilayers are recognized as allosteric 

regulators for MP functions,47-49 the RCs are fully functional in the synthetic membranes 

underscoring preservation of their 3D pigment configuration critical for light-driven charge 

transfer, and suggesting that other MPs can be incorporated similarly into robust synthetic 

membranes in a fully functional form. Compared to previous studies on segregated, disordered 
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photosynthetic complexes deposited on various substrates, spontaneous reconstitution of light-

conversion RCs into ordered proteopolymer nanomembranes is a significant step forward, in our 

opinion, because it enables directed assembly of scalable photovoltaic nanomembranes on 

various engineered devices.50 This approach allows the use of robust and structurally versatile 

block copolymers to stabilize and interface RCs with a supporting substrate in desirable 

proteomembrane configurations for efficient electron transfer,13-18 and provides the opportunity 

to create photoelectrical or photochemical devices that harness RC functions collectively for 

conversion of solar energy through an enhanced spectral region. 
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CHAPTER 6 

 CHAPTER 6 FABRICATION OF PARAMAGNETIC NANOPARTICLE-PINCHED 

POLY (4-VINYLPYRIDINE) BRUSHES 

6.1 Introduction 

Magnetic nanoparticles (MNPs) are of great interest for many applications, such as magnetic 

resonance imaging (MRI),1,2 separation (e.g., protein and DNA),3-5 drug delivery,6 environmental 

remedies,7-9 catalysts10,11 and biofuel harvesting.12-14  Because of their large surface area/volume 

ratio, many as-synthesized MNPs tend to agglomerate into large clusters and lose the specific 

properties associated with their initial nanometer dimensions. Therefore, appropriate surface 

modification and particle stabilization become important challenges for extending the practical 

utility of MNPs. Surface grafting of polymer brushes is one of the most effective methods, 

because the surface properties can be predictably changed by tethering a variety of functional 

polymers to the target surface, and these attached polymers ensure long-term stability. Poly (4-

vinylpyridine) (P4VP), due to its unique solution properties, has gained much attention in recent 

years. P4VP is  a pH-responsive  polymer with a pKa of 5.215 and has been widely utilized in the 

construction of nanocarriers for controlled drug release,10 proton-gated nanochannels,15 

switchable on-off gates for bioelectrocatalytic systems,16-18 and switchable 

ultrahydrophobic/hydrophilic surfaces.19,20 It can also participate in reactions such as 

complexation with metal ions,10,21 therefore is used to extract heavy metal ions in waste water 

treatment22,23 and as a host ligand of metal-containing chromophores.24,25  Moreover, P4VP can 

be readily quaternized by alkylogen and subsequently form the cationic polyelectrolytes as 

resistive-type humidity sensors,26 antimicrobial materials27 and  protein adsorption colloidal 

particles.28 
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Bifunctional nanoparticles (NPs) with magnetism and pH-switchable ability are of particular 

importance. In general, grafting of polymer chains on NP surfaces can be achieved via either a 

grafting to or a grafting from method.29 When grafting to a surface, a preformed polymer with 

suitable functionality is covalently or physically attached to the surface. This can be achieved via 

either hydrophobic interaction,30 ligand-exchange reactions1,2 or covalent bonding.31 There exist 

several reports in the literature where a grafting to method has been utilized to synthesize P4VP 

functionalized inorganic NPs though a ligand-exchange32  or quaternization reaction10,16,18,33 to 

form polymer brushes. The drawbacks of this approach include the difficulty to control the P4VP 

brush length due to multiple reaction sites on P4VP chains, and low graft densities of 0.075 

chain/nm2 as reported.16,17,33 

Although the grafting to method is experimentally simple, it usually does not produce high 

density polymer brushes due to the steric hindrance effect for the attachment of additional 

polymer chains once initial attachment of few polymer chains is successful. By employing highly 

efficient click conjugation reactions, such as thiol-ene chemistry, hetero Diels-Alder (HDA) 

chemistry, and Cu(I)-catalyzed azide-alkyne cyclo-additions (CuAACs), the grafting to 

efficiency can be enhanced. The combination of controlled/living free radical polymerization and 

click reaction has been proved to be a powerful strategy in the preparation of polymer 

functionalized silica NPs34-37 and cellulose substrates.38 For examples, Fe2O3 NPs were grafted 

with azide-terminated ligands and subsequently reacted with  an alkyne terminated-poly(tert-

butyl acrylate) (ptBA) prepared via an atom transfer radical polymerization (ATRP) utilizing the 

CuAACs reaction.39 Gold NPs were also immobilized with an azide- terminated ligand by a 

ligand exchange reaction and subsequently attached with alkyne terminated P4VP prepared by a 

reversible addition fragmentation transfer (RAFT) polymerization via a CuAACs reaction.40 
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Higher grafting densities and thicker polymer layers can also be obtained using a graft-from 

approach which propagates the polymer chains through successive additions of monomer from 

initiating sites on the surface (i.e., surface-initiated polymerization). Surface-initiated nitroxide-

mediated radical polymerization (SI-NMP), SI-ATRP, SI-RAFT polymerization have been 

frequently utilized. Monomers such as styrene28,29,31,32 and 3-vinyl pyridine41 have been 

polymerized from the surface of MNPs via SI-NMP approaches. P4VP modified paramagnetic 

NPs with a grafting density of 0.09 chains/nm2 were synthesized via a SI-NMP method.42  

However,  the SI-NMP requires a high reaction temperature (130oC) and only the molecular 

weights of P4VP obtained from bulk model NMP polymerization of 4-VP was reported in this 

study.42  RAFT and ATRP do not need as many critical experimental conditions as NMP. 

Monomers such as dimethylaminoethyl methacrylate43,44 styrene,45,46,47 methyl methacylate 

(MMA),48,49,50 oligoethylene glycol acrylate,1 glycidyl methacrylate, glycerol 

monomethacrylate,10 2-hydroxyethylmethacrylate,51 9-(4-vinylbenzyl)-9H-carbazole,52 and 

poly(ethylene glycol) methyl ether methacrylate52 have been polymerized from the surface of 

MNPs via SI-ATRP approaches. P4VP was also grafted from the surface of silica wafers53, 

palladium54, and MNPs55 via SI-ATRP approaches. However, the polymerization kinetics, the 

molecular weights (Mn), and molecular weight distributions of P4VP chains were not provided in 

the above examples.  Li et al. reports the synthesis of hybid gold NPs with P4VP shells with a 

Mn of 38000 and a graft density of 0.19 chains/nm2 by a SI-ATRP method using CuBr/PMDETA 

as the catalytic system.56  It has been proved that CuBr/ PMDETA was not a suitable catalytic 

system for the ATRP of 4-VP.57 Thus, in previous examples of SI-ATRP of 4-VP using 

CuBr/PMDETA as the catalytic system, 53-57  the thickness of grafted P4VP brushes cannot be 

well-controlled. Most recently, Jiang et al.  reported  SI-ATRP of 4VP from silica NP surfaces 
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using CuCl/CuCl2/Me6TREN as the catalytic system.58 However, the polymerization kinetics, the 

molecular weights, and molecular weight distributions of P4VP chains were not provided.  

Although in SI-RAFT polymerizations, no copper-based catalyst is required as in SI-ATRP, 

there are relatively few reports on the application of RAFT techniques to the synthesis of 

polymer grafted substrates, probably due to the difficulty of covalently attaching RAFT chain 

transfer agents to a substrate in comparison to SI-ATRP. Monomers such as styrene,59,60 acrylic 

acid,60 ethylene glycol methacrylate phosphate,61 N-isopropylacrylamide,62,63 and methyl 

acrylate64 have been polymerized from the surface of MNPs via SI-RAFT approaches. Although 

the P4VP-functionalized silica NPs were synthesized via SI-RAFT,65,66  the dithioester type 

RAFT agents  using the R group, benzyl group or the Z group, carbazole group used in these 

studies,  were not good control agent which may lead to low reaction rates and poor-controlled 

polymerization.  

Here we report a comparative study on the preparation of P4VP brushes on MNPs with high 

graft density and well-defined structures via three methods: (1) the grafting to approach by the 

combination of CuAACs based click reaction and RAFT polymerization; (2) SI-RAFT grafting 

from approach, in which we adapted a more active trithiocarbonate RAFT agent over a 

conventional dithioester type RAFT agent and (3) SI-ATRP grafting from approach. Although 

there exist previous reports in the literatures where a grafting to or a grafting from method has 

been utilized to synthesize polymer functionalized MNPs, our approach is unique in that we 

utilized the amide bond to covalently link polymer chains with MNP surface, which makes the 

P4VP brushes robust under common chemical environmental conditions, hence have great 

potential for practical applications, such as dewatering microalgae.  Furthermore, we compared 

graft density and the ability to control P4VP polymerization for all three methods. Fourier 
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transform infrared spectroscopy (FT-IR), transmission electron microscopy (TEM), 

thermogravimetric analysis (TGA), 1H NMR, 13C NMR, gel permeation chromatography (GPC), 

and dynamic light scatting (DLS) were employed to characterize the NPs and  polymers. To the 

best of our knowledge, this is the first comprehensive study on the fabrication of MNPs densely 

grafted with a pH-responsive polymer that has a well-defined structure. 

6.2 Experiment 

Materials and methods. S-1-dodecyl-S’-(α,α’-dimethyl-α’’-acetic acid) trithiocarbonate 

(DATC) was synthesized according to the previous reference.67 4-vinyl pyridine monomers were 

purified through a basic alumina column to remove the inhibitor prior to use. 2,2-

Azoisobutyronitrile (AIBN) was recrystallized from methanol. Unless specified, all other 

reagents were purchased from Sigma-Aldrich and used without further purification. 

Prepare magnetic Fe3O4 NPs (d~164 nm) by solvothermal reduction method.68 In a typical 

run, FeCl3·6H2O (2.1g 7.8mmol), trisodium citrate (0.50g, 1.95mmol) and sodium acetate (3.36g 

41mmol) were dissolved in 70mL ethylene glycol under vigorous stirring. The resultant mixture 

was then transferred into a Teflon-lined stainless-steel autoclave and heated at 200 °C for 10 h. 

After that, the autoclave was taken out to cool to room temperature. The as-made black products 

were thoroughly washed with ethanol and deionized water for several times. 

Synthesis of 6 nm Fe3O4 Nanoparticle.69 In a typical run, Fe(acac)3 (2 mmol), 1,2-

hexadecanediol (10 mmol), oleic acid (6 mmol), oleylamine (6mmol), and benzyl ether (20 mL) 

were mixed and magnetically stirred under a flow of nitrogen. The mixture was heated to 200 °C 

for 2 hours and then, under a blanket of nitrogen, heated to 250 °C for one hour. The black-

colored mixture was cooled to room temperature by removing the heat source. A black-brown 

hexane dispersion of 6 nm Fe3O4 NPs were produced. 
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Coating silica layer on large magnetic NPs (d~164nm) surface by Stöber Method.70 In a 

typical run, MNPs (164 nm) (200mg) were dispersed in a solution of ethanol (640mL), H2O 

(160ml), and concentrated ammonia (8ml). Then, tetraorthosilicate (TEOS) (4mL) was added by 

injection to the resultant basic dispersion, followed by mechanically stirring for 6 h at room 

temperature. The obtained Fe3O4@SiO2 NPs were washed with ethanol for several times. 

Coating silica layer on small magnetic NPs (d~6nm) surface by the microemulison method. 

Specifically, polyoxyethylene nonylphenyl ether (Igepal CO-520, 0.56 mmol) was dispersed in 

cyclohexane (4.2 mL) by sonication. Then, 300 µL of Fe3O4 solution (0.8 mg/mL of 

cyclohexane) was added. The resulting mixture was vortexed, and ammonium hydroxide (29.4%, 

35 µL) was added to form a transparent, brown solution of reverse microemulsion. Next, TEOS 

(20 µL) was added, and the reaction was continued for 16 h at room temperature. Fe2O3@SiO2 

NPs were precipitated in methanol for twice and collected by a magnet. 

Synthesis of azide-modified Fe3O4@SiO2 NPs (Fe3O4@SiO2@N3). Into a 100ml three neck 

flask, 240mg Fe3O4@SiO2 NPs and 50 mL of anhydrous toluene were added under an inert 

atmosphere.  This flask was sonicated for 30 minutes. 3-bromopropyltrichlorosilane (0.2ml) was 

added drop-wise, and the solution was maintained at 80 °C for 18 h. The NPs were separated by 

applying an external magnetic field, and were purified by re-dispersed in THF and re-separated 

three times. 3-bromopropyl-modified Fe3O4@SiO2 NPs (240mg) and NaN3 (30.3mg, 0.47mmol) 

were mixed in 24mL DMF under an inert atmosphere. This solution was shaken at 50 °C for 18 

h.  The NPs were separated by applying an external magnetic field, and were purified by re-

dispersed in ethanol and re-separated three times.  

Amine surface modification of Fe3O4@SiO2 NPs. Fe3O4@SiO2 NPs (240mg) were dispersed 

in 150ml toluene. The Fe3O4@SiO2 NPs were refluxed with 3-aminopropyltriethoxylsilane 
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(APTES) (0.9mL) in 150mL anhydrous toluene under nitrogen atmosphere overnight at 110°C. 

The obtained Fe3O4@SiO2@NH2 NPs were separated by applying an external magnetic field, 

and were purified by re-dispersed in anhydrous THF and re-separated three times. 

Fixation of RAFT agents on MNPs. In a typical run, a dichloromethane solution containing 

thionyl chloride (238mg, 2mmol) was added drop-wise to another anhydrous CH2Cl2 solution (7 

mL) of DATC (365mg, 1mmol) at 0°C under nitrogen atmosphere. The resulting mixture was 

gradually increased to 60°C and was stirred for 1hrs under nitrogen atmosphere. The residual 

thionyl chloride and solvent was removed by rotary evaporator and the resulted yellow oil was 

further dried in vacuum oven at 40°C for 2hrs. The fresh made activated-DATC was immediately 

re-dissolved in 8mL anhydrous dichloromethane. The resulting solution was added drop-wise to 

another dichloromethane solution of Fe3O4@SiO2@NH2 (240mg) and triethyl amine (0.078mL, 

0.55mmol) at 0°C under nitrogen atmosphere. The resulting colloids was gradually warmed to 

room temperature and was shaken for 18hrs. The product, Fe3O4@SiO2@DATC NPs, were 

separated by applying an external magnetic field, and were purified by re-dispersed in THF and 

re-separated four times. 

Fixation of ATRP initiators on MNPs. Typically, Fe3O4@SiO2@NH2 (240mg), anhydrous 

THF (24ml) and triethyl amine (0.8mL) were placed in a dried 50 mL flask at 0°C under nitrogen 

atmosphere. The mixture of α-bromoisobutyryl bromide and THF was dropped slowly into the 

solution at 0°C, gradually warmed to room temperature, and then shaken for 24hrs. The product, 

the Fe3O4@SiO2@ATRP initiator NPs, were separated by applying an external magnetic field, 

and were purified by re-dispersed in THF and re-separated four times. 

Synthesis of alkyne terminated DATC. In a typical run, DATC (1.1 g, 3.00 mmol), 2-

mercaptothiazoline (370mg g, 3.1 mmol), and dimethylamino pyridine (DMAP) (73 mg, 0.6 
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mmol) were dissolved in 10 mL of anhydrous dichloromethane. Dicyclohexylcarbodiimide       

(DCC) (660mg, 3.2mmol) in 10mL anhydrous dichloromethane was added slowly to the solution 

at 0 °C under nitrogen atmosphere. The resulting solution was warmed gradually to room 

temperature, stirred for 24hrs, and then was filtered to remove the side product. The fresh made 

activated-DATC was immediately re-dissolved in 8mL anhydrous dichloromethane.  Anhydrous 

dichloromethane solution (10 mL) of propagyl amine (2.5mmol, 137.7mg) was added drop-wise 

to activated-DATC at 0 °C. The resulting solution was stirred for 6 h at room temperature. The 

crude product was purified by passing through a silica gel column using hexanes/ethyl acetate 

mixture (v/v=6:1) as eluent.  

Click coupling between alkyne terminated P4VP and Fe3O4@SiO2@N3 NPs. We design 

different alkyne terminated P4VP size by varying monomer-to-alkyne CTA ratios. In a typical 

run, the polymerization conditions for the synthesis of alkyne terminated P4VP are as follows: 

DATC-alkyne: AIBN: 4-VP=1:0.1:100. The reaction mixture was dissolved DMF (50 vol.-% 

monomer solution) and was added in a Schlenk flask and sealed with septum. After three freeze-

pump-thaw cycles, the flask was sealed under vacuum and then immersed in an oil bath at 60 °C. 

The polymerization was terminated by cooling via liquid nitrogen. The polymer was precipitated 

in diethyl ether twice and dried at 40 °C in a vacuum oven. The conversion of the polymerization 

reaction was determined gravimetrically.  The click reaction conditions are as follows: alkyne 

terminated P4VP: anchored -N3 group on the surface of Fe3O4@SiO2: copper bromide, 

N,N,N’,N’,N’’-pentamethyldiethylenetriamine (PMDETA):sodium ascorbate =10:1:1:5:2. In a 

typical run, alkyne terminated P4VP with degree of polymerization of 25(113mg), 

Fe3O4@SiO2@N3 (80mg), CuBr (0.39mg), PMDETA (2.33mg), sodium ascorbate (1.03mg), and 

4mLTHF were mixed in a schlenk flask.   The reaction mixture degassed by three freeze-pump-
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thaw cycles and then shaken at 50 °C for 48 hrs. The Fe3O4@SiO2@P4VP NPs was redispersed 

in methanol and was separated by applying an external magnetic field.  This cycle was repeated 

eight times to remove the physically adsorbed alkyne terminated P4VP.  

Surface-initiated RAFT polymerization of 4-VP on MNPs. The polymerization conditions for 

the synthesis of Fe3O4@SiO2@P4VP are as follows: [4VP]0 /[free DATC]0/anchored DTAC on 

Fe3O4@SiO2 NPs /[AIBN]0 =4000/4.55/0.74/1, and reaction mixture was dissolved in   DMF. 

We design different brush size by varying the conversion.  In a typical run, a Schlenk flask was 

added with 80 mg of Fe3O4@SiO2@DATC, 1.43 g of 4-vinyl pyridine (13.15 mmol), 2.65 mL of  

DMF, 5.6 mg (0.015 mmol) of DATC, and 0.55 mg (0.0034 mmol) of AIBN. The reaction 

mixture was degassed by four freezes-pump-thaw cycles and then placed in a shaker at 70 °C. 

After the reaction time, the polymerization was terminated by cooling in liquid nitrogen and the 

reaction mixtures were precipitated in 10-fold cold diethyl ether and were dried at 40 °C in 

vacuum. The conversion was determined gravimetrically. The Fe3O4@SiO2@P4VP was 

redispersed in methanol and separated by applying an external magnetic field. This cycle was 

repeated eight times to remove the physically free adsorbed polymer. The supernatant in 

centrifugation was condensed by rotavap and was precipitated with10-fold cold diethyl ether.  

Surface-initiated ATRP of 4-VP on MNPs. The polymerization conditions for the synthesis of 

Fe3O4@SiO2@P4VP NPs are as follows: Anchored ATRP initiators on Fe3O4@SiO2 NPs:  ethyl 

α-bromoisobutyrate (2-(EtBi)-Br): CuCl: CuCl2: Me6TREN: 4-VP =1:6.3:11:2.75:13.8:3756. We 

design different brush size by varying the conversion.  In a typical run, a mixture of CuCl (4.7 

mg, 0.0475 mmol), CuCl2 (1.6 mg, 0.0119 mmol), Me6TREN (13.7 mg, 0.059 mmol), 4-vinyl 

pyridine (1.7 g, 16.17 mmol), and 1.7 ml isopropyl achohol was added a Schlenk flask and 

degassed by two freeze-pump-thaw cycles. The Schlenk flask was opened and was added with a 
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mixture of Fe3O4@SiO2@ATRP initiator (80 mg), and a free 2-(EtBi)-Br (5.2 mg, 0.027 mmol) 

very quickly. The reaction mixture was degassed by another three freeze-pump-thaw cycles. The 

reaction was performed at 50 °C and terminated at certain time by cooling with liquid nitrogen. 

The reaction mixture was precipitated in 10-fold cold diethyl ether and was dried at 40 °C in 

vacuum oven. The conversion was determined gravimetrically. The Fe3O4@SiO2@P4VP NPs 

was redispersed in methanol and was separated by applying an external magnetic field. This 

cycle was repeated eight times to remove the physically adsorbed free P4VP. The polymer 

solution was condensed by rotary evaporator and was precipitated with ammonium solution to 

remove the catalyst.  

Cleaving grafted P4VP from nanoparticle-pinched polymer brushes. 0.16 g of 

Fe3O4@SiO2@P4VP NPs and 5 mg tetrabutylammonium bromide as a phase transfer agent were 

dispersed in 5 mL dicholomethane in a Teflon container. HF (48-51%, 0.6 mL) was added to the 

system under vigorous shaking and the reaction was continued at room temperature for 2hrs.  

The reaction mixture was exposed for evaporation in a fume hood overnight. The resulting 

mixture was dialyzed against DI water with pH 10 for 2 days, and against deionized water for 

1day. The resulting solution was then dried by N2 blowing and subjected to GPC analysis. 

Characterization. Transmission electron microscopy (TEM) was performed on a Philips 

CM200 with an accelerating voltage of 200 kV. Attenuated total reflection - Fourier transform 

infrared (ATR-FTIR) spectra were collected utilizing a Smart SAGA attachment coupled with a 

Thermo-Electron Nicolet 4700 spectrometer. The chemical structure of synthesized polymers 

was characterized using JEOL 500 MHz NMR spectrometer with CDCl3 as solvent. Their 

molecular weight was measured by GPC (Viscotek model 270 series platform) with DMF  as the 

eluent at 55 °C and a flow rate of 1.0 mL/min (columns: Visco Gel I-series G-3000 and G-4000 
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mixed bed columns: molecular weight range 0-20 × 103 and 0-200 × 103 g/mol, respectively). 

The GPC is a triple detector system, a Viscotek differential viscometer/low angle laser light 

scattering detector (model 270, λ = 670 nm, 3 mW laser, detector angles positioned at 7° and 90°, 

respectively), and a refractive index detector model 3580 (10 mV, λ = 660 nm). The instrument 

was calibrated with polystyrene standards. DLS of spherical polymersome vesicles was 

measured by Malvern Zetasizer Nano ZS90, which automatically sets to accommodate the 

requirements of high sensitivity by detecting the scattering information at 173°C, and reports 

size information with its own software package to fit the Photon Correlation Spectroscopy. 

Thermogravimetric analysis (TGA) was performed in nitrogen atmosphere at a heating rate of 10 

°C /min from room temperature to 550-650°C on a TA instrument TGA 2950. 

6.3 Results and discussion  

We first discuss synthesis of paramagnetic NPs (Fe3O4) and silica-coated paramagnetic NPs 

(Fe3O4@SiO2) and then the preparation of P4VP brushes on MNPs with high graft density and 

well-defined structures via three methods: (1) the grafting to approach; (2) SI-RAFT grafting 

from approach, and (3) SI-ATRP grafting from approach. 

6.3.1 Synthesis of  paramagnetic NPs  and silica-coated paramagnetic NPs  

Two types of paramagnetic NPs with significantly different sizes were successfully 

synthesized. Large Fe3O4 NPs were prepared by the solvothermal reduction of FeCl3.
68 A 

representative TEM image (Figure 6.1A) shows that the Fe3O4 NPs obtained are nearly spherical 

in shape and have an average diameter of ca. 164 nm as analyzed by Image J. 

 Small Fe3O4 NPs were synthesized by the thermal decomposition of iron(III) acetylacetonate 

(Fe(acac)3).
69  A representative TEM image (Figure 6.1C) shows that the Fe3O4 NPs obtained are 

nearly spherical in shape and have an average diameter of ca. ~6 nm as analyzed by Image J. 
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Figure 6.1 TEM images of: (A) larger Fe3O4 NPs, (B) Fe3O4@SiO2 NPs prepared by Stöber 

method, (C) smaller Fe3O4 NPs, and (D)Fe3O4@SiO2 prepared by reverse microemulsion method 

Large Fe3O4 NPs (d~164nm) were coated by silica layers on the surface using a modified 

Stöber method.70 A representative TEM image of the obtained Fe3O4@SiO2 core–shell NPs 

(Figure 6.1B) shows that the dark magnetite NPs are individually coated with a uniform gray 

silica shell with a thickness of ca. 20 nm, which is close to the thickness determined by DLS that 

reveals a thickness of 17.5±1.3nm.The SiO2 shell thickness in the Fe3O4@SiO2 NPs can be tuned 

by controlling the synthesis and processing parameters. The shell thickness decreased with 

decreasing TEOS content and increasing Fe3O4 seed concentration (data not shown).  

SiO2 coating on the small Fe3O4 NPs was performed through a modified reverse 

microemulsion method.70 Figure 6.1D illustrates a TEM image of Fe3O4 (6 nm) NPs with thin 
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silica shells of ~10 nm thickness. Note that in this chapter, we only used larger Fe3O4@SiO2 NPs 

for fabricating the paramagnetic nanoparticle-pinched P4VP brushes. 

6.3.2 Synthesis of Fe3O4@SiO2@P4VP via the combination of click chemistry and RAFT 

polymerization   

The experiment design for synthesis of Fe3O4@SiO2@P4VP via combination of click 

chemistry and RAFT polymerization is shown in Figure 6.2.  

 

Figure 6.2 Synthesis of Fe3O4@SiO2@P4VP by a combination of click chemistry and RAFT 

polymerization.   
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6.3.2.1 Synthesis of Fe3O4@SiO2@N3.  

Azide-functionalized Fe3O4@SiO2 NPs were prepared by an easy two-step synthetic 

procedure. A bromide group was introduced onto Fe3O4@SiO2 NPs by using a silyl condensation 

reaction with bromopropyltrichloro silane. Subsequently this bromide was converted to an azide 

group through a nucleophilic substitution reaction with sodium azide.   

In Figure 6.3a, FTIR adsorption peaks for the Fe3O4@SiO2 NPs are clearly shown: 1) the –Si-

O-Si- asymmetric stretching vibration at 1090 cm-1, 2) -Si-OH stretching at 952 cm-1, and 3) the 

symmetric –Si-O-Si- stretching at 795 cm−1.  FT-IR analysis of the azide-modified Fe3O4@SiO2 

NPs (Figure 6.3b) reveals the appearance of adsorption at 2098 cm-1, corresponding to –N3 anti-

symmetric stretching, and the disappearance of the band at 952 cm-1. Elemental analysis 

confirmed that the graft density of azide group is 4.38 group/nm2. 

 

Figure 6.3 FT-IR spectra of (a) Fe3O4@SiO2; (b) Fe3O4@SiO2@N3; (c) Fe3O4@SiO2@DATC; 

and (d) Fe3O4@SiO2@ATRP initiator  
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6.3.2.2 Synthesis of alkyne-terminated CTA and alkyne-terminated P4VP 

DATC  has been reported to have a high chain transfer efficiency for a successful RAFT 

polymerization.67 To introduce alkyne moiety through stable amide bond formation, the selection 

of reaction conditions between propargylamine and DATC was critical. It is well-known that 

thio-esters are susceptible to aminolysis even under mild conditions. Therefore, the carboxyl 

group of DATC was first activated with 2-mercaptothiazoline71 before reaction with 

propargylamine (Figure 6.2, third line).  The alkyne-terminated DATCstructure was confirmed 

by 1H NMR and 13C NMR. 1H NMR displays a peak at 4.01 ppm (-CH2(NH)-CO) and 2.19 ppm 

(-CH-alkyne) (Figure 6.4A). 13C NMR also shows alkyne resonances at 75 and 77 ppm (Figure 

6.4B). 

 

Figure 6.4  (A) 1H NMR, and (B) 13C NMR spectra of alkyne-terminated DATC. 

We synthesized alkyne-terminated P4VP with four different molecular weights at 60 oC using 

various monomer-to-alkyne CTA ratios with AIBN as the initiator. The four-targeted molecular 

weights ranged from ~3kD to 20kD (see Table 6.1). The 1H NMR spectrum of the P4VP in 

CDCl3 shown in Figure 6.5A is representative of the entire alkyne-terminated P4VP series. The 

peak intensity of pyridine protons at 8.15-8.65 ppm and 7.00-6.14 ppm in reference to CH2-S 
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protons (3.17-3.30 ppm) or alkyne protons (3.57-3.89 ppm) provide an estimation of the number-

average molecular weight (Mn) (see a summary of all P4VP in Table 6.1).  The peak for the 

proton in alkyne is overlapped with alkyl-H in the backbone of P4VP.  The representative GPC 

curves of alkyne-terminated P4VP are shown in Figure 6.13A. The Mns determined by GPC for 

all four alkyne-terminated P4VP are close to the ones determined by conversion and 1H NMR 

analysis as shown in Table 6.1. 

 

Figure 6.5 (A) 1H NMR spectra of alkyne-terminated P4VP. (B) FT-IR spectra of 

Fe3O4@SiO2@P4VP NPs prepared by click reactions with DP of a) 25, b) 146, and c) 188 

respectively.  

Table 6.1 Summary of alkyne-terminated P4VP synthesized by RAFT polymerization 

Polymers [M]: 

[RAFT]:[I] 

α4-VP
a 

(%) 

Mn,thory
b

 

(g/mol) 

Mn,NMR
c
 

(g/mol) 

Mn,GPC
d
 

(g/mol) 

PDI e 

Fe3O4@SiO2@P4VP25-click 50:1:0.125 52 3134 3030 2700 1.15 

Fe3O4@SiO2@P4VP 56-click 55:1:0.125 90 5605 6280 5630 1.11 

Fe3O4@SiO2@P4VP 146-click 200:1:0.125 66 14279 NA 15750 1.08 

Fe3O4@SiO2@P4VP 188-click 220:1:0.125 85.4 20170 NA 20260 1.05 

(a) α4-VP denotes 4-VP conversion determined gravimetrically; (b) Mn, theor. = ([4-VP]/[CTA]) × 

α4-VP × MW4-VP+ MWCTA, where MW4-VP and MWCTA denotes the molar mass of 4-VP and alkyne-

terminated DATC respectively; (c) Mn determined by 1H-NMR. Mn,NMR = (I8.65/I3.24)*MW4-VP + 

MWCTA; (d) number-average molecular weight and (e) molecular weight distribution of alkyne-

terminated P4VP determined by DMF-GPC calibrated by polystyrene standards, respectively.  
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6.3.2.3 Click coupling between azide-modified Fe3O4@SiO2 NPs and alkyne-terminated 

P4VP 

Alkyne-terminated P4VP was grafted to Fe3O4@SiO2 NPs via a CuAAC reaction (Figure 6.2).  

The successful synthesis of Fe3O4@SiO2@P4VP was confirmed by FI-IR, TEM, and TGA 

measurements. In Figure 6.5B, FT-IR analysis reveals that a decreased adsorption at 2110 cm-1 

(the azide group) and the increased adsorption at 2900-3000 cm-1 (the P4VP backbone C-H 

stretching). The new adsorptions at 1595, 1553, 1447 and 1412 cm-1 are attributed to pyridyl ring 

stretchings. Note that the peak at 1640 cm-1 is attributed to a half water peak. The intensities of 

pyridyl ring peaks do not increase with the increase of degree of polymerization (DP), suggesting 

that the grafting to approach results in a constant surface coverage (i.e. weight of P4VP per area) 

independent of P4VP chain sizes. A representative TEM image (Figure 6.6A) of the obtained 

Fe3O4@SiO2@P4VP25-click NPs reveals a sandwich structure with a dark Fe3O4 core, a gray 

SiO2 middle layer, and a light-gray inhomogeneous P4VP shell with the thickness of ~8 nm. 

However, no obvious morphological changes are observed when the DP of P4VP is increased 

(Figure 6.6B), possibly indicative of a relatively low graft density.  

 
 

Figure 6.6 TEM images of: (A) Fe3O4@SiO2@P4VP25-click (scale bar: 500 nm). Insert: an 

individual nanoparticle (scale bar: 100 nm) and (B) Fe3O4@SiO2@P4VP146-click (scale bar: 

200 nm). Insert: an individual nanoparticle (scale bar: 100 nm).  
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6.3.3 Synthesis of Fe3O4@SiO2@P4VP via a SI-RAFT approach  

The experiment design for synthesis of Fe3O4@SiO2@P4VP via a SI-RAFT approach is 

shown in Figure 6.7. 

 

Figure 6.7 Synthesis of Fe3O4@SiO2@P4VP via a SI-RAFT approach 

6.3.3.1 Synthesis of Fe3O4@SiO2@DATC 

RAFT agent functionalized Fe3O4@SiO2 NPs were prepared by a two-step synthetic 

procedure. An amine group was first introduced onto the Fe3O4@SiO2 NP surface via a silyl 

condensation reaction with APTES, which was subsequently reacted with DATC. The selection 

of reaction conditions between amine functionalized Fe3O4@SiO2 NPs (Fe3O4@SiO2@NH2) and 

DATC was critical to the success of this approach. It is well-known that thio-esters are 

susceptible to aminolysis even under mild conditions. In view of this challenge, the carboxyl 

group of DATC was first activated with thionyl chloride and then reacted with 

Fe3O4@SiO2@NH2. In Figure 6.3c, FT-IR analysis of the RAFT agent modified Fe3O4@SiO2 

NPs (Fe3O4@SiO2@DATC) reveals the adsorption peaks at 1635 cm-1 (amide bond I stretching), 
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1543 cm-1 (amide bond II stretching), 1385, 1446 and 1471 cm-1 (-CH2 &-CH3 bending). The –

Si-OH adsorption at 952 cm-1 disappears as a result of silyl condensation reaction with APTES. 

Note that the -C=S stretching at about  1050 cm-1 and amide bond III at about  1264 cm-1  were 

overlapped with –Si-O-Si asymmetric stretching adsorption. The graft density of DATC on their 

MNP surface was determined by elemental analysis. Fe3O4@SiO2@DATC NPs contains a sulfur 

weight percentage of 0.3%, suggesting the graft density of RAFT agent group is 2.30 group/nm2. 

The graft density of RAFT CTA is lower than that of azide and ATRP initiator on the 

Fe3O4@SiO2 NP surface, which can be explained by its larger size. After the fixation of RAFT 

CTA, the paramagnetic NPs showed good dispersibility in many organic solvents such as THF 

and dichloromethane. The suspension of Fe3O4@SiO2@DATC NPs could be stably stored in a 

refrigerator without any change of DATC structure for at least one month. 

6.3.3.2 SI-RAFT polymerization of 4-VP  

We carried out the polymerization in the presence of “sacrificial” free DATC. The presence of 

free DATC is known to slow down the propagation of free chains in solution and favor the 

addition–fragmentation reactions on NP surface. Initially, the ratio of free DATC to anchored 

DATC on Fe3O4@SiO2 NPs was 1:1. However, the polymerizations did not exhibit molecular 

weight control and polymerization rates were very low. This lack of control may be ascribed to 

the very high initial monomer-to-CTA ratio in these polymerization reactions. When grafting 

substrates have low specific surface areas (i.e., flat surfaces, large-diameter cylinders and spheres, 

and low-porosity materials), relatively low CTA concentration exists in the overall reaction 

mixture. Our Fe3O4@SiO2  NPs have relatively low specific surface area because of their large 

sizes (diameter ca. 200 nm). The molecular weight control was induced by the addition of ~6 

times the amount of free DATC over the amount of anchored DATC on Fe3O4@SiO2 NPs. 
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Figure 6.8 Successful synthesis of Fe3O4@SiO2@P4VP by the SI-RAFT polymerization at 

[4VP]0/[free DATC]0/[DATC anchored Fe3O4@SiO2]/[AIBN]0 = 4000/4.55/0.74/1, and a weight 

of  Fe3O4@SiO2@DATC ca. 80 mg.  (A) Polymerization kinetics study. Lower trace:  

ln([M]0/[M]t) as a function of monomer conversion. upper trace: PDIs (Mw/Mn) of free P4VP vs 

monomer conversion; (B) FT-IR spectra of Fe3O4@SiO2@P4VP with DP of  a) 65, b) 124, c) 

185, d) 244  respectively; (C) Comparison of FTIR peak intensity A (1598cm
-1)/A (1091

-1
)  as a 

function of DP. 

The kinetics of SI-RAFT polymerization of 4-VP mediated with Fe3O4@SiO2@DATC in the 

presence of free DATC was conducted. In Figure 6.8A the graph shows an almost linear 

relationship between monomer consumption and conversion, which indicates a constant free 

radical concentration during the polymerization. The Mns increased linearly with conversion 

(Table 6.2), which also indicates a constant free radical concentration during the polymerization. 

The experimental Mns obtained by GPC measurements are in good agreement with the 

theoretical values determined by the following equation: Mn, theor. = ([4-VP]/[CTA]) × α4-VP × 

MW4-VP+ MWCTA, where α4-VP, MW4-VP, and MWCTA denotes 4-VP conversion, molar mass of 4-

VP, and molar mass of RAFT CTA, respectively. The polydispersity indices (PDIs) of the 

resulting polymers remain quite low throughout the polymerization (Mw/Mn≈1.1-1.25, Table 6.2), 

which further demonstrates the SI-RAFT polymerization of 4-VP is controlled/living. 
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Table 6.2 Summary of free P4VP and Fe3O4@SiO2@P4VP synthesized by SI-RAFT 

polymerization 

Name  α4-VP
a 

(%) 

Mn, theo.
b 

g.mol-1 

Mn, GPC
c 

g.mol-1 

PDId 

 

P4VP 

shell thickness 

(nm)e 

Fe3O4@SiO2@P4VP 65-RAFT 7.87 6640 6800 1.15 NA 

Fe3O4@SiO2@P4VP124-RAFT 16.1 13200 12900 1.21 5.2 

Fe3O4@SiO2@P4VP185-RAFT 24.4 19810 19400 1.18 19.6 

Fe3O4@SiO2@P4VP244-RAFT 33.6 27340 26000 1.19 27.6 

(a) α4-VP denotes 4-VP conversion determined gravimetrically; (b) Mn, theor. = ([4-VP]/[CTA]) × 

α4-VP × MW4-VP+ MWCTA, where MW4-VP and MWCTA denotes the molar mass of 4-VP and RAFT 

CTA, respectively; (c) Mn and (d) PDI of free P4VP determined by DMF-GPC calibrated by 

polystyrene standards, respectively; (e)  P4VP shell thickness determined by TEM.  

TEM and FT-IR measurements were employed to verify the successful grafting of P4VP from 

the surface of MNPs. The representative TEM images (Figure 6.9) of the obtained 

Fe3O4@SiO2@P4VP NPs reveal a sandwich structure with a dark Fe3O4 core, a gray SiO2 

middle layer, and a light-gray P4VP shell. In addition, the thickness of the P4VP increases with 

the DP, as illustrated in Table 6.2, from 5.2 nm to 27.6 nm when the DP increases from 124 to 

244.  As a result of the presence of large quantities of P4VP, the FT-IR spectra (Figure 6.8B) of 

Fe3O4@SiO2@P4VP NPs show the new strong peaks at 1598, 1553, 1447 and 1412 cm-1, which 

are assigned to pyridyl ring stretching, and the new adsorption at 3022 cm-1 assigned to 

unsaturated C-H stretching. The quantitative analysis of FT-IR data was performed using the 

ratio of the adsorption intensity at 1598 cm-1 (A (1598cm
-1

)) in reference to that at 1091cm-1 (A 

(1091cm
-1

)) (the –Si-O-Si- asymmetric stretching vibration). As shown in Figure 6.8C, the ratio of 

A (1598cm
-1

) /A (1091cm
-1

 ) increases linearly with the DP, which indicates that the content of polymer 

on the surfaces increases with increasing graft length. This analysis is another indication of 

constant free radical concentration during the polymerization and is in good agreement with 

TGA analysis.  
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Figure 6.9 TEM images of Fe3O4@SiO2@P4VP prepared by SI-RAFT polymerization with DP 

of (A) 124; (B) 185; and (C) 244 respectively (scale bar: 500 nm). Insert: an individual 

nanoparticle (scale bar: 100 nm).    

6.3.4 Synthesis of Fe3O4@SiO2@P4VP via surface-initiated ATRP  

The experiment design for the synthesis of Fe3O4@SiO2@P4VP via SI-ATRP is shown in 

Figure 6.10. 

6.3.4.1 Synthesis of Fe3O4@SiO2@ATRP initiator 

Fe3O4@SiO2 NPs were first reacted with APTES and then with α-bromoisobutyryl bromide to 

serve as ATRP initiators. The successful synthesis of ATRP initiator-modified Fe3O4@SiO2 NPs 

(Fe3O4@SiO2@ATRP initiator) is demonstrated by FT-IR. In Figure 6.3d, FT-IR analysis of the 

Fe3O4@SiO2@ATRP initiator reveals the adsorption at 1640 cm-1 corresponding to amide bond I 

stretching, the adsorption at 1541 cm-1 corresponding to amide bond II stretching, and the 

adsorption at 1384 cm-1 corresponding to -CH2&-CH3 bending vibrations. The –Si-OH 
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adsorption at 952 cm-1 disappears after reaction. Note that the amide bond III at ~1264 cm-1 is 

overlapped with –Si-O-Si- asymmetric stretching adsorption, and the -C–Br stretch at 690–515 

cm-1 is overlapped with –Si-O-Si- symmetric stretching vibration. The quantification of ATRP 

initiator on the paramagnetic NPs surface is determined by elemental analysis. The paramagnetic 

NPs contain 0.43% bromine (weight percentage), suggesting the graft density of initiator group 

is 3.96 group/nm2. 

 
 

Figure 6.10 Synthesis of Fe3O4@SiO2@P4VP by the SI-ATRP approach 

The initiator coated Fe3O4@SiO2 was subsequently used for SI-ATRP of 4-VP. CuCl/ 

Me6TREN was selected as catalyst to slow down the rate of propagation with respect to initiation 

and to increase the stability of the dormant species towards nucleophilic substitution, which 

prevented competitive complexation of the monomer or polymer to CuI.72 We carried out the 

polymerization in the presence of a “sacrificial” initiator, 2-(EtBi)-Br. The role of the “sacrificial” 

initiator is to accumulate an appropriate amount of CuII species via the termination of polymer 

radicals and thus to control the polymerization by the persistent radical effect.73,74 Initially, SI-

ATRP of 4-VP initiated by both free 2-(EtBi)-Br and Fe3O4@SiO2@ATRP initiators were 
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conducted at 40° C. However, polymerization rate was very low with 5% conversion after 38 hrs.  

Thus the reaction temperature was increased to 50° C. Initially, the ratio of free 2-(EtBi)-Br to 

anchored ATRP initiator on Fe3O4@SiO2 NP surface was 1:1. However, the polymerizations did 

not exhibit molecular weight control and the rate was still very low. This lack of control was 

ascribed to the very high initial monomer-to-initiator ratio in reaction mixture. The similar 

phenomenon was also reported by Patten et at. when  polymethylmethylacylate  was grafted 

from the surface of silica NPs with the diameter of 300 nm via SI-ATRP.75 Molecular weight 

control was induced by increasing the ratio of free 2-(EtBi)-Br to anchored ATRP initiators on 

Fe3O4@SiO2 NP surface to 6.3:1. 

6.3.4.2 SI-ATRP polymerization of 4-VP 

The kinetics of SI-ATRP polymerization of 4-VP in the presence of the “sacrificial” initiator 

was conducted. As shown in Figure 6.11A (lower trace), an almost linear relationship between 

monomer consumption and time indicates a constant free radical concentration during the 

polymerization. A linear increase of the molecular weights with conversion is observed, 

indicating that the number of propagating species remains constant (Table 6.3). However, Mns 

estimated by GPC using polystyrene as a standard are nearly twice the theoretical Mns determined 

by the following equation: Mn, theor. = ([4-VP]/[initiator]) × α4-VP × MW4-VP+ MWinitiator, where α4-

VP, MW4-VP and MWinitiator denotes 4-VP conversion, molar mass of 4-VP,  and molar mass of the 

initiator, respectively. Previous studies on ATRP of 4-VP have shown the similar results.57,76 The 

reason could be that not all of the initiator sites participated in the process of ATRP due to a low 

initiation efficiency, or radical termination during the initiation step. The PDI of the resulting 

polymers remained quite low throughout the polymerization (Mw/Mn≈1.1-1.2), which further 

confirmed that the SI-ATRP of 4-VP was a controlled/living polymerization. Representative 
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GPC traces of free P4VP are shown in Figure 6.13C. GPC traces show a small higher molecular 

weight shoulder when the conversion is higher than 20%. This could be attributed to possible 

intermolecular radical coupling or intermolecular nucleophilic substitution between P4VP and –

Cl end group. 

 

Figure 6.11 Successful synthesis of Fe3O4@SiO2@P4VP by the SI-ATRP method. 

Polymerization conditions: @ATRP anchored initiators on Fe3O4@SiO2 NPs: 2-(EtBi)-Br: CuCl: 

CuCl2: Me6TREN: 4-VP = 1:6.3:11:2.75:13.8:3756, the weight of Fe3O4@SiO2@Br was 80 mg. 

(A) Polymerization kinetics study. Lower trace: ln([M]0/[M]t) as a function of monomer 

conversion; Upper trace: PDIs (Mw/Mn) of the free P4VP vs monomer conversion; (B) FT-IR 

spectra of Fe3O4@SiO2@P4VP with DP of  a) 67, b) 156, c) 198, d) 273 and e) 347, respectively; 

(C) FT-IR spectra intensity ratio A(1598cm-1)/A(1091 cm
-1

) as a function of DP.  

The representative TEM images (Figure 6.12) of the obtained Fe3O4@SiO2@P4VP NPs reveal 

a sandwich structure with a dark Fe3O4 core, a gray SiO2 middle layer, and a light-gray P4VP 

shell. In addition, the thickness of the P4VP increases with the increase of their DP. As 

illustrated in Table 6.3, the P4VP shell thickness increases from 6.9 nm to 25.1 nm as the DP 

increases from 156 to 347. As a result of the presence of large quantities of P4VP, the FT-IR 

spectra (Figure 6.11B) of Fe3O4@SiO2@ P4VP show strong new peaks at 1598, 1553, 1447 and 

1412 cm-1(pyridyl ring stretching vibrations) and 3022 cm-1 (P4VP backbone =C-H stretching). 

The increased peak intensity at 821cm-1 is attributed to the single-substituted pyridine ring.  
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Table 6.3 Summary of free P4VP and Fe3O4@SiO2@P4VP synthesized via SI-ATRP  

Name 
α4-VP

a 

(%) 

Mn, theor.
b 

g.mol-1 

Mn, GPC
c 

g.mol-1 

PDId 

 

P4VP 

shell thickness 

(nm) e 

Fe3O4@SiO2@P4VP 67-ATRP 5.46 3087 7026 1.11 NA 

Fe3O4@SiO2@P4VP 156-ATRP 15.14 8203 16400 1.05 6.9 

Fe3O4@SiO2@P4VP 198-ATRP 18.44 9948 20760 1.05 16.1 

Fe3O4@SiO2@P4VP 273-ATRP 26.79 14361 28900 1.12 NA 

Fe3O4@SiO2@P4VP 347-ATRP 38.38 20493 36500 1.19 25.1 

(a) α4-VP denotes 4-VP conversion determined gravimetrically; (b) Mn, theor. = ([4-VP]/[initiator]) 

× α4-VP × MW4-VP+ MWinitiator, where MW4-VP and MWinitiator denotes the molar mass of 4-VP and 

RAFT CTA, respectively; (c) number-average molecular weight; and (d) PDI of free P4VP 

determined by DMF-GPC using polystyrene calibration standards; (e) P4VP shell thickness 

determined by TEM.  

 

 
Figure 6.12 TEM images of Fe3O4@SiO2@P4VP prepared by SI-ATRP with  DP of (A) 67, 

(B)156, (C)198, and (D) 347, respectively (scale bar: 500 nm). Insert: an individual nanoparticle 

(scale bar: 100 nm).    
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The quantitative analysis of FT-IR data was investigated by using the ratio adsorption intensity 

at 1598 cm-1 (A (1598 cm
-1

)) in reference to that at 1091cm-1 (A (1091cm
-1

)). As shown in Figure 

6.11C, the ratio of A (1598 cm
-1

) /A (1091 cm
-1

) increases linearly with DP, suggesting that the content 

of polymer on the surfaces increases with increasing graft length. This analysis is another 

indication of constant free radical concentration during the polymerization and is in good 

agreement with TGA analysis. 

6.3.5 Comparison of nanoparticle-pinched P4VP brushes prepared by the three methods 

The ability to control P4VP polymerization and graft density for all three methods were 

compared. 

6.3.5.1 GPC of P4VP 

Figure 6.13 shows the GPC traces of the polymers prepared via RAFT polymerization 

mediated by alkyne-terminated CTA (Figure 6.13A), free polymers in the solution of SI-RAFT 

polymerization (Figure 6.13B), and SI-ATRP polymerization (Figure 6.13C), respectively.  

 

Figure 6.13 GPC traces of (A) alkyne-terminated P4VP; (B) free P4VP co-exists with NPs in SI-

RAFT polymerization; (C) free P4VP co-exists with NPs in SI-ATRP; (D) free P4VP co-exists 

with NPs (black trace) and cleaved P4VP (red trace) on the same NPs in SI-ATRP.  

The Mw/Mn ratio remains lower than 1.3 for all the samples. The grafting to approach is 

experimentally simple and provides better control of the P4VP than the SI-RAFT and SI-ATRP 

approaches. Only few documents have reported synthesis of polymer brushes with Mn of less 
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than 5kD via a grafting from approach.77 This may be because that a grafting from approach 

usually requires a large amount of RAFT CTA or initiator-fixed NPs which makes it 

experimentally difficult. As shown in Figure 6.13 D, cleavage of P4VP from NP-pinched 

polymer brushes prepared by SI-ATRP was conducted. The molecular weight of the grafted 

polymer is (Mn~34900 Da) is close to that of the free polymer (Mn~31500 Da). However, the 

molecular weight distribution of the grafted P4VP is slightly broader than that of the free P4VP 

(PDI=1.12).  

6.3.5.2 The hydrodynamic size of Fe3O4@SiO2@P4VP 

The hydrodynamic sizes of Fe3O4@SiO2@P4VP NPs prepared by both SI-RAFT and SI-

ATRP grafting from approaches were investigated using DLS at a NP concentration of 0.15 

mg/ml in ethanol, a good solvent for P4VP (Figure 6.14).  

 

Figure 6.14 (A), (B): Hydrodynamic size distribution and log(h) versus logDP for 

Fe3O4@SiO2@P4VP synthesized by the SI-RAFT polymerization; (C), (D): hydrodynamic size 

distribution and log(h) versus logDP for Fe3O4@SiO2@P4VP synthesized by SI-ATRP. 

An increase of particle size was observed with increasing DP of P4VP as expected (Figure 

6.14A & C). The size distribution of Fe3O4@SiO2@P4VP NPs prepared via SI-ATRP is a little 

broader than that of the ones prepared via SI-RAFT.  In Figure 6.14 B & D, a linear relationship 

between LogDP and log (h, polymer brush height calculated based on DLS measurements) was 
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observed for NPs made by both SI-RAFT and SI-ATRP. At higher graft densities, the scaling of 

planar brush height become, ℎ = 𝑙0𝑁𝜎∗1/2 (N is the degree of polymerization, l0 is monomer 

length, 𝜎∗  is the reduced grafting density).41,78 The observed linear relationship of logDP ~ logh 

suggests the surface of our large NPs can be approximated as planar. 

6.3.5.3 Polymer brush grafting density  

We used TGA to measure the weight percentage of P4VP brushes (w) grafted on unit mass of 

Fe3O4@SiO2 NPs. The graft density (σ) was then calculated using the following eq.: 

 (w.N/Mn)/S =       (6-1) 

 Where N is the Avogadros number, Mn is the number-average molecular weight of P4VP 

brushes, and S is the specific surface area of Fe3O4@SiO2 NPs. 

The specific surface area (S) was calculated using the following eq.:  
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where a Fe3O4 core radius (r) of 82 nm and silica layer thickness (d) of 20 nm are used, both of 

which are determined by TEM analysis, and w2 is the weight loss of the solvent and other organic 

groups. For the Fe3O4@SiO2@P4VP prepared by grafting to and  SI-RAFT approaches,  it is 

noticed that there are two stages for the weight loss, which may be associated with the 

decomposition of the C–S bond at 200-300 oC and the degradation of P4VP at about 300-450 oC. 

(Figure 6.15B & C). TGA data of P4VP itself suggests that the degradation of P4VP occurs at 

the temperature of about 300-450 oC (data not shown).  

As shown in Figure 6.15 and 6.16, the P4VP graft densities obtained via all the three methods 

are higher than those of  the previous report.42 In the grafting to approach, the grafting densities 

are comparable with those obtained by the grafting from approach at low molecular weights of 
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P4VP and estimated to be from 0.994 to 0.26 chains/nm2. However, a decrease of the grafting 

density is observed with an increase of the molecular weight because of an increase of the steric 

hindrance. On the other hand, in the SI-RAFT and SI-ATRP grafting-from reactions, the content 

of polymer on the surfaces increases with increasing graft length, confirming the “living” nature 

of these polymerization. Both SI-RAFT and SI-ATRP grafting-from approaches lead to high 

polymer brush graft densities (~0.8-1.0) chains/nm2. Interestingly, although the SI-ATRP 

approach allowed functionalization of MNPs with a higher initiator concentration than the SI-

RAFT approach, the graft density of P4VP is similar, suggesting an upper limit of P4VP chain 

packing on a given surface. Consequently the grafting to approach is best for synthesis of 

polymer brushes with a low molecular weight. SI-RAFT and SI-ATRP methods are superior to 

the grafting to approach with respect to synthesis of polymer brushes with both high molecular 

weights and grafting densities.  

 

Figure 6.15 TGA analysis of (A) Fe3O4@SiO2@P4VP prepared by click reaction with a brush 

DP of a) 188, b) 146, and c) 25, respectively; (B) Fe3O4@SiO2@P4VP prepared by SI-RAFT 

polymerization with a brush DP of a) 65, b) 124, c) 185,  and d) 244, respectively; (C) 

Fe3O4@SiO2@P4VP prepared by SI-ATRP with a brush DP of a) 67, b) 156,  c)198, d)273, and 

e) 347, respectively. 
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Figure 6.16 Graft densities as a function of DP for Fe3O4@SiO2@P4VP prepared by (A) click 

reaction; (B) SI-RAFT polymerization; and (C) SI-ATRP, respectively.  

6.4 Conclusion  

Three different strategies to prepare NP-pinched polymer brushes, i.e., grafting to, SI-RAFT 

grafting from, and SI-ATRP grafting from, were employed to successfully functionalize 

paramagnetic Fe3O4 NPs with P4VP brushes. We demonstrated that the grafting to approach via 

a combination of click chemistry and RAFT polymerization could be used to grow high density 

polymer brushes successfully when the brush sizes are relatively small. We also reported a novel 

method to graft P4VP to paramagnetic NP surface with stable amide bonds via SI-RAFT. In SI-

ATRP, we described the significant improvement on the graft density of P4VP brushes over 

what was reported in literatures.  

As a comparison, the grafting density in grafting to approach reached as high as 0.994 

chains/nm2 at low molecular weight but decreased significantly as polymer chain sizes increased. 

For the SI-RAFT and SI-ATRP grafting from approaches, the content of polymer on the surfaces 

increased with increasing graft length, confirming the possibility of tailoring not only the length 

but also the content of polymer brushes on NP surface. Consequently, the grafting to method is a 

good choice to functionalize NPs with low molecular weight polymer brushes. The SI-RAFT and 
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SI-ATRP grafting from generally allows functionalization of NPs with a higher grafting density 

than the grafting to method, particularly when the polymer brush size becomes larger. Although 

the SI-ATRP approach yields functionalized MNPs with a higher initiator concentration than the 

SI-RAFT approach, the final graft density of P4VP brushes is similar. In all these approaches, we 

obtained paramagnetic Fe3O4@SiO2 NP pinched P4VP brushes with stable amide bonds. They 

have exceptionally good stability and are well-suited for microalgae dewatering tests, as will be 

discussed next.  
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CHAPTER 7  

SPONTANEOUS MICROALGAE DEWATERING DIRECTED BY RETRIEVABLE 

PARAMAGNETIC NANOPARTICLE-PINCHED POLYMER BRUSHES  

7.1 Introduction 

Transforming the current fossil-fuel-powered economy into a renewable and carbon-neutral 

economy is the grand and urgent challenge of our time.1,2 Biofuels have been widely recognized 

as a sustainable alternative to fossil  fuels.3 The first generation biofuels, such as biodiesel or 

bioethanol readily derived from food crops have raised a lot of concerns regarding their adverse 

impact on food commodities, environment and ecology.4-6 It has been generally acknowledged 

that microalgae are promising feedstock for the next-generation biofuels. Microalgae, unlike 

other oil crops, can grow extremely fast throughout the year and can be harvested continuously 

on insignificant land, such as arid regions of the world. Chlamydomonas reinhardtii and 

Nannochloropsis gaditana are particularly good species for biofuel production. Nannochloropsis 

gaditana, a typical marine microalgae species, can produce lipid content as high as 50% of its 

dry biomass,7,8,9 and has been successfully cultivated at large scale using natural sunlight in 

either open ponds or enclosed systems by companies such as Solix Biofuels, Aurora Algae, 

Seambiotic, Hairong Electric Company, and Proviron.8 Chlamydomonas reinhardtii, a typical 

fresh microalgae species, can also produce high lipid content up to 25% of its dry biomass.10 

Due to the small specific density of microalgal cells and their like-charge repulsion, 

harvesting microalgae is one of the key processes that limits the commercialization of a 

microalgae-based biofuel industry. The operating costs contributes to 20−30% of the total 

production cost.11,12 Current microalgae harvesting methods include centrifugation, filtration, 

flotation, flocculation, and ultrasound sedimentation etc., but each of them has severe limitations 
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and is not economically favorable when applied beyond the lab scale.13,14 Centrifugation and 

ultrasound sedimentation are energy-intensive processes with high operational costs13,14, 

filtration is subject to clogging and short running time, and flotation often uses surfactants that 

cause new problems for downstream processes. 13,14 Flocculation often uses metal salts such as 

aluminum sulfate, ferric sulfate, and lime, synthetic organic polymers, and natural biopolymers 

to screen the inter-algal repulsion and favor the formation of algal flocculates.13,14 High 

concentrations of metal ions in the harvested biomass are known to adversely influence the 

downstream processing and microalgae-derived products.15 Natural biopolymers, such as 

chitosan,16 bioflocculant,17 and poly-γ glutamic acid,18 are safer than metal salts, but these 

biopolymers are generally expensive.19 Synthetic organic polymers, such as cationic 

polyacrylamides (CPAMs),20,21 poly(diallyldimethylammoniumchloride),22 cationic polyamine 23 

are widely used as flocculants in wastewater treatment and as retention aids in paper making.  

However, the most commonly used CPAMs often contain toxic acrylamide residue in the final 

solution, which limits their applications.24 In addition, polyelectrolytes are not effective 

flocculants for marine microalgae due to the screening effect caused by high ionic strength.14 

Most importantly, flocculation still needs additional centrifugation or filtration processes to 

efficiently collect the slowly-settled microalgae flocculates. Therefore, development of a quick, 

environmentally benign and cost-effective coagulation agent is much desired for the industrial-

scale production of microalgae-derived biofuels.  

Magnetic flocculation is an emerging technology for microalgae harvesting. The process is 

based on tagging microalgae cells with paramagnetic particles and separating them from the 

medium with the aid of an external magnetic field. Magnetic separation is quick, simple, energy-

efficient, and inexpensive. Yadidia et al. achieved algae removal above 90% with 5-13 ppm 
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FeCl3 as a primary flocculant and 500-1200 ppm magnetite (Fe3O4) as a magnetic seed.25 

Recently, Su and Hu developed a magnetic separation method for recovering algal cells using 

Fe3O4 nanoparticles.26,27 Because Fe3O4 NPs have limited surface charge and dispersibility in 

aqueous solution, extensive mixing was needed.26 In addition, the harvesting efficiency for 

marine microalgae, Nannochloropsis, dropped by 70% in comparison with other fresh water 

varieties due to the high salinity environment and much smaller size of the marine microalgae.27 

Several approaches using a combination of paramagnetic particles and cationic polymers have 

been reported for algae removal. Some examples  of  the polymers used  were poly 

(diallyldimethylammoniumchloride),28 cationic polyacrylamide,29 chitosan,30 and 

polyethylenimine etc.31 The drawback of this approach is that the cationic polymers were 

adsorbed on paramagnetic particles via physisorption, which led to partial detachment of the 

grafted chains  from particle surface over time32 and particle agglomeration before interaction 

with microalgal cells,28 hence a low harvesting efficiency. What’s more, the presence of free, 

detached polymers made it difficult to exclude their effects on microalgae dewatering when the 

effect of magnetic particle dosage on harvesting efficiency was studied. We will take a 

fundamentally different approach. We report here a nanoparticle-pinched polymer brush design 

that combines two known colloidal destabilization agents (i.e., nanoparticle and polymer) into 

one system via stable chemical bonds, and allows the use of an external field (e.g., magnetic 

force) to not only modulate inter-algae pair potentials, but also facilitate the retrieval of the 

coagulants to be reused after algal oil extraction.  The goal of this study is to develop an effective 

magnetic coagulant for the recovery of Nannochloropsis gaditana and Chlamydomonas 

reinhardtii, and identify the underlying chemical and physical mechanisms that govern 

microalgae coagulation. The dependency of microalgae coagulation efficiency as a function of 
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the charge states of polymer brushes, chain length, and graft density will provide useful data in 

the development of a theoretical framework that predicts the materials design principles to 

maximize microalgae harvesting efficiency. In addition, the re-usability of the paramagnetic 

NPsafter algal oil extraction, and the development of protocols to facilitate the recovery of the 

nanoparticles themselves as well as their performance on multiple cycles of microalgae 

dewatering will be studied. The present work may be possibly extended to the removal of other 

colloidal pollutes in water, such as silica, clays, minerals and water-borne bacteria.   

7.2 Experiment  

Preparation of paramagnetic coagulants: quaternization of 4-vinylpyridine in 

Fe3O4@SiO2@P4VP.8 This study is built on our previous work using the controlled/living 

radical polymerization and click chemistry method to synthesize nanoparticle-pinched polymer 

brushes of varying lengths on the paramagnetic Fe3O4@SiO2 NPs, with graft densities ranging 

from 0.42 to 1 chains/nm2 (Table 7.1). Neutral Fe3O4@SiO2@P4VP NPs have been synthesized 

with polydispersity indices (PDIs) smaller than 1.3 and molecular weights in the range of 2-

36.5kg/mol. These Fe3O4@SiO2@P4VP NPs were dispersed in dimethylformamide (DMF) and 

reacted with CH3I under darkness at 45 °C for 48 hrs through a quaternization reaction to turn 

them into cationic forms. The product, Fe3O4@SiO2@P4MVP NPs, were separated by applying 

an external magnetic field and washed with methanol for three times. We use 

“Fe3O4@SiO2@P4MVP x-y” to represent both the size of polymer brushes (x) and their graft 

density (y). For example, “Fe3O4@SiO2@P4MVP 25-0.991” denotes that the P4MVP polymer 

brushes with a degree of polymerization (DP) of 25 and a graft density of 0.991 group/nm2. 

Algal strain and growth condition. Chlamydomonas Reinhardtii D66 (noted as C.R in the 

following text) was grown in a Tris/acetate/phosphate medium (TAP)2 at pH 7.2. 
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Nannochloropsis gaditana (noted as N.R in the following text) was grown in in a defined 

artificial seawater medium  (ASW)The ASW was prepared as follows: 15 g l − 1 NaCl,  6.6 g l − 1  

MgSO4·7H2O, 5.6 g l − 1 MgCl2·6H2O, 0.5 g l − 1 CaCl2·2H2O, 1.45 g l − 1 KNO3, 0.12 g l − 1 

KH2PO4, 0.04 g l − 1 NaHCO3, 0.01 g l − 1 FeCl3·6H2O, 0.035 g l − 1 Na2-EDTA, 0.25 ml l − 1 3.64 

mM MnCl2·4H2O, and 0.5 ml l – 1 trace metal mix (20 mg l − 1 CoCl2·6H2O, 12 mg l − 1 

Na2MoO4·2H2O, 44 mg l – 1 ZnSO4·7H2O, 20 mg l – 1 CuSO4·5H2O, 7.8 g l – 1 Na2-EDTA). The 

pH of the trace metal mix was adjusted to 7.5 and the final pH of the ASW was adjusted to 7.3. 

Low Algal cells were cultured in Erlenmeyer flasks on a rotary shaker at a speed of 125 rpm and 

with the average fluorescent light intensity of 100 µmol m-2 s-1. 

Table 7.1 Graft density and molecular weight of nanoparticle-pinched polymer brushes prepared 

by SI-ATRP and SI-RAFT grafting from approach, as well as a grafting to approach using a 

combination of RAFT polymerization and click chemistry. 

Synthetic 

approach 

Samples Mn  a 

g.mol-1 

PDI b 

(Mw/Mn) 

Grafting density c 

chain.nm-2 

Click Fe3O4@SiO2@P4MVP 25-0.991 6175 1.15 0.991 

SI-RAFT Fe3O4@SiO2@P4MVP 65-0.926 16055 1.15 0.926 

SI-RAFT Fe3O4@SiO2@P4MVP 124-0.721 30628 1.21 0.721 

SI-ATRP Fe3O4@SiO2@P4MVP 156-0.842 38532 1.05 0.842 

SI-ATRP Fe3O4@SiO2@P4MVP 198-0.941 48906 1.05 0.941 

SI-ATRP Fe3O4@SiO2@P4MVP 246-0.410 60762 1.18 0.410 

SI-ATRP Fe3O4@SiO2@P4MVP 245-0.670 60515 1.21 0.670 

SI-ATRP Fe3O4@SiO2@P4MVP 295-0.802 72865 1.09 0.802 

SI-ATRP Fe3O4@SiO2@P4MVP 347-0.809 85709 1.19 0.809 

aNumber-average molecular weight of P4MVP was calculated as following: M(4-MVP)/M(4-

VP)*Mn(P4VP). 
bPolydispersity index (PDI) of P4VP was determined by GPC. cGrafting density 

was determined by TGA.  



161 

 

Microalgae coagulation test. Microalgae harvesting was tested using four types of coagulants: 

Fe3O4, Fe3O4@SiO2, free P4MVP, and Fe3O4@SiO2@P4MVP, with the first three serving as 

controls. The concentrations of coagulants were 5 mg/ml. The microalgae have an adjusted dry 

weight density of 1 g/L. Our standardized microalgae harvesting test is as following: certain 

dosages of coagulants were added in the 15 ml microalgae culture in a 20 ml transparent vial. 

They were mixed well for 2 min and harvested using a hand-held magnet for 2 mins. Three 

samples were taken at the 1/3, 1/2, and 2/3 level of the supernatant. To compare the flocculation 

efficiency of free P4MVP with the magnetic coagulants, certain dosage of P4MVP were added to 

15 mL of microalgae in a 20 mL transparent vial. The solution was mixed for 2 min. After 

sedimentation for 2 min., 0.4 ml of the supernatant was withdrawn using a pipette at the 1/3, 1/2, 

and 2/3 level of the supernatant. To test the effect of the pH of the microalgae broth on the 

recovery efficiency, the pH was adjusted by using either 1 M HCl or 1 M NaOH. All 

experiments were carried out at 22±2 °C. 

Analytical methods. The coagulation efficiency was quantitatively determined by three 

methods: dry mass, cell number, and optical density measurements. The results from all these 

methods agreed with each other. 

The coagulation efficiency determined by cell number density. Cell number density was 

assessed using a Z2 Coulter Counter cell and particle counter (Beckman-Coulter, Brea, CA). 

Cells were assumed to be spherical for diameter calculations, and background and cellular debris 

were excluded in all cellular count, volume, and diameter assessments. Harvesting efficiency 

was calculated according to the following formula (7-1) 

 
%.100*

* ii

ffii

VC

VCVC
Efficency


  (7-1) 
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where Ci= initial cell number density (Cells/mL); Vi=initial volume; Cf= final cell number 

density (Cells/mL) ; and Vf =final volume= initial volume+ coagulants solution volume. 

The coagulation efficiency determined by dry weight of the algal biomass. Aliquots of a 

certain volume of algal suspension were filtered through pre-weighed glass fiber filters and 

rinsed with DI water several times to remove salts. The filters were then dried at 80°C to a 

constant weight, cooled down in vacuum desiccators, and weighed. Coagulation efficiency was 

calculated according to the following formula (7-2): 

 
100*

* ii

ffii

VDW

VDWVDW
Efficency


 % (7-2) 

where DWi= initial  dry weight density (mg/mL) ; Vi=initial volume (mL); DWf = final dry 

weight density (mg/ml) ; and Vf =final volume= initial volume+ coagulants solution volume. 

The coagulation efficiency determined by UV-Vis absorption. The coagulation efficiency was 

also calculated by optical densities before (OD690nm) and after microalgae dewatering (OD690nm) 

as described in formula (7-3). 

 
%.100*

* ii

ffii

VOD

VODVOD
Efficency


  (7-3) 

Where ODi= initial optical density, Vi=initial volume (ml); Df= final optical density; and Vf 

=final volume= initial volume+ coagulants solution volume. 

Adsorption isotherm. To determine the adsorption isotherm, the microalgae were concentrated 

or diluted to a specific concentration. The adsorption isotherm represents the equilibrium 

relationship between the amount of adsorbate on surface and free adsorbate in solution at a 

certain temperature. It indicates the adsorption capacity of a flocculant and helps to elucidate the 

adsorption mechanism. The Langmuir and Freundlich models are frequently used to study 

adsorption isotherms. The Langmuir model is used to describe amonolayer adsorption, whereas 
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the Freundlich model is valid for heterogeneous surfaces possessing different sorption energy 

sites and can be used to describe either a monolayer or a multilayer adsorption. The linear form 

of the Langmuir isotherm model can be expressed by formula (7-4). 

 𝐶𝑒

𝑄𝑒
=

1

𝑄𝑚𝐾𝐿
+

𝐶𝑒

𝑄𝑚
 (7-4) 

where Ce (g/L) is the equilibrium algal concentration in solution, Qe (mg/mg-particles) is the 

amount of microalgae adsorbed onto the magnetic flocculant, Qm (mg/mg-particles) is the 

maximum adsorption capacity for monolayer coverage, KL (L/g) is the Langmuir constant related 

to the energy of adsorption that increases as the strength of the adsorption bond increases. 

The linear form of the Freundlich isotherm model can be expressed by formula (7-5) 

 
log 𝑄𝑒 = 𝑙𝑜𝑔𝐾𝐹 +

1

𝑛
𝑙𝑜𝑔𝐶𝑒 (7-5) 

where KF (mg/mg-particles) and 1/n are Freundlich constants related to the adsorption capacity 

and the heterogeneous sorption sites or adsorption intensity, respectively. 

Synthesis and characterization of ionic liquid [BMIM]Cl. [BMIM]Cl was synthesized by the 

modified method according to the literature.33 Under nitrogen, freshly dried 1-methylimidazole 

(80 mL, 1.00 mol) and 1-chlorobutane (125 mL, 1.20 mol) were added to dry acetonitrile (150 

mL) in a round-bottomed Schlenk flask. The mixture was heated under reflux for 24 h, and then 

acetonitrile and excess 1-chlorobutane were evaporated under reduced pressure. The residue 

liquid was thoroughly washed by ethyl acetate in the separatory funnel. The final product was 

collected and dried in vacuum oven at 40 oC for 24 h. Yield: 116 g (66.2%). 

Recovery and reuse of paramagnetic NPs. Paramagnetic nanoparticles-algal cell aggregates, 

i.e., Fe3O4-algal cell aggregates, Fe3O4@SiO2-algal cell aggregates, and Fe3O4,@SiO2@P4MVP-

algal cell aggregates, were separated from algae culture with the help of a permanent magnet. 
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Algal oil was extracted from nanoparticles-algal cell aggregates by adding the 

chloroform/methanol mixture (volume ratio 2/1). The resulted nanoparticle-algal cell aggregates 

were re-dissolved in ionic liquid [BMIM]Cl at a certain temperature. The obtained NPs were 

separated by applying an external magnetic field, and were purified by re-dispersed in methanol 

and re-covered three times. 

Reuse of culture medium. In order to estimate the reusability of the algal culture medium after 

harvesting, the C.R. culture supernatant was tested for the continued growth of C.R. New 

nutrient was supplemented to achieve its initial concentration in the TAP medium. The pre-

cultivated microalgal cells were used as inoculums in order to start each new algal culture with 

similar initial microalgal cell numbers. All cultivations were incubated for 5 days. Samples were 

taken out to measure the cell number density about every 24 hours and the final optical density 

was measured. 

Characterization. The chemical structure of synthesized polymers was characterized using 

JEOL500 MHz NMR spectrometer with CDCl3 as solvent. Fourier transform infrared (ATR-

FTIR) spectra were collected utilizing a Smart SAGA attachment coupled with a Thermo-

Electron Nicolet 4700 spectrometer with Nicolet’s OMNIC software. Dynamic light scattering 

size (DLS) and the zeta (ζ) potential of the spherical paramagnetic NPs was measured by a 

Malvern Zetasizer Nano ZS90, which automatically sets to accommodate the requirements of 

high sensitivity by detecting the scattering information at 173°, and reports the size information 

with its own software package to fit the Photon Correlation Spectroscopy. Thermogravimetric 

analysis (TGA) was performed in a nitrogen atmosphere with a temperature increase of 10 °C 

/min from room temperature to 650 °C using a TA instrument model TGA 2950. The pH value 
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of the culture broth was measured using a digital pH meter.  Pictures of the algal cells and flocs 

were taken using an optical microscope.  

7.3 Results and discussion  

We will discuss our extensive data on the preparation of well-defined nanoparticle-pinched 

polymer brushes, their structure-dependent coagulation performance on both fresh water and 

marine microalgae species, and their re-suability for continuous cycles of microalgae farming 

and harvesting in this section.  

7.3.1 Synthesis of the paramagnetic coagulation agent 

 Poly (4-vinyl pyridine) (P4VP) was covalently grafted from the Fe3O4@SiO2 NP surface as 

described in Chapter 6. As shown in Figure 7.1, Fe3O4@SiO2 NPs pinched P4VP polymer 

brushes (Fe3O4@SiO2@P4VP) can be readily quaternized by iodomethane to form a 

paramagnetic nanoparticle-pinched cationic poly (4-vinyl-N-methylpyridine iodide) brushes 

(Fe3O4@SiO2@P4MVP).  

 

Figure 7.1 Synthesis of the paramagnetic coagulants. 

The successful synthesis of Fe3O4@SiO2@P4MVP NPs with different degrees of 

quaternization was confirmed by both FT-IR and TGA measurements. In Figure 7.2A (cyan 



166 

 

trace), the adsorptions at 1595, 1553, 1447 and 1412 cm-1 are attributed to pyridyl ring 

stretching. The characteristic bands of pyridinium groups will shift to higher frequencies by 

approximately 20-40 cm-1. Thus, the four characteristic peaks are shifted to 1639, 1571, 1516 

and 1470 cm-1 (black trace) after quaternization, respectively. The degree of quaternization can 

be calculated according to the equation (7-6) using the adsorption at 1595 cm-1 as a reference and 

the adsorption (–Si-O-Si-) at 1091 cm-1 as an internal standard. According to the FT-IR analysis, 

Fe3O4@SiO2@P4MVP with four different degrees of quaternization, 26.05%, 49.8%, 74.8% and 

100% were successfully prepared. 

 

                    %100*)1(

)1091(

)1598(

)1091(0

)1598(0

t

t

A

A

A

A

y   (7-6) 

where A0  and At are the peak areas before and after quaternization reactions, and y is the degree 

of quaternization. 

 Figure 7.1B shows the TGA data of Fe3O4@SiO2@P4VP245-a, Fe3O4@SiO2@P4MVP245-

b, and Fe3O4@SiO2@P4MVP245-c with a different degree of quaternization. The degradation of 

P4VP occurs at about 300-450oC, and the degradation of P4MVP occurs at about 200-450oC, 

which may be associated with the decomposition of I- at 200-300oC followed by the 

decomposition of the backbone at 300-450oC. The grafted polymer weight loss of 

Fe3O4@SiO2@P4MVP245-a, Fe3O4@SiO2@P4MVP245-b, and Fe3O4@SiO2@P4MVP245-c 

are 19.17%, 28.26%, and 32.4%, respectively. The grafted polymer weight loss of 

Fe3O4@SiO2@P4VP245 is 19.17%. After quaternization, the percentage weight loss (w) of 

polymer including both P4VP and P4MVP grafted on the Fe3O4@SiO2 can be expressed as eq. 

7-7. 



167 

 

 
%100*)

y*1)-/MM ( *19.17%+100%

y)-(1*19.17%+y*)/MM ( *19.17%
(

VP-4MVP-4

VP-4MVP-4w  (7-7) 

where y, M4-MVP, and M4-VP are the degree of quaternization, molar mass of 4-MVP, and 4-VP 

respectively. 

The degree of quaternization (y) was then calculated using eq. 7-8. 
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Thus, according to equation 7-8, the degree of quaternization of Fe3O4@SiO2@P4VP245-a, 

Fe3O4@SiO2@P4MVP245-b and Fe3O4@SiO2@P4MVP245-c were 0%, 49.0%, and 75.7% 

respectively, which are in good agreement with FT-IR data. 

 

Figure 7.2 (A) FT-IR spectra of Fe3O4@SiO2@P4MVP reveal a degree of quaternization 0%, 

26.05%, 49.8%, 74.8%, and 100%, respectively. (B) TGA data of Fe3O4@SiO2@P4MVP with a 

quaternization degree of (a) 0%, (b) 49.0%, (c) 75.7% respectively. 

DLS measurements were conducted to determine the hydrodynamic diameter of 

Fe3O4@SiO2@P4MVP at a concentration of 0.24 mg/mL (Table 7.2), and further verify the 

successful surface modification of the Fe3O4@SiO2 with P4MVP. An increase of particle size 
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was observed with increasing P4MVP chain length as expected. Fe3O4@SiO2@P4MVP NPs 

show good dispersion in DI water.  

Table 7.2 Average hydrodynamic diameter and Zeta potential of magnetic coagulants. Errors 

bars represent standard deviation based on five sets of measurements. 

Samples r.nm PDI Zeta (mv) 

Fe3O4 93.8±0.86 0.248 -21.37 

Fe3O4@SiO2 103.96±0.71 0.177 -38.24 ±0.049 

Fe3O4@SiO2@P4MVP25-0.991 132±4.43 0.141 43.29±1.06 

Fe3O4@SiO2@P4MVP65-0.926 148.95±1.62 0.234 N/A 

Fe3O4@SiO2@P4MVP198-0.941 190.75±0.78 0.06 N/A 

Fe3O4@SiO2@P4MVP246-0.41 208.1±0.85 0.035 58.90±1.89 

 

7.3.2 Microalgae growth  

Optical density (OD) measurement was used to probe the algal concentration in solution 

before and after the experiments. A linear relationship between optical density (OD) and dry 

weight (DW, g/L) was determined for N.R microalgae: OD690 = 5.5567DW+0.088, R2 = 0.997 as 

shown in Figure 7.3A. A linear relationship between cell number density and dry weight (DW, 

g/L) was determined for N.R microalgae: Cell Number (M/ml) =200DW+5 as shown in Figure 

7.3B. A linear relationship between optical density (OD) and dry weight (DW, g/L) was 

determined for C.R microalgae. Microalgae dry weight = 0.148 OD699-0.049, R2 = 0.9985 as 

shown in Figure 7.3C.  In different growth phases, variation in algal biological activity may lead 

to changes in chlorophyll concentration inside the cells. Therefore, even though cell numbers and 

dry weight may be relatively constant, there could be dissimilar OD results.  In this study, the 

calibration curve was constructed on the same day as coagulation experiments in order to 

minimize any errors when estimating cell density from OD data. In addition, the zeta potential of 

the microalgae remainsstable until they are at the stationary phase as shown in Figure 7.3 D.  In 
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particular in this study, C.R microalgae were cultured for 5 days and N. R microalgae were 

cultured for 15 days before the coagulation tests.  

 

 

Figure 7.3 (A) Calibration curve of dry weight versus optical density for N.R microalgae; (B) 

Calibration curve of dry weight versus cell number density for N.R microalgae; (C) Calibration 

curve of dry weight versus optical density for C.R microalgae; (D) The relationship between zeta 

potential and C.R microalgae growth time. 

7.3.3 Polymer chain length effect on C.R algal coagulation efficiency 

Figure 7.4A shows the relationship between the dosage of coagulant and the harvesting 

efficiency.  
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For the controlled sample, Fe3O4@SiO2 NPs, the optimal dosage can be observed to occur at 

approximately 0.25 mg/mL with a maximum harvesting efficiency of approximately 35%. 

Further increase of Fe3O4@SiO2 dosage beyond the optimal point did not enhance the recovery 

efficiency of microalgae.  

For another control sample, free P4MVP, the optimal dosage can be found to occur at 

approximately 0.15 mg/ml. The addition of P4MVP concentrations either greater or less than the 

optimum dosage will decrease the harvesting efficiency. We believe that when P4MVP 

concentrations are smaller than the optimum dosage, the polymer will have insufficient bridging 

to coagulate algal cells. On the contrary, if too many surface sites on the suspended algal flocs 

are covered with polymer segments, the algal cells will be over charged and start to dissociate. 

This is a common behavior of many commercially available polymer flocculants. We tested this 

hypothesis through zeta potential measurement as shown in Figure 7.4E. It is demonstrated that 

charge reduction is witnessed with increasing P4MVP concentrations before the optimal dosage. 

A fundamental difference between free polymer flocculants and nanoparticle-pinched polymer 

brushes is that charge inversion occurs when free P4MVP concentration is increase beyond the 

optimal dosage, but this inversion is absent for nanoparticle-pinched polymer brushes. We 

attributed this unique behavior to the suspension nature of P4MVP-microalgae coagulation, 

which provide accessible surfaces for continuous P4MVP adsorption; on the other hand, the 

nanoparticle-pinched polymer brushes cause immediate precipitation of the microalgae biomass, 

which becomes inaccessible for additional NPs. In contrast to free P4MVP-microalgae 

flocculants, the zeta potential of Fe3O4@SiO2@P4MVP-algal (C.R) aggregates was still 

negatively charged (Figure 7.4E). This is a huge technological advancement for cost-effective 

separation of algal cells from their growth medium. 
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The optimum dosage requirement for nanoparticle-pinched polymer brushes to achieve nearly 

100% harvesting efficiency can be very small. For instance, the optimal dosage for achieving 

96.2% coagulation efficiency was at approximately 0.09 mg/ml for Fe3O4@SiO2@P4MVP198-

0.941. As shown schematically in Figure 7.5, approximately 96.2% of C.R. cells were 

precipitated out in 2 min under a magnetic field.  

As for the comparison of Fe3O4@SiO2@P4MVP with different polymer chain length, we 

found that there was a significant increase in coagulation efficiency as the degree of 

polymerization (DP) of P4MVP increases from 25 to 198, but the improvement levels off as the 

degree of polymerization reaches 198 (Figure 7.4A). With DP≤198, Fe3O4@SiO2@P4MVP NPs 

with smaller DP has a much broader coagulation curve and the ones with higher DP has a much 

narrower coagulation curve.  

We normalized the weight concentration to the NP number concentration based on the NP 

average size, coagulant density of, and polymer brush weight percentage determined by TGA.  

The number concentration required for reaching 95% coagulation efficiency decrease 

dramatically with the increase of  DP of P4MVP from 25 to 198 and reduced slowly with the 

increase of  DP of P4MVP from 198 to 245 (Figure 7.4B).  The nanoparticle number 

concentration for achieving 96.2% coagulation efficiency was at approximately 3.20*109 

nanoparticles/ml using Fe3O4@SiO2@P4MVP198 as a coagulant (Figure 7.4B).  

In addition, we normalized the weight concentration of coagulation agents to their respective 

polymer chain concentration. The number polymer chain concentration for achieving 96.2% 

coagulation efficiency was at approximately 3.90 *1014 polymer chains /ml using 

Fe3O4@SiO2@P4MVP198-0.941 as a coagulant as shown in Figure 7.4C  
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Figure 7.4 Coagulation tests for C.R microalgae. (A) the coagulation efficiency versus the 

concentration of different coagulants: Fe3O4@SiO2 (yellow), free P4MVP347 (magenta), and 

Fe3O4@SiO2@P4MVP with DP of 25(blue), 65(red), 124(black), 198(dark green), and 

245(Navy), respectively; (B) The same coagulation efficiency versus the nanoparticle number 

concentration of coagulants; (C) The same coagulation efficiency versus the number 

concentration of polymer brush chains of coagulants; (D) The same coagulation efficiency versus 

number of 4MVP repeating units of coagulants; (E) The zeta potential of 

Fe3O4@SiO2@P4MVP-C.R.algal aggregates and P4MVP-C.R.algal aggregates. 
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Finally, we normalized the weight concentration to the charge concentration, i.e., 4MVP 

repeating units concentration, based on polymer brush chain numbers and the chain sizes. As the 

DP of P4MVP increases from 25 to 198, the number of 4MVP units required for achieving 95% 

coagulation efficiency decreased (Figure 7.3D). The 4MVP number concentration for achieving 

96.2% coagulation efficiency was at approximately 9.65*1016 (4MVP)/mL using 

Fe3O4@SiO2@P4MVP198-0.941 as a coagulant as shown in Figure 7.3D. 

      

Figure 7.5 Real-time collection of C.R. by using Fe3O4@SiO2@P4MVP198-0.941 with 

concentration of 0.09mg/mL. The first photograph on the top left shows the microalgal 

suspension before the addition NPs, whereas the following photographs are time lapse images of 

the magnetic separation process. Removal efficiency approaching 100% can be observed after 2 

min of exposure to a permanent magnet. 

7.3.4 Polymer charge density effect on coagulation efficiency 

Fe3O4@SiO2@P4MVP245-0.67 NPs with a charge density of 26.05%, 49.8%, 74.8%, 100%, 

all of which had an exceptionally good stability and dispersibility in aqueous solution, were used 

to study the effects of charge density on C.R. algal cell coagulation. Figure 7.6 illustrates the 
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relationship between the concentration of the coagulant and the harvesting efficiency. There was 

a significant increase in harvesting efficiency as the charge density of 

Fe3O4@SiO2@P4MVP245-0.67 increased from 26.05% to 74.8%. However, harvesting 

efficiency remained almost constant as the charge density reached 74.8%. These results indicated 

that the microalgae harvesting using the Fe3O4@SiO2@P4MVP NPs seemed to be mainly due to 

the electrostatic attraction. 

 

Figure 7.6 The coagulation efficiency for C.R algal cell versus concentration of 

Fe3O4@SiO2@P4MVP245-0.67 NPs with a charge density of 26.05%, 49.8%, 74.8% and 100%, 

respectively. 

7.3.5 Polymer graft density effect on coagulation efficiency 

Fe3O4@SiO2@P4MVP245±1 NPs with graft densities of 0.41 group/nm2 and 0.67 group/nm2, 

respectively, both of which had an exceptionally good stability and dispersibility in aqueous 

solution, were utilized to study the effects of graft density on C.R algal coagulation. Figure 7.7 

illustrates that harvesting efficiency went up with the increase of the graft density. These results 

indicated that the microalgae harvesting using the Fe3O4@SiO2@P4MVP NPs seemed to be 

mainly due to the electrostatic attraction. The number P4MVP chain concentration for achieving 

~95% coagulation efficiency was at approximately 4.14*1014 polymer chains /mL using 
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Fe3O4@SiO2@P4MVP246-0.41NPs and 2.82*1014 polymer chains /mL using 

Fe3O4@SiO2@P4MVP245-0.67 NPs.  

 

Figure 7.7 Coagulation test for C.R algal by using Fe3O4@SiO2@P4MVP245±1 with a graft 

density of 0.41and 0.67 chain/nm2, respectively. 

7.3.6 pH effect on C.R algal harvesting efficiency 

In any flocculation or coagulation process, consideration must be given to pH as it may 

influence both the surface charge density of the colloid and the action of the coagulation agents 

(e.g., extent of coiling, degree of ionization, charge density, etc.).When the pH of C.R algal 

mediumwas raised from 4 to 10, no obvious precipitation was witnessed. The algal recovery was 

highly dependent on pH when Fe3O4 NPs or polymers  functionalized  Fe3O4 via physical bonds  

were used because of the change of their zeta potential.26,27,29 For instance, the zeta potential of 

Fe3O4 decreased from ca. +30 mv to ca. -40 mv when the pH  decreased from 10 to 4,26 which 

affected their ability to interact with algal cells and polymers.  

On the contrary, in our approach when quaternized P4MVP brushes are covalently bonded to 

NPs, little pH-dependent change was observed. As shown in Figure 7.8 A, there was little effect 

of pH from 6 to 10 by using Fe3O4@SiO2@P4MVP as a coagulant. The efficiency at pH of 4 
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was a little higher which may be contributed to the instability of algal cells at this pH. This is 

another advantage of our coagulation agent design, and we attributed this behavior to the 

quaternized state of P4MVP that have a pH-independent charge state. As shown in Figure 7.8B, 

the zeta potential of Fe3O4@SiO2@P4MVP in C.R. algal growth medium is almost independent 

of pH. 

 

Figure 7.8 (A) Effects of pH and coagulant dosage on C.R. algal harvesting efficiency by using 

Fe3O4@SiO2@P4MVP198-0.941 NPs; (B) the zeta potential of Fe3O4@SiO2@P4MVP in C.R. 

algal growth medium with different pH. 

7.3.7 Polymer chain length effect on marine algal coagulation efficiency 

Among marine microalgae, Nannochloropsis sp. was considered as one of the most promising 

feedstock for biodiesel production due to its high oil content. However, the harvesting process is 

more difficult for Nannochloropsis sp. because the algal cell diameter is relatively smaller (2-

5μm, Figure 7.19A), and the growth medium has high salinity in comparison with other fresh 

water microalgal cells. Therefore, it still remains a challenge to develop an efficient technology 

to harvest tiny algal cells from high salinity growth medium. We studied the utility of our 

nanoparticle-pinched polymer brushes to address that challenge.  
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Figure 7.9 demonstrates the relationship between the coagulant concentration and harvesting 

efficiency. For controlled Fe3O4 NPs, the optimal dose can be observed to occur at approximately 

0.36 mg/ml with a maximum harvesting efficiency of approximately 40%. Further increase of 

Fe3O4 dosage beyond the optimal point had little enhancement to the recovery efficiency.  

Interestingly, if polymeric flocculants are used, in this case free P4MVP, the optimal dosage was 

not observed and harvesting efficiency maintained low (3-25%). The flocs resulting from the use 

of P4MVP remained suspended in solution and required a much longer waiting period for 

sedimentation because of the screening effect at high ionic strength.14 

 In contrast to Fe3O4 NPs and free P4MVP, nanoparticle-pinched polymer brushes, 

Fe3O4@SiO2@P4MVP, even with the smallest P4MVP DP of 25, triggered rapid and effective 

microalgae dewatering. There was a significant increase in coagulation efficiency as the DP of 

P4MVP increased from 25 to 234, but the efficiency plateaued as the DP reached 234 (Figure 

7.9A). Compared to C.R, Nannochloropsis sp. required more coagulant dosage to achieve the 

same harvesting efficiency for all NP-pinched polymer brushes we tested. For instance, to 

achieve a recovery efficiency of ~95% with Fe3O4@SiO2@P4MVP124-0.721, the dosage was 

approximately 0.26 and 0.37 mg/mL for C.R and Nannochloropsis sp., respectively.  

Finally, we normalized the weight concentration to the nanoparticle number concentration 

(Figure 7.9B), the polymer chain concentration (Figure 7.9C), and the charge concentration 

(Figure 7.9D). The nanoparticle number concentration and the polymer chain concentration for 

achieving ~95% coagulation efficiency were at approximately 7.63*109 nanoparticles /mL 

(Figure 7.9B) and 8.02*1014 polymer chains /mL (Figure 7.9C) respectively using 

Fe3O4@SiO2@P4MVP295-0.802 NPs as a coagulant. In Figure 7.9D, as the degree of 

polymerization of P4MVP attached onto the Fe3O4@SiO2 increases from 25 to 295, the number 
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of 4MVP units required for achieving ~90% coagulation efficiency remains similar, which 

indicates that the charge neutralization is a main interaction between Fe3O4@SiO2@P4MVP and 

Nannochloropsis microalgae. The 4MVP number concentration for achieving ~95% coagulation 

efficiency was at approximately 2.36*1017 (4MVP)/mL using Fe3O4@SiO2@P4MVP295-0.802 

NPs as a coagulant as shown in Figure 7.9D. 

 

 

Figure 7.9 Coagulation tests for Nannochloropsis microalgae.(A) the coagulation efficiency 

versus the concentration of different coagulants: Fe3O4@SiO2, free P4MVP347, and 

Fe3O4@SiO2@P4MVP with DP of 25, 65, 124, 234, and 295, respectively; (B) The same 

coagulation efficiency versus the nanoparticle number concentration of coagulants; (C) The same 

coagulation efficiency versus the number concentration of polymer brush chains of coagulants; 

(D) The same coagulation efficiency versus number of 4MVP repeating units of coagulants. 
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The high efficiency of NP-pinched polymer brushes for marine microalgae harvesting is 

exemplified in Figure 7-10: approximately 95% of Nannochloropsis sp. cells were precipitated 

out in 2 min after the addition of Fe3O4@SiO2@P4MVP124-0.721 (0.37mg/mL) and the 

coagulated biomass was easily retrieved using a magnet. Observations made by optical 

microscope indicated that the NP-pinched polymer brushes were adsorbed onto the surface of the 

microalgal cells as shown in Figure 7.19C. 

                              

Figure 7.10 The photographs show the Nanochloroposis algal suspension (middle), the algal 

culture after the addition of Fe3O4@SiO2@P4MVP124-0.721 with the concentration of 

0.37mg/ml (left) and the algal culture harvested by Fe3O4@SiO2@P4MVP using a permanent 

magnet (right). 

7.3.8 pH effect on marine microalgae harvesting efficiency 

When the pH of the Nannochloropsis algal medium was raised to pH 10 or above, a 

precipitation began to form, probably due to the formation of metal hydroxide compounds. For 

control samples such as Fe3O4 NPs (Figure 7.11B) and P4MVP (Figure 7.11C), higher 

harvesting efficiency was observed when the pH was increased, which may be attributed to the 

higher negative surface charge of Nanochloropsis as shown in Figure 7.11D. However, the 

harvesting efficiency is independent on pH between 6 and 8.3 when Fe3O4@SiO2@ P4MVP347-

0.809 NPs were used (Figure 7.11A). 
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Figure 7.11 Effects of pH and coagulant dosage on Nannochloropsis algal harvesting efficiency 

by employing (A) Fe3O4@SiO2@P4MVP347-0.809 NPs, (B) Fe3O4, NPs, and (C) P4MVP347. 

(D) Zeta potential of Nannochloropsis at different pH.  

7.3.9 Adsorption isotherms 

A lot of mathematical models have been used to describe the equilibrium between the amount 

of adsorbate per unit mass of adsorbent (Qe) and free adsorbate concentration (Ce). Among these 

models, Langmuir and Freundlich models are the most popular ones due to their relative 

simplicity and reasonable accuracy.34,35  We studied the adsorption isotherms of C.R algal cells 

using Fe3O4@SiO2@P4MVP246-0.41 NPs (Figure 7.12A). and fit the isotherms with both the 

Langmuir model (Figure 7.12C) and the Freundlich model (Figure 7.12B). The values of Qm and 
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KL were calculated from the slope and intercept of the linear plots of Ce/Qe from eq. 7-4, and the 

values of KF and 1/n were obtained from eq. 7-5, along with their correlation factors (R2).  

 

 

Figure 7.12 (A) Adsorption isotherms of Chlamydomonas reinhardtii when 

Fe3O4@SiO2@P4MVP246-0.41 NPs with a dosage of 0.062 mg/mL was used. Interaction time 

of NPs and microalgae: 2 min. pH of microalgae broth: 8.3. Temperature: 22±1°C.  Data are fit 

to (B) Freundlich model; and (C) Langmuir model, respectively.  

The R2 values of the Freundlich model were smaller than those of the Langmuir model. The 

maximal adsorption capacity from the Freundlich model was calculated as 11.28 mg/mg-

particles for Fe3O4@SiO2@P4MVP246-0.41NPs. In the Freundlich model, the adsorption takes 

place easily when the 1/n value is between 0.1 and 1, and it does not easily happen if 1/n value is 

above 1.36,37 As shown in Table 7.3, the 1/n value for C.R algae was no more than 0.330, which 
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indicates that Fe3O4@SiO2@P4MVP246-0.41 NPs are favorable for the separation of 

microalgae. The large value of KF (11.28 mg/mg-nanoparticles) indicates that the adsorbate has a 

high binding affinity for the absorbent. The value of KF is further improved when the 

Fe3O4@SiO2@P4MVP246 NPs with a higher grafter density (0.67 group/nm2) is used.  

Table 7.3 Estimated parameters for the Langmuir and Freundlich models at 22±2°C and pH = 8.3. 

Microalgae Freundlich models Langmuir 

KF 

(mg/mg-

nanopartic

les)  

1/n R2 Qm 

(mg/mg-

nanoparticles) 

KL 

(L/g) 

R2 

Chlamydomonas reinhardtii 11.28 0.328 0.997 10.14 13.58 0.985 

 

7.3.10 Harvesting algal oil  

The harvested microalgal cells of Chlamydomonas reinhardtii and Nannochloropsis were first 

washed three times with deionized water, followed by extraction of algal oil with n-hexanes. 

Figure 7.13 showed the pictures of extracted algal oil (the top layer) and recovered coagulants 

(the bottom layer) by applying an external magnetic field.  

     

Figure 7.13 Photographs of harvesting microalgal oil and reuse of the coagulants from (A) 

Fe3O4@SiO2@P4MVP-C.R algal cell aggregates; (B) Fe3O4-C.R algal cell aggregates; 

(C)Fe3O4@SiO2-C.R algal cell aggregates.  
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These visual observations suggest the possibility of recycle and reuse of the paramagnetic 

NPs for multiple cycles of microalgae harvesting. We will focus our next study on this topic.  

7.3.11 Reuse of the coagulation agents 

Existing methods on recycling coagulants or flocculants are not only costly but also have 

adverse impacts on the agents, such as the acid or base-catalyzed etherification to detrain 

coagulation agents from biomass.38 Su reported that the Fe3O4 NPs-microalgae aggregates can be 

dissolved by HCl, and the filtrate was then re-used to re-synthesize Fe3O4. This is a harsh 

treatment and offers little advantage on cost saving. Research for environmentally friendly and 

more efficient methods to recycle coagulants is desirable. We adopt a green chemistry approach 

to recycle paramagnetic coagulants with an ionic liquid 1-butyl-3-methylimidazoliumchloride, 

[BMIM]Cl. Polysaccharides can be dissolved effectively in ionic liquids, in this case via the 

disruption of extensive inter- and intra-molecular hydrogen bonding. [BMIM]Cl has been 

utilized to extract algal oils and other chemicals from microalgae energy-efficiently.39 Successful 

synthesis of [BMIM]Cl was confirmed by 1H NMR as shown in Figure 7.14.  
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Figure 7.14  1H NMR of 1-butyl-3-methylimidazolium chloride ([BMIM]Cl). 
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The Fe3O4-C.R algal aggregates were first treated with methanol and chloroform mixtures 

(volume ratio = 2/1). The resulted nanoparticle-cell aggregates were then treated with [BMIM]Cl 

at 110oC.  As shown in Figure 7.15A, after organic solvent treatment, the FT-IR of nanoparticle-

cell aggregates ( blue trace) shows the adsorptions at  3272, 1633, 1515, 1449 and 1024 cm-1
, 

which are in good agreement with FT-IR of algal biomass (black trace). This indicates that 

organic solvent extraction alone is not sufficient to remove all algal biomass, and Fe3O4 NPs 

were still bonded with residue algal biomass. After ionic liquid treatment, the FT-IR spectrum of 

nanoparticle-cell aggregates (pink trace) shows the same characteristic peaks as that of the newly 

synthesized Fe3O4 NPs, with the disappearance of the algal biomass adsorption peaks (red trace), 

proving that [BMIM]Cl is able to completely dissolve the biomass from paramagnetic Fe3O4 

NPs. The successful recycling of Fe3O4 NPs was also confirmed by their good dispersibility in 

aqueous solution as illustrated in Figure 7.15C. The recovery rates by using the recycled Fe3O4 

NPs maintained the same as the newly synthesized ones as illustrated in Figure 7.15B. 

The procedure for recycling Fe3O4@SiO2 is the same as Fe3O4.  As shown in Figure 7.16A, 

after organic solvent treatment, the FT-IR spectra of Fe3O4@SiO2 nanoparticle-cell aggregates 

(blue trace) shows weaker characteristic adsorptions of algal biomass at 3272, 1633, 1515, 1449 

and 1024 cm-1 compared with Fe3O4-C.R. algal aggregates. This demonstrates that the interaction 

between Fe3O4@SiO2 NPs and C.R. algal cells is weaker than that of Fe3O4 and C.R algal cells. 

Since the regained Fe3O4@SiO2 NPs still retained residue algal biomass, the recovery efficiency 

by utilizing the recycled Fe3O4@SiO2 NPs is much lower than the newly synthesized ones as 

illustrated in Figure 7.16B (red trace). After ionic liquid treatment however, the FT-IR spectrum 

of nanoparticle-cell aggregates (pink trace) shows almost the same characteristic peaks as the 

newly synthesized ones (red trace), with the complete disappearance of the residue biomass 
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absorption peaks. The successful recycling of Fe3O4@SiO2nanoparticles was also confirmed by 

their good dispersibility in DI water as illustrated in Figure 7.16C. The microalgae harvesting 

efficiency by employing the recycled Fe3O4@SiO2 nanoparticles kept the same as the newly 

synthesized ones as demonstrated in Figure 7.16B.  

 

 

Figure 7.15 Successful reuse of Fe3O4 NPs. (A) FT-IR spectra of Fe3O4 NPs (red trace), C.R 

algal biomass (black trace), Fe3O4-microalgae cells aggregates after organic solvent treatment 

(blue trace), and Fe3O4-microalgae cells aggregates after ionic liquid treatment (pink trace); (B) 

Coagulation test for C.R algal by employing the newly synthesized Fe3O4 NPs (black trace) and 

Fe3O4 NPs recycled by ionic liquid treatment (red trace); (C) Photographs of an aqueous solution 

of Fe3O4 NPs recycled by ionic liquid . 
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Figure 7.16 Successful reuse of Fe3O4@SiO2 NPs. (A) FT-IR spectra of Fe3O4@SiO2 NPs (red 

trace), C.R algal biomass (black trace), Fe3O4@SiO2 NPs recycled by organic solvent (blue 

trace), and Fe3O4@SiO2 NPs retrieved by ionic liquid (pink trace). (B) Coagulation test for C.R 

algae by adding the newly synthesized Fe3O4@SiO2 NPs (black trace), Fe3O4@SiO2 NPs 

recycled by organic solvent (blue trace), and Fe3O4@SiO2 nanoparticles retrieved by ionic liquid 

(blue trace). (C) Photographs of Fe3O4@SiO2NPs retrieved by ionic liquid in DI water. 

Retrieving of Fe3O4@SiO2@P4MVP nanoparticle-C.R. algal aggregates was also 

investigated. The aggregates were first extracted by organic solvents. In Figure 7.17B, the 

Fe3O4@SiO2@P4MVP NPs recovered by organic solvent (blue trace) have strong overlapped 

FT-IR adsorptions at 3272, 1633, 1515, 1449 and 1024 cm-1 with that of algal biomass (black 

trace). This indicates Fe3O4@SiO2@P4MVP NPs were still strongly bonded with algal biomass 

  a 
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after organic solvent treatment.  Ionic liquid can be used as both solvent and catalyst to 

hydrolyze the glycosidic bond.39,40 A control experiment was carried out to test the stability of 

Fe3O4@SiO2@P4MVP NPs themselves in [BMIM]Cl. As shown in the FT-IR spectra of 

Fe3O4@SiO2@P4MVP (Figure 7-17A), the characteristic peaks of P4MVP did not alter after the 

NPs were heated in ionic liquid at 110 °C for 48 hrs. This indicates that ionic liquid treatment 

will not damage the P4MVP brushes. The successful removal of algal biomass from 

Fe3O4@SiO2@P4MVP nanoparticle surface by an ionic liquid was confirmed by FT-IR, TGA, 

microscopic pictures, and zeta potential measurements. The FT-IR spectrum of 

Fe3O4@SiO2@P4MVP NPs (7-17B, pink trace) shows weaker characteristic peaks of algal 

biomass and the characteristic peaks of P4MVP (7-17B, red trace). After the ionic liquid 

treatment, Fe3O4@SiO2@P4MVP NPs show good dispersibility in DI water as shown in 7.17 D. 

As shown in Figure 7-17E, after organic solvent treatment, the weight loss between 200°C and 

450°C was 27.11% more than that of newly synthesized Fe3O4@SiO2@P4MVP. After ionic 

liquid treatment, the weight loss between 200°C and 450°C was only 7.86% more than that of 

newly synthesized Fe3O4@SiO2@P4MVP. The zeta potential of the new synthesized 

Fe3O4@SiO2@P4MVP246-0.41 in DI water is 58.90±1.89mv. It decreased to negative for the 

nanoparticles-algal cell aggregates recovered by organic solvent. The NPs recovered by ionic 

liquid became positively charged again with the zeta potential of 35.22 ±1.90mv. The 

hydrodynamic diameter of Fe3O4@SiO2@P4MVP NPs recycled by ionic liquid is similar with 

that of the newly synthesized ones. The observations using a microscopy indicated that the 

microalgal cells were adsorbed onto the surface of the Fe3O4@SiO2@P4MVP (Figure 7.18C, D) 

and most of microalgae cells were successfully lysed by methanol (Figure 7.18E). After ionic 

liquid treatment, microalgae cells were removed from nanoparticle surfaces (Figure 7.18B) and 
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the separation of Fe3O4@SiO2@P4MVP is almost the same as the newly synthesized ones 

(Figure 7.18F). These data demonstrate that ionic liquid treatment is a very promising way to 

recycle NP-pinched P4MVP brushes and further study is under way. 

 

 

Figure 7.17 Retrieval of Fe3O4@SiO2@P4MVP246-0.41. (A) FT-IR spectra of 

Fe3O4@SiO2@P4MVP246 NPs before (black trace) and after ionic liquid treatment (red trace); 

(B) FT-IR spectra of Fe3O4@SiO2@P4MVP NPs (red trace), C.R algal biomass (black trace), 

Fe3O4@SiO2@P4MVP NPs recycled by organic solvent (blue trace), and Fe3O4@SiO2@P4MVP 

NPs retrieved by ionic liquid (pink trace); (C) DLS of Fe3O4@SiO2@P4MVP NPs (black) and 

the ones retrieved by ionic liquid (red trace); (D) Photographs of Fe3O4@SiO2@P4MVP NPs 

retrieved by ionic liquid in DI water; (E) TGA of Fe3O4@SiO2@P4MVP-C.R algal cells 

aggregates after organic solvent (black trace) and ionic liquid treatment (black trace). 

c 
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Figure 7.18 Optical microscope photographs of (A) free Chlamydomonas reinhardtii (C.R) algal 

cells; (B) free Fe3O4@SiO2@P4MVP NPs; (C,D) Captured C.R algal cell aggregates; (E) 

Fe3O4@SiO2@P4MVP NPs-C.R algal cells aggregates after organic solvent treatment; and (F) 

Fe3O4@SiO2@P4MVP NPs-C.R algal cells aggregates after ionic liquid treatment 

Retrieving of Fe3O4@SiO2@P4MVP nanoparticle-Nannochloropsis aggregates was also 

investigated. As illustrated in Figure 7-19D, methanol and chloroform mixture (ratio = 2/1) at 

(A) (B) 

 (D) 

(E) (F) 
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room temperature are not an effective lysing agent since some of Nannochloropsis algal cells 

have not been lysed.  

    

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

Figure 7.19 Optical microscope photographs of (A) free Nannochloropsis (N.R) algal cells; (B, C) 

captured N.R algal ell aggregates; (D) Fe3O4@SiO2@P4MVP NPs-N.R algal cells aggregates 

lysed by organic solvent;  

We also attempted to use microwave to lyses Nannochloropsis. However, the 

Fe3O4@SiO2@P4MVP NPs after microwave treatment did not disperse in water well as shown 

in Figure 7-20C.  Heating in contact with [BMIM]Cl at 80oC completely emptied the contents of 

the cells but the cell wall structure was still remained, as evidenced by visible cell “outlines” 

observed using an optical microscope  (Figure 7.20A). These data indicate that the cell wall 

structure of Nannochloropsisis is much tougher as compared to fresh water C.R. algal cells, 

(A)

(C) 
(B)(D) 

(C) (D) 
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likely due to its harsh growth environment. We then attempted to use FeCl3 solution to separate 

Fe3O4@SiO2@P4MVP after ionic liquid treatment at 80oC. However, the improvement is limited 

(Figure 20 B).  When we increased the temperature of ionic liquid treatment, e.g., heating 

nanoparticle-Nannochloropsis aggregates with [BMIM]Cl at 110oC , >95% of cells did vanish 

and Fe3O4@SiO2@P4MVP separation was improved, which indicates successful dissolution of 

the biomass (Figure 7.20D). Further optimization of our protocols on retrieving NP-pinched 

polymer brushes from marine algal biomass is still under way. 

   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.20 Optical microscope photographs of (A) Fe3O4@SiO2@P4MVP nanoparticles- 

Nannochloropsis (N.R) algal cells aggregates after ionic liquid treatment at 80oC; (B) 

Fe3O4@SiO2@P4MVP nanoparticles- Nannochloropsis (N.R) algal cells aggregates after ionic 

liquid treatment at 80oC and subsequently treated with FeCl3 solution (C) Fe3O4@SiO2@P4MVP 

nanoparticles-N.R algal cells aggregates lysed by microwave at 80oC, 30mins; and (D) 

Fe3O4@SiO2@P4MVP nanoparticles-N.R algal cells aggregates lysed by ionic liquid at 110oC. 

(B) 

(C) (D) 

(A) 
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7.3.12 Reuse of algal culture medium 

Reusability of the culture medium is very important in the industrial processing of 

microalgae, particularly when water itself is a precious resource. Chlamydomonas reinhardtii 

was cultivated repeatedly for three times in the culture medium after removal of algal biomass 

via the magnetic separation. As shown in Figure 7.21, there was no obvious negative effect on 

final algal growth rate for the reuse of algal culture medium after the magnetic separation. The 

dry weights of Chlamydomonas reinhardtii based on optical density calculation were 1.011, 

0.956, and 0.925 g/l, respectively, when the growth medium was recycled for three times. These 

results prove that magnetic separation technology is an efficient method for microalgal 

harvesting with obvious advantages such as time and nutrient saving in algal culture processes. 

 

Figure 7.21 The growth rate of C.R measured in recycled growth medium.  

7.3.13 Possible adsorption mechanism 

We assume microalgae dewatering problem can be understood in the context of colloidal 

stability theory of DLVO as shown in Figure 7.22 and equation 7-9, where inter-algal potential is 
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tunable via surface engineering of novel coagulation agents. The electric double layer interaction 

WEDL(D) is always repulsive. The van der Waals interaction WVDW(D) is always attractive. The 

Fe3O4@SiO2@P4MVP is capable of modulating WEDL(D) by lowering the reduce surface 

potential of algal cells as shown in 7.4E (red trace).   

  DARekTDWDWDW DVDWEDL 6/)/64()()()( 22  



          (7-9) 

Harvesting efficiency increases with the increase of polymer chain length, polymer brush 

charge density and polymer chain graft density at a certain point, indicating charge neutralization 

and double layer compression are the main mechanisms in this coagulation process since the ζ- 

potential measurement showed that both Nannochloropsis gaditana and Chlamydomonas 

reinhardtii were negatively charged at the tested pH values (Figure 7.3D and 7.11D) and the ζ-

potential of Fe3O4@SiO2@P4MVP NPs exhibited a positive charge at the tested pH values. 

 

Figure 7.22 Schematic DLVO interaction energy versus inter-algal distance profiles. 

For controlled samples, the ζ-potential of the Fe3O4 and Fe3O4@SiO2 NPs exhibited a 

negative charge at native pH of algal culture (about 8.3) (Table 7.2). Charge neutralization and 

double layer compression only occur when the two particles have an opposite charge. In the 

process, both the Fe3O4 and Fe3O4@SiO2 magnetic flocculants and the algal cells were 
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negatively charged when the pH value was approximately 8.3; therefore, charge neutralization 

and double layer compression are unlikely to be the main mechanisms in this flocculation 

process, which may partly explain their relatively low harvesting efficiency. Further studies in 

collaboration with Prof. Wu’s Group on building a quantitative model to understand algal-

nanoparticle interactions using self-consistent field theory is underway. 

7.4 Conclusion  

A simple and rapid in situ magnetic separation method for microalgae harvesting has been 

developed by using paramagnetic nanoparticle-pinched P4MVP brushes. Fe3O4 nanoparticle-

pinched P4MVP brushes can harvest both fresh water and marine microalgae spontaneously with 

a high efficiency. Harvesting efficiency increases with the increase of polymer chain length, 

polymer brush charge density and polymer chain graft density. Harvesting efficiency is 

independent on pH from 6 to 10 for Chlamydomonas reinhardtii algae and from 6 to 8.3 for 

Nannochloropshis. The microalgae adsorption equilibrium data fitted very well to a Freundlich 

isotherm model. The adsorption mechanism was considered to be mainly due to the electrostatic 

attraction between the paramagnetic NPs and microalgal cells. A green chemistry approach to 

recycle paramagnetic coagulants with an ionic liquid was developed. The paramagnetic NPs (i.e. 

Fe3O4, Fe3O4@SiO2 NPs) can be easily recovered and maintained the same microalgal recovery 

efficiency as the newly synthesized ones. Fe3O4 NP-pinched P4MVP brushes are very likely 

reusable and further study to optimize this process is under way. There was no obvious negative 

effect on final algal growth rate when the microalgae culture medium was reused after 

microalgae harvesting by paramagnetic NP-pinched polymer brushes.  
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CHAPTER 8 

THE PREPARATION AND CHARACTERIZATION OF PARAMAGNETIC 

NANOPARTICLE-PINCHED PDMAEA BRUSHES 

8.1 Introduction  

Microalgae cells have anionically charged membranes and can be spontaneously separated 

from their dilute water suspension in the presence of Fe3O4@SiO2@P4MVP nanoparticle-

pinched polymer brushes, due to attractive algal-nanoparticle pair potentials. An intriguing 

question is how anionic nanoparticle-pinched polymer brushes would modulate the phase 

behavior of microalgae cells. In particular, materials bearing with poly (acrylic acid) (PAA) 

residues on their surfaces have become increasingly important due to their aqueous solubility, 

polyelectrolyte character, and their ability to conjugate biologically active molecules. Despite the 

many current and emerging applications, there have been relatively few reports regarding the 

synthesis of carboxylic acid bearing nanoparticles. Successful synthesis of PAA functionalized 

nanoparticles (NPs) will have an application in other fields such as drug delivery, antibiotics1 

and catalyst.2  PAA coated NPs can be synthesized by either direct ways or indirect ways.  A 

direct approach involves the direct of polymerization of acrylic acid monomers. PAA 

functionalized TiO2 NPs3 and Fe3O4 NPs4 have been synthesized via surface initiated reversible 

addition fragmentation transfer (SI-RAFT) polymerization. Inoue et al. prepared poly (6-

(acrylamide) hexanoic acid grafted silica nanoparticles via SI-RAFT.5 Acrylic acid monomers 

have also been polymerized from the surface of Fe3O4 nanoparticles via a photo-emulsion 

method.6  However, the drawbacks of direct ways are the difficulty in characterizing the polymer 

chain length and the limitation of synthesis methods. A SI-ATRP method cannot be used for 

acrylic acid monomers because the acid functionality inherent in the monomer will poison the 
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ATRP catalyst.7 A strategy to circumvent this problem is to polymerize tert-butyl (meth) acrylate, 

which proceeds to high conversion and yields polymers of narrow polydispersity that will readily 

reinitiate upon further addition of monomer. The tert-butyl group acts is a protecting group and 

can be removed via acid hydrolysis, pyrolysis, or the use of iodotrimethylsilane. For instance, 

Brittain and Boyes et al. grafted  poly(tert-butyl acrylate) brushes from the surface of silica by 

utilizing SI-ATRP.8 Subsequent heating of the samples to 200 °C induced pyrolysis resulting in 

PAA grafted wafers.8  In a different report yet with a similar approach, Genzer and coworkers 

reported the fabrication of PAA grafted materials by polymerizing tert-butyl acrylate from the 

surface of silicon wafers by utilizing a SI-ATRP approach. The hydrolysis of the tert-butyl ester  

was catalyzed by dilute acid.9  Zhao and coworkers synthesized mixed homopolymer brushes via 

a sequential ATRP polymerization of tert-butyl acrylate and styrene. Removal of the tert-butyl 

groups using iodotrimethylsilane resulted in environmentally responsive amphiphilic silica 

nanoparticles.10 However, this acid hydrolysis approach is problematic for polymer brushes 

because the anchoring moiety often contains an ester functional group; this group can also be 

cleaved leading to loss of the polymer brush from the surface.8 In addition, the pyrolysis may 

lead to decomposition of the end group such as chain transfer agent (CTA) and the oxidation of 

the polymer brush resulting in that products could not be easily redisposed.1 Furthermore, 

deprotection of the tert-butyl ester proceeded in the presence of excess iodotrimethysilane; 

however, it was found that cleavage of the tert-butyl groups with iodotrimethylsilane in the 

presence of the thiocarbonylthio end groups yielded particles with ill-defined end groups and 

subsequently resulted in agglomeration.1 Iodotrimethylsilane should be prepared freshly and 

used under strictly anhydrous conditions, as it fumes in air and turns purple on standing, making 

prolonged storage undesirable.11  
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Here we propose a novel paramagnetic nanoparticle-pinched polymer brush design that offers 

switchable surface charge states for the first time. As shown in the Figure 8.1 and 8.2, we 

utilized the poly (2-dimethylaminoethyl acrylate) (PDMAEA) as a precursor of PAA. PDMAEA 

is cationically charged at neutral or acidic medium due to protonation of the tertiary amine group 

(pKa=7.6-8.2),12,13 which can be used for microalgae dewatering. When kept in solutions, 

PDMAEA will undergo auto-degradation from its cationic state to an anionic polymer over a few 

days.14 The self-catalyzed degradation rate of PDMAEA to PAA is independent of the pH 

ranging from 5.5 to 10.1 in water.14 In Chapter 2, the degradation of the PS-b-(PDMAEA)2 tri-

block polymer has been verified by Zeta potential. 

We speculate that this switchable surface charge state can be used to harvest microalgae first, 

followed by spontaneous release of nanoparticle-pinched polymer brushes from algal biomass 

when the PDMAEA is turned into PAA, hence reducing the cost associated with removal of the 

coagulation agents for downstream processing of algal biomass. We were intrigued by the fact 

that this self-catalyzed hydrolysis has not been widely recognized in the literature. The 

PDMAEA polymer brush has key attributes for being as one of the important components in an 

ideal algal harvesting: (a) it can bind to algal cells through ionic interactions over a few days; (b) 

it auto-degrades from its cationic state to an anionic state accomplishes over only a few days 

when kept in water; (c) it degrades to a nontoxic byproduct. As we discussed in Chapter 6, 

charge neutralization and double layer compression are the main mechanisms in the coagulation 

process by using Fe3O4@SiO2@P4MVP as a coagulant; Thus, after the transformation from the 

cationic state to anionic state, biomass may be removed from paramagnetic NP surface without 

using additional treatment procedures; and (d) its tertiary amine pendant groups can be further 

functionalized by quaternization in the presence of halogen-alkyl compounds. Thus, the 
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quaternization state can be employed as another tool to fine-tune the dewatering efficiency of 

Fe3O4@SiO2@PDMAEA brushes as microalgae coagulants.  

8.2 Experiment  

Materials and Sample Preparation. 2-(Dimethylamino) ethyl acrylate (DMAEA) were purified 

through a basic alumina column to remove the inhibitor prior to use. 2,2-Azoisobutyronitrile 

(AIBN) was recrystallized from methanol. Unless specified, all other reagents were purchased 

from Sigma-Aldrich and used without further purification.  

Surface-initiated ATRP polymerization of DMAEA on paramagnetic NPs. The 

polymerization conditions for the synthesis of Fe3O4@SiO2@DMAEA NPs are as follows: 

Fe3O4@SiO2 surface: anchored ATRP initiators free ethyl 2-bromoisobutyrate: CuCl: 

Me6TREN: DMAEA=1:10:22:22:6000. In detail, a mixture of CuCl (5.8 mg, 0.059 mmol), 

Me6TREN (13.7 mg, 0.059 mmol), 2-dimethylaminoethyl acrylate (2.38 g, 16.68 mmol) and 

1.7ml tetrahydrofuran (THF) was added a Schlenk flask and was degassed by two freeze-pump-

thaw cycles. The Schlenk flask was opened and was added with a degassed mixture of 

Fe3O4@SiO2@ATRP initiators (80 mg) and a free ethyl 2-bromoisobutyrate (5.2 mg, 0.027 

mmol) very quickly. The reaction mixture was degassed by another three freeze-pump-thaw 

cycles. The reaction was performed at 60°C and terminated at certain time by cooling with liquid 

nitrogen. The reaction mixture was precipitated in 10-fold hexanes and was dried at 40°C in 

vacuum oven. The conversion was determined gravimetrically. The Fe3O4@SiO2@PDMAEA 

NPs was re-dispersed in methanol and was separated by applying an external magnetic field. 

This cycle was repeated eight times to remove the physically adsorbed PDMAEA. The polymer 

solution was condensed by rotavap, passed through the neutral Al2O3 to remove the catalyst, and 

precipitated with10-fold hexane. 
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Surface-initiated RAFT polymerization of DMAEA on MNPs. The polymerization conditions 

for the synthesis of Fe3O4@SiO2@PDMAEA NPs are as follows: Fe3O4@SiO2 surface anchored 

DATC: free DATC: AIBN: DMAEA=1:10:2.2:6600 and reaction mixture was dissolved in dry 

THF (35 vol.-% monomer solution).  In detail, a Schlenk flask was added with 80 mg of 

Fe3O4@SiO2@DATC, 1.457 g of DMAEA (10.18 mmol), 2 mL of dry THF, 5.6 mg (0.015 

mmol) of DATC, and 0.55mg (0.0034 mmol) of AIBN.  The reaction mixture was degassed by 

four freezes-pump-thaw cycles and then was placed in a shaker at 60 °C. After the reaction time, 

the polymerization was terminated by cooling via liquid nitrogen and the reaction mixtures were 

precipitated in 10-fold hexane and were dried at 40°C in vacuum. The conversion was 

determined gravimetrically. The Fe3O4@SiO2@PDMAEA NPs was re-dispersed in methanol and 

was separated by centrifugation. This cycle was repeated six times to remove the physically 

adsorbed polymer. The supernatant in centrifugation was condensed by rotavap and was 

precipitated with10-fold hexane.  

Quaternization of Fe3O4@SiO2@PDMAEA. Fe3O4@SiO2@PTMAEA was synthesized by 

modifying the tertiary amine groups of Fe3O4@SiO2@PDMAEA with iodomethane to give 

quaternary ammonium iodine groups at 45°C. 

Hydrolysis kinetics of Fe3O4@SiO2@PDMAEA. Fe3O4@SiO2@PDMAEA was dispersed in 

DI water. Zeta potential was used to study the hydrolysis kinetics at various times at room 

temperature. 

Characterization. Transmission electron microscopy (TEM) was performed on a Philips 

CM200 with an accelerating voltage of 200 kV. Fourier transform infrared (ATR-FTIR) spectra 

were collected utilizing a Smart SAGA attachment coupled with a Thermo-Electron Nicolet 4700 

spectrometer. The chemical structure of synthesized polymers was characterized using JEOL 500 
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MHz NMR spectrometer with CDCl3 as solvent. Their molecular weight was measured by GPC 

(Viscotek model 270 series platform) with DMF  as the eluent at 55 °C and a flow rate of 1.0 

mL/min (columns: Visco Gel I-series G-3000 and G-4000 mixed bed columns: molecular weight 

range 0-20 × 103 and 0-200 × 103 g/mol, respectively). The GPC is a triple detector system, a 

Viscotek differential viscometer/low angle laser light scattering detector (model 270, λ = 670 nm, 

3 mW laser, detector angles positioned at 7° and 90°, respectively), and a refractive index 

detector model 3580 (10 mV, λ = 660 nm). The instrument was calibrated with polystyrene 

standards. DLS of Fe3O4@SiO2@PDMAEA was measured by Malvern Zetasizer Nano ZS90, 

which automatically sets to accommodate the requirements of high sensitivity by detecting the 

scattering information at 173°, and reports size information with its own software package to fit 

the Photon Correlation Spectroscopy.  

8.3 Results and Discussion   

The synthesis of paramagnetic nanoparticle-pinched PDMAEA brushes via both a SI-RAFT 

polymerization and a SI-ATRP method will be discussion in this study.  

8.3.1 Synthesis of Fe3O4@SiO2@PDMAEA via a surface-initiated ATRP approach 

Fe3O4@SiO2@PDMAEA polymer brushes were synthesized as depicted in Figure 8.1. The 

synthesis of Fe3O4@SiO2@ATRP initiators was discussed in Chapter 6. The initiator coated 

Fe3O4@SiO2 was subsequently used for the copper mediated ATRP of DMAEA. CuCl/ 

Me6TREN was selected to slow down the rate of propagation with respect to initiation and 

increased stability of the dormant species towards nucleophilic substitution, which prevented 

competitive complexation of the monomer or polymer.15 We carried out the polymerization in 

the presence of the “sacrificial” initiator, 2-(EtBi)-Br. The role of the “sacrificial” initiator is to 

accumulate an appropriate amount of Cu (II) species via the termination of polymer radicals and 
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thus to control the polymerization by the so-called persistent radical effect.16,17 Molecular weight 

control was induced by the addition of 10 times free initiators as surface-anchored initiators. 

 

Figure 8.1 Synthesis of paramagnetic nanoparticle-pinched polymer brushes with switchable 

surface charge states. Schematically shown is the synthesis of Fe3O4@SiO2@PDMAEA by the 

SI-ATRP approach, Fe3O4@SiO2@PTMAEA by a quaternization reaction, and 

Fe3O4@SiO2@PAA by a hydrolysis reaction. 

The kinetic study of model polymerization of DMAEA initiated by free 2-(EtBi)-Br was 

conducted. As shown in Figure 8.2A, an almost linear relationship between monomer 

consumption and time suggests a constant free radical concentration during the polymerization in 

this study.  The number-average molecular weight (Mn) increased linearly with conversion 

(Figure 8.2B), which further indicates a constant free radical concentration during the 

polymerization. The experimental Mns obtained by GPC are in good agreement with the 

theoretical values determined by the following equation: Mn, theor. = ([DMAEA]/[Initiator]) × 
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αDMAEA × MWDMAEA+ MW-initiator where αDMAEA, MWDMAEA, and MW-intiator denote DMAEA 

conversion, molar mass of  DMAEA,  and molar mass of initiators, respectively. The 

polydispersity indices (PDI) of the resulting polymers remained quite low throughout the 

polymerization (Mw/Mn ≈ 1.1-1.2), which further demonstrated the control/living nature of the 

polymerization process.  

 

Figure 8.2 (A) ln([M]0/[M]t) as a function of time in our model polymerization of DMAEA 

system: 2-(EtBi)-Br:CuCl:Me6TREN: DMAEA=11:22:22:6000; (B) Evolution of molecular 

weight (Mn, GPC) and molecular weight distribution (Mw/Mn) of PDMAEA with monomer 

conversion.  

SI-ATRP polymerizations of DMAEA in the presence of the “sacrificial” initiator at identical 

conditions were conducted. The successful grafting of PDMAEA onto paramagnetic NPs was 

demonstrated by FT-IR and TGA measurements. A characteristic -C=O stretch vibration band at 

1733.4 cm-1 is clearly observed in the FT-IR spectra of the modified paramagnetic NPs (Figure 

8.3A, red trace). The increase of peak intensities at 2800-3000cm-1 is attributed to the 

enhancement of methylene and methyl groups. The absorption at 1468 cm-1 is corresponding to 

methylene and methyl bending modes. The PDI of the resulting polymers remained quite low 

throughout the polymerization at the low conversion (Mw/Mn ≈ 1.1-1.41).  However, the PDI of 

the resulting polymers became quite high (Mw/Mn ≈ 2.69) at high conversion. The GPC traces of 
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the polymerization are shown in Figure 8.3B. GPC curves show bimodal distribution at high 

conversion. This could be not only due to the probability of the intermolecular radical coupling 

but also because of the possibility of slow intermolecular nucleophilic substitution between the 

side chain ends of brushes. A representative of 1H-NMR spectrum of the free PDMAEA in 

CDCl3 was shown in Figure 8.3C. 

 

 

Figure 8.3 Successful synthesis of Fe3O4@SiO2@PDMAEA by SI-ATRP polymerization. (A) 

FTIR spectra of Fe3O4@SiO2@ATRP initiators, Fe3O4@SiO2@PDMAEA, and 

Fe3O4@SiO2@PTMAEA; (B) GPC of resultant PDMAEA at different conversions; (C) 1H-

NMR of free PDMAEA.  
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In addition, the tertiary amine pendant groups in Fe3O4@SiO2@PDMAEA NPs can be further 

functionalized by a quaternization reaction with iodomethane as shown in Figure 8.1. After 

quaternization, the characteristic adsorption of methylene and methyl groups at 1639 cm-1 shifted 

to 1649 cm-1 and the new adsorption at 1536.3 cm-1 as shown in Figure 8.3 A (blue trace).  

8.3.2 Synthesis of Fe3O4@SiO2@PDMAEA via the surface-initiated RAFT approach 

 

Figure 8.4 Synthesis of paramagnetic nanoparticle-pinched polymer brushes with switchable 

surface charge states. Schematically shown is the synthesis of Fe3O4@SiO2@P4VP via a SI-

RAFT approach, Fe3O4@SiO2@PTMAEA by a quaterination reaction, Fe3O4@SiO2@PAA by a 

hydrolysis reaction. 

DMAEA is a challenging monomer candidate for ATRP because of side reactions of chain-

end carbon-halide group with the tertiary amine group in the monomer and a coordinated 

reaction of ligand with tertiary amine group. Previous work to synthesize PDMAEA via ATRP 
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resulted in broad molecular weight distributions by “living” polymerization standards (with 

(PDI) > 1.4).18 Thus, the synthesis of Fe3O4@SiO2@PDMAEA via the surface-initiated RAFT 

approach was investigated as shown in Figure 8.3.  The synthesis of Fe3O4@SiO2@DATC was 

discussed in Chapter 6.  

 

 

Figure 8.5 Successful synthesis of Fe3O4@SiO2@PDMAEA via SI-RAFT polymerization. (A) 

FTIR spectra of Fe3O4@SiO2@ DATC (black trace) and Fe3O4@SiO2@PDMAEA (red trace). 

(B) GPC of free P4VP co-exists with NPs (C) TEM of Fe3O4@SiO2@PDMAEA (scale bar: 200 

nm).  

FT-IR, TEM and GPC were employed to verify the successful grafting PDMAEA from the  

Fe3O4@SiO2 NP surface. The FT-IR spectra of Fe3O4@SiO2@PDMAEA (Figure 8.5A, red trace) 

shows a strong peak at 1733.7 cm-1, which is assigned to -C=O stretch vibration band. The 

increase of peak intensities at 2800-3000 cm-1 is attributed to the enhancement of methylene and 

methyl groups. The absorption at 1468 cm-1 is corresponding to methylene and methyl bending.  
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The GPC trace of the PDMEA with Mn of 43 kD and PDI of 1.16 is shown in Figure 8.5B. The 

TEM of Fe3O4@SiO2@PDMAEA (Figure 8.5C) does not show a clear continuous layer of 

PDMAEA, which may be attributed to low polymer graft density because lower graft density of 

CTA on the Fe3O4@SiO2 NP surface was utilized for this polymerization. Nevertheless, a SI-

RAFT approach is a promising way to synthesize Fe3O4@SiO2@PDMAEA with well-controlled 

architecture. Further study is needed to optimize the polymerization condition.  

8.3.3 Properties and hydrolysis of Fe3O4@SiO2@PDMAEA 

 

Figure 8.6 Properties of Fe3O4@SiO2@PDMAEA-167. (A) Zeta potential of 

Fe3O4@SiO2@PDMAEprepared by the SI-ATRP approach as a function of pH. (B) Hydrolysis 

kinetics of Fe3O4@SiO2@PDMAEA as a function of time. (C) Hydrolysis of 

Fe3O4@SiO2@PTMAEA as a function of time. 

PDMAEA is a pH responsive polymer with a pKa of 7.6-8.2.12 As demonstrated in Figure 

8.6A, zeta potential of Fe3O4@SiO2@PDMAEA decreases from~ +41.8 to ~+8.92 mv with 

increasing pH from 5.5 to 9. Thus, the PDMAEA brush exhibits tunable charge state via its 

reversible transition between a neutral and cationic polymer by switching the pH successively. 

At pH ≤ pKa, protonation of the PDMAEA brushes produces a cationic polymer. At pH ˃ pKa, 

the de-protonation of the PDMAEA brushes produces a neutral polymer.  The hydrolysis kinetic 

of Fe3O4@SiO2@PDMAEA was also studied. As shown in Figure 8.6B, the zeta potential of 
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Fe3O4@SiO2@PDMAEA reduced from ~ +41.8 to ~ -20 mv over ~1-week storage in water, 

indicating that PDMAEA degrade to PAA. On the other hand, after quaternization, the 

Fe3O4@SiO2@PTMAEA polymer brushes were relatively stable in DI water as evidenced by the 

slight decrease of zeta potential after 3 year storage (Figure 8.6C). 

 

 

Figure 8.7 The coagulation efficiency versus the concentration of Fe3O4@SiO2@PTMAEA-167 

for Nanochloroposis microalgae with an average dry weight concentration of 1.078 g/L. (B) The 

coagulation efficiency versus the concentration of Fe3O4@SiO2@PTMAEA-167 for 

Nanochloroposis microalgae with an average dry weight concentration of 3.749 g/L. (C) 

Photographs of Marine Nanochloroposis culture (right) and the same Nanochloroposis culture 

after NP coagulation (left). 

8.3.4 Harvesting microalgae  

For coagulation test of marine Nanochloroposis microalgae, two different algal dry weight 

concentrations were employed, i.e., 1.08 g/L and 3.75 g/L. Figure 7.5A shows the relationship 

between the dosage of Fe3O4@SiO2@PTMAEA-167 and the harvesting efficiency. For the 
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microalgae with a dry weight concentration of 1.078 g/L, the optimal dosage of 

Fe3O4@SiO2@PTMAEA-167 NPs for achieving ~95% coagulation efficiency was 

approximately ~ 0.24mg/ml. The ~ 95% of the Nanochloroposis cells were dewatered in 2 mins 

under a magnetic field as shown in Figure 8.7C. We estimated that ~3.09×109 Nanochloroposis 

cells, or an equivalence of ~5.22 mg algal dry weight can be harvested by 1 mg of 

Fe3O4@SiO2@PTMAEA-167 NPs. For the microalgae with a dry weight concentration of 3.75 

g/L, the optimal dosage of Fe3O4@SiO2@PTMAEA-167 NPs for achieving ~95% coagulation 

efficiency was even smaller (i.e. approximately 0.65 mg/ml) (Figure 8.7B) .We estimated that 

~2.55×109 algal cells or ~5.22 mg algal (dry weight) can be precipitated by 1 mg of 

Fe3O4@SiO2@PTMAEA-167 NPs. Preliminary data demonstrated that a 

Fe3O4@SiO2@PTMAEA NPs is an effective coagulant for microalgae harvesting.  

8.4 Conclusion 

Preliminary data demonstrate that paramagnetic nanoparticle-pinched PDMAEA brushes 

were successfully synthesized via both a SI-RAFT polymerization and a SI-ATRP method for 

the first time. The hydrolysis kinetic studies of Fe3O4@SiO2@PDMAEA NPs suggest that the 

brushes in DI water are able to auto-degrade to transform into Fe3O4@SiO2@PAA NPs in ~7 

days, which provides a novel and mild method to synthesize the paramagnetic NP-pinched PAA 

brushes that have never been reported before. For its quaternization state, 

Fe3O4@SiO2@PTMAEA polymer brushes are relatively stable in DI water after 3 year storage. 

In addition, our preliminary data suggest that Fe3O4@SiO2@PTMAEA brushes are an effective 

coagulant for microalgae harvesting. Studies on the spontaneous release of nanoparticle-pinched 

PDMAEA brushes from the coagulated algal biomass after the auto-conversion of PDMAE to 

PAA brushes are under way. 



212 

 

8.5 References  

 (1) Cash, B. M.; Wang, L.; Benicewicz, B. C. Journal of Polymer Science Part A: 

Polymer Chemistry 2012, 50, 2533. 

 (2) Liu, R.; Liao, P.; Liu, J.; Feng, P. Langmuir 2011. 

 (3) Hojjati, B.; Sui, R.; Charpentier, P. A. Polymer 2007, 48, 5850. 

 (4) Wang, W.-C.; Neoh, K.-G.; Kang, E.-T. Macromolecular Rapid Communications 

2006, 27, 1665. 

 (5) Inoue, M.; Fujii, S.; Nakamura, Y.; Iwasaki, Y.; Yusa, S.-i. Polym J 2011, 43, 

778. 

 (6) Chen, K.; Zhu, Y.; Li, L.; Lu, Y.; Guo, X. Macromolecular Rapid 

Communications 2010, 31, 1440. 

 (7) Matyjaszewski, K.; Xia, J. Chem Rev 2001, 101, 2921. 

 (8) Ayres, N.; Boyes, S. G.; Brittain, W. J. Langmuir : the ACS journal of surfaces 

and colloids 2006, 23, 182. 

 (9) Wu, T.; Gong, P.; Szleifer, I.; Vlček, P.; Šubr, V.; Genzer, J. Macromolecules 

2007, 40, 8756. 

 (10) Li, D.; Sheng, X.; Zhao, B. J Am Chem Soc 2005, 127, 6248. 

 (11) Olah, G. A.; Narang, S. C.; Gupta, B. G. B.; Malhotra, R. The Journal of Organic 

Chemistry 1979, 44, 1247. 

 (12) van de Wetering, P.; Moret, E. E.; Schuurmans-Nieuwenbroek, N. M.; van 

Steenbergen, M. J.; Hennink, W. E. Bioconjugate chemistry 1999, 10, 589. 

 (13) Schmaljohann, D. Advanced drug delivery reviews 2006, 58, 1655. 



213 

 

 (14) Truong, N. P.; Jia, Z.; Burges, M.; McMillan, N. A.; Monteiro, M. J. 

Biomacromolecules 2011, 12, 1876. 

 (15) Tsarevsky, N. V.; Braunecker, W. A.; Brooks, S. J.; Matyjaszewski, K. 

Macromolecules 2006, 39, 6817. 

 (16) Ejaz, M.; Yamamoto, S.; Ohno, K.; Tsujii, Y.; Fukuda, T. Macromolecules 1998, 

31, 5934. 

 (17) Fischer, H. Chem Rev 2001, 101, 3581. 

 (18) Zeng, F.; Shen, Y.; Zhu, S. Macromolecular rapid communications 2002, 23, 

1113. 

 

 

 



214 

 

CHAPTER 9  

CONCLUSIONS AND OUTLOOK 

9.1 Conclusion and outlook 

In this thesis, we designed complex functional materials for bio-renewable energy 

applications.  

We first investigated how to rationally design amphiphilic block copolymers to direct 

spontaneous membrane protein (MP) reconstitution and formation of robust nanometer-thick 

proteopolymer membrane arrays. These membranes may serve as structural materials to support 

MP-regulated recognition and transport performance in lieu of lipid bilayers known for their 

poor stability in synthetic systems. We identified a generic charge-interaction-directed 

reconstitution (CIDR) paradigm that guides MP reconstitution into polymeric membranes 

spontaneously. Significantly, the self-directed reconstitution was accomplished without the need 

of time-consuming and poorly-controllable external means for selective detergent removal as 

needed in conventional approaches.1-4  It proceeded even when the membrane-forming polymer 

blocks are in entangled states with excellent stability resisting membrane disintegration. We also 

demonstrated for the first time that 3-D hierarchically ordered proteopolymer membrane arrays 

can be obtained spontaneously, where the MPs crystallized in individual polymeric membrane 

layers.  

We showed that spontaneous and functional reconstitution of PR into “frozen” amphiphilic 

block copolymer membranes, which have unsurpassed stability as MP-supporting matrices, can 

be achieved via the CIDR mechanism. We demonstrated that polymer membranes can be 

designed to have a balanced local chain-motion freedom and bulk-state membrane stability at the 

nanoscale, a feature that is critical to harness MP functions in synthetic systems. Even “frozen” 
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polymer membranes can be tuned to bear sufficient conformational freedom that rivals lipid-

based biomembranes in supporting MP functions. We also showed that well-defined block 

copolymer nanomembranes, with their tunable membrane moduli, act as allosteric regulators to 

support the structural integrity and function of reconstituted PR, likely by modulating its 

conformational energetics. Given that it is possible to use uni-directionally oriented MPs tethered 

on a substrate as templates to direct the formation of 2D supported proteomembrane arrays,5  and 

it is also possible to prepare polymersome membranes with removable hydrophilic mantles6 to 

control proteopolymer membrane surface chemistry, we expect that what learned here may be 

useful to a subset of other MPs, hence open a viable approach on development of MP-based 

nanotechnologies with optimized stability and performance.  

An intriguing question whether qualitative changes in MP functional kinetics will be observed 

as vary glass transition temperature (Tg) of polymer. Four different polymers with decreasing 

(Tg), i.e., polystyrene (PS), poly(methyl acylate) (PMA), polybutadiene (PBD), and 

polydimethylsiloxane (PDMS) were chosen to serve as hydrophobic blocks.  A series of 

symmetric, ABA-type cationic triblock copolymers (PDMS-based, PBD-based PMA-based, and 

PS-based) with well-defined structures were successfully synthesized by controlled/living free 

radical polymerization as shown in Chapter 2.  Our further studies on this topic are still 

underway.      

One of important drawbacks of AB/ABA polymer membranes is that there is no built-in 

asymmetry guiding proteins into the correct orientation within the vesicle membrane. Therefore, 

as different form the situation in biological membranes, proteins were incorporated in both 

directions, which reduces or cancels the system’s activity.2 We aim to address this problem by 

synthesizing ABC triblock copolymers, consisting of three chemically distinct blocks (with two 
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different water soluble blocks A and C and a hydrophobic middle block B.  PMA-based and PS-

based asymmetric, ABC tri-block copolymers with well-defined architecture were also 

successfully prepared by controlled/living free radical polymerization. Zeta potential studies 

showed that the block having a larger hydrodynamic size tended to align outwards and the block 

having a smaller size tended to align inwards as shown in Chapter 2.  Our further studies on this 

topic are still underway.      

We demonstrated that spontaneous reconstitution of reaction centers (RCs) from Rb. 

Sphaeroides, a photosynthetic complex comprised of 3 protein subunits and 10 cofactors, into 

block copolymer nanomembranes of different moduli achieved via the CIDR mechanism. We 

showed unambiguously that the structural and functional integrity of the RCs is maintained in the 

proteopolymer membranes. While MP-supporting lipid bilayers are recognized as allosteric 

regulators for MP functions,7-9 the RCs are fully functional in the synthetic membranes 

underscoring preservation of their 3D pigment configuration critical for light-driven charge 

transfer, and suggesting that other MPs can be incorporated similarly into robust synthetic 

membranes in a fully functional form. Compared to previous studies on segregated, disordered 

photosynthetic complexes deposited on various substrates, spontaneous reconstitution of light-

conversion RCs into ordered proteopolymer nanomembranes is a significant step forward, in our 

opinion, because it enables directed assembly of scalable photovoltaic nanomembranes on 

various engineered devices.5 This approach allows the use of robust and structurally versatile 

block copolymers to stabilize and interface RCs with a supporting substrate in desirable 

proteomembrane configurations for efficient electron transfer,10-15 and provides the opportunity 

to create photoelectrical or photochemical devices that harness RC functions collectively for 

conversion of solar energy through an enhanced spectral region. 
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On another front to solve the challenge on microalgae dewatering, we developed a simple and 

rapid magnetic separation method for cost-effective microalgae harvesting using 

Fe3O4 nanoparticle-pinched poly (4-vinyl-N-methylpyridineiodide) (P4MVP) brushes. First, 

three different strategies to prepare NP-pinched polymer brushes, i.e., grafting to, SI-RAFT 

grafting from, and SI-ATRP grafting from, were employed to successfully functionalize 

paramagnetic Fe3O4 NPs with P4VP brushes. We demonstrated that the grafting to approach via 

a combination of click chemistry and RAFT polymerization could be used to grow high density 

polymer brushes successfully when the brush sizes are relatively small. We also reported a novel 

method to graft P4VP to paramagnetic NP surface with stable amide bonds via SI-RAFT. In SI-

ATRP, we described the significant improvement on the graft density of P4VP brushes over 

what was reported in literatures.  As a comparison, the grafting density in grafting to approach 

reached as high as 0.994 chains/nm2 at low molecular weight but decreased significantly as 

polymer chain sizes increased. For the SI-RAFT and SI-ATRP grafting from approaches, the 

content of polymer on the surfaces increased with increasing graft length, confirming the 

possibility of tailoring not only the length but also the content of polymer brushes on NP surface. 

Consequently, the grafting to method is a good choice to functionalize NPs with low molecular 

weight polymer brushes. The SI-RAFT and SI-ATRP grafting from generally allows 

functionalization of NPs with a higher grafting density than the grafting to method, particularly 

when the polymer brush size becomes larger. Although the SI-ATRP approach yields 

functionalized MNPs with a higher initiator concentration than the SI-RAFT approach, the final 

graft density of P4VP brushes is similar. In all these approaches, we obtained paramagnetic 

Fe3O4@SiO2 NP pinched P4VP brushes with stable amide bonds. They have exceptionally good 

stability. 
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We investigated the use of Fe3O4 nanoparticle-pinched P4MVP brushes to harvest both fresh 

water and marine microalgae spontaneously with a high efficiency. Harvesting efficiency 

increases with the increase of polymer chain length, polymer brush charge density and polymer 

chain graft density. Harvesting efficiency is independent on pH from 6 to 10 for Chlamydomonas 

reinhardtii algae and from 6 to 8.3 for Nannochloropshis. The microalgae adsorption equilibrium 

data fitted very well to a Freundlich isotherm model. The adsorption mechanism was considered 

to be mainly due to the electrostatic attraction between the paramagnetic NPs and microalgal 

cells. There was no obvious negative effect on final algal growth rate when the microalgae 

culture medium was reused after microalgae harvesting by paramagnetic NP-pinched polymer 

brushes.  

A green chemistry approach to recycle paramagnetic coagulants with an ionic liquid was 

developed. The paramagnetic NPs (i.e. Fe3O4, Fe3O4@SiO2 NPs) can be easily recovered and 

maintained the same microalgae recovery efficiency as the newly synthesized ones. Fe3O4 NP-

pinched P4MVP brushes are very likely reusable and further study to optimize this process is 

under way. Further studies in collaboration with Prof. Wu’s Group on building a quantitative 

model to understand algal-nanoparticle interactions using self-consistent field theory is 

underway. 

We further developed a novel and mild method to harvest microalgae and release the algal 

biomass via auto-catalytic reactions that changed the interaction energy between NP coagulants 

and microalgae. Specifically, the anionic paramagnetic NP-pinched PAA brushes were 

synthesized for the first time using Fe3O4@SiO2@PDMAEA brushes as precursors.  Preliminary 

data demonstrate that paramagnetic nanoparticle-pinched PDMAEA brushes were successfully 

synthesized via both SI-RAFT polymerization and SI-ATRP. The hydrolysis kinetic studies of 



219 

 

Fe3O4@SiO2@PDMAEA NPs suggest that the brushes in DI water are able to auto-degrade to 

transform into Fe3O4@SiO2@PAA NPs in ~7 days. For its quaternization state, 

Fe3O4@SiO2@PTMAEA polymer brushes are relatively stable in DI water after 3 year storage. 

In addition, our preliminary data suggest that Fe3O4@SiO2@PTMAEA brushes are an effective 

coagulant for microalgae harvesting. Studies on the spontaneous release of nanoparticle-pinched 

PDMAEA brushes from the coagulated algal biomass after the auto-conversion of PDMAE to 

PAA brushes are under way. 
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