
Nanoemulsion-like Polymersomes for
Nanoreactors

A DISSERTATION
SUBMITTED TO THE FACULTY OF THE GRADUATE SCHOOL

OF THE UNIVERSITY OF MINNESOTA
BY

Soonyong So

IN PARTIAL FULFILLMENT OF THE REQUIREMENTS
FOR THE DEGREE OF

DOCTOR OF PHILOSOPHY

Advisor: Timothy P. Lodge

July 2015



© Soonyong So 2015



i

Acknowledgements

The past five years of my life has been a journey of emotions, strength and learning. It

was a tragic moment when I had to experience the loss of my grandfather. Moreover, my

father’s severe illness at the time period made me go through a rough phase. My faith in

God has helped me recover from this difficult time, but without the help and support from

some important people in my life, I would not have been able to stand where I am today.

First and foremost, I wish to express my sincere gratitude to my advisor, Professor

Timothy P. Lodge, for his patience, guidance and encouragement through all of my

graduate studies. Through him, I have learn how to conduct scientific research, and how

to be a good researcher and leader. I will never forget the time he encouraged and helped

me, when I was overwhelmed and frustrated by difficulties and surrounding pressures. It

has been a great honor to learn from him. I also appreciate the thoughtful comments of

preliminary and final exam committees, Professors Christopher W. Macosko, Joseph A.

Zasadzinski, Marc A. Hillmyer and Kevin D. Dorfman.

I would like to thank Letitia J. Yao for helping me conduct NMR experiments. She

has been a great support in resolving technical issues as well as guiding me through NMR

analysis and answering any questions that I had. I also would like to thank Itaru Asano,

Takeshi Ueki and Sujay Chopade for the great collaborations.

Being a part of the polymer group and the Lodge group, has enhanced my graduate

school experience. All the helpful discussions and interactions with the members of the

aforementioned groups, have been very educative and productive. Zhifeng Bai patiently

mentored me in my project during my first year in graduate school. I thank Keun Hyung

Lee, Lucas McIntosh, Sangwoo Lee, Yuanyan Gu, Sangwon Lee, Intaek Lee, Karen

Haman and Sipei Zhang for their tremendous help in the lab during my first year in



ii

graduate school. I have also greatly benefited from the helpful discussions and support

from Matt Irwin, Robert Hickey, Jae-Hong Choi, Jennifer Laaser, In-Woo Cheong,

Joseph Lott, Seyoung Jung, Yuanchi Ma, and other former and current members. I am

also glad to have become great friends with Jie Lu, Christopher Thurber and John

McAllister. We started as first years in the Lodge group and it has been a memorable

experience to share this journey together. Itaru Asano, Sujay Chopade, Yiming Zhang

and Aakriti Kharel have been good friends with me. I thank you all for a lot of good

memories spent together.

I also would like to thank Pastors Lowell Busman and Kathleen Macosko at Stadium

Village Church for their encouragement and prayers.

In the end, I would like to thank my parents, sisters and my brother for their

tremendous love and support. Without their prayers and support, I would not have been

able to accomplish this journey. Therefore, I dedicate this thesis to them.



iii

To my family



iv

Abstract

Self-assembly of block copolymers in various selective solvents provides a means to

control nanostructures. Among selective solvents, ionic liquids (ILs) are of great interest

as reaction media, with the possibility of replacing organic solvents. However, the

implementation ILs is limited by their high viscosity and cost. Phase transfer of IL-filled

polymer vesicles (polymersomes) from the IL phase to water produces a very stable kind

of “nanoemulsion.” Nanoemulsion-like polymersomes have great potential as they

confine a catalyst within the interiors, thus mitigating the mass transfer limitations of ILs

while simultaneously providing a facile route to quantitative catalyst recovery

The issues in the nanoreactor system and the mechanism of the phase transfer in the

biphasic system are discussed. First, a new reversible reaction process with the

thermo-responsive shuttling of the IL-filled polymersomes between the phases was

designed. In nanoreactor applications, a narrowly distributed, small vesicle size is

required. The size of polymersomes having rubbery and glassy membranes was

controlled through mechanical and kinetic approaches. In the mechanical approach, the

extrusion method was employed. For the kinetic approach, the amount of co-solvent and

the hydrophilic fraction of amphiphilic block copolymer were varied and its effects on the

size and dispersity were studied. Transport phenomena across the glassy and rubbery

bilayer membranes was elucidated by NMR techniques to quantify the mobility inside

and outside the polymersomes, plus the rate of exchange through the membrane. The

dependence of the membrane thickness, glass transition temperature of the membranes

and the partition coefficient of tracer molecules in the IL/water were also examined. We

demonstrated a general boundary for the phase transfer of polymersomes in terms of a

reduced tethering density for poly(ethylene oxide) (PEO), and analyzed the phenomena

thermodynamically. The tethering density can be increased by increasing the block length
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of PEO and the size of the polymersomes, and the increased tethering density induces the

phase transfer. Interfacial tension-related phase transfer led to develop a novel separation

method in the biphasic system of the IL and water. By controlling the interfacial tension

between the hydrophobic membrane and water, worm-like micelles and polymersomes

were successfully separated.
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Chapter 1

Introduction

1.1 Nanoreactors

A nanoreactor is defined as a confined container for chemical reactions, less than 1 µm in

diameter.1 Reactions in nanoscale compartments can be found abundantly in nature. For

example, a cell has more than 20 of organelles more than 20 including lysosomes,

ribosomes, endoplasmic reticulum, and mitochondria.2 Each of the organelles has their

own intricate functions, and works together for a living cell under contact with the

cytosol.3 Reactions in biological systems are well controlled in terms of efficiency and

precision by selective transportation of substances for membrane-enclosed organelles like

lysosome, and by site-specific reactions for protein complexes like ribosomes.1,4

Biomimetic nanoscale reactors are highly desirable to understand the biological

reactions better,5 and to utilize the advantages of nature’s nanoreactors that enable the

synthetic reactions to be maximized in terms of the precision and efficiency. 6 ‒ 8

Self-assembled micelles and vesicles,9‒11 dendrimers,12 and inorganic nanocarriers13 are

examples of biomimetic nanoreactors recently developed. Compartmentalization and

confinement of reaction components is a key feature of the nanoreactors, which can

improve reaction efficiency and selectivity by preventing interference from other

substances. For example, the semi-permeable shell compartment (e.g. bilayer membrane

of polymersomes) of the nanoreactors can allow transmembrane diffusion of small

reagents and products while keeping the large catalysts inside. These size exclusive

membranes are beneficial towards biological and conventional chemical reactions

because they can confine the chemical reaction space within the nanoreactors and protect
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the catalytic activity from the environment. Anisur et al. developed a hollow silica

nanosphere having 1 nm pores, and a manganese oxide catalyst layer on the inner surface

of the hollow.5 They showed that the reaction was significantly reactant-size selective, as

consequence of size exclusive permeation of reactant molecules through the

nanosphere-like molecular sieve. When the R group of aldehyde was changed from

phenyl to 3,5-dibenzyloxyphenyl group, the reaction yield was less than 10%, whereas

the yield was over 95% with benzaldehyde.

Figure 1‒1. Phase diagram with morphology schemes depending on volume fraction of
hydrophilic poly(ethylene oxide) block for 1,2-polybutadiene-b-poly(ethylene oxide)
(PB‒PEO) having 9 kDa PB block in an ionic liquid (1.0 wt %) at 25 °C.14

Another remarkable feature of nanoreactors is the high surface-to-volume ratio from

nano-sized confined reactor. The large surface-to-volume ratio of the nanosized container

is effective in heat exchange with its environment when the nanoreactors are dispersed in

media,15 and increases the reaction rate by shortened mean free path within the container

which generates more frequent collisions with molecules.2,16 Chiu et al. studied the

collision frequency of two hard spheres, representing a single substrate and a single

enzyme, as a function of vesicle size by a Brownian dynamics Monte Carlo simulation.25

The collision frequency increased by a factor of 10, when the radius of vesicle decreased

from around 35 to around 20 nm. As a consequence of increased collision frequency,

higher reaction rate can be expected with reduced size of nanoreactors.17 In polymer
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vesicles, the rate constant of enzyme catalyzed reactions, which follow

Michaelis–Menten kinetics, increased as the size of vesicle decreased due to increased

collision frequency between catalysts and substrates.18‒21

Polymeric nanoreactors, consisting of amphiphilic block copolymers, have attracted

increased attention for nanoreactors due to the tunable function and morphology by

designing of block copolymer chemistry.22‒26 Depending on the volume fraction of the

hydrophilic block, various assemblies can be formed in a selective solvent. For example,

the amphiphilic block copolymer, 1,2-polybutadiene-b-poly(ethylene oxide) (PB‒PEO) in

an ionic liquid varies from micelles to vesicles as the fraction of PEO block decreases, as

shown in Figure 1‒1. The hydrophilic block stabilizes the nano-assemblies as a dispersed

phase, and the hydrophobic block provides hydrophobic core for micelles, and physical

membrane exhibiting confined interiors providing room to load hydrophobic active

substances, e.g. catalysts, and reactants.27,28 Furthermore, the compartmentalized internal

space of vesicles can be used to encapsulate and deliver hydrophilic active materials.29‒31

The use of polymer micelles and vesicles in nanoreactor applications is related to the way

their core properties (i.e. permeability for vesicles), which can be controlled and tuned by

a precise molecular design of the constituting blocks. In this regard, polymeric

nanoreactors have flexibility and versatility from readily tunable parameters such as

block length, chemical structure, and functionality.32

Block copolymers assemblies have been applied as “designer” nanoreactors, and

widely studied for many reactions from small molecule organic reactions to

polymerization. In general, catalyst is confined into the nanostructure, and reactants and

products in the dispersed medium diffuse into nanoreactors, then diffuse out after the

reaction. Lipshutz and co-workers demonstrated a micellar nanoreactor composed of

hydrophilic and hydrophobic blocks linked by a moiety capable of covalent linkage to a

pendant catalyst for various reactions, such as ring-closing metathesis,33 Heck-coupling
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reactions. 34 , 35 The isolated core for reaction, and confined catalyst yield higher

conversion of the reaction, and increased cycle number of catalyst. Polymerization was

also demonstrated in an aqueous micelle solution of poly(dimethylacrylamide)-b-

poly(N-isopropylacrylamide) (PDMA‒PNIPAm).36 Polystyrene (PS) nanoparticles were

produced through reversible addition-fragmentation chain transfer (RAFT) with a

PNIPAm macro chain transfer agent (PNIPAm‒CTA). Narrowly dispersed PS around Đ ~

1.1 could be obtained with the controlled molecular weight. One of the noticeable

features of this system is the thermoresponsive PNIPAm block. Lower critical solution

temperature (LCST) behavior of PNIPAm in water enable the reactants to be loaded into

the reactor effectively above the LCST, and the product, PS nanoparticles to be separated

and stabilized in water after the reaction below the LCST.37

Stimuli-responsive moieties in nanoreactors provide an additional feature, in that the

nanoreactors can communicate with their environment effectively to regulate reactions by

controlling the permeation behavior of molecules. At specific conditions (i.e. pH,38

temperature, 39 concentration 40 ), the stimuli-responsive blocks alter their solubility,

leading to morphology or permeability changes. Yu and co-workers demonstrated pH

sensitive polymer vesicles with poly(ethylene oxide)-b-polystyrene-b-poly(2-diethyl

aminoethyl methacrylate) (PEO-b-PS-b-PDEA) block copolymers.41 The PDEA block is

soluble in acidic water, but it is not soluble when the pH exceeds the neutral range. This

pH sensitive PDEA block in the vesicle membrane swelled under acidic conditions, and

the permeation of H+ was allowed through the polymer membrane. The acidic condition

of vesicle interiors can be controlled simply with the pH of medium. Multiple

stimuli-responsive vesicles have been also proposed by incorporating pH sensitive, and

sugar reactive poly(styrene boronic acid) (PSBA) blocks into membrane of PS‒PEO

vesicles.42 The solubility of PSBA in water increases after the transformation of boronic

acid group to boronate group under high pH, or in the presence of sugar, such as
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D-glucose. pH and sugar sensitive PSBA were removed from the vesicles for the

molecular level holes in the vesicle membrane. The vesicles with the small holes were

used to demonstrate enzyme catalyzed hydrolysis. Since the hole size is in the molecular

level, only substrates permeated through the membrane, while relatively big enzyme was

well protected even by etched membranes.

Nanoreactors, especially vesicle nanoreactors, in the aqueous phase extensively

studied with heterogeneous, and enzyme catalysis, because they cannot accommodate

water insoluble catalyst, such as transition metal catalyst, into the interiors, which is

aqueous as the medium.23,43 Therefore, canonical vesicles have limitations both in terms

of type of reactions, and in product separation after reaction. Conventionally, a catalyst

can be loaded into vesicles during the self-assembly of amphiphilic surfactants in an

aqueous solvent, and the catalyst for the reaction can reside in both interior and exterior

of the vesicles.44 Effective encapsulation of catalysts is required for the nanoreactor

system to avoid undesired reaction in the vesicle exterior. For effective loading into the

interior, filtration or dialysis is used as an additional process to remove the active species

in the medium of vesicle solution, so that the reaction is conducted only in the confined

interior of the nanosized vesicles. Moreover, the products should be selectively separated

from the aqueous catalysis phase because the reaction locus is also aqueous.

In this thesis, a new nanoreactor system, which is potentially applicable in versatile

chemical reactions, is proposed with combinations of ionic liquid and thermoresponsive

block copolymers.

1.2 Ionic Liquids as Reaction Media

Environmentally benign and cost effective processes are in high demand for the chemical

industry. One of the key parameters to quantify the eco-efficiency of a process is the
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environmental waste factor (E factor). It is defined as the amount of waste produced

relative to the desired material.45 Typical E factors for fine-chemical and pharmaceutical

industries are in the range of 5 to 100, largely attributable to volatile organic solvents and

catalyst waste.46 The E-factor can be reduced by reusing catalysts, or replacing organic

solvent based system to supercritical fluid based,47 water-based or dry-media-based

(solvent-free) reactions.48 Ionic liquids (ILs) are non-volatile near ambient temperatures

and therefore are promising candidates to replace volatile organic solvents, though

recently it has been reported that some aprotic IL can be distilled at high temperatures

(200 ‒ 300 °C) and very low pressure (< 0.07 mbar).49 Chemical processes implementing

non-volatile ILs would minimize the pollution arising from the use of the organic

solvents.

ILs are known as molten salts because they have low melting points (Tm), often below

100 °C, and are composed only of ions.50 The interaction between the bulky, charge

delocalized cations and anions of IL is relatively weak compared to generic salts like

NaCl. Wilkes and co-workers investigated Tm of a series of salts by varying the alkyl

chain length of dialkylimidazolium. NaCl melts at about 800 °C, but by replacing the

cation with 1-ethyl-3-methylimidazolium ([EMIM]), and 1-butyl-3-methyl-imidazolium

([BMIM]), the melting point of the resultant salt decreases to around 85 and 67 °C,

respectively.51 ILs with [BMIM] cation and polyatomic anions, such as PF6¯, CF3COO¯

([triflate]), and (CF3SO2)2N¯ ([TFSI]) exhibit lower melting points of 11, 13, ‒2 °C,

respectively.52 The difference between the Tm of [triflate] and [TFSI] can be explained

by the delocalization of the electrons in [TFSI], which is absent in the non-symmetric

[triflate] anion.53 It is difficult to predict the exact physical properties of an IL system,

including melting point, owing to the multiple interactions such as Coulombic

interaction, van der Waals interaction, and also hydrogen bonds.54 However, various
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room temperature ILs can be designed or synthesized by combining typical organic

cation and polyatomic anions, as shown in Figure 1‒2.

Cations

Anions

Figure 1‒2. Chemical structures of typical cations and anions for ILs.

Besides the favorable non-volatile character, ILs offer wide processing temperature

windows (up to ~ 400 °C), high tunability by the selection of cation and anion, versatile

solvation ability from organic to inorganic compounds, and high polarity and viscosity. In

many chemical reactions, such as acylation and esterification, ILs serve as catalyst in

addition to being a solvent for the reaction system. Furthermore, ILs can also form

biphasic or multiphasic systems with water and organic solvents.

Careful selection of the cations and the anions allows tuning the intermolecular

interactions between ILs and solutes, including dipolar, dispersive, ionic interaction and

hydrogen bonding, and thereby improving the solvation ability of the IL. For example,

the anion affects the water‒IL miscibility. Water is not miscible with [BMIM][PF6],

[BMIM][TFSI], and [EMIM][TFSI], 55 but water dissolves well in [BMIM][Cl],

[BMIM][BF4], and [EMIM][triflate].56,57 Cammarata et al. demonstrated that hydrogen

bonding strength between anions and water is the main origin of miscibility.58 Cations,

however, can tune the polarity of ILs, and longer alkyl chains on cations can dissolve less
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polar organic solvent.59 There are methods, such as solvatochromism of Reichardt’s

dye60,61 and Rohrschneider-McReynolds gas-liquid chromatography to scale the polarity

of ILs,62 which is generally considered as a parameter to determine the solvation ability

of the solvents. However, most of the ILs fall into the polarity range of alcohols,63 which

is not sufficient to explain the different solvation behavior of ILs.64 Anderson and

co-workers used the solvation model suggested by Abraham with three interaction

parameters, dipolarity, hydrogen bond, and dispersion forces to characterize the solvation

interactions of various ILs.65 The Abraham model categorizes the ILs based on their

interaction parameters and explains the experimental results that cannot be explained by

examining polarity alone.

The solvation of catalysts in ILs to perform various organic reactions is particularly

interesting. Due to the polar and electronic characters of ILs, many transition metal

complexes can be dissolved in ILs at sufficient concentration for homogenous catalysis.66

In 1972, Parshall first reported hydrogenation of ethylene and cyclododecatriene in

tetraalkylammonium based ILs with PtCl2 as catalyst.67 Then, various catalytic schemes

have been demonstrated, such as Friedel-Craft reactions,68 hydrogenation,69 Diels-Alder

reactions, 70 Baylis–Hillman reactions, 71 palladium-catalyzed Suzuki cross-coupling

reactions,72 catalytic oxidation, and acid-base catalyzed reactions.64 In many cases, ILs

can stabilize the transition state of catalysts, and lead to better performance in terms of

reaction rate, and selectivity of product. Furthermore, it was reported that certain

enzymes can be dissolved in ILs, and sometimes shows better reaction yields than in

organic solvent.73 Unlike in polar solvents such as methanol, polar enzymes are not

deactivated in ILs, even though the polarity of ILs are similar to methanol.74 Catalysis in

ILs has another advantage that they can form bi-, or multiple phasic systems with water

and other organic solvents, whereby recycling of catalyst and IL are possible.
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As water or organic solvent soluble materials can be easily extracted and separated

from the IL phase, the immobilized homogeneous catalysts in ILs are recyclable.75,76

Peng et al. reported hydroxylation of benzene to phenol in a biphasic system of IL and

water.77 The oxidant hydrogen peroxide was dissolved in the aqueous phase, but the

catalyst, dodecanesulfonate salt with Fe3+, Co2+, Cu2+, and Ni2+ cations, was only isolated

in the IL phase. Two immiscible phases were stirred, and phase-separated after the

reaction. The water-favorable product phenol stayed in the aqueous phase, but the

catalyst was recovered from the IL. In addition to the enhanced reaction conversion, and

selectivity of desired product compared to the system with organic solvent, biphasic

catalysis with ILs has the notable advantages that the recovery of catalysis in IL, and the

separation of the product can be conducted simultaneously without the use of volatile

organic solvents. The simply separated catalyst in IL can be recycled many times with the

constant catalytic performance without any modification of chemical structures, which is

necessary for immobilized catalysts.78

Immobilization of IL is another way to utilize a biphasic system.79,80 The Buchmeiser

group developed a continuous process with an immobilized IL, 1-butyl-2,3-

dimethylimidazolium tetrafluoroborateionic ([BDMIM][BF4]) for ring-closing metathesis

with high turnover numbers. [BDMIM][BF4] containing Ru complex catalyst was

adsorbed on monolithic supports and immobilized in a packed column.81 Through the

column, the IL immiscible organic phase containing reactants flew continuously, and the

final product eluted with the organic flow after the reaction in the IL phase without

leaching out the IL.

There are also disadvantages of ILs as reaction media. Most ILs are expensive, and

their viscosity is high (10 – 103 mPa∙s at 25 °C), which decreases rates of mass transfer in

catalytic applications and charge movement in electrochemical applications.82 Diffusion
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in ILs (~ 10‒11 m2/s) is usually 100 times slower than in the aqueous and organic solvents

(~ 10‒9 m2/s).83,84

ILs, however, still have significant advantages not only for chemical reactions, but

also for other applications, such as electrochemical applications, separation processes,

lubricants, and bio-related applications due to their advantages discussed in this section.

Furthermore, using high tunablility, various studies are on-going to solve toxicity, high

viscosity, and expense of ILs. Recently, it was reported that the IL aggregates can be

stabilized by block copolymer surfactants in water, whereby the viscosity of the system

decreased significantly by requiring less volume of the IL.85

1.3 Phase Transfer of Micelles and Vesicles

In a biphasic system composing of two immiscible fluids, the distribution of a dissolved

or a well-dispersed compound is determined by the partition coefficient of the species

between the two fluids.86,87 The compound can transfer from one phase to the other

phase, if the partitioning is reversed, and it is called “phase transfer,” or “shuttle” when it

is reversible.88‒90

A commercial example is phase transfer catalysis using a quaternary ammonium or

phosphonium cation (Q+) for applications in organic synthesis, pharmaceuticals, and

agrochemicals.91,92 For instance, two reactants namely aqueous sodium cyanide (NaCN)

and 1-bromooctane (RBr) are immiscible and therefore require vigorous stirring at high

temperature to react.93 However, the displacement reaction between the reactants can be

accelerated by introducing of phase transfer catalyst, QBr. In the aqueous phase, QBr

reacts with NaCN to produce QCN. Q+, which is soluble in the organic phase, delivers

CN‒ to the organic phase containing RBr, and thus dramatically accelerates the

displacement reaction. Thereafter, the phase transfer agent Q+ migrates to the aqueous
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phase with Br‒ for further reactions. As an example of the phase transfer catalyst, the

phase transfer of molecules, nanoparticles, or polymer assemblies can deliver

non-transferrable materials to the other phase, and facilitate reactions in the phase with

the materials.94‒96

The phase transfer is usually triggered by a stimulus, such as temperature

variation,97,98 UV radiation,99 pH change,100‒102 and interfacial tension with stimuli-

sensitive moieties.103 The stimulus change the functionality of moieties in the solvents,

and thus leads to phase transfer by an affinity change for the two immiscible solvents.

Chechik and co-workers reported the phase transfer behavior of amine-terminated

poly(amidoamine) dendrimers between aqueous solution and a non-polar toluene phase in

the presence of dodecanoic acid.104 Hydrophilic dendrimers were converted to hydro-

phobic dendrimers via the formation of ion pairs between the functional groups of

dodecanoic acid and the dendrimers. Because ion pairs are based on acid-base

interactions, the dendrimers could transfer back to the aqueous phase simply by adding

HCl to the toluene phase. They also showed that the dendrimers can encapsulate

hydrophilic methyl orange, or non-soluble nanoparticles into their interiors, and

effectively deliver them to the organic phase. Wang and co-workers also used a similar

strategy for phase transfer with amine-functionalized silicate nanocomposites.100

Depending on the pH of the aqueous phase, the phase transfer of the particles was

controlled. In addition, without any additives, nanoparticles having UV sensitive

spiropyran groups can transfer between toluene and water phases by UV irradiation, and

polymer micelles having PEO, or poly(2-ethyl-2- oxazoline) groups as coronas show the

phase transfer behavior triggered by temperature in a water/IL biphasic system.99

Thermoresponsive polymer micelle shuttle between water and IL phase is of great

interest due to high tunability of both polymer and ILs, with the interesting properties of

ILs discussed in Chapter 1.2.85,105,106 He and Lodge developed the micelle shuttle using
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an amphiphilic block copolymer, 1,2-polybutadiene-b-poly(ethylene oxide) (PB‒PEO) in

a hydrophobic IL, [BMIM][PF6].97 Because PEO is well soluble in the IL and water, but

PB is not, the morphology and even the dimensional characteristics of the micelles with

PB as core block and PEO as corona were retained during the round trip between two

immiscible phases. The affinity of the micelles changes with temperature. Below the

transfer temperature (Tt), which is around 70 ~ 80 °C, the micelles prefer the water phase,

but above the Tt, they prefer to stay in the IL phase. Bai and Lodge demonstrated that Tt

is well correlated with the lower critical solution temperature (LCST) of PEO in water,

thus indicating the affinity change of PEO corona is the origin of this phenomenon.107 In

addition, they reported that the phase transfer upon heating from water to the IL is an

entropy driven process, which is well supported in other studies, and the phase behavior

of PEO in water.105

Bai and co-workers demonstrated a multi-thermosensitive system including the phase

transfer of micelles of poly(N-isopropylacrylamide)-b-poly(ethylene oxide) (PNIPAm

–PEO) in the biphasic system of water and [BMIM][PF6].108 Since the PNIPAm block

has an LCST in water, 109 but an upper critical solution temperature (UCST) in

[BMIM][PF6],110 micellization in the aqueous phase was possible after the phase transfer

of the polymers above the LCST of PNIPAm in water, and demicellization processes

after the phase transfer of PNIPAm‒PEO micelles was conducted above UCST of

PNIPAm in the IL.

Bai and Lodge have expanded the interesting shuttle of polymer micelles in the

biphasic system of water and ILs to the formation of a “nanoemulsion-like” system.85

Polymer vesicles (polymersomes) were initially formed from PB‒PEO in the IL,

[EMIM][TFSI], and therefore polymersome interiors were filled with the IL. Then, the

polymersomes migrated into the aqueous phase under contact with water as PB‒PEO

micelles. The most interesting finding was that the IL interiors were maintained without
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leaking during the phase transfer and even after the transfer, and the nanoemulsion-like

vesicle solution was produced. The phase transfer of polymersomes having IL interiors is

potentially applicable to the areas of delivery, extraction, and catalysis. This new

catalysis process with the phase transfer of polymersomes with IL interiors will be further

described below.

Scheme 1‒1. The proposed reaction process with the polymersome nanoreactors. (a)
preparing the polymersomes in the IL solution of catalyst, (b) transfer of the
polymersomes to the aqueous phase at the temperature below the transfer temperature
(Tt), (c) conducting the reaction by adding reactants to the aqueous phase, (d) recovering
the polymersomes and separating the products above Tt.

1.4 Design of a Reaction Process with Polymersomes Shuttle

An ideal reaction process with polymersome nanoreactors is illustrated based on the

system of thermoresponsive polymersomes with a hydrophobic IL interior in a biphasic

water/IL system (e.g. PB‒PEO polymersomes in water/[EMIM][TFSI]).85, 111 The

polymersomes prefer to reside in the aqueous phase below Tt, whereas above Tt the

polymersomes move to the water‒IL interface and start to diffuse into the IL phase.

Reversibly, below the Tt the polymersomes cream to the interface and diffuse into the
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aqueous phase. The reaction process with the thermoresponsive polymersomes is

designed according to Scheme 1‒1. This process will be examined in the following order:

1) Loading the catalyst into the polymersomes in an IL, 2) Transfer of the polymersomes

to the aqueous phase, 3) Reactions in the confined space consisting of the IL in the

aqueous phase, 4) Selective separation of products and the catalyst loaded polymersomes

via reverse transfer of the polymersomes from the aqueous phase.

The polymersomes are prepared in an IL solution containing a catalyst that is

selectively soluble in the IL. The catalyst is encapsulated in the interior of the resultant

polymersomes (Scheme 1‒1a). Upon adding water to the IL solution at a temperature

below Tt, the loaded polymersomes partition to the aqueous phase, however the

encapsulated catalyst is still retained in the polymersome interior. This process produces a

reaction system consisting of a homogeneous reaction solution segregated by

polymersome membranes, dispersed in another medium heterogeneously (Scheme 1‒1b).

The aqueous phase containing polymersomes is separated to prevent any interference

from the IL and uncapsulated catalyst. Reactants are added to the aqueous medium and

the target reaction initiates and proceeds by the diffusion of reactants and products

(Scheme 1‒1c). The polymersomes are transferred to the IL phase by increasing the

temperature above the Tt, leaving behind the preferentially hydrophilic products in the

aqueous phase. The aqueous phase containing the products and the catalyst and the IL in

the polymersomes can be recovered easily (Scheme 1‒1d) owing to the biphasic

formation between the IL and the aqueous phase. Moreover, the collected polymersomes

can be recycled for the additional reaction cycles by adding the aqueous phase to the IL

phase.

However, in order to realize the proposed process with polymersomes, several

requirements are necessary. Reactants should be soluble in water and permeable through

the polymersomes membrane, products must diffuse through membranes and be
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selectively soluble in water, and catalysts should reside in the polymersome interiors and

be impermeable across the membranes.

As a result of these requirements, this system may have certain limitations due to the

unfavorable partition ratio between reactants, products, and catalysts in the aqueous

phase, IL phase, and bilayer membrane.

1.5 Overview

To this end, I demonstrate a new nanoreactors, polymersomes with IL interior dispersed

in an aqueous phase controlled by the thermal stimuli. To apply the system to reactions,

prerequisite studies are necessary: (i) polymersome size should be controlled, (ii)

molecular transportation behavior through polymersome membrane should be

demonstrated with various molecules, (iii) the phase transfer mechanism of the

polymersomes needs to be understood. The thesis is focused on the prerequisite studies

for the nanoreactors.

In Chapter 2, methods to control the size of polymersomes with glassy and rubbery

bilayers are discussed. Two approaches, namely extrusion and the co-solvent method, are

employed. For the mechanical process, extrusion through a polycarbonate membrane is

employed and the dispersity and size evolution with the number of passes is invesitigated.

In the co-solvent method, we find that the size and dispersity of all polymersomes with

rubbery and glassy hydrophobic blocks are highly sensitive to assembly conditions. The

co-solvent content and the volume fraction of hydrophilic block affect the polymersome

size and dispersity. The size and dispersity dependence are confirmed directly by

cryogenic transmission electron microscopy (cryo-TEM), and the size distribution is

analyzed by dynamic light scattering (DLS).
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In Chapter 3, the permeation of molecules is investigated by nuclear magnetic

resonance spectroscopy (NMR) techniques: 1-D 1H NMR spectroscopy, and pulsed field

gradient NMR (PFG-NMR). We find that imidazole derivatives show different chemical

shift when they are in the IL pool than the aqueous phase, due to a magnetic

susceptibility difference. The shifted peaks were confirmed to be from the IL interiors by

varying the polymersome concentration. This difference in 1H NMR gives direct

evidence of molecular permeation, and the mole fraction of the tracer molecules within

the polymersomes versus in the aqueous exterior. The effect of molecular charge status

on the permeation is quantitatively examined with similarly sized charged and neutral

molecules by PFG-NMR. The escape and entry rates of tracer molecules are obtained by

fitting the echo-decay curves (PFG‒NMR results) with a two-site exchange model from

Fick’s second law with exchange terms. In addition, polymersome concentration effects

on the rates are also examined. Additionally, in the Appendices, the PFG-NMR technique

is expanded to investigate the exchange rate of the tracer molecule having opposite

partitioning with the molecules in Chapter 3, and the polymersome membrane-forming

block is modified for permeability control with temperature.

In Chapter 4, we closely investigate factors affecting phase transfer of polymersomes

from water and a water immiscible IL with PS‒PEO diblock copolymers by varying the

molecular weight of PS as well as varying the volume fraction of PEO. Interestingly, it is

found that the tethering density of PEO in the membrane critically governs the phase

transfer, and the minimum tethering density for the transfer is independent of the

molecular weight of the hydrophobic PS. The phase transfer is also analyzed in terms of

the free energy of polymersomes in the biphasic system. We propose the phase transfer is

a competing process between the interfacial tension penalty and the negative PEO free

energy terms. In addition, the quality of the aqueous phase, which affects the interfacial

tension of the PS membrane, influenced the phase transfer.
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In Chapter 5, we show extraction of polymersomes from a mixture of polymersomes

and worm-like micelles in a hydrophobic IL to water using the

interfacial-tension-controlled phase transfer shown in Chapter 4. First, the interfacial

tension penalty for the phase transfer is controlled by adding a salt to the aqueous phase,

and the critical tethering density of PEO is shifted to the point where only larger

polymersomes can transfer to the aqueous phase. Then, using the relationship between

the salt concentration and the critical tethering density, a mixture of cylindrical micelles

and polymersomes are successfully separated into two different phases. This fractionation

is a novel and simple separation process without any special apparatus, and would help to

prepare monodispersed polymersomes and separate unwanted morphologies and size.
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Chapter 2

Size Control of Polymersomes with Glassy and
Rubbery Bilayer Membranes in an Ionic Liquid

2.1 Introduction

Ionic liquids (IL), also known as molten salts, are of great interest as media for chemical

and biochemical reactions, and pharmaceutical and biotechnological applications due to

their remarkable properties, such as negligible vapor pressure, low melting point, and

wide range of solvation ability.1‒4 ILs are composed of bulky and asymmetric ions and

have low melting points, usually below 100 °C. Typical organic cations include

N-alkylpyridinium, and N,N´-dialkylimidazolium, and common polyatomic anions are

PF6¯, BF4¯, CF3COO¯, and (CF3SO2)2N¯.5,6 Compared to traditional volatile organic

solvents, ILs have negligible vapor pressure and high thermal stability (often

decomposing only above 400 °C).7 In addition, the properties of ILs can be tuned for a

specific application by developing new ions or combining different type of cations and

anions.8 ILs are good solvents for a wide range of organic, inorganic and organometallic

compounds due to a suite of intermolecular interactions between ILs and solutes,

including dipolar, dispersive, ionic, and hydrogen bonding.9 These characteristics make

ILs potentially environmentally friendly media for separation processes, electrochemical

applications (fuel cells, lithium ion batteries, etc.), catalytic processes, and for biological

applications such as gene delivery and enzyme catalyzed reactions.10‒14

Self-assembly of block copolymers in ILs is being actively studied.15,16 Since both

ILs and block copolymers are highly tunable, a system can be optimized for a wide
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variety of applications, such as gel electrolyte membranes, supercapacitors, and

separation media.17‒19 In particular, polymersomes (vesicles self-assembled from amphi-

philic block copolymers) with both confined interiors and membranes, have potential to

serve as “nanoreactors” for catalysis, as well as transport vehicles for controlled delivery

and separation applications.20‒22 Precise control of polymersome diameter is desirable

because polymersome size is an important parameter in determining the performance of a

designed system. For instance, in biological applications, the size distribution of vesicles

is important for the efficiency of delivery because the circulation time of vesicles and the

release rate of cargo are size-dependent.23 In nanoreactor applications, a narrowly

distributed, small vesicle size is required to simplify the analysis and characterization.

Similarly, it facilitates achieving higher reaction rates and better catalytic performance

through higher collision frequencies among the reactants, catalysts and the wall of the

vesicle interior.24,25

Various strategies have been utilized to prepare narrowly dispersed polymersomes

with controlled size. Mechanical approaches such as extrusion involve rupture of large

polymersomes, which are then forced through a membrane with well-controlled pore size

and thus transformed into smaller polymersomes. The extrusion method is widely used

because it is a relatively rapid way to produce monodispersed polymersomes without the

introduction of contaminants.26‒28 Other methods, such as inkjet printing, microfluidics,

and nanoprecipitation involve a co-solvent, which can dissolve both vesicle forming

polymers and a selective solvent.29‒31 The basic mechanism for polymersome formation

is the same as the solvent-switch or co-solvent (CS) method.32 Homogeneously dispersed

droplets are produced in the selective solvent by the listed methods. Then, as the

co-solvent in the droplets is removed, amphiphilic block copolymers self-assemble into

polymersomes under quasi-equilibrium conditions, and narrowly-sized polymersomes

can be produced.
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Here, two types of diblock copolymers, one possessing a rubbery and one a glassy

membrane-forming block, were employed for polymersome preparation, and the size and

dispersity of polymersomes was controlled in the IL. Using two methods, extrusion and

co-solvent, we disclose environmentally friendly and facile approaches for fabricating

nanosized polymersomes of 1,2-polybutadiene-b-poly(ethylene oxide) (PB‒PEO) and

polystyrene-b-poly(ethylene oxide) (PS‒PEO), exploiting the non-volatility and highly

thermal stability of the IL. Furthermore, the number of extrusion passes in the mechanical

approach, and the content of co-solvent and hydrophilic block length in the co-solvent

protocol were varied, and the concomitant effects on the size and distribution of

polymersomes were studied.

2.2 Experimental Section

2.2.1 Materials. 1,2-Polybutadiene-b-poly(ethylene oxide) (PB‒PEO) and polystyrene-b-

poly(ethylene oxide) (PS‒PEO) block copolymers were prepared via sequential anionic

polymerization. Hydroxyl-terminated 1,2-polybutadiene (PB-OH) and polystyrene

(PS-OH) homopolymers were synthesized in anhydrous tetrahydrofuran (THF) at ‒60 °C

and cyclohexane at 40 °C, respectively, with sec-butyllithium as initiator. The

homopolymers were end-capped with hydroxyl groups by adding ethylene oxide

approximately 10 times molar excess of the growing chains followed by adding

deoxidized methanol. The PEO block was grown from PB-OH and PS-OH in the same

manner. Homopolymers were dissolved in anhydrous THF and converted to the

macroinitiators using electron transfer agents (diphenylmethyl potassium or potassium

naphthalenide). Then, purified ethylene oxide monomer in n-butyllithium was added and

reacted for 24 h at 45 °C. The polymer chains were terminated with concentrated

deoxidized methanol at room temperature. The number average molecular weight (Mn)



28

was obtained by 1H NMR spectroscopy, and the dispersity (Ð = Mw/Mn) was measured by

size exclusion chromatography (SEC), where Mw is the weight-average molecular weight.

Polymers used in this study are listed in Table 2‒1. The ionic liquid 1-ethyl-

3-methylimidazolium bis(trifluoromethylsulfonyl) imide ([EMIM][TFSI]) was prepared

by combining 1-ethyl-3-methylimidazolium bromide ([EMIM][Br], Io-Li-Tec, 99%) and

lithium bis(trifluoromethylsulfonyl)imide ([Li][TFSI], HQ115) in water. An equimolar

mixture of [EMIM][Br] and [Li][TFSI] was allowed to react at 70 °C for a day. The

separation of the water-immiscible product was followed by washing with deionized

water at least 3 times. The [EMIM][TFSI] was purified via alumina (Al2O3) column,

dried under vacuum at 60 °C for 3 days, and stored in a desiccator before use. The

co-solvent, dichloromethane (Stabilized/Certified ACS) (DCM) was purchased from

Fischer Scientific and used as received.

2.2.2 Size-Controlled Polymersome Preparation. For the mechanical approach,

polymersomes were prepared through the thin film (TF) method. TFs of polymers

(PB‒PEO(9‒3) and PS‒PEO(14‒2.5)) were prepared by drying the polymer solution in

DCM under nitrogen purge and further dried under vacuum at 50 °C for 24 h to remove

the remaining DCM. In order to produce an 0.5 wt % polymersome solution, weighed

[EMIM][TFSI] was added to the TF and stirred vigorously at 150 °C under an argon

atmosphere overnight, and the solution was slowly cooled down to room temperature.

Diluted polymersome solutions (0.1 wt % of PB‒PEO(9‒3) and PS‒PEO(14‒2.5)) from

the TF method were extruded and pressed 1 – 25 times by using an extrusion device

(LiposoFast-Basic Extruder, Avestin) through polycarbonate membranes with defined

pore sizes of 200 nm diameter. For PS‒PEO(14‒2.5) polymersomes, 10 vol % of DCM

of the solution was added as plasticizer for the glassy polystyrene membrane. In the

kinetic approach, the solvent-switch or CS method was used. The weighed polymers were

dissolved in DCM followed by adding [EMIM][TFSI] to the solution. Consecutively, the
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volatile DCM was selectively removed by N2 purging and drying under vacuum for a day

at room temperature. It is known that the homogeneous conditions of the CS method

favors the formation of relatively monodisperse polymersomes compared to the TF

method.31,33 However, even with the CS method, the size and dispersity depend on the

ratio of CS to the selective solvent and the relative length of the hydrophilic block. To

study the effect of CS content, the initial content of DCM was varied from 17 vol % to 60

vol % for PS‒PEO(14‒2.5) and from 30 vol % to 60 vol % for PB‒PEO(9‒3). Three

PS‒PEO block copolymers with a common PS block length (Mn = 18 kg/mol), but

different lengths of the PEO block (Mn = 2.5, 3.0, 3.6 kg/mol), were used to study the

effect of PEO block length on the polymersome size and distribution. The polymersomes

from PS‒PEO(18‒2.5), PS‒PEO(18‒3), and PS‒PEO(18‒3.6) were prepared through the

CS protocol with initial DCM content of 60 vol %.

2.2.3 Dynamic Light Scattering (DLS). The mean size and dispersity of the

polymersomes were analyzed by DLS with a Brookhaven BI-200SM goniometer and a

Brookhaven BI-9000AT correlator. Measurements were performed at seven different

angles between 60° and 120° at λ = 637 nm and 25 °C. The average hydrodynamic radius

(<Rh>) and the dispersity (μ2/Г2) were evaluated from the average decay rate (Г = Dm·q2,

where Dm is a mutual diffusion coefficient, and q is the scattering vector) and the second

cumulant (μ2) values, which were obtained from cumulant fitting of the normalized auto

correlation function, g(2)(q, t). The distribution of size can also be obtained via Laplace

inversion, in this case using REPES (Regularized Positive Exponential Sum).34 All

samples for DLS were diluted to 0.01 wt % and filtered through a syringe filter

(Millex-SV 5.0 µm) prior to the measurements.

2.2.4 Cryogenic Transmission Electron Microscopy (cryo-TEM). About 0.3 μL of

polymersome solution (0.1 or 0.5 wt % in [EMIM][TFSI]) was placed on a carbon-coated

and lacey film-supported copper TEM grid at room temperature and vitrified in liquid
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ethane (~ –180 °C) in a FEI Vitrobot Mark III vitrification robot. A sample grid was

carefully transferred to a single tilt liquid nitrogen cryotransfer holder (Gatan), and then

the images were taken by using a FEI Tecnai G2 Spirit BioTWIN, operating at 120 kV

under liquid N2 cryo conditions with an Eagle 4 mega pixel CCD camera.

Table 2‒1. Molecular characterization of PB‒PEO and PS‒PEO diblock copolymers.

Sample Code Mn
a

(kg/mol)
MPEO

b

(kg/mol) Ðc fPEO
d

PB‒PEO(9‒3)e 9.0 2.5 1.07 0.17

PS‒PEO(14‒2.5) 14.1 2.6 1.04 0.16

PS‒PEO(18‒2.5) 18.4 2.5 1.01 0.13

PS‒PEO(18‒3) 18.4 2.9 1.03 0.14

PS‒PEO(18‒3.6) 18.4 3.6 1.01 0.17
a Number average molecular weight of the ω-hydroxyl polybutadiene (PB-OH) and
polystyrene (PS-OH) homopolymers determined by 1H NMR spectroscopy. b Number
average molecular weight of PEO block from 1H NMR spectroscopy and the Mn of
PB-OH or PS-OH. c Dispersity (Mw/Mn) of PB‒PEO and PS‒PEO determined by SEC
(Agilent Technologies 1260 Infinity) equipped with a multiangle light scattering detector
(Wyatt Technology Dawn Heleos-II), where Mw is weight average molecular weight. d

Volume fraction of PEO block from Mn of each block and the bulk densities: ρPB = 0.87
g/cm3, ρPS = 1.05 g/cm3, ρPEO = 1.13 g/cm3. e The fraction of 1,2-addition of PB-OH was
91%.

2.3 Results and Discussion

It has been demonstrated that amphiphilic block copolymers, such as polystyrene

-b-poly(methyl methacrylate), poly(N-isopropylacrylamide)-b-poly(ethylene oxide), PB‒

PEO, and PS‒PEO can self-assemble into micelles or vesicles in ILs.35‒37 Especially,

amphiphilic diblock copolymers with low volume fractions of the hydrophilic block
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preferentially form vesicles in order to minimize the interfacial area between the

membrane forming block and the selective solvent.38 The polymers in this study have

low volume fractions of PEO, ≤ 0.2, and self-assemble into vesicles in [EMIM][TFSI].

Figure 2‒1. Cryo-TEM image of PB‒PEO(9‒3) polymersomes in [EMIM][TFSI] (a)
from the TF method, and (b) after 25 passes (0.1 wt%) through the extruder membrane
with pore radius of 100 nm.

The self-assembled nanostructure of PB‒PEO(9‒3) in [EMIM][TFSI] from the TF

method is shown in Figure 2‒1a. The vesicular structure was observed with bright

circular regions, which represent the PB membranes in the dark IL matrix (phase contrast

of PB‒PEO(9‒3) polymersomes also can be seen in Figure 2‒1b). The phase contrast can

be attributed to the electron density difference between the PB membrane and

[EMIM][TFSI].20, 39 , 40 Similar phase contrast was also observed in the PS‒PEO

polymersomes. In the bright-field cryo-TEM images, the probability of scattering is a

primary source for the intensity (brightness) difference.41 The intensity increases as the

probability of scattering by the specimen, which is proportional to the electron density

and the thickness of species, decreases. Since the PB and PS membranes scatter fewer
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electrons than the IL, the membranes appear brighter than the interior and exterior of the

polymersomes. In the cryo-TEM images of PB‒PEO(9‒3) (Figure 2‒1a), the

polymersomes are polydisperse, with the size ranging from about 50 to 400 nm in

diameter. Most of the vesicles observed are unilamellar vesicles (ULVs) consisting of a

single closed bilayer, however, a few multilamellar vesicles (MLVs) having an indefinite

number of concentric bilayers are also observed. The broad size distribution is also

reflected in the DLS results. Cumulant fitting shows that μ2/Г2 ≈ 0.41 with <Rh> ≈ 172

nm. The relatively large value of μ2/Г2 indicates a broad distribution of polymersome

sizes (when the particles are monodisperse, μ2/Г2 = 0) as shown in Figure 2‒2b.

Figure 2‒2. (a) Schematic description of polymersome extrusion through the membrane,
and (b) Size distribution of PB‒PEO(9‒3) polymersomes in [EMIM][TFSI] prepared by
TF method.

Extrusion through the membrane was conducted with the PB‒PEO(9‒3) solution

from the TF method. As depicted in Figure 2–2a, an extrusion device was employed to

extrude the solution through polycarbonate membranes with defined pore sizes of 100 nm

in radius. This process was repeated up to 25 times to determine the optimum number of

passes. As polymersome solutions from the TF method were driven through the
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polycarbonate membranes, the relatively large polymersomes were broken up into

smaller ones, and the width of the size distribution also decreases with subsequent passes.

The nanostructure of PB‒PEO(9‒3) is retained even after 25 passes, and the sizes of all

polymersomes are comparable to the radius of the membrane pores (100 nm) (see Figure

2‒1b). Figure 2‒3 summarizes the variation in <Rh> and μ2/Г2 with the number of passes

through the membrane. At the first pass, <Rh> and μ2 / Г2 decrease significantly from 172

to 113 nm and from 0.41 to 0.11, and then level off to roughly constant values (<Rh> ~ 99

nm, μ2/Г2 ~ 0.1) after ca. 3 passes through the extruder.

Figure 2‒3. (a) Evolution of hydrodynamic radius (Rh) and (b) size dispersity (μ2/Г2) of
PB‒PEO(9‒3) with the number of passes through the 100 nm radius pore, which were
measured by DLS at the angle of 90°.

While the PB–PEO(9–3) polymersomes with rubbery PB bilayer membranes did pass

through the extruder under manually applied pressure at room temperature, it was not

possible to extrude PS‒PEO(14–2.5) polymersomes with glassy hydrophobic segments.

The estimated glass transition temperature (Tg) of 14 kg/mol PS homopolymers is around

90 °C.42 When the PS‒PEO(14‒2.5) solution was driven through the extruder membrane,

the cloudy solution turned optically clear, indicating loss of the polymer material.
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Figure 2‒4. Scattering intensity comparison of the extruded solution of PS‒PEO(14‒2.5)
with 10 vol % of dichloromethane as plasticizer (■) and without plasticizer (●).

However, when 10 vol % of DCM was added to the PS‒PEO(14‒2.5) solution as a

plasticizer for the PS bilayer membrane, the solution remained cloudy even after several

passes, and the scattering intensity of the extruded solution actually increased compared

to the pristine solution as shown in Figure 2‒4. The scattering result indicates that the

plasticization decreases the Tg of the PS membrane, consequently the polymersomes are

ruptured through the extrusion process rather than filtered out. The fluidity of the

polymersome membrane is an important factor to consider during extrusion, since the

large polymersomes need to be ruptured when they are extruded through the pores.43 The

fluidity of the membrane is governed by the molecular weight and the glass transition

temperature (Tg) of the membrane forming block.44,45 Since Tg of the PS membrane is

higher than room temperature, the minimum required force to overcome the line tension

of the polymersomes might be much higher than the PB‒PEO(9‒3) counterpart. The

extrusion of PS‒PEO(14‒2.5) polymersomes with DCM added produced narrowly

dispersed polymersomes with size comparable to the extruder membrane. The <Rh>
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decreased from around 300 nm to 110 nm, and μ2/Г2 also significantly decreased from

0.53 to 0.13, after 9 passes, as shown in Figure 2‒5.

Figure 2‒5. (a) Evolution of hydrodynamic radius (Rh) and (b) size dispersity (μ2/Г2) of
DCM added PS‒PEO(14‒2.5) polymersomes with the number of passes increases
through the 100 nm radius pore, which were measured by DLS at the angle of 90°.

Interestingly, some of the extruded PS–PEO (14–2.5) polymersomes exhibited prolate

shapes. Figure 2‒6a shows PS‒PEO(14‒2.5) polymersomes after 9 extrusion passes.

Many of polymersomes in the images have elliptical shapes, including dumbbells, and the

measured aspect ratio ranges from 1.1 to 2.3. The length of the minor axis ranged from

ca. 100 nm to 200 nm. These cryo-TEM results indicate that the size of the

polymersomes was decreased, but the deformed shape did not completely recover to a

spherical form after passing through the membrane pore, which has an aspect ratio of 30.

This frozen shape of the polymersomes is presumably also due to the high Tg of the PS

membranes. In other words, the CS made the PS membranes sufficiently compliant to

enter the pores, but by the time they exited at the downstream end the kinetics of shape

recovery was too slow. However, the spherical shape could be restored by annealing the

solution at 100 °C for 8 h, as shown in Figure 2‒6b.
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Figure 2‒6. Cryo-TEM images of (a) PS‒PEO(14‒2.5) polymersomes in [EMIM][TFSI]
after 9 times extrusion with 10 vol % of DCM, and (b) the polymersomes after being
annealed at 100 °C after the extrusion. Images of PS‒PEO(14‒2.5) polymersomes were
collected and pasted on the image with the same scale. Scale bars 500 nm.

The main disadvantage of extrusion is the loss of solution during the process.46

Furthermore, the extruder membrane failure can occur by building up of high pressure,

owing to the blockage of the polycarbonate membrane pores by the polymersomes.47

Accordingly, longer processing times and higher pressures are needed. Despite these

disadvantages, extrusion is still a powerful tool to obtain a desired polymersome size.

Especially, the extrusion with ILs can be applied to various polymers regardless of their

Tg. A crucial prerequisite for the extrusion is relatively larger polymersomes than the pore

size of the extruder membrane. Block copolymers having a high Tg block (e.g. PS) cannot

form polymersomes through the TF method, which can make relatively large

polymersomes,48,49 because the diffusion process of solvent into high Tg polymer film is

significantly reduced. In ILs, however, the process temperature can be set well above the

Tg of the glassy segments to accelerate the solvent diffusion, since the IL is a stable liquid
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even at high temperature (the melting temperature of [EMIM][TFSI] is ‒12 °C, and the

degradation occurs above 400 °C50).

In the TF method, the thin film is swollen by a selective solvent, and polymersomes

form and diffuse into the IL.51,52 In contrast, the polymersomes through the CS method

are homogeneously and instantaneously formed, when the amount of a selective solvent

drops to the point where the solution turns cloudy.53 Therefore, the quality and content of

a co-solvent in the solution can affect the dimension of the formed polymersomes.

The samples prepared by the CS method have an additional number in their labels.

The number after the polymer code is the initial volume fraction of DCM in the solution.

For example, PS‒PEO(14‒2.5)-60 means that the polymersomes in [EMIM][TFSI] were

prepared for PS‒PEO(14‒2.5) and the initial solution contained by 60 vol % of DCM and

40 vol % of [EMIM][TFSI]. The final solution, however, had no DCM, which was

removed under vacuum. The critical concentration of [EMIM][TFSI] at which the

polymers start to self-assemble was determined by laser scattering. The solution turned

cloudy at the point where the DCM content decreased to less than about 70 vol %, as

shown in Figure 2‒7. [EMIM][TFSI] was gradually added to the polymer solution in

DCM to control the initial DCM content from 17 vol % up to 60 vol %. Figure 2‒8 shows

the size distribution of each sample, and illustrates the effect of co-solvent content on the

polymersome size and dispersity. As the initial DCM content increased, the size and

dispersity decreased for both PS‒PEO(14‒2.5) and PB‒PEO(9‒3) polymersomes. For

example, <Rh> of PS‒PEO(14‒2.5)-17 was 457 nm with μ2/Г2 = 0.35, but that of

PS‒PEO(14‒2.5)-60 was 68 nm with a dispersity (μ2/Г2) of 0.11. This trend was the same

for PB‒PEO(9‒3) with rubbery bilayer membranes. The cumulant fitting gave <Rh> =

253 nm, μ2/Г2 = 0.37 for PB‒PEO(9‒3)-30, but <Rh> = 67 nm, μ2/Г2 = 0.13 for

PB‒PEO(9‒3)-60. Cryo-TEM images of PS‒PEO(14‒2.5)-20 and PS‒PEO(14‒2.5)-60 in

Figure 2‒9 clearly show the effect of the DCM content on the size and dispersity.
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Whereas the size of the PS‒PEO(14‒2.5)-20 polymersomes varies from 87 nm to 275 nm

in radius in Figure 2‒9a, Figure 2‒9b from PS‒PEO(14‒2.5)-60 shows relatively smaller

(mean radius is 74 nm) and more narrowly dispersed (standard deviation of radius, σ = 14

nm) polymersomes. The effect of CS content on the size of polymersomes also can be

seen in the case of PB‒PEO(9‒3) as shown in Figure 2‒10.

Figure 2‒7. Transmittance measurement of (a) PS‒PEO(14‒2.5) and (b) PB‒PEO(9‒3) in
DCM and [EMIM][TFSI] solution at various [EMIM][TFSI] volume contents. The final
concentration of polymers was 0.5 wt % in [EMIM][TFSI] after the co-solvent
evaporation. The inset experimental images are PS‒PEO(14‒2.5) and PB‒PEO(9‒3) in
the mixtures of DCM and [EMIM][TFSI].

Figure 2‒8. Hydrodynamic radius (Rh) distribution of (a) PS‒PEO(14‒2.5) and (b)
PB‒PEO(9‒3) at different initial content of DCM. Rh increases, as the initial DCM content
decreases.
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Figure 2‒9. Cryo-TEM images of PS‒PEO(14‒2.5) polymersomes in [EMIM][TFSI] (0.5
wt %); (a) PS‒PEO(14‒2.5)-20, (b) PS‒PEO(14‒2.5)-60. Scale bars 500 nm.

Figure 2‒10. Cryo-TEM images of PB‒PEO(9‒3) polymersomes in [EMIM][TFSI] (0.5
wt %); (a) PB‒PEO(9‒3)-30, (b) PB‒PEO(9‒3)-60. Scales bars: 200 nm.
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These changes are due to the solvent quality toward the membrane forming blocks,

PS and PB. The solvent quality can be understood via solubility parameter (δ) differences

between the two components, which is directly related to the interfacial tension. The

solubility parameters of PS (δPS) and PB (δPB) are 18.6 MPa1/2 and 17.1 MPa1/2 close to

20.2 MPa1/2 of DCM, but the solubility parameter of the IL, δIL is 27.6 MPa1/2.54,55

Therefore, the increase of [EMIM][TFSI] content to the amount of DCM should increase

the interfacial tension between the bilayer membranes and the solvent mixture. Since the

total interfacial energy is proportional to the surface area of the polymersomes, the

polymersome size should be larger in order to reduce the surface area per chain when

more [EMIM][TFSI] is added. Similar observations were also made by Luo and

Eisenberg.56 They studied the size changes of polystyrene-b-poly(acrylic acid) (PS‒

PAA) assemblies by varying the THF/dioxane content from 43.3% to 80% in mixtures

with water. THF/dioxane was used as a co-solvent, and water was a selective solvent for

the polymers. As water content increased, the vesicle size also increased. They also

demonstrated that the larger vesicles had higher size dispersity due to less size dependent

total interfacial energy change, which is proportional to ‒ 1/R2.

Figure 2‒11. Phase diagrams of PS‒PEO and PB‒PEO polymers, and the DCM content
along with the each step for the reversibility test for (a) PS‒PEO(14‒2.5)-17 to
PS‒PEO(14‒2.5)-17-to-60, and (b) PS‒PEO(14‒2.5)-60 to PS‒PEO(14‒2.5)-60-to-17.
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PS‒PAA polymersomes showed reversible size change with solvent composition

within the time scale of a minute. The larger polymersomes could become smaller, and

the smaller ones could grow through fission and fusion mechanisms, by adding water or

THF/dioxane, respectively. Here, in contrast, the size of the PS‒PEO and PB‒PEO

polymersomes was not reversible. The reversibility was tested as shown in Figure 2‒11.

In step (i), [EMIM][TFSI] was added to the polymer solution, then the solution turned

cloudy as described in the inset image of Figure 2‒11a. Thereafter all the DCM was

removed as depicted in step (ii) of Figure 2–11a and 2–11b. Depending on the DCM

content in step (i), different sizes of polymersomes were prepared. In step (iii), even more

DCM was added to the solution of the larger polymersomes (Figure 2 –11a), however the

amount of DCM was less compared to the case of smaller polymersomes (Figure 2 –11b).

Then all of DCM in the solution was evaporated as depicted in step (iv). The final

samples after these four steps were named and differentiated with the initial samples by

adding ‘-to-(vol % of DCM in step (iii))’. If this size change was thermodynamically

reversible, the bigger vesicles should shrink, and vice versa. But as shown in the size

distributions (Figure 2‒12a), smaller vesicles did not grow even when the polymersome

solution was interrupted by addition of CS, whereas bigger vesicles diminished in size

and the dispersity in the time scale of mixing of about 5 h at step (iii). These observations

indicate that the size change was not thermodynamically reversible. The size of

PS‒PEO(14‒2.5)-17 was significantly decreased from 457 nm to 86 nm in radius, and the

dispersity was also reduced from μ2/Г2 = 0.35 to 0.12. However, PS‒PEO(14‒2.5)-

60-to-17 had the same dimensions with PS‒PEO (14‒2.5)-60 as <Rh> = 68 nm, μ2/Г2 =

0.13. Figure 2‒12b shows a cryo-TEM image of PS‒PEO(14‒2.5)-17-to-60 polymer-

somes. Compared to the image of PS‒PEO (14‒2.5)-20 polymersomes (Figure 2‒9a), the

size and dispersity of PS‒PEO (14‒2.5)-17-to-60 polymersomes significantly diminished.

The average radius in the image is 75 nm (± 16 nm), which is close to that of
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PS‒PEO(14‒2.5)-60. It is known that the chain exchange rate (k (s‒1)) of amphiphilic

chains in a solution is proportional to exp(‒γ), where γ is interfacial tension between

hydrophobic part and a solvent. 57 Therefore, the size irreversibility of PS‒PEO

polymersomes is due to kinetically locked-in structure when the IL content is dominant.

At low DCM concentration, γ is not changed much, consequently the polymersomes are

frozen without size or morphology changes, whereas the size can change at high DCM

concentration due to the increased mobility of PS membrane.

Figure 2‒12. Size change of PS‒PEO(14‒2.5) polymersomes when [EMIM][TFSI]
content is changed from 83% to 40%.; (a) Size distribution change measured by DLS,
and (b) Cryo-TEM image of PS‒PEO(14‒2.5)-17-to-60 in [EMIM][TFSI].

Meli et al. studied the path-dependent morphology change of PB‒PEO and PS‒PEO

micelles in ionic liquids.54 Through the CS method, small and narrowly dispersed

spherical micelles were obtained, but through the TF method or direct dissolution (DD)

method, large and broadly dispersed micelles formed. By annealing the solutions at 170

°C, the micelles from the TF and DD protocols achieved their equilibrium size, while the

micelles from the CS protocol failed to attain the equilibrium size, which is larger than
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the original. The authors concluded that the partial equilibration can be explained by the

aggregation number (Q) difference of a system from the aggregation number at

equilibrium (Qeq), as proposed by Dormidontova.58 When Q > 1.5Qeq, micelles fission

into smaller micelles, but when Q is close to Qeq, size of the micelles does not change. In

the current study, the irreversibility of PB‒PEO and PS‒PEO polymersomes resulted in

size change only towards the minimal size of the polymersomes. The smaller

polymersomes could not grow into the bigger ones. According to vesicle formation

mechanism, the minimal vesicle size (Rmin) can be determined by the energy balance

between the surface tension from the edge of bilayer disks and the bending energy of

vesicles.32,59 Rmin is 2kc/(γd), where kc is the bending modulus of the membrane, γ is the

surface tension of the membrane in a solvent, and d is the thickness of the membrane. A

vesicle having curvature will be spontaneously formed when the bending energy is less

than the surface energy of the disk, and will have the radius larger than Rmin. The

estimated Rmin of a PB‒PEO(9‒3) polymersome is around 40 nm after accounting for the

membrane thickness and the corona length. (kc of PB membrane is around 5.4 × 10‒18 J, γ

of PB-water is assumed same as γ of a pure hydrocarbon-water interface, which is around

26 mJ /m2, and dm is 22 nm from the dm of PB‒PEO(9‒3) polymersomes.60,61) There is no

specific equilibrium radius in terms of bending and surface tension energy since the

vesicle formation is favorable when R is larger than Rmin, but as in lipid vesicle system,

the equilibrium radius of polymersomes can be defined with the balance between the

entropy of mixing and the curvature energy. Therefore, unless the chain exchange or

fusion and fission are limited by kinetically frozen membranes, there should be an

equilibrium state for equilibrium radius, Req. Req can be accessible under high CS content,

at where the polymersomes can have highly mobilized membranes. If Req is close to Rmin,

this irreversibility is on the same line with the study of Meli et al., and Dormidontova. At

high DCM content condition, the polymersomes are expected to be under thermodynamic
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equilibrium, which leads to small size and narrow dispersity. As DCM evaporates, the

interfacial tension between the membrane and the solvent increases and the

polymersomes are locked in the size at the initial equilibrium state, since this effect can

be attributed to the dramatic decrease in the molecular exchange rate between

polymersomes or the polymersome fission and fusion process. However, at low DCM

content, the equilibrium could not be achieved because the polymersomes were formed

instantaneously and frozen after adding the selective solvent. After the second DCM

addition process, the size of large polymersomes decreased to the equilibrium value since

the polymersomes with low DCM content were far from the Req, while those with high

DCM content was near at the equilibrium value.

Figure 2‒13. SEC traces of polystyrene (Mn,PS = 18 kg/mol) and PS‒PEO block
copolymers having different PEO block length (Mn,PEO = 2.5 kg/mol, 3 kg/mol, 3.6
kg/mol).

Moreover, the effect of hydrophilic block length was studied by systemically varying

the PEO block length with a constant 18 kg/mol of PS-OH. With three different

PS‒PEO(18‒2.5), PS‒PEO(18‒3), and PS‒PEO(18‒3.6) (see the SEC traces of PS‒PEO
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polymers in Figure 2‒13), the CS method was used for the polymersome preparation. The

initial DCM content was fixed at 60 vol % for all polymers. As shown in Figure 2‒14, as

the PEO length is increased, the size of polymersomes decreased; (cryo-TEM images are

shown in Figure 2‒15). The longer PEO block can accommodate more volume to prevent

the contact with PS membrane from the exposure to the IL or IL/DCM mixture.

Therefore the curvature of the polymersomes should be larger with longer PEO block.

The size and dispersity of the polymersomes could be controlled kinetically by

varying the CS content and the length of PEO block of PS-PEO. Both approaches

successfully produced small and monodispersed polymersomes in the IL. Compared to

other systems with water as a selective solvent, the CS protocol with the IL is more

efficient and environmentally friendly due to non-volatile IL. The organic CS, DCM, was

effectively removed under vacuum, and the time for preparing the organic solvent free

polymersomes was much reduced because there was no additional steps, such as dialysis.

Figure 2‒14. Effect of PEO block length on the size of PS‒PEO polymersomes. The
initial content of [EMIM][TFSI] was 40% for all polymers.
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2.4 Conclusions

In summary, the size and dispersity of PS‒PEO and PB‒PEO polymersomes in

[EMIM][TFSI] were controlled by mechanical extrusion or by changing the methodology

of the polymersome formation. The rather precisely controlled size (<Rh> ≈ 100 nm) with

fairly narrow size distribution (less than μ2/Г2 ≈ 0.2) of the polymersomes was obtained

by several passes through polycarbonate membranes. Through the kinetic control,

relatively monodisperse small polymersomes ((<Rh> ≈ 70 nm, μ2/Г2 ≈ 0.1) were obtained

with an organic solvent at high CS content. Non-volatile IL directly led to the organic

solvent free polymersomes with a single step under vacuum. Increasing the CS

concentration and the PEO block length, the diameter and size dispersity of the

polymersomes decreased. Furthermore, as-assembled polymersomes using the co-solvent

method showed irreversible size change with additional DCM.

Figure 2‒15. Cryo-TEM images of PS‒PEO polymersomes having 18 kg/mol of PS block,
but different length of PEO in [EMIM][TFSI] (0.5 wt %); (a) PS‒PEO(18‒2.5), (b)
PS‒PEO(18‒3), (c) PS‒PEO(18‒3.6) with 60 vol % of initial dichloromethane. Scale bars:
500 nm.
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Chapter 3

Rate of Molecular Exchange Through the

Membranes of Ionic Liquid Filled Polymersomes

Dispersed in Water by NMR Techniques*

3.1 Introduction

Polymeric vesicles prepared from amphiphilic block copolymers, or polymersomes, have

attracted increased attention as potential “nanoreactors”, due to tunability of their

building blocks and similarity to biological cell structures. Vesicles exhibit both confined

interiors and membranes that provide enough room to load active substances.1 For

example, the internal space of vesicles can be used to encapsulate and deliver active

materials, e.g. fragrances, drugs, catalysts, and reactants.2‒4 The use of vesicles in such

applications depends on their membrane properties (e.g., permeability and stability),

which can be controlled and tuned by precise molecular design of the constituting

blocks.5 In this regard, polymersomes have greater flexibility and versatility via readily

tuned parameters such as block length and chemical structure, compared to liposomes

prepared from low molecular weight phospholipids.6

Recently, Bai and Lodge developed a new kind of polymersome solution or

“nanoemulsion”, in which a water-immiscible ionic liquid (IL) is compartmentalized

within water. 7 The polymersomes, dispersed in water, from 1,2-polybutadiene-b-

* This chapter is reproduced in part with permission from So, S.; Lodge, T. P. J. Phys.

Chem. C 2014, 118, 21140‒21147.
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poly(ethylene oxide) (PB‒PEO) contained 1-ethyl-3-methylimidazolium bis(trifluoro-

methyl-sulfonyl)imide ([EMIM][TFSI]). The IL-filled polymersomes are distinct from

canonical vesicles, which have the same fluid inside and outside.1,6,8 They offer an

opportunity to design new reaction processes by installing appropriate catalysts within

the IL interiors, while maintaining the facile molecular transport, low viscosity, and

cost-effectiveness of an aqueous majority phase.9,10 These vesicles are prepared via a

thermoresponsive polymersome “shuttling” in the biphasic system of water and IL. After

transfer of the polymersomes from a hydrophobic IL to water, the IL inside the

polymersomes remains segregated and stabilized from the aqueous phase by the

hydrophobic and IL-phobic bilayer PB core.11

This reversible shuttle of the IL-filled polymersomes exhibits characteristics of both

homogeneous and heterogeneous catalysis. Since the locus of the reaction is the liquid

interior of the polymersomes, the reaction is potentially homogeneous, yet this system

resembles heterogeneous catalysis in that facile and quantitative recovery of the

polymersome nanoreactors and catalyst can be conducted via the reverse

thermoresponsive shuttle. The properties of such nanoemulsion-like polymersomes have

not been studied extensively, and particularly the rate of molecular transfer into and out

of the polymersomes has not been characterized; clearly the rate of molecular transport

across the membrane will be an important factor in any reaction system design.12

Especially, when polymersomes have completely different phases across the membranes,

the permeability has not been explored. The change of chemical potential for a reagent or

product molecule at each interface (IL-membrane or water-membrane) is not the same, in

contrast to conventional vesicles, which have symmetric interfaces across the membrane.

The permeation rate can be affected by the partitioning of a probe molecule between the

two fluids, in addition to the solubility and diffusivity of the probe molecules in the
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membrane, and the time scale of molecular permeation for each direction needs to be

understood to optimize the system for nanoreactor applications.

Quantification of permeability is not straightforward compared to conventional

polymersome systems. Previous studies of vesicle permeation have employed

fluorescence or UV-Vis spectroscopy. Through these methods, the amount of molecules

released from the vesicles or loaded to the vesicles can be quantified, and the

permeability can be obtained. However, there are limitations in the selection of permeants

in order to use either fluorescence or UV-Vis spectroscopy. 13‒21 For example, Battaglia

et al. studied the molecular permeability through the membranes of poly(ethylene

oxide)-b-poly(butylene oxide) vesicles with an UV-detectable bimolecular reaction.19

One of the reactants should be in the vesicles without permeation out of the vesicles, and

the product should be UV-detectable, and stay in the vesicle interiors, for accurate results.

In particular, tracer molecules should have partition coefficients between vesicle interior

and exterior fluids on the order of unity.

In this study, the molecular exchange of small molecules through the bilayer

membrane is investigated by a combination of 1H NMR spectroscopy and pulsed-

field-gradient (PFG-NMR) techniques. NMR is a powerful tool because any molecule

having an NMR-active nucleus can be used.22‒24 In the nanoemulsion solution, tracer

molecules exhibit two diffusion coefficients in the two different environments, and are

exchanged across the membranes between two immiscible phases. Three similarly sized

probes, [EMIM], [BMIM], and 1-butylimidazole, were used in order to quantify the

permeation through the hydrophobic membranes. As far as we are aware, this is the first

example that resolves molecular permeation into and out of the polymersomes separately.

The results demonstrate a powerful tool to analyze molecular transport in nanoemulsion-

like polymersome solutions, whereby it is possible to quantify the rates of reagent entry

and product escape from am IL-filled nanorector.
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3.2 Experimental Section

3.2.1 Materials. A 1,2-polybutadiene-b-poly(ethylene oxide) (PB‒PEO) block

copolymer was synthesized via sequential anionic polymerization by adding ethylene

oxide to ω-hydroxyl 1,2-polybutadiene homopolymer (PB-OH). First, the PB-OH was

synthesized in anhydrous tetrahydrofuran (THF) at –60 °C with sec-butyllithium as

initiator. The polymerization was capped by addition of one ethylene oxide unit, then

terminated by adding deoxygenated methanol. Characterization by 1H NMR spectroscopy

and size exclusion chromatography (SEC) gave a number-average molecular weight (Mn)

and dispersity (Ð) of 9.3 kg/mol and 1.04, respectively. The synthesized PB-OH was

dissolved in anhydrous THF and converted into macroinitiator using diphenylmethyl

potassium as an electron transfer agent. Weighed ethylene oxide was added to the reactor

at room temperature, and the temperature was increased to 45 °C. After 24 h, the reaction

was terminated in the same manner as PB-OH. The polymer was characterized by 1H

NMR spectroscopy and SEC to obtain Mn and Ð, as summarized in Table 3‒1. The

synthesized PB‒PEO was designated PB‒PEO(9‒3) based on the Mn of the PB and PEO

blocks (9.3 kDa and 2.5 kDa, respectively). [EMIM][TFSI] was synthesized by

combining equal moles of 1-ethyl-3-methylimidazolium bromide ([EMIM][Br],

Io-Li-Tec, 99%) and lithium bis(trifluoromethylsulfonyl)imide ([Li][TFSI], HQ115) with

water, as described previously. 25 1-Butylimidazole (98%), and 1-butyl-3-methyl-

imidazolium chloride ([BMIM]Cl, 99%) were purchased from Aldrich, and Io-Li-Tec,

respectively, and used as received.

3.2.2 Polymersome Solution Preparation. The polymersomes were prepared through a

co-solvent method to obtain a narrow size distribution. PB‒PEO(9‒3) was first dissolved

in dichloromethane, and then an equal mass of [EMIM][TFSI] was added. The solution

was dried by N2 purge to selectively remove dichloromethane. Vesicle formation was

prompted by slow evaporation of the dichloromethane to yield an 0.5 wt % polymersome
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solution in non-volatile [EMIM][TFSI]. The polymersomes with IL interiors were then

allowed to migrate from the IL solution to an immiscible aqueous phase. A weighed

amount of deuterium oxide (D2O) was added to the [EMIM][TFSI] solution of

polymersomes according to the target polymersome content in D2O (0.5, 1.0, or 1.5 wt

%). The polymersomes transferred to the aqueous phase at room temperature with stirring

(~ 100 rpm). The two immiscible phases were in contact for at least 12 h at room

temperature to allow complete transfer. After the transfer, the ionic liquid phase on the

bottom turned clear, and the upper aqueous phase became cloudy, due to light scattering

from the vesicles. The cloudy aqueous phase was then carefully removed for the NMR

studies. The size and dispersity of the prepared polymersomes were measured by

dynamic light scattering (DLS). For the exchange of [EMIM], the aqueous solution was

used as prepared (C[EMIM] ~ 42 mM, which was calculated by using the solubility of

[EMIM][TFSI] in water,26 and the volume of the polymersomes). For 1-butylimidazole

and [BMIM] studies, 50 mM of 1-butylimidazole or [BMIM]Cl was added to the aqueous

polymersome dispersion, respectively, and the solution was stirred for at least one day to

allow equilibration.

Table 3‒1. Characteristics of polymer and vesicles with [EMIM][TFSI] interiors
dispersed in D2O.

Polymer MPB
a

(kg/mol)
MPEO

b

(kg/mol) Ðc <Rh>d

(nm) μ2/Г2e

PB‒PEO(9‒3) 9.3 2.5 1.07 64 0.1
a Number average molecular weight of the ω-hydroxyl poly(butadiene) homopolymer
(PB-OH) determined by 1H NMR spectroscopy. The fraction of 1,2-addition was 91%. b

Number average molecular weight of PEO block obtained from 1H NMR spectroscopy
and the PB-OH molecular weight. c Dispersity (Mw/Mn) of PB‒PEO determined by SEC. d

Average hydrodynamic radius and e dispersity of polymersomes determined by DLS.
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3.2.3 NMR Measurements. A Bruker Avance III 500 MHz NMR spectrometer equipped

with a 5 mm triple resonance broad band PFG probe was used for both 1H NMR

spectroscopy and pulsed-field-gradient NMR (PFG-NMR) at 25 °C. All PFG-NMR

measurements were conducted on 1H nuclei with DOSY (Diffusion Ordered

Spectroscopy), using the “ledbpgp2s” pulse sequence (longitudinal eddy current delay

experiment using bipolar gradients acquired in 2D mode).27 Two gradient pulses with a

strength G (ranging from 2% to 98% of the maximum gradient strength, 0.47 T/m) were

applied for a duration (δ) in the pulse sequence. The intensity attenuation (I) of probe

molecules with the gradient strength variation was recorded during a diffusion time (Δ),

and processed by the Top Spin software package (version 3.1) in order to extract the

translation diffusion coefficient (D). In the presence of free diffusion of probe molecules,

the intensity (I) is attenuated with respect to the intensity (I0) at G = 0 as

))3(( 222

0

/δΔDGδγexp
I
I

 ,                  (3‒1)

where γ is the proton gyromagnetic ratio (42.6 MHz/T). D can be evaluated from the

slope of the linear plot of ln(I/I0) vs. (‒γ2δ2G2(Δ ‒ δ/3)).

3.2.4 Cryogenic Transmission Electron Microscopy (cryo-TEM). The nanostructure

of PB‒PEO(9‒3) in [EMIM][TFSI] was analyzed by cryo-TEM. Specimens were

prepared in a FEI Vitrobot Mark III vitrification robot. In the climate chamber of the

Vitrobot, 0.5 μL of the polymersome solution (0.5 wt %) was loaded onto a carbon-

coated and lacey film-supported copper TEM grid, and then the grid was plunged into

liquid ethane (~ –180 °C). The rapidly cooled samples were kept in liquid N2 before

measurements. Cryo-TEM imaging was performed using a FEI Tecnai G2 Spirit

BioTWIN operating at 120 kV under liquid N2 cryo conditions, and the images were
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taken with an Eagle 4 mega pixel CCD camera. All images were obtained at an

underfocus for adequate phase contrast (Figure 3‒1a).

Figure 3‒1. (a) Cryo-TEM images of 0.5 wt% PB‒PEO(9‒3) polymersomes in
[EMIM][TFSI] (scale bar: 200 nm), and (b) Normalized hydrodynamic radius (Rh)
distribution of 0.01 wt% PB‒PEO(9‒3) polymersomes in [EMIM][TFSI].

Figure 3‒2. The linear fit of decay rate (Г) vs. the square of the scattering vector (q2)
from DLS. Г values were from the cumulant fitting of the correlation functions. The slope
of the linear fit is diffusion coefficient of polymersomes in the solution.
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3.2.5 Dynamic Light Scattering (DLS). DLS was performed over a range of angles (60

– 120°) with a Brookhaven BI-200SM goniometer and a Brookhaven BI-9000AT

correlator at λ = 637 nm and 25 °C to obtain the average hydrodynamic radius <Rh>. The

dispersity of particle size was quantified by the reduced second cumulant μ2 / Г2. The

mean decay rate (Г = Dmq2, where Dm is the mutual diffusion coefficient and q is the

scattering vector) and the μ2 values were obtained from cumulant fitting of the

normalized correlation function (Figure 3‒2). The polymersome size distribution (Figure

3‒1b) was also assessed through the Laplace inversion routine, REPES.28 For the DLS

measurement, polymersome solutions in [EMIM][TFSI] were diluted to 0.01 wt % by

adding filtered [EMIM][TFSI] through a syringe filter (Millex-SV 5.0 µm).

3.3 Results and Discussion

3.3.1 Polymersome Characterization. A vesicle structure was observed in the ionic

liquid solution of PB‒PEO(9‒3), consistent with previous PB‒PEO block copolymers

with low volume fractions of PEO (~ 0.2).7,18,29,30 Polymersomes with mean radius less

than 100 nm and narrowly dispersed in size are shown in the cryo-TEM image (Figure

3‒1a). Relatively monodisperse small polymersomes were obtained using a volatile

organic co-solvent, which can dissolve both PB and PEO blocks, and is miscible with the

ionic liquid. The circular bright regions represent the PB membranes and appear brighter

than the IL matrix due to lower electron density, while the solvated PEO coronas are

invisible in the medium. Because both [EMIM][TFSI] and water are selective solvents

for PB‒PEO, and PEO shows a change in affinity with temperature in the biphasic

system of [EMIM][TFSI] and water, upon adding D2O (or water) to the IL solution at

room temperature, the polymersomes moved spontaneously from the IL phase to the

aqueous phase while retaining the vesicle structure and the IL interiors. Even after the

transfer from the IL phase to the aqueous phase, the PB‒PEO polymersomes retained
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their structure and size (see Figure 3‒3), as reported previously.7 PB‒PEO(9‒3)

polymersomes have essentially the same membrane thickness before and after the

transfer, 21 (± 2) and 22 (± 2) nm, respectively, as measured by ImageJ software. This

membrane thickness lies on the scaling line of d ~ N0.6 of the membrane thickness of

various PB‒PEO vesicles in water, where d is the membrane thickness, and N is the

degree of polymerization, 31 as shown in Figure 3‒4. The size and dispersity of

polymersomes in the ionic liquid were analyzed by DLS, and the mean hydrodynamic

radius <Rh> = 67 nm with dispersity μ2 / Г2 = 0.13.

Figure 3‒3. Cryo-TEM image of PB‒PEO(9‒3) polymersomes in D2O (0.25 wt %). The
dark interiors are the ionic liquid filled interiors, and the gray region around dark interiors
are PB membranes (scale bar: 200 nm).
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Figure 3‒4. The membrane thickness (d) of PB‒PEO polymersomes versus the degree of
polymerization of PB (NPB). d was obtained from cryo-TEM images.

Figure 3‒5. Chemical structure of [EMIM] and 1H NMR spectrum of [EMIM] without
and with PB‒PEO(9‒3) polymersomes. (Solvent peak at 4.7 ppm)
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3.3.2 Equilibrium Partitioning of Imidazole Derivatives in Polymersome Solutions.
1H NMR spectra of [EMIM][TFSI] in D2O ([EMIM][TFSI] saturated), and in the

polymersome solution, were measured in order to see the effect of polymersomes on the

chemical shift of [EMIM] (Figure 3‒5). The solution without polymersomes shows a

single set of distinct peaks of [EMIM] protons in D2O. (The signal for proton Ha was not

observed due to hydrogen–deuterium exchange.32) The single peak around 4.7 ppm arises

from protons of 1HDO and 1H2O in D2O. However, [EMIM] in the polymersome solution

gives two sets of resonances. The two resolved sets are attributed to the population of the

ionic liquid inside and outside the polymersomes. The smaller set of peaks is slightly

upfield, and reflects [EMIM] in the vesicle interiors, as confirmed by comparing the

experimental and theoretical mole fractions of [EMIM] in the interior, and observing the

relative intensity by changing the concentration of the polymersomes from 0.5 wt % to

1.5 wt %. The values from the 1H NMR spectra and from the theoretical calculation are

consistent. The integrated fraction of the smaller peaks in the NMR is 0.21, and the mole

fraction of the interior ionic liquid is 0.16. The theoretical mole fraction of the IL was

calculated by using the solubility of [EMIM] in water (1.8 wt %) and the total volume

fraction of the interior (estimated to be about 0.3%, based on the hydrodynamic radius

and membrane thickness in this study). As shown in Figure 3‒6, as the polymersome

concentration increases, the fraction of smaller peaks also increases; this comparison

clearly shows that satellite peaks are from the polymersome interiors. This chemical shift

from the interiors was also observed for 1-butylimidazole (see Figure 3‒11a) and

[BMIM] (see Figure 3‒7), which have diazole structures in common. The chemical shift

is directly related to the magnetic field strength, which is a function of the magnetic

susceptibility.33 Since D2O and [EMIM][TFSI] have different magnetic susceptibilities,

the tracer molecules in this study showed two sets of peaks. Similar magnetic
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susceptibility effects on chemical shifts have also been found in the case of suspensions

of red blood cells and emulsion systems.33,34

Figure 3‒6. Normalized 1H NMR spectra of polymersome solutions (0.5 wt %, 1.0 wt %,
and 1.5 wt %). Two peaks between 7.4 ppm and 7.3 ppm are from the Hb and Hc of the
free [EMIM], and smaller two peaks around 7.2 ppm from the Hb and Hc of the confined
[EMIM] phase. As the polymersome content increases, the peaks around 7.2 ppm
increases.

Figure 3‒7. Chemical structure of [EMIM][TFSI] and [BMIM], and 1H NMR spectrum
of [BMIM] solution with PB‒PEO(9‒3) polymersome. As [EMIM], [BMIM] shows also
two sets of chemical shifts. Many of peaks of [BMIM] are not completely distinguishable
due to similar chemical structure with [EMIM].
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Figure 3‒8. The kinetic experiment with transient 1H NMR measurements. The charged
molecules, [BMIM], which has similar structure with [EMIM], also shows two sets of
peaks. Hi of [BMIM] (see Figure 3‒7) from the exterior and the interiors were integrated
separately with time. The intensity change of each peak cannot be found after 70 seconds.

While [EMIM] was initially loaded into the polymersomes, 1-butylimidazole and

[BMIM]Cl were added to the dispersion in the aqueous solution; both 1-butylimidazole

and [BMIM] also showed additional sets of peaks after reaching equilibrium. This result

directly demonstrates the permeation of tracer molecules through the membranes, and

also provides information on the population of the molecules in the interiors at

equilibrium. If there was no permeation of the molecules, only a single set of peaks, from

the exterior, should be evident in the spectra. By comparing the integrated areas of the

free and confined peaks, the kinetics of permeation could potentially be monitored. After

adding 50 mM of [BMIM]Cl to the polymersome solution, the integration of peaks for

the exterior and interior molecules were monitored every 30 s. The transient results in

Figure 3‒8 shows that the integrations do not change with time. This indicates that even

the charged [BMIM] molecules permeated through the hydrophobic PB membranes in

well under 70 s. Kinetics at shorter times than 70 s could not be observed because at least
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a minute was needed for the addition of [BMIM]Cl, NMR tube injection, and shimming

and locking.

Figure 3‒9. The echo decay curves of [EMIM] in D2O and [EMIM][TFSI] with variation
of the field-gradient-strength G for different diffusion times Δ with δ = 8 ms.

3.3.3 Self-Diffusion of [EMIM] in D2O and [EMIM][TFSI]. If there is no geometrical

restriction for diffusion, the attenuated intensity of an individual tracer should follow eqn

3‒1, and the logarithm of normalized data points fall on a straight line with different

diffusion times (Δ), as shown in Figure 3‒9. The translation diffusion coefficient can be

obtained from the slope. Figure 3‒9 is the echo decay curve of [EMIM] in D2O

([EMIM][TFSI] saturated), and in [EMIM][TFSI] (D2O saturated). The solid lines are fits

to eqn 3‒1; the diffusion coefficient (D) of [EMIM] in D2O is 7.9 × 10−10 m2/s, and 7.9 ×

10−11 m2/s in [EMIM][TFSI]. These two values are close to the literature values.35‒37

According to the Stokes-Einstein equation (DSE = kBT/(6πηR), where kB is Boltzmann

constant, T is the absolute temperature, η is the viscosity of a solvent, and R is the

hydrodynamic radius), the diffusivity of objects should be proportional to the inverse of

the solvent viscosity. However, in this case, this expectation is not realized. The
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viscosities of D2O and [EMIM][TFSI] at 25 °C are 1.1 mPa·s and 30.4 mPa·s,

respectively, so the ratio of the inverse viscosities (η[EMIM][TFSI]/ηheavy water) is around 28. In

contrast, the ratio of the diffusivities for [EMIM] in water to that in the IL is around 10.

This breakdown of this relation could be caused by several reasons. The calculated van

der Waals radius of [EMIM] is 3 Å using the Hyperchem program.38 Using the van der

Waals radius as the hydrodynamic radius of [EMIM], the calculated DSE values are 2.4 ×

10−11 m2/s in the IL and 6.5 × 10−10 m2/s in D2O, respectively. The actual diffusivity of

[EMIM] is therefore greater in the IL, but slower in D2O than the values of DSE. When a

large spherical particle moves randomly in a continuous and viscous solvent without

specific interactions, such as hydrogen bonding, the motion of the particle follows the

Stokes-Einstein relation.39 However, in the IL, the size of [EMIM] is similar to that of

the dissociated [EMIM] or [TFSI], and smaller than the associated [EMIM][TFSI]. In

general for neutral molecules, the diffusivity of small solutes is enhanced relative to DSE,

as the size ratio of solute to solvent molecules decreases.40‒42 Even though [EMIM] in

the IL can associate and dissociate with its counter ion,36 [EMIM] showed an increased

diffusivity due to the reduced friction as reported by Watanabe and Maroncelli

groups.35,36,43 These results are consistent with that of Edward.40 In water, however, there

are strong hydrogen bonding interactions between [EMIM] and water, which could

reduce the diffusion coefficient.37,44,45 The proton Ha is a good hydrogen bond donor, and

there can be weak hydrogen bonding interaction between water and the protons of alkyl

groups of [EMIM]. Nevertheless, the self-diffusion of [EMIM] in two saturated solutions

suggests that the diffusion behavior is largely dictated by the viscosity of diffusion

medium. In addition, with a single set of distinct peaks of [EMIM] protons in the NMR

spectra, the single exponential echo decays in each phase imply that the ionic liquid and

D2O do not form long-lived aggregates in D2O and the ionic liquid, respectively.
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3.3.4 Escape and Entry Rates of [EMIM] and 1-Butylimidazole. Diffusion of probe

molecules in the polymersome solution is not same as free diffusion, due to the restricted

geometry, and thus cannot be simply described by eqn 3‒1. For short diffusion times, the

behavior is still within the range of the free diffusion. But over timescales where the

mean displacement of the molecule is comparable to the dimension of the restricted

geometry, the translation of the molecule in the laboratory frame is affected by the

random walks of both the moving vesicles and the tracer molecules.46 In the long time

limit, the diffusion behavior of the tracer molecules confined in the vesicles should be

similar to that of the vesicles, because the net displacement is much larger than the

vesicle radius. For example, when an [EMIM] molecule and a vesicle (radius 100 nm)

move with D[EMIM] = 1 × 10−9 m2/s and Dvesicle = 1 × 10−12 m2/s by three dimensional

random walks in water, the mean displacements, s during the observation time, t (e.g.,

100 ms) are about 25 µm and 0.8 µm, respectively, according to Einstein’s relationship, s

= (6Dt)0.5. Since the mean displacement of the tracer molecule is two orders of magnitude

larger than the radius of the polymersomes, the diffusion of molecules is restricted within

the confined vesicles, and should have a similar displacement to the moving vesicle (see

Scheme 3‒1).22 Moreover, the molecules in each site can be exchanged through the

membranes. So the transmembrane exchange and the diffusion behavior should be

described in a different way, and the two-site exchange approximation is a powerful tool

to explain the exchange rate and the diffusion behavior.47 In this model, exchange terms

are added to Fick’s second law of diffusion as shown in eqns 3‒2 and 3‒3,
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where Ci, Di and τi represent the concentration (mol/L), the diffusion coefficient (m2/s)

and residence time (s) of a tracer molecule in the interiors of polymersomes, respectively,

and Ce, De and τe, represent the same parameters in the external aqueous medium.

For the PFG-NMR experiment, the solution of eqns 3‒2 and 3‒3 is a bi-exponential

function,

))3(())3(( bbaa
0

/δΔkexpP/δΔkexpP
I
I ''''  ,             (3‒4)

where '
aP , '

bP , '
ak , and '

bk are the apparent mole fraction of probe molecules and rate

constants, which are functions of the real parameters, Pi, Pe, Di, De, τi, τe, and effective

relaxation times, Te, Ti. Pi and Pe stand for the mole fraction of probe molecules in the

encapsulated and free space (Pi + Pe = 1); τi and τe are the residence time at each phase,

Scheme 3‒1. Schematic of molecular diffusion in each phase, and transportation across
the membrane of polymersome with IL interior dispersed in water. The tracer molecules
move with diffusion coefficient Di inside, and De outside of the polymersomes. Also, the
molecules are exchangeable across the membranes through path 1 and path 2.
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and the inverse of the residence times represent the rate of escape (1/τi, Path 1 in Scheme

3‒1) and entry (1/τe, Path 2 in Scheme 3‒1), respectively. The residence times are also

related by τe = (1 ‒ Pi) × τi / Pi. '
ak and '

bk can be described by two parameters, Q1,2,

which are defined in eqns 3‒8 and 3‒9,

21
'

ba, QQk  , (3‒5)

while '
aP , and '

bP are defined by eqns 3‒6 and 3‒7.
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The parameters Q1 and Q2 are defined by ki, ke, τi, τe, Te, and Ti,
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where ki and ke are rate constants defined by γ, δ, G, and two diffusion coefficients, Di,

and De,
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The effective relaxation times, Ti and Te are defined by eqns 3‒12 and 3‒13, and

summarized in Table 3‒2.
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Experimentally, the effective relaxation times (Ti and Te) were obtained by the

spin-lattice (T1) and the spin-spin (T2) relaxation times of tracer molecules, which also

affect the attenuation profile and fitting result.49 T1,i and T2,i are relaxations of observed

protons in the interiors, and T1,e and T2,e are that in the medium. T1 and T2 were obtained

Table 3‒2. The spin-lattice (T1) and the spin-spin (T2) relaxation times of the tracer
molecules depending on their locations; i: interiors, e: exteriors.

Diffuser T1,i (s) T1,e (s) T2,i (s) T2,e (s)

[EMIM] 1.9 0.8 10.1 1.2

1-Butylimidazole 2.5 0.3 3.3 0.5
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by the “protont1” and “Carr-Purcell-Meiboom-Gill (cpmg)” protocol, respectively, and

the peaks from the interiors and exteriors were processed separately for Te and Ti.

[EMIM] and 1-butylimidazole were employed as the tracer molecules for the

PFG-NMR study. The gradient strength (G) was varied from 98% to 2% of the maximum

gradient strength (0.47 T/m) for a duration δ = 8 ms. The NMR spectra of protons, Hb and

Hc of [EMIM] and 1-butylimidazole (see Figure 3‒5 for [EMIM] and Figure 3‒11a for

1-butylimidazole), were recorded during three different diffusion times (Δ = 150 ms, 250

ms, and 350 ms). Since the exchange across the membranes occurs, both peaks from the

interiors and the exteriors were integrated together through DOSY processing. The

integrated results were fitted with the two-site model. Two apparent diffusion

coefficients, Di and De, were obtained from the initial and final slopes of the decay

curves, and other parameters (Δ, δ, G, γ) were given. By the fitting, the residence time

(τi,e), and the mole fraction of the molecules in each site (Pi,e) can be obtained. Note that

Figure 3‒10. Experimental data and fitted echo curve of the proton from [EMIM] in the
polymersome solution with various Δ. The data were fitted using eqn 3‒4.
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because the two residence times and the two populations are related, there are only 2

parameters in the fits, given that the two D’s are set by the initial and final slopes. Also,

the measurements were repeated several times to ensure the reliability of the fits. Finally,

the values of (Pi,e) are also confirmed by the independent 1H NMR spectra.

Figure 3‒10 shows the experimental data (□, ○, △) and fitted echo decay curve (solid

line) of Hb and Hc on [EMIM]. The fitted results are summarized in Table 3‒3. Pi of

[EMIM] is 0.2, which is very close to the mole fraction of [EMIM] in the polymersomes

from the 1-D spectrum (Figure 3‒5). The mean residence time of molecules in the inside

of polymersomes is τi ≈ 5.8 s, and that in the exterior is τe ≈ 23 s. In the case of

1-butylimidazole, due to the similar chemical structure with [EMIM], many peaks are not

distinguishable from the [EMIM] peaks. Apparently distinguishable peaks are assigned in

Figure 3‒11a. For PFG-NMR, Hb and Hc of 1-butylimidazole were also used, and the data

Figure 3‒11. (a) 1H NMR spectrum of 1-butylimidazole with PB‒PEO(9‒3)
polymersomes, and (b) Experimental data and fitted echo curves of the protons from
1-butylimidazole with various Δ. The data were fitted using eqn 3‒4.
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(□, ○, △) and fit (solid line) are shown in Figure 3‒11b. The parameters are also

summarized in Table 3‒3: Pi ≈ 0.07, τi ≈ 0.4 s, and τe ≈ 5.4 s for 1-butylimidazole.

De and Di represent the diffusion behavior of the molecules in the limit of short and

long diffusion times, respectively. De values are similar to the free diffusion in D2O, but

the Di values are somewhat lower than the diffusion coefficient of the vesicles from the

DLS measurement, which was 3.0×10−12 m2/s in D2O. By using the Stokes-Einstein

equation, Rh from NMR is 90 nm, which is bigger than that from the light scattering

experiment (64 nm). This difference can be explained, at least in part, by the slower

diffusion in a more concentrated solution. While the weight fraction of polymersomes

was 0.01 wt % in the DLS measurement, the weight fraction in the NMR measurement

was 0.5 wt%. The motion of the polymersomes in the concentrated solution can be

retarded by the interaction between the vesicles.48 Dispersity of vesicle size may also

contribute to the small difference between NMR and DLS.

As the observation time (Δ) increases, the number of molecules that are initially

observed in the confined interiors decreases, because there are more exchanges of tracer

molecules during the longer Δ.49 The difference of plateaus of 1-butylimidazole is much

bigger than that of [EMIM] (see Figures 3‒10 and 3‒11b). Since longer residence time

means that molecules prefer to be in the initial site, it can be concluded that the charged

[EMIM] was slower to exchange through the hydrophobic PB membranes than the

Table 3‒3. Permeation rate with two-site exchange model.

Diffuser De (m2/s) Di (m2/s) Pi Pe 1/τi (1/s) 1/τe (1/s)

[EMIM] 7.8×10−10 2.1×10−12 0.20 0.80 0.17 0.04

1-Butylimidazole 5.8×10−10 2.2×10−12 0.07 0.93 2.5 0.18
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neutral 1-butylimidazole. It is therefore apparent that the charged molecules are less

exchangeable across the hydrophobic membranes. Permeability is defined as a product of

solubility and diffusivity of a tracer molecule in a permeation medium.50,51 For charged

and neutral molecules of similar size, the diffusivity should not be very different.52 But

charged molecules experience a higher barrier to dissolve in hydrophobic membrane,

reflected in a higher partitioning difference.53 Hence, we speculate that the difference of

permeation rate of the two tracer molecules arises primarily from the solubility difference

in the PB membranes. Note that even if the charged molecule diffuses through the

membrane as an ion pair, that would only reduce the diffusivity by a factor of about 2.

The speed of escape (1/τi) and entry (1/τe) were also evaluated. The higher rate means

higher permeation. Both 1/τi and 1/τe of 1-butylimidazole are an order of magnitude

higher than that of [EMIM], as expected from the decay curve appearance.

Figure 3‒12. The relative rate of entry of 1-butylimidazole by changing the
concentration of polymersome in the solution from 0.5 wt % to 1.5 wt %. As the number
of polymersomes increases, the rate of entry also increases.
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Furthermore, the effect of the polymersome concentration on the rate of entry (1/τe)

was studied. Three solutions having different concentrations were prepared, and

PFG-NMR was conducted with same concentration of 1-butylimidazole (50mM). P and τ

values were obtained by fitting with the two-site exchange model. As shown in Figure

3‒12, as the polymersome content increases, 1/τe increases. With increasing the number

of polymersomes, the total surface area for permeation also increases. Higher number of

polymersomes provided more surface area to the diffusing molecules, and they had more

probability to penetrate through the membranes. This result coincides with the study of

the vesicle size effect on the permeation rate. As the size of vesicle decreased, the

molecular exchange rate increased because the membrane surface to the vesicle volume

ratio increased with decreasing vesicle size.54

3.4 Conclusions

Polymersomes of PB‒PEO(9‒3) with [EMIM][TFSI] interiors dispersed in water were

created by transferring the polymersomes in prepared [EMIM][TFSI] to water. The

permeation of various tracer molecules through the membranes in this nanoemulsion

solution was investigated by NMR techniques. Due to the magnetic susceptibility

difference across the membrane, the permeation of [BMIM] and 1-butylimidazole was

easily confirmed in 1-D 1H NMR spectra. Moreover, the mole fraction of the tracer

molecules in the interiors could be calculated by integrating of each set of peaks.

PFG-NMR was also employed to investigate the speed of escape and entry of two

similarly sized tracer molecules having different charges. The charged [EMIM] and the

neutral 1-butylimidazole were permeable through the hydrophobic PB membranes with

reasonable speed, but the rate of permeation of the neutral molecules was greater than the

charged ones, in both directions. This permeation study by using NMR about the rate of
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molecular transportation across the polymersome membrane will inform the design of a

nanoreactor system based on the polymersomes with IL interiors in water.
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Chapter 4

Interfacial Tension-Hindered Phase Transfer of

Polystyrene-b-poly(ethylene oxide) Polymersomes

from a Hydrophobic Ionic Liquid to Water*

4.1 Introduction

The phase transfer of molecules, nanoparticles, and supramolecular assemblies from one

phase to the other in a biphasic system is desirable for various applications,1 such as

recycling or delivering of cargo and catalyst,2,3 separations,4‒6 and delivery.7‒9 It has

been demonstrated that the transfer between two immiscible phases can be controlled by

employing a stimulus-responsive moiety on the surface.10‒15 For example, Wang and

co-workers reported the pH-sensitive transfer of amine-functionalized silicate

nanocomposites between an organic and an aqueous phase.16 The phase transfer of silica

nanocomposites was controlled by protonating and deprotonating the amine-

functionalized surface under acidic and basic environment, respectively. Phase transfer

can also be triggered by temperature;17,18 for example, poly(ethylene oxide) (PEO)

exhibits temperature-responsive transfer properties, in a biphasic system composed of a

hydrophobic ionic liquid (IL) and water.19‒21 The solubility of PEO in water decreases

with increasing temperature due to the approaching lower critical solution temperature

(LCST). At room temperature, both PEO and PEO-coated colloidal aggregates prefer the

* This chapter is reproduced in part with permission from So, S.; Lodge, T. P. Langmuir

2015, 31, 594‒601.
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aqueous phase to the IL phase, but at elevated temperatures, closer to the LCST, transfer

to the IL phase is possible. Block copolymers containing poly(2-ethyl-2-oxazoline)

(PEtOx) also show similar behavior in a water/IL biphasic system, due to the LCST of

PEtOx in water.22

One system of particular interest is the phase transfer of ionic liquid-filled vesicles,

which has potential to combine the advantages of homogenous and heterogeneous

catalysis.23 We have recently reported on the phase transfer of 1,2-poly(butadiene)-b-

poly(ethylene oxide) (PB‒PEO) diblock copolymer vesicles (polymersomes) in the

biphasic system of water/IL.23‒25 Ionic liquid-filled vesicles in the aqueous phase form a

very stable kind of “nanoemulsion”. ILs are of great interest as reaction media,26‒28 with

the possibility of replacing organic solvents.29 By confining a catalyst within an IL-filled

nanoreactor, the mass transfer limitations of ILs can be mitigated, while also providing a

facile route to quantitative catalyst recovery.

Both theoretical and experimental studies indicate that the primary driving force for

the reversible and quantitative transfer of PB‒PEO polymersomes is the affinity change

of PEO towards the two solvents in the biphasic system upon heating.30 Experimentally

it has been shown that there is a linear relationship between the LCST of α- and

ω-hydroxyl terminated PEO having various molecular weights, and the temperature of

the phase transfer (Tt) from water to the IL, as shown in Figure 4‒1.31 The hydroxyl

chain ends contribute more strongly to hydrogen bonding with water than ethylene oxide

unit on the middle of PEO chains, whereby the higher molecular weight PEO shows

lower LCST and Tt. However, the presence of a stimulus-sensitive moiety does not

guarantee quantitative phase transfer. The molecular weight, the functionality of the

terminal group, and the fraction of the stimulus-sensitive moiety can all affect the

behavior of the transfer. The total free energy of transfer (Gtot) can be described by a

summation of the free energy cost from the interface of the polymersomes (Ginterface), any
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conformation contribution from the membrane (Gmembrane), and the solvation of the corona

chains (Gcorona).32 During the phase transfer process, Gtot in the destination phase can be

higher than the initial phase due to the penalty from Ginterface.

Figure 4‒1. A relationship between the LCST of α- and ω-hydroxyl terminated PEO
having various molecular weights, and the temperature of the phase transfer (Tt) from
water to the IL. (Reproduced with permission from reference 31)

Herein, we described the phase transfer of polystyrene-b-poly(ethylene oxide)

(PS‒PEO) diblock copolymer polymersomes in a biphasic system of water and an IL,

1-ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl) imide ([EMIM][TFSI]). Five

different PS polymers were prepared, and PEO blocks were grown to yield 13 diblock

copolymers with volume fractions of PEO (fPEO) between 0.1 and 0.3. The phase transfer

diagram of the polymersomes for different PEO volume fraction (fPEO) versus PS

molecular weight was explored by optical measurements. Furthermore, the effect of

polymersome size on the transfer was studied, and rationalized in terms of the reduced

tethering density of PEO (σPEO) on the polymersomes. To investigate the effect of

interfacial tension between the PS and the solvent, the quality of the aqueous phase was



83

systemically changed by adding a water-selective good solvent, THF, and the size of

polymersomes in each phase was measured by light scattering. The results indicate that

the interfacial tension between the membrane and water can play an important role in the

phase transfer, and the phase transfer can be controlled by either the solvent quality for

the membrane, or the dimensions of the polymersomes.

4.2 Experimental section

4.2.1 Materials. A series of polystyrene-b-poly(ethylene oxide) (PS‒PEO) diblock

copolymers was synthesized by sequential anionic polymerization. First, five different

ω-hydroxyl polystyrene homopolymers (PS-OH) were prepared. Styrene monomer was

purified with di-n-butylmagnesium two times, and transferred to an oxygen- and

moisture-free reactor. The monomers were initiated with sec-butyllithium, and

propagated in anhydrous cyclohexane at 40 °C for 4 h, followed by the addition of

ethylene oxide and stirring for 24 h. The PS-OH was then terminated with deoxygenated

methanol. After precipitating and drying the homopolymers, PS-O‒ macroinitiators were

prepared by dissolving the PS-OH in anhydrous THF and adding potassium

naphthalenide. The macroinitiators then reacted with weighed ethylene oxide at 45 °C for

24 h. The reaction was terminated in the same manner as PS-OH. The Mn and Đ of the

polymers were characterized by 1H NMR spectroscopy and size exclusion

chromatography (SEC), respectively. The characteristics of the synthesized PS‒PEO

polymers are listed in Table 4‒1. Styrene, ethylene oxide monomers, di-n-

butylmagnesium, sec-butyllithium, α- and ω-hydroxyl terminated poly(ethylene glycol)

(PEG-200) (Mn = 200 g/mol), and triethylene glycol monomethyl ether (TGME) (M =

164 g/mol) were purchased from Sigma-Aldrich. The ionic liquid 1-ethyl-3-methyl-
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imidazolium bis(trifluoromethylsulfonyl) imide ([EMIM][TFSI]) was synthesized as

described previously.33

Table 4‒1. Characteristics of PS‒PEO diblock copolymers.

Polymer MPS
a (kg/mol) MPEO

b (kg/mol) Ðc fPEO
d

PS‒PEO(10‒1.6) 9.8 1.6 1.01 0.13

PS‒PEO(10‒1.8) 9.8 1.8 1.01 0.14

PS‒PEO(10‒2) 9.8 2.0 1.01 0.16

PS‒PEO(10‒3) 9.8 2.9 1.06 0.22

PS‒PEO(14‒2) 14.1 1.7 1.01 0.10

PS‒PEO(14‒2) 14.1 1.9 1.01 0.11

PS‒PEO(14‒2.5) 14.1 2.6 1.04 0.14

PS‒PEO(14‒3) 14.1 3.1 1.02 0.17

PS‒PEO(18‒2.5) 18.4 2.5 1.01 0.11

PS‒PEO(18‒3) 18.4 2.9 1.03 0.13

PS‒PEO(18‒3.6) 18.4 3.6 1.01 0.15

PS‒PEO(20‒5) 20.0 5.1 1.01 0.19

PS‒PEO(27‒4) 27.3 4.3 1.01 0.13
a,b Number average molecular weight of the ω-hydroxyl poly(styrene) homopolymer
(PS-OH), and PEO block obtained from 1H NMR spectroscopy, respectively. c Dispersity
(Mw /Mn) of PS‒PEO determined by SEC. d Volume fraction of PEO block in PS‒PEO
block copolymers calculated by using the bulk density of PS (ρ = 1.05 g/cm3) and PEO (ρ
= 1.13 g/cm3).
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4.2.2 Polymersome Solution Preparation. The polymersomes in [EMIM][TFSI] were

prepared by a co-solvent protocol. PS‒PEO polymers were first dissolved in

dichloromethane, and then [EMIM][TFSI] was added to bring the volume ratio of

dichloromethane:[EMIM][TFSI] to 60:40. The co-solvent dichloromethane was

selectively removed under N2 atmosphere, and then vacuum (~ 80 mTorr), to yield an 0.5

wt % polymersome solution in [EMIM][TFSI]. The solutions of PEG-200 and TGME

were prepared by dissolving weighed amount of samples in [EMIM][TFSI] directly.

Figure 4‒2. Schematic illustration of the transfer of PS‒PEO polymersomes from
[EMIM][TFSI] to the aqueous phase, and the image of PS‒PEO(18‒3.6) polymersome
transfer after contacting the aqueous phase for 24 h.

4.2.3 Phase Transfer Measurement of the Polymersomes. An equal volume of

deuterated water was added to an [EMIM][TFSI] solution of polymersomes, and the two

immiscible phases were stirred (~ 100 rpm) for at least 24 h to allow the transfer of the

polymersomes from the [EMIM][TFSI] to the aqueous phase. Visible cloudiness of the

[EMIM][TFSI] phase was used to determine the complete transfer for the phase transfer

diagram of PS‒PEO. When complete transfer occurs, the [EMIM][TFSI] phase turns

clear, whereas it is not completely transparent without full transfer. In a further series of

experiments with variable interfacial tension between the aqueous phase and the

polymersome membrane, the aqueous phase quality was systematically changed by
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adding a volume fraction of tetrahydrofuran (THF) to the aqueous phase from 0 to 20 vol

%. The mixed solvent of THF and water was added to the IL solution of the

polymersomes, and the immiscible phases were contacted in the same manner as for the

phase transfer from the IL to the aqueous phase without THF. THF is miscible with

[EMIM][TFSI] and water, respectively, but THF is selectively dissolved in water in the

biphasic system of [EMIM][TFSI] and water, with a partition coefficient (Kp =

Cwater/C[EMIM][TFSI] = 5.1) as measured by 1H NMR spectroscopy.

Figure 4‒3. The phase transfer diagram of PS‒PEO polymersomes and micelles from
[EMIM][TFSI] to water for different PEO volume fraction (fPEO) versus the number
average molecular weight of PS (Mn). The red squares indicate that the polymers can be
transferred, and the black squares indicate that the polymers cannot be transferred
completely. The dashed line is the minimum fPEO for the complete transfer (fPEO,mim). All
samples were prepared by the co-solvent method with a 60 vol % of dichloromethane
initially.

4.2.4 Light Scattering and Transmittance. The average hydrodynamic radius <Rh> of

the polymersomes were measured on a dynamic light scattering (DLS) instrument with a

Brookhaven BI-200SM goniometer and a Brookhaven BI-9000AT correlator, with a
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range of scattering angles from 60° to 120° at λ = 637 nm and at 25 °C or 30 °C. The

scattering intensity from the polymersomes in the IL phase was obtained during the DLS

measurement with laser intensity (λ = 637 nm) of 20 mW. The samples for the DLS and

the light scattering measurements were prepared by diluting the solution to 0.001 wt %

by adding filtered IL, and filtering through a syringe filter (Millex-SV 5.0 µm). The

transmittance of the IL solution of the polymersomes was determined by using a

polarized He-Ne laser (Uniphase 1105P) with wavelength 632.8 nm, and a laser power

detector (SPEX). For the transmittance of the IL phase, the IL phase was diluted 10-fold

with [EMIM][TFSI].

4.3 Results and discussion

Amphiphilic PS‒PEO diblock copolymers with low volume fractions of the solvophilic

block preferentially form vesicles in a selective solvent.34‒36 The polymersome solution

is cloudy or bluish depending on their size,37,38 a general optical feature that allows direct

visualization of the partitioning of polymersomes in the biphasic water/[EMIM][TFSI]

system, as shown in the experimental image of Figure 4‒2. The IL phase is similarly

cloudy before contacting water. However, when all of the polymersomes transfer to the

aqueous phase after contacting water, the IL phase turns clear whereas the aqueous phase

turns cloudy, as shown in Figure 4‒2. Hydrophobic [EMIM][TFSI] with a higher density

(ρ = 1.51 g/cm3)39 than water forms the bottom phase where the polymersomes initially

are formed, as described in the schematic image in Figure 4‒2. It has been demonstrated

that the driving force for the phase transfer of self-assembled PB‒PEO and PS‒PEO

micelles in the biphasic system is the higher affinity of PEO to water than [EMIM][TFSI]

at room temperature.19,20 However, we have found that the phase transfer of PS‒PEO

assemblies is also strongly dependent on the volume fraction of solvophilic PEO block
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(fPEO) in the block copolymers, as illustrated in Figure 4‒3. Based on the phase transfer

diagram (Figure 4‒3), a minimum fPEO (fPEO,min) around 0.1 ~ 0.2 vol % is necessary to

effect complete transfer, depending on the molecular weight of PS block. Below the

dashed line, the polymersomes were not transferrable completely even after a month, but

above the line, the polymersomes transferred completely within a day, as shown in the

experimental images in Figure 4‒4.

Figure 4‒4. Experimental images of PS‒PEO polymersome transfer in the biphasic
water/[EMIM][TFSI] system. The images were taken just after adding water to
polymersome solution, and after 24 h.

It was shown previously that the phase transfer of PEO homopolymers in the biphasic

water/[EMIM][TFSI] system is not a function of the molecular weight of PEO, except

that the transfer temperature decreases as MPEO increases.31 Doubly hydroxyl-terminated
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Figure 4‒5. Chemical structure and 1H NMR spectra of (a) poly(ethylene glycol) (Mn ≈
200 g/mol), and (b) Triethylene glycol monomethyl ether (M = 164 g/mol) in
[EMIM][TFSI] before and after contacting water.

PEO homopolymers showed complete transfer from [EMIM][TFSI] to water regardless

of molecular weight from 200 g/mol to 1000 kg/mol. To test the effect of end group on

phase transfer, we examined the transfer of TGME (M = 164 g/mol), which has a similar

molecular weight and chemical structure with PEG-200 except for one methoxy end

group. Under the same conditions for phase transfer, the proton peaks of PEG-200 in the

IL phase disappeared, but there were some remaining peaks from TGME in the IL phase,

with Kp = 9.1 as shown in the NMR spectra of Figure 4‒5. Presumably, the hydroxyl end

group of PEG interacts with water molecules more favorably than with the IL, and

contributes to the phase transfer from the IL.40 When one of the end groups is changed to

a more hydrophobic group, the contribution of the hydroxyl end groups for the phase

transfer is diminished. This result implies that the hydrophobic nature of a molecule or an

assembly is important in the phase transfer from IL to water. Similarly, the interaction

between the hydrophobic PS membrane and water can be a factor for the phase transfer

of PS‒PEO polymersomes, because the interfacial tension between PS and water is
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significantly higher than that between PS and [EMIM][TFSI], as the solubility parameters

(δ) imply: δPS = 18.6 MPa1/2
, δ[EMIM][TFSI] = 27.6 MPa1/2, and δwater = 47.9 MPa1/2.41,42 To

overcome the penalty from the hydrophobic PS interface with water for the phase transfer,

the PEO corona should be long enough to reduce the tension on the hydrophobic interface

with the aqueous phase. In the phase transfer diagram, however, fPEO,min for the phase

transfer is dependent on the molecular weight of the PS block. As the PS block length

increases, fPEO,min decreases. For example, although fPEO of PS‒PEO(10‒2) is 0.16 higher

than 0.13 of PS‒PEO(18‒3), PS‒PEO(10‒2) polymersomes do not show the complete

transfer, whereas PS‒PEO(18‒3) do.

Figure 4‒6. The membrane thickness (d) of PS‒PEO polymersomes versus the degree of
polymerization with respect to the reference volume, 118 Å3. d was obtained from
cryo-TEM images.

The hydrophobic nature of the polymersomes and the relation between fPEO,min and the

PS molecular weight can be explained by computing the reduced tethering density (σPEO),

which represents the ratio of the projected area of an unperturbed PEO corona chain
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(π(Rg,PEO)2) to the unit area per PS chain in the membrane (8π(Rh‒Rg,PEO)2/Nagg).43‒45 For

a polymersome, we define σPEO as

2
PEOg,h
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PEOg,agg

PEO )(8
)(

RR
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 ,                       (4‒1)

where Nagg is the aggregation number, Rg,PEO is the radius of gyration of the PEO single

chain, and Rh is the hydrodynamic radius of a polymersome. Nagg can be simply

calculated from the known membrane thickness d (Figure 4‒6), the volume of the

membrane (Vd), and the unit area of a polymer chain (a0) using the equation,
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assuming that the density of PS membrane is same as the bulk density of PS (ρPS = 1.05

g/cm3),46 and that the membrane is free of other components such as the PEO segments

or solvent molecules. Here NA is Avogadro’s number, and Mn,PS is the number average

molecular weight of PS block. Polymersomes with higher σPEO have membranes more

effectively covered by PEO chains. Chen and co-workers proposed that when σ ≤ 3.7 ~

3.8, corona chains are in the non-interacting regime, whereby the membrane surface is

not densely covered with corona chains, but when σ ≥ 3.7 ~ 3.8, the corona chains are in

the crossover regime, and start to be stretched.43 The phase transfer diagram with respect

to fPEO (Figure 4‒3) can be re-plotted to a diagram with σPEO values, under the assumption

that Rh of the polymersomes is around 100 nm, as shown in Figure 4‒7. From the phase

transfer diagram of σPEO, a constant line (σPEO ~ 3.58), corresponding to the onset of

crossover regime, can be drawn between the transferable and non-transferable

polymersomes. This constant boundary indicates that sufficient coverage of PEO on the

polymersome membrane interface is necessary for the phase transfer from the IL phase to
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water, and that the value of σPEO is an important parameter to design a block copolymer

for the phase transfer of a polymersome in a biphasic system. The critical value of σPEO is

also consistent with the first formation of a dense brush. The fPEO,min can be calculated for

a plot of fPEO versus Mn,PS with a constant σPEO ~ 3.58, as shown in Figure 4‒8. The

log-log plot of fPEO,min and Mn,PS falls on a straight line with a slope of ‒0.38, and the

result provides the necessary PEO block length for the phase transfer at a specific Mn,PS.

Furthermore, this relation explains the dependence of fPEO,min on Mn,PS as depicted above

in the phase transfer diagram with fPEO (Figure 4‒7).

Figure 4‒7. The phase transfer diagram with the reduced tethering density (σPEO) of
PS‒PEO series. The dashed line indicates the minimum σPEO to transfer the PS‒PEO
polymersomes completely from [EMIM][TFSI] phase to the aqueous phase.

We assumed that the Rh of the polymersomes are around 100 nm to calculate the

parameter (σPEO). However, σPEO is also a function of Rh, as shown in eqn 4‒1. In other

words, the phase transfer should be controllable by simply varying the polymersome size.

For PS‒PEO(18‒2.5), PS‒PEO(18‒3), and PS‒PEO(18‒3.6) polymersomes, σPEO was

calculated as a function of polymersome size by eqns 4‒1 and 4‒2, and the results are
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Figure 4‒8. The volume fraction of PEO (fPEO) needed to have σPEO = 3.58 as a function
of Mn of PS with Rh = 100 nm of a polymersome.

Figure 4‒9. Estimated σPEO by varying the size of the PS‒PEO polymersomes. Red line
indicates the boundary of the phase transfer for the polymersomes. Above the line, the
polymersomes can transfer to the aqueous phase, but below the line, the transfer is not
possible. Images on the right are the biphasic systems having different Rh in
[EMIM][TFSI] after contacting water for 24 h.
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shown in Figure 4‒9. As the polymersome size increases, σPEO also gradually increases.

Most of the σPEO values for PS‒PEO(18‒3) and PS‒PEO(18‒3.6) polymersomes are

above the critical σPEO ~ 3.58 over the range of Rh from 70 nm to 200 nm, but the values

for PS‒PEO(18‒2.5) intersect the line with σPEO ~ 3.58. To test this result, two

PS‒PEO(18‒2.5) polymersome samples with different Rh were prepared by varying the

initial content of the co-solvent dichloromethane, to obtain different σPEO values. Two

PS‒PEO(18‒2.5) polymersome samples were prepared with 60 and 30 vol % of

dichloromethane, respectively, and designated as PS‒PEO(18‒2.5)-60 and

PS‒PEO(18‒2.5)-30 based on the initial content of dichloromethane. After complete

removal of co-solvent, the average Rh of PS‒PEO(18‒2.5)-60 was 169 nm (with

dispersity, μ2 /Г2 = 0.22), and that of PS‒PEO(18‒2.5)-30 was 186 nm (μ2 /Г2 = 0.49) in

[EMIM][TFSI]. With the mean Rh values of PS‒PEO(18‒2.5)-60 and PS‒PEO(18‒

2.5)-30, σPEO was calculated as 3.556 for PS‒PEO(18‒2.5)-60, and 3.591 for PS‒PEO(18‒

2.5)-30. These two values are on the opposite phase across the boundary line, σPEO ~ 3.58.

Interestingly, whereas the smaller polymersomes (PS‒PEO(18‒2.5)-60) show incomplete

transfer, the larger polymersomes (PS‒PEO(18‒2.5)-30) show complete transfer as

shown in the experimental images in Figure 4‒9. This significant difference in the phase

transfer was also reproduced in the case of PS‒PEO(10‒2) polymersomes, as shown in

Figure 4‒10, when the size was increased by the decreasing the initial co-solvent content

from 60 to 30 vol %. The dependence of phase transfer on the size of the polymersomes

therefore supports the hypothesis that the phase transfer is strongly affected by the

hydrophobic surface coverage by the hydrophilic moiety, represented by σPEO.

Experimentally, we have studied on other system with polybutadiene-b-poly(ethylene

oxide) (PB‒PEO) polymersomes.23,25 Polymersomes were transferable from the IL phase

to water, such as PB‒PEO(14‒4.5), PB‒PEO(9‒3) and PB‒PEO(7‒2). They have higher

tethering density than 3.58. This result is consistent with the hypothesis, thus the value of
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3.58 may be applicable to other systems as the critical value, because the tethering

density generally gives the guideline to describe the degree of hydrophobic membrane

coverage by corona chains.

Figure 4‒10. Experimental images of PS‒PEO(10‒2) polymersome transfer in the
biphasic water/[EMIM][TFSI] system. The polymersomes in the IL were prepared by the
co-solvent method with the initial dichloromethane content 60 vol % and 30 vol %,
respectively. The images were taken after contacting water for 24 h.

The total free energy (Gtot) in one phase can be written as a summation of the free

energy cost from the interface of the polymersomes (Ginterface), the contribution of the

membrane (Gmembrane) and the corona chains (Gcorona). During the phase transfer process,

Gtot change can be described by

ILtot,watertot,tot GGG  ,                     (4‒3)

where Gtot,water, and Gtot,IL are the total free energy of a polymersome in the water and IL

phases, respectively. In terms of Gmembrane, Ginterface, and Gcorona, eqn 4‒3 can be

summarized as
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coronainterfacemembranetot GGGG  .               (4‒4)

When ΔGtot < 0, polymersomes are transferrable, but when ΔGtot > 0, polymersomes

prefer the IL to the aqueous phase, and do not transfer. Since the dimensional change of

the membrane is negligible during the phase transfer,23 the sign of ΔGtot is determined by

the competition between interface (ΔGinterface) and corona (ΔGcorona) terms. ΔGinterface for a

polymersome can be described as47

AAG  )( IL-PSwater-PSinterfaceinterface  ,            (4‒5)

where A is the outer surface area of a polymersome, and γPS-water and γPS-IL are the

interfacial tensions between the PS membrane and water or IL, respectively. ΔGcorona for

a mole of ethylene oxide (EO) units (ΔGEO) was estimated to be about ‒0.61 kJ/mol

based on the enthalpy (ΔHcorona) and entropy (ΔScorona) for the phase transfer of PB‒PEO

micelles,19 and for a polymersome, ΔGcorona can be evaluated by

EO
EO

PEOagg
corona 2

G
M
MN

G  , (4‒6)

where MPEO and MEO are the molecular weights of the PEO block and EO unit,

respectively. Since the corona chains on the inside are always in contact with IL, only the

contribution of the corona chains on the polymersome exterior was considered, as

indicated by factor of 2 in denominator. To evaluate Δγinterface, ΔGtot for PS‒PEO(18‒2.5)

polymersomes is assumed to be 0 at around Rh = 180 nm, where the boundary line meets

the estimated σPEO of PS‒PEO(18‒2.5) as a function of Rh. The calculated Δγinterface is
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around 17 mN/m, which is a reasonable value. The estimated ΔGtot can therefore

successfully explain the phase transfer behavior of PS‒PEO polymersomes. As the Mn of

PEO increases, ΔGtot decreases linearly, and becomes negative at round 2700 g/mol

(Figure 4‒11a), which was estimated from the phase diagram with σPEO (Figure 4‒8).

Then, ΔGtot decreases, as a function of Rh, and the sign changes from positive to negative

at Rh = 180 nm (Figure 4‒11b). The Rh dependent ΔGtot also corresponds well with the

experimental result and σPEO predictions in Figure 4‒9. Through this thermodynamic

analysis, the phase transfer can therefore be described as a competing process between

the negative ΔGcorona and the positive ΔGinterface.

Figure 4‒11. Total free energy difference (ΔGtot) during the phase transfer of a mole of
polymersomes from [EMIM][TFSI] to water as a function of (a) the molecular weight of
PEO (Mn of PEO), and (b) the hydrodynamic radius of PS‒PEO(18‒2.5) polymersomes
(Rh) at around 50 °C.

This analysis demonstrates that the interfacial tension between the hydrophobic

membrane interface and the aqueous phase (γPS-water) plays an important role in the

transfer from a hydrophobic ionic liquid to water. To test this further, and to vary γPS-water,

the aqueous phase was selectively tuned by adding THF. Although THF is miscible with
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both [EMIM][TFSI] and water, [EMIM][TFSI]/water/THF mixtures form a biphasic

system. To visualize the two phases, the aqueous phase was selectively stained by

fluorescein sodium salt as shown in Figure 4‒12. The selectivity of THF was measured

with 1H NMR spectroscopy, by comparing the relative intensity of peaks from THF and

[EMIM][TFSI] before and after contacting water, and the result confirmed that over 80%

of the THF is in the aqueous phase. As shown in Figure 4‒9, PS‒PEO(18‒2.5)-60

polymersomes cannot be transferred from the IL phase to the aqueous phase without the

addition of THF. However, as the THF content increased, the IL phase became clear,

while the aqueous phase turned cloudy (Figure 4‒13). With 15 vol % THF, all of the

polymersomes transferred to the aqueous phase. With 10 vol % THF in the aqueous

phase, the bottom phase is still turbid with a transmittance of 0.28, but with 15 vol %

THF, the transmittance is 0.99 as shown in Figure 4‒14a, which is the same as the solid

line from pure [EMIM][TFSI]. This step change also was confirmed by the scattered

intensity change of the bottom phase, as shown in Figure 4‒14b. The scattered intensity

dropped by a factor of 50 with 15 vol % THF, and was comparable with the scattered

intensity of pure IL. Since the scattered intensity is proportional to the number of

scatterers in a solution if the polymersomes are identical in size, almost half of

polymersomes (~ 40%) transferred to the aqueous phase in the transition from 10 to 15

vol % THF. The transmittance and scattered intensity measurements indicate that more

than 10 vol % THF in the aqueous phase renders “non-transferable” polymersomes

completely transferable.

According to the cryo-TEM images shown in Figure 4‒15, even at 20 vol % THF, the

polymersomes retain their vesicle morphology with the same membrane thickness (d = 22

± 3 nm) as the polymersomes without THF addition (d = 22 ± 3 nm). The cryo-TEM

results indicate that there was no significant conformational change after adding THF into

the biphasic system, and that Gmembrane and Gcorona did not change significantly. However,
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Ginterface is sensitive to the change of the interfacial tension between the PS membrane and

the solvent quality because Ginterface is proportional to the interfacial tension (γ). THF is

more compatible with PS than water, as the solubility parameters indicate δPS = 18.6

MPa1/2
, δwater = 47.9 MPa1/2, δTHF = 18.7 MPa1/2. Therefore, as the THF content increases,

γPS-water decreases, and Gtot becomes less in the water/THF phase than in the IL.

Experimentally, the decrease of γPS-water with increasing THF content in water has been

studied by Seo and co-workers via the contact angle of water/THF mixture droplets on PS

films.48 In Figure 4‒16, an estimate of γPS-water based on the harmonic-mean equation was

plotted as a function of THF content in the aqueous phase.

Figure 4‒12. (a) Chemical structure of fluorescein sodium salt, and (b) Image of the
biphasic system of [EMIM][TFSI] (0.7 mL) and water/THF (0.7 mL, 80/20 in volume).
The upper phase was stained by fluorescein salt selectively.

Figure 4‒13. Images of PS‒PEO(18‒2.5) polymersomes in the biphasic [EMIM][TFSI]
(bottom phase) and water/THF (upper phase) system. The composition of the upper phase
was varied from 0 to 20 vol % THF.
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Figure 4‒14. THF volume fraction dependence of (a) transmittance, and (b) scattering
intensity of the IL phase of the biphasic [EMIM][TFSI]/(water/THF) system containing
PS‒PEO(18‒2.5) polymersomes.

Figure 4‒15. Cryo-TEM images of PS‒PEO(18-2.5) polymersomes in the aqueous phase
at 0 vol. %, 5 vol. %, and 20 vol. % of THF addition. Scale bar is 500 nm, and the white
arrows point the polymersomes. (scale bars: 500 nm)
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Figure 4‒16. Interfacial tension (γ) between the bulk polystyrene and the mixed
water/THF mixture dependence on the volume fraction of THF.

Figure 4‒17. Effect of THF volume fraction on the average hydrodynamic radius (Rh) of
PS‒PEO(18‒2.5) polymersomes in (a) water/THF phase, and (b) [EMIM][TFSI] phase.

As some cloudiness in the upper phase is evident in Figure 4‒13 even with less than

15 vol % THF, some of the polymersomes in the IL phase transferred to the aqueous

phase. The upper phase and the bottom phase were sampled, and DLS measurements

were conducted to analyze the size of polymersomes in each phase. The average Rh in the

aqueous phase decreases from around 240 nm to a constant Rh around 170 nm (Figure
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4‒17a), whereas the mean Rh of the polymersomes in the bottom phase also decreases

slightly, as shown in the inset of Figure 4‒17b. These results indicate that only the larger

polymersomes are selectively transferrable at low THF content, while smaller

polymersomes cannot transfer due to the higher barrier from γPS-water. The selective phase

transfer in polymersome size is consistent in terms of σPEO. According to eqn 4‒1 and

Figure 4‒9, σPEO is larger for the bigger polymersomes than the smaller ones. With high

content of THF, PEO corona does not need to protect the PS membrane as much for the

phase transfer due to the reduced interfacial tension. In the polydisperse vesicle solution

(the dispersity from DLS was 0.22), the larger polymersomes can move to the aqueous

phase at low THF content, but the smaller ones cannot.

4.4 Conclusions

Interfacial tension-hindered phase transfer of PS‒PEO polymersomes from an ionic

liquid to water was demonstrated, by varying the block lengths of PS‒PEO, the

polymersome size, and the organic solvent content in the aqueous phase. It was found

that the hydrophobic PS membranes were more shielded by the PEO corona chains when

the polymersome size was larger. The fraction fPEO necessary for phase transfer was also

examined, with the proposed reduced tethering parameter σPEO indicating the extent of the

PS membrane protection from the aqueous medium. Furthermore, we found that the

phase transfer can be controlled by tuning the interfacial tension between the membrane

and the aqueous phase. The phase transfer driven by the organic solvent addition was

explained by the decrease of the interfacial tension between PS and water/THF as the

THF content increased. The results demonstrate that the phase transfer of polymersomes

with PEO coronas can be hindered by the interfacial tension between the hydrophobic

membrane and the aqueous phase, and also indicate that the phase transfer of
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self-assembled polymersomes can be controlled by tuning the block copolymers,

changing the dimension of the polymersomes, or the quality of the aqueous medium

toward hydrophobic membrane. Furthermore, the phase transfer behavior was analyzed

thermodynamically with the free energy difference of the polymersomes in

[EMIM][TFSI] and water, and was shown to be a competition between the free energy of

the corona and the interface. The interfacial tension-hindered phase transfer of

polymersomes in the water/[EMIM][TFSI] system provides useful information to design

temperature sensitive and reversible nanoreactors, as well as extraction and separation

processes, in biphasic systems.
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Chapter 5

Fractionation of Vesicles from Mixtures of

Vesicles and Worm-like Micelles by Interfacial

Tension-Controlled Phase Transfer

5.1 Introduction

Amphiphilic diblock copolymers in selective solvents have been reported to self-

assemble into more than 20 morphologies, including spherical micelles, worm-like

micelles, vesicles, and large compound micelles.1‒6 Multimorphological self-assembly of

polymers in water, organic solvents, and ionic liquids (ILs) offers considerable potential

to adapt copolymers for a range of applications in the areas of biotechnology, catalysis,

and separations.7‒12 In many applications, however, not only the type of morphology, but

also the average size and size distribution affects performance.13‒15 For example, the

encapsulation efficiency of a hydrophobic drug is greater in worm-like micelles relative

to spherical micelles of poly(styrene oxide)-b-poly(ethylene oxide) diblock copolymers.16

In the systems with vesicles or polymersomes, the reaction rate of chemical reactions and

the blood circulation time for drug delivery are significantly influenced by the size.17‒19

Therefore, strategies to control the morphology and the size are highly desirable.

To achieve specific self-assembled morphology and size, many approaches have been

studied and proposed. The morphology can be controlled by varying the volume fraction

of hydrophilic block, the quality of selective solvents, polymer concentration, preparation

protocol and by an external stimulus.20‒24 These factors also affect the size.25‒28 Eisenberg

group studied the size changes by varying co-solvent content,25 and also morphology
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changes from micelles to vesicles by varying co-solvent content,29 and block ratio.12

Davies et al. demonstrated an interesting morphology transform between vesicles and

wormlike micelles depending on temperature.21 They employed an acid additive in a lipid

solution. Since the interaction between the additive and lipid molecule is stronger at

higher temperature, the packing was loosened between the hydrophobic tails of the lipid,

and the spontaneous morphology changes was observed. Moreover, using separation

techniques, such as chromatography, extrusion, centrifugation, and field-flow

fractionation techniques, the aggregates can be separated based on their size.30‒33

Table 5‒1. Characteristics of PS‒PEO diblock copolymers.

Polymer MPS
a (kg/mol) MPEO

b (kg/mol) Ðc fPEO
d

PS‒PEO(10‒3) 9.8 2.9 1.06 0.24

PS‒PEO(18‒3.6) 18.4 3.6 1.01 0.17
a,b Number average molecular weight of the ω-hydroxyl polystyrene homopolymer (PS-
OH), and PEO block obtained from 1H NMR spectroscopy, respectively. c Dispersity (Mw
/Mn) of PS‒PEO determined by SEC. d Volume fraction of PEO block in PS‒PEO block
copolymers calculated by using the bulk density of PS (ρ = 1.05 g/cm3) and PEO (ρ =
1.13 g/cm3).

Our group has studied the phase transfer behavior of polymer vesicles

(polymersomes) and micelles having poly(ethylene oxide) (PEO) moieties in the biphasic

systems of water and water immiscible ILs.34‒36 The low critical solution temperature

(LCST) behavior of PEO in water makes the system thermally responsive and

reversible.37 Above the phase transfer temperature (Tt), the self-assemblies transfer to the

IL phase, but below Tt, they prefer the aqueous phase. During the transfer process

between two immiscible phases, the morphology of the polymersomes and micelles is

unperturbed; similarly, the polymersomes retain the IL interiors without any loss.38,39
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These characteristics of the phase transfer could have potential application in separations,

delivery of hydrophobic materials, and reversible nanoreactors. However, the phase

transfer in the biphasic system is not always feasible, and is influenced by the interfacial

tension between the aqueous solvent and the polymersome membrane block.40

The phase transfer behavior of various polystyrene-b-poly(ethylene oxide) (PS‒ PEO)

polymersomes between water and IL, 1-ethyl-3-methylimidazolium bis(trifluoro-

methylsulfonyl) imide ([EMIM][TFSI]) has been presented as a competition between the

free energy of the PEO corona and the free energy of the outer interface of the PS

membrane. In this chapter, by using the interfacial tension-hindered phase transfer

behavior, we propose a simple fractionation method to extract a specific morphology and

size of self-assemblies of PS‒PEO. Broadly dispersed polymersomes were fractionated

based on their size, and polymersomes were selectively separated from a mixture of

worm-like micelles and polymersomes.

5.2 Experimental Section

5.2.1 Materials. Two different PS‒PEO diblock copolymers, PS‒PEO(10‒3) and

PS‒PEO(18‒3.6), were synthesized via sequential anionic polymerization, corresponding

to number-average molecular weights (Mn) of PS Mn,PS = 9.8 or 18.4 kg/mol, and PEO

Mn,PEO = 2.9 or 3.6 kg/mol, as shown in Table 5‒1. The ionic liquid, [EMIM][TFSI] was

synthesized in water as described previously.41 Sodium chloride (NaCl) was purchased

from Sigma Aldrich, and dichloromethane (CH2Cl2) was purchased from Fisher

Scientific, and they were used as received.

5.2.2 Phase Transfer of PS‒PEO Assemblies at Different NaCl Concentration. A

solution of PS‒PEO was prepared by a co-solvent protocol. Weighed polymers were

dissolved in CH2Cl2 followed by addition of [EMIM][TFSI], and vacuum to yield 0.5 wt

% in the IL after the co-solvent is removed. Phase transfer of PS‒PEO assemblies was
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conducted by adding an equal volume of water or NaCl solution to an [EMIM][TFSI]

solution of PS‒PEO. NaCl has poor solubility in [EMIM][TFSI],42,43 but is highly soluble

in water. The NaCl concentration in water was varied from 0 to 0.2 M to control the

surface tension of the aqueous phase. It is well known that the surface tension (γ) of an

aqueous solution rises linearly,44 and the solvent quality for PEO becomes poorer with

the concentration of NaCl; for example, the LCST of PEO in water decreases in salted

water.45 Two immiscible phases were contacted for at least 24 h with gentle stirring (~

100 rpm).

5.2.3 Light Scattering. The aqueous phase after the phase transfer was separated and

diluted over 150-fold and filtered through a syringe filter (Millex-SV 5.0 µm) for

scattering intensity and dynamic light scattering (DLS) experiments. The measurements

were conducted using a light scattering system with a Brookhaven BI-200SM

goniometer, a Brookhaven BI-9000AT correlator, and a polarized He-Ne laser (λ = 637

nm) at 25 °C. The scattering intensity was recorded in units of kcps (kilo counts of

scattered photons per second). The hydrodynamic radius (Rh) and the dispersity (μ2/Г2,

μ2: second cumulant, Г: mean decay rate) of polymersomes were obtained using cumulant

analysis with the normalized intensity correlation function. The size distribution of the

polymersomes was obtained using a Laplace inversion program, GENDIST for the

REPES (Regularized Positive Exponential Sum) algorithm.46,47

5.2.4 Cryogenic Transmission Electron Microscopy (cryo-TEM). The morphology

and the size of PS‒PEO assemblies in each phase were directly investigated with cryo-

TEM. The cryogenic samples were prepared in a FEI Vitrobot Mark III vitrification robot

with 0.3 μL of solution. Samples placed on a carbon-coated and lacey film-supported

copper TEM grid were plotted once during 1.5 s with ‒1 mm of blot offset, and 3 s drain

time. For viscous samples, such as IL solution of polymersomes, the manual blotting was

applied before blotting with the vitrification robot. After blotting, the samples were
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vitrified in liquid ethane (~ –180 °C), then quickly moved and stored in liquid N2. The

images were taken using a FEI Tecnai G2 Spirit BioTWIN, operating at 120 kV under

liquid N2 cryo conditions with an Eagle 4 mega pixel CCD camera. The size of the

assemblies were analyzed using ImageJ software without any background substractions.

Figure 5‒1. Images of [EMIM][TFSI] (bottom phase) and aqueous NaCl solution (upper
phase) biphasic system with PS–PEO(18–3.6) polymersomes. The concentration of NaCl
in the upper phase was varied from 0 M to 0.2 M. The images were taken after contacting
the two phases for at least 24 hr. Initially, all of the polymersomes were in the IL phase,
as in the image at 0.2 M NaCl.

Figure 5‒2. Cryo-TEM images of PS‒PEO(18‒3.6) polymersomes in [EMIM][TFSI]
before contacting the aqueous phase. Scale bars, 200 nm.
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Figure 5‒3. Scattered intensity of the upper phase after diluting to 0.01 wt. % at different
NaCl concentration with 637 nm He-Ne laser at 90° under 20 mW.

5.3 Results and Discussion

Previously, we have shown that non-transferrable PS‒PEO polymersomes could transfer

to the aqueous phase, if the interfacial tension between PS and the aqueous phase (γPS-

water) was reduced by introducing tetrahydrofuran (THF) to the aqueous phase.41 Here, in

contrast, γPS-water was increased by adding NaCl, and larger polymersomes were

preferentially transfered. As shown in the cryo-TEM image of Figure 5‒2, with

PS‒PEO(18‒3.6), polymersomes are preferentially formed in [EMIM][TFSI], though

there are some spherical micelles. Bright regions represent the PS membrane and core,

but the well-solubilized PEO corona in the IL is not visible. The broadly dispersed

polymersomes in the IL were contacted with aqueous phases with various NaCl

concentrations from 0 M to 0.2 M for the phase transfer. After at least 24 h, the phase

transfer of the assemblies reached a steady state under equilibrium as shown in Figure

5‒1. Figure 5‒1 clearly shows the cloudiness changes of the aqueous phase and the IL

phase as a function of the salt concentration. Without NaCl, all of the polymersomes were

transferred to the top water phase from the IL phase, and the bottom IL phase turned

clear. As the salt concentration was increased, the cloudiness of the aqueous phase
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decreased and the aqueous phase became clear at 0.2 M NaCl, whereas the cloudiness of

the IL phase increased. Figure 5‒3 shows the scattered intensity of the diluted aqueous

phase. The scattered intensity diminishes with the salt concentration and becomes the

same as that without polymers (~ 2 kcps). The visible cloudiness trend (Figure 5‒1) and

the scattered intensity of the aqueous phase (Figure 5‒3) clearly indicate that the

increased surface tension influenced in the phase transfer of PS‒PEO(18‒3.6)

polymersomes. The self-assembled structures and their dimensions are not changed

during phase transfer even with the aqueous solution of NaCl, isomaltotriose, and THF as

shown in the literature,40,48 because they are “frozen”, and not able to equilibrate during

transfer. The following DLS results with PS‒PEO(18‒3.6) at different NaCl

concentrations also support that the size was not changed by the salt concentration. An

aliquot of a 0.5 wt. % aqueous solution of PS‒PEO(18‒3.6) polymersomes was diluted to

0.01 wt. % with pure water, 0.05 M NaCl, and 0.1 M NaCl solution, respectively, to see

the effect of added NaCl on the size of the PS‒PEO polymersomes. Rh and μ2/Г2 were not

changed with salt concentration as Rh = 114 nm (± 0.9 nm), μ2/Г2 = 0.19 (± 0.01) in pure

water, Rh = 116 nm (± 0.9 nm), μ2/Г2 = 0.19 (± 0.01) at 0.05 M NaCl, and Rh = 114 nm (±

0.5 nm), μ2/Г2 = 0.18 (± 0.02) at 0.1 M NaCl. Moreover, since the samples were diluted

over 150 times in pure water to analyze the size of the upper phase with the DLS

measurement, the effect of NaCl on the size of polymersomes is negligible when

comparing the size of the polymersomes.

As shown in Figure 5‒4, the average Rh of the polymersomes in the aqueous phase

increases from 97 nm to 130 nm (Figure 5‒4a), but μ2/Г2 decreases from 0.2 to 0.1

(Figure 5‒4b), when the concentration of NaCl changed from 0 M to 0.1 M. By

controlling the surface tension of the aqueous phase in the biphasic system, more

narrowly dispersed and larger polymersomes were selectively separated. This

fractionation was also quantified by using cryo-TEM images (some are in Figure 5‒5)
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used to determine the distribution of polymersome size (Figure 5‒6) from measurements

of more than 550 polymersomes with the aqueous solutions at 0 M and 0.1 M NaCl. The

mean of the distribution moves to larger polymersome radius (R) and the polymersomes

below R = 50 nm disappear. The size distribution was fitted with a lognormal distribution

function,49 and the fitting parameters, average radius (<R>) and standard deviation (w)

were obtained. The absolute values of <R> are different than Rh because the number

averaged value <R> is always smaller than the scattered intensity weighted Rh for

polydispersed sample, but it is clear that relatively larger polymersomes could be found at

higher NaCl concentration, as shown in the distributions. <R> increased from 65 nm (w =

32 nm) to 87 nm (w = 28 nm), and the dispersity value (w/<R>) analogous to μ2/Г2 in

DLS, decreased from 0.24 to 0.10.

Figure 5‒4. The variation of (a) Mean hydrodynamic radius (Rh) of the polymersomes in
the upper phase, and (b) their size dispersity (μ2/Г2) at different NaCl concentration from
the DLS measurement.
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Figure 5‒5. Cryo-TEM images of PS‒PEO(18‒3.6) polymersomes in the aqueous phase
of (a) 0 M NaCl, and (b) 0.1 M NaCl, respectively, from the IL phase by the transfer. Dark
dots in (b) are from ethane contamination. Scale bars, 500 nm.

Figure 5‒6. Size distribution of PS–PEO(18–3.6) assemblies from cryo-TEM images.
The cryo samples were prepared with the aqueous solution of the biphasic system
without NaCl and with 0.1 M NaCl.
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The fractionation based on the size can be explained by the total free energy change

(ΔGtot) of the self-assemblies. ΔGtot can be written as a summation of three contributions

from the membrane interface (ΔGinterface), the membrane or micelle core (ΔGcore), and the

corona (ΔGcorona) as50

coronainterfacecoretot ΔΔΔΔ GGGG  . (5‒1)

Depending on the sign of ΔGtot, the phase transfer behavior can be estimated. When it is

negative, the self-assemblies can transfer to the aqueous phase, but when it is positive,

complete phase transfer does not happen. Here ΔGtot can be simplified to two competing

terms, positive ΔGinterface and negative ΔGcorona, due to negligible dimensional changes of

the assemblies as51

coronaIL-PSwater-PScoronainterfacetot Δ)(ΔΔΔ GAγγGGG  , (5‒2)

where A is the outer surface area of an assembly, and γPS-water and γPS-IL are the interfacial

tension between PS core membrane and water or the IL, respectively. As NaCl

concentration increases, γPS-water increases, and therefore the interfacial tension penalty,

ΔγInterface = γPS-water ‒ γPS-IL increases, and ΔGcorona also increases due to increased

hydrophobicity of PEO in the aqueous phase.45 To have phase transfer at high salt

concentration, the increased interfacial tension penalty should be mitigated by covering

the hydrophobic core more by corona chains. The degree of the coverage can be

quantified by the reduced tethering density (σPEO) which is defined as52,53

SπRσ /2
PEOg,PEO  , (5‒3)
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where Rg,PEO is the radius of gyration of the PEO single chain, and S is the unit area per

PS chain on the PS core or membrane, calculated by

agg/NAS  (5‒4)

where A is the total surface area of PS core or membrane and Nagg is the aggregation

number. Depending on geometry, A can be determined and described by following

equations

Aspherical = 4πRc
2

, (5‒5a)

Aworm-like = 2πRcL, (5‒5b)

and

Apolymersome = 8πR2, (5‒5c)

where Rc is the core dimension radius for worm-like and spherical micelles, R in eqn

5‒5c is the radius of polymersomes excluding outer corona length. L in eqn 5‒5b is the

length of worm-like micelles. Nagg can be calculated from the equation,54

PSn,

APS
agg M

NρVN c , (5‒6)

where Vc is volume of polymersome membrane or micelle core, NA is Avogadro’s

number, and Mn,PS is the number averaged molecular weight of PS block. The density of

PS membrane is assumed to be ρPS = 1.05 g/cm3, the same as the bulk density of PS.55

We showed that σPEO has a critical value to determine the phase transfer of PS‒PEO

polymersomes, σPEO,c. The polymersomes can transfer above σPEO,c, but not below. As the

salt concentration increases σPEO,c is expected to shift to a higher value due to the
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Figure 5‒7. (a) Size distribution of PS–PEO(18–3.6) assemblies in the aqueous phase
measured by DLS, and (b) Reduced tethering density (σPEO) with the cut-off size at
various NaCl concentration from 0 M to 0.1 M. The line is a proposed boundary line for
the phase transfer, and the values (★) represents σPEO of the polymersomes (4.9) and the
worm-like micelles (4.0) of PS–PEO(10–3).

increased interfacial tension penalty. As a result polymersomes having σPEO less than a

new σPEO,c would not undergo phase transfer. New σPEO,c values at different salt

concentrations were estimated based on the size distribution from the DLS measurements

(Figure 5‒7(a)). The minimum size from the main peaks, which can be considered as a

cut-off size of the polymersomes, was selected at each concentration in Figure 5‒7(a),

and the corresponding σPEO values were calculated using eqn 5‒3. As expected from the

thermodynamic analysis, the calculated σPEO (■) at the minimum size increased with the

concentration of NaCl from 3.9 to 4.7. Especially, the values within the range from 0.05

M to 0.1 M NaCl fall on a single straight line as shown in Figure 5‒7(b), but the value at

0 M NaCl is off from the straight line. This trend is reasonable because only σPEO,c in pure

water is well below the σPEO values of all polymersomes, whereas others at higher NaCl

content are in the range of the polymersomes’ σPEO values. Therefore, σPEO values above

0.05 M NaCl with the minimum size of the polymersomes can be considered as new

σPEO,c values, and the straight line can be considered as a phase transfer boundary as a
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function of the concentration of NaCl. Interestingly, the intercept of the boundary line is

around 3.6 corresponding to the universal value reported before in pure water,40,52 so it is

a plausible method to estimate σPEO,c.

Using the relation between σPEO,c and the NaCl concentration (Figure 5‒7b),

PS‒PEO(10‒3) polymersomes and worm-like micelles could be separated.

PS‒PEO(10‒3) polymers in [EMIM][TFSI] self-assembled into two different

morphologies, polymersomes and worm-like micelles, as shown in Figure 5‒8.

Cloudiness was also used to determine the phase transfer of two kinds of assemblies,

because a solution is cloudy in the presence of large assemblies. 56 As shown in the

experimental images (Figure 5‒9), at 0 M NaCl, all of the assemblies transferred to the

top water phase from the IL phase, and the bottom IL phase turned clear. After the phase

transfer, PS‒PEO(10‒3) assemblies also maintained their polymersome and worm-like

micelle structures, as shown in Figure 5‒10a. Considering the medium of the

polymersome solution changes from the IL to water, the phase contrast in the image is

changed due to the electron density difference; the dark interiors represent the

encapsulated IL phase, the gray domains represent the PS membrane and micelle core,

and the aqueous medium is lighter than the IL and PS cores. With the dimensional

information from the TEM images (Figure 5‒10a), σPEO values could be calculated that

σPEO of the polymersomes (<R> ≈ 51 nm) is around 4.9, whereas the calculated σPEO of

the worm-like micelles is around 4.0. To have selective phase transfer of the

polymersomes, σPEO,c was set around 4.5, which is between the σPEO values of the

polymersomes and the worm-like micelles, by varying the NaCl content to 0.08 M NaCl

(see the values (★) of worm-like micelle and polymersomes in Figure 5‒7b). As the salt

content increased, the aqueous phase became less cloudy, whereas the IL phase turned

cloudy (Figure 5‒9). This visible cloudiness change in each phase clearly show that the

controlled σPEO,c was effective on the phase transfer of PS‒PEO(10‒3) assemblies. To
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investigate the morphology of self-assemblies in the aqueous and IL phase after

controlling σPEO,c, the vitrified samples were prepared and imaged by the cryo-TEM.

When the concentration of NaCl was increased to 0.08 M, only polymersomes could be

seen in the aqueous phase, but worm-like micelles were not observed, as shown in Figure

5‒10b. Interestingly, as shown in Figure 5‒10c, the non-transferred worm-like micelles

were mainly found in the cryo-TEM image of the IL phase at 0.08 M NaCl. Some

polymersomes can also be found, but they have relatively smaller size (<R> = 38 nm,

σPEO ~ 4.5), which were rejected by the shifted σPEO,c, compared to the transferred

polymersomes (<R> = 57 nm, σPEO ~ 5.1). Thus, the worm-like micelles could not

transfer to the aqueous phase and remained in the IL phase due to the shifted σPEO,c, while

polymersomes having higher σPEO than the new σPEO,c ~ 4.5 could transfer to the aqueous

phase. Therefore, the phase transfer boundary obtained from PS‒PEO(18‒3.6)

polymersome case was successfully applied to a different system having different

molecular weight and morphologies.

Figure 5‒8. Cryo-TEM images of PS‒PEO(10‒3) polymersomes and worm-like micelles
in [EMIM][TFSI] before contacting the aqueous phase. Scale bar is 200 nm.
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Figure 5‒9. Images of PS‒PEO(10‒3) polymersome in [EMIM][TFSI] (bottom phase)
and aqueous NaCl solution (upper phase) biphasic system. The concentration of NaCl in
the upper phase were varied from 0 M to 0.08 M.

Figure 5‒10. Cryo-TEM images of PS–PEO(10‒3) assemblies in (a) the aqueous phase at
0 M NaCl, (b) the aqueous phase and (c) the IL phase at 0.08 M NaCl after contacting the
IL solution of PS–PEO(10‒3) assemblies with the aqueous solution at least 24 hr. Scale
bars, 200 nm.

In addition to the fractionation, this interfacial tension-controlled phase transfer can

also be used to have the assemblies transfer back to the IL phase at room temperature.

When NaCl was added (the target concentration in the aqueous phase was 0.5 M NaCl) to

the biphasic system after the complete phase transfer, all of the PS–PEO assemblies

reversely transferred to the IL phase from the aqueous phase, as shown in Figure 5‒11.

With the combination of the phase transfer “from the IL to water” and “from water to the

IL”, the finely selected assemblies in size possibly can be obtained.
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Figure 5‒11. Experimental images and schemes of reverse-phase transfer of
PS‒PEO(18‒3.6) / PS‒PEO(18‒2.5) polymersomes by adding NaCl to the biphasic
system of the IL and water. The polymersomes solution was prepared by using 4:7
mixture of PS‒PEO(18‒3.6) and PS‒PEO(18‒2.5) in weight ratio. At room temperature,
with gentle stirring which keep two immiscible phases, all of the polymersomes could be
recovered to the IL phase.

5.4 Conclusions

In summary, we have applied the phase transfer behavior of PS–PEO in the biphasic

system to a new simple fractionation process depending on the size and morphology of

the assemblies. The increased surface tension of the aqueous phase could increase the

interfacial penalty for the phase transfer, and shift the necessary value of σPEO,c to a

higher value. The shifted boundary was proposed on the basis of the result of the

polymersome size-fractionation, and successfully applied to the separation of the

polymersomes from a mixture of polymersomes and worm-like micelles. This

fractionation method is a new approach to achieve a desired morphology and size of

assembly by simply controlling the salt content in the aqueous phase. This new

fractionation technique has potential to be applied to the fields of biotechnology and

reversible nanoreactors system.
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Chapter 6

Concluding Remarks

6.1 Summary

The objective of this thesis is to understand transportation phenomena with the

nanoemulsion-like polymersomes for a biphasic system of water and ionic liquids, and to

provide grounding information in “nanoreactor” applications. Block copolymer vesicles

possessing poly(ethylene oxide) coronas, such as from 1,2-polybutadiene-b-poly(ethylene

oxide) (PB‒PEO) and polystyrene-b-poly(ethylene oxide) (PS‒PEO) block copolymer,

show reversible phase transfer between a hydrophobic ionic liquid and water, depending

on temperature. The polymersome shuttle system with ionic liquids has several

advantages for reactions in terms of process and efficiency. First, catalysts and ionic

liquids can be recovered after the reactions. Second, additional separation processes for

the products are not necessary since they can be obtained simultaneously with recovering

the nanoreactors. Third, the proposed reaction process is environmentally benign and cost

effective because volatile organic solvents are not used during the reaction process, and

the amount of the encapsulated ionic liquid as a solvent for the reaction is only a few

percent of the aqueous medium. Fourth, the confined ionic liquid interior can enhance the

catalyst activity, stability, and reaction selectivity.

Two different kinds of transport behaviors are involved to realize various reactions

using the nanoemulsion-like polymersomes; one is permeability of molecules through the

polymersome membrane, and the other is phase transfer of the ionic liquid-filled

polymersomes between two immiscible phases. Polymersome size is an important
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parameter for the transportation studies, since both molecular permeation and

polymersome transfer are affected by size.

Two general approaches, mechanical and kinetic, to control the size were proposed

for polymersomes having rubbery (PB) or glassy (PS) hydrophobic blocks. For the

mechanical process, extrusion through a membrane was employed with the polymersome

solution formed from the “thin film hydration” protocol. As the solution was pushed

through the membrane, relatively large polymersomes were broken up and reorganized

into vesicles with mean size comparable to the membrane pore (100 nm radius); the

width of the size distribution also decreased significantly with subsequent passes. Kinetic

processes were studied using the co-solvent method, whereby the initial content of the co-

solvent and the PEO block length of PS‒PEO were systemically changed. The

dichloromethane co-solvent was selectively evaporated from the ionic liquid/

dichloromethane/polymer solution under vacuum. The non-volatility of the ionic liquid

directly led to the desired concentration of polymersomes in the ionic liquid using a

single step, without the dialysis conventionally used in aqueous systems. With increased

amounts of dichloromethane or a longer PEO block, the diameter and size dispersity

decreased.

With the size-controlled polymersomes, permeability of probing molecules was

studied depending on the charge status of molecule. The molecular permeation was

explored with a combination of 1H NMR spectroscopy and pulsed-field-gradient NMR

(PFG-NMR) experiments. Similarly size tracer molecules, but having different

properties, including 1-ethyl-3-methylimidazolium ([EMIM]), 1-buthyl-3-

methylimidazolium ([BMIM]), and 1-butylimidazole were employed. Generally,

molecular permeation in the nanoemulsion-like polymersome solution showed similar

features as permeability through bulk polymer films, and through conventional vesicle

membranes having same fluids inside and outside. The charged molecule ([EMIM]) were
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approximately 10 times slower than the neutral molecule (1-butylimidazole). However,

the molecules could permeate through the hydrophobic PB membranes on a time scale of

seconds, and these results confirm that this system has the potential to serve as a

nanoreactor, facilitating reactions with various kinds of molecules including both charged

and neutral molecules.

The other transportation phenomenon is phase transfer of polymersomes from the

ionic liquid phase to water, enabling nanoemulsion formation. The phase transfer is a

thermodynamic compatible between two Gibbs free energy; a positive interfacial tension

penalty (ΔGinterface), and a negative free energy change of PEO corona (ΔGcorona). This

thermodynamic phase transfer featured by a general boundary for the phase transfer in

terms of a reduced tethering density for PEO (σPEO), which is independent of the

molecular weight of the hydrophobic PS. The reduced PEO tethering density was

controlled by changing the polymersome size (i.e., increased polymersome sizes increase

σPEO) confirming that it is the driving force in the transfer of PS‒PEO polymersomes at

room temperature.

Given the phase transfer study, σPEO was also tuned by controlling the surface tension

of water with tetrahydrofuran and NaCl, which can alter the interfacial tension penalty,

then the phase transfer of polymersomes could be controlled with the concentration of

additives. Applications in fractionation and separation based on polymersome size and

morphology was also shown with the phase transfer phenomenon of PS‒PEO in the

biphasic system.

6.2 Proposed Future Directions

Recently Bai and Lodge studied the molecular permeability of a PB bilayer membrane of

the ionic liquid-filled PB‒PEO polymersomes in water by a fluorescence quenching

experiment.1 The quenching process of a hydrophobic fluorescent dye, Nile Red, by a
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quencher, dichloroacetamide, resemble bimolecular reaction,2 since the collision between

Nile Red and dichloroacetamide is involved for the quenching. This study clearly shows

the possible application of the nanoemulsion-like polymersomes as nanoreactors.

It would be of interest to run chemical reactions in the nanoremulsion-like solutions

by loading appropriate catalyst into the membranes and polymersome interiors.

Especially, since there are three different phases in the nanoemulsion-like polymersome

solution, the ionic liquid, polymersome membrane, and water, 3 a multi-step cascade

reaction would be possible.4,5

Polymersomes in ionic liquids and water have some other practical difficulties to be

resolved, e.g., the affinity of the species to the ionic liquid and water is related to the rate

of transport of reactants and products and the stability of the catalysts. These limitations

can be lessened by introducing a carefully selected bulk component. Water-in-ionic liquid

type (W/I) nanoemulsion would be one of the solutions for the reactions with catalyst,

which is not active in ionic liquids. For example, hydrolysis of p-nitrophenyl butyrate

catalyzed by Burkholderia cepacia lipase showed higher conversion in the ionic liquid

saturated water, but there was no conversion in the water saturated ionic liquid.6 W/I

nanoemulsion, which also has advantages of biphasic system, can be prepared by phase

transfer of water-filled polymersomes to ionic liquids.

Furthermore, to cover the various kinds of reactions by the proposed process (Scheme

1‒1), the model system can be modified by employing a third phase. An organic phase as

a third phase can be employed to form an organic/aqueous biphasic system after the

transfer of the nanoreactors to the aqueous phase (see Scheme 6‒1). For example, Lan et

al. conducted the hydrogenation of olefins (cinnamic alcohol, styrene, butyl acrylate, and

etc.) by using Pd-catalysts in polymeric microreactors composed of polyacrylamide

corona and polystryrene-b-poly(2-acetoacetoxy-ethylmethacrylate) under the organic/

aqueous biphasic system. 7 The olefins in the organic phase diffused into the
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polymersome reactors in the aqueous phase and were hydrogenated by the Pd catalyst.

After the reaction, the hydrogenated olefins diffused back to the organic phase for easy

separation. This example demonstrates that the partition problem of the model system can

be resolved by the judicious choice of bulk component, while still keeping the advantages

of the ionic liquid-filled polymersome nanoreactors dispersed in water, e.g. the aqueous

medium of the nanoreactors can be recycled by loading new organic phase for the

reactions.

Scheme 6‒1. General reaction system of polymersome nanoreactors with ionic liquid
interiors in an organic/aqueous biphasic system.

Emulsion-like vesicles are beneficial because they can expand the selection of

components for a reaction by delivering them to the other phase, which is not compatible

with the loaded components. As the example of polymersome colloidosomes, which is

similar to Pickering emulsion,8 emulsion-like vesicles would provide the stabilized inner

phase, which is well compartmentalized from the medium, and be expected to have better

performance in catalysis. However, there is still issue of contaminating the aqueous phase

by catalyst in the ionic liquid phase, because the ionic liquid phase is always in contact
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with water during the phase transfer. To resolve this issue, microfluidic device is a

promising apparatus to prepare emulsion-like polymersome solution by a one-pot

process.9‒11 As shown in Scheme 6‒2, three capillary tube are connected to each other,

and three different fluids flow; ionic liquid with catalyst flows through the inner phase

channel, block copolymers are provided through the middle phase, and the droplets are

dispersed in the outer phase, water. After removing volatile solvent in the middle phase,

monodispersed microemulsion-like polymersome can be obtained with high loading

efficiency of catalyst.

Scheme 6‒2. Scheme of a microfluidic device for one-pot emulsion-like polymersome
preparation with capillary tubes.(Reproduced with permission from reference 9)
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Appendix A

Exchange Rate of Poly(ethylene glycol) Through

the Membranes of Ionic Liquid Filled

Polymersomes Dispersed in Water

In Chapter 3, molecular exchange of the charged 1-ethyl-3-methylimidazolium ([EMIM]),

1-butyl-3-methylimidazolium ([BMIM]) and the neutral 1-butylimidazole through the

bilayer membranes of nanoemulsion-like polymersomes was investigated by nuclear

magnetic resonance spectroscopy (NMR) techniques. The bilayer membrane separates two

immiscible fluids, namely water and the ionic liquid (IL). The exchange rate was

investigated, both to and from the polymersome interiors. In Chapter 3, the molecular

partitioning between the IL and water was not considered in comparing the exchange rate

of the charged and neutral molecules, because the partitioning of the molecules are similar

due to their similar chemical structure and molecular weight.

In general, however, the partitioning of molecules in a biphasic system is also an

important parameter in addition to the molecular charge. For simple molecules such as

gases and organic molecules, the permeability (p) of a membrane is a function of partition

coefficient (H) (relative affinity of the molecules in the membrane to the solvent), diffusion

coefficient (D), and the thickness of the membrane (d), as p = HD/d.1 However, in order to

elucidate the permeability of the polymersome membrane in different interior and exterior

media, the partition coefficients at each interface (H1 and H2) should be considered. H1 and

H2 are the partition coefficients of the molecules in the membrane to the IL, and the

aqueous phase, respectively. Then, the permeability can be described in two different ways
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as p1 = DH1/d (from the interior to the aqueous medium) or p2 = DH2/d (from the medium

to the interior), and these two permeation values are equated with the partition coefficient

of a tracer molecule, X (KP = [X]IL/[X]W = H2/H1) in the biphasic system of water and IL

as

2P1 = pKp . (A‒1)

Therefore, depending on the partitioning of molecule (KP), the molecular permeation in

one of the directions can be limited or accelerated, and in this chapter, the effect of partition

coefficient on the permeation rate was investigated and compared with the results in

Chapter 3.

1,2-Polybutadiene-b-poly(ethylene oxide) block copolymers having Mn = 9.3 kg/mol

of PB and Mn = 2.5 kg/mol of PEO (PB‒PEO(9‒3)) were synthesized via sequential anionic

polymerization. Then, PB‒PEO(9‒3) polymersomes in the IL, 1-ethyl-3-methyl

imidazolium bis(trifluoromethylsulfonyl)imide ([EMIM][TFSI]), were prepared through

the co-solvent method. By adding D2O to the IL solution, the polymersomes with IL

interiors transferred to the top aqueous phase. For the permeation study, the aqueous phase

was selectively separated, and 50 mM of 200 g/mol of α- and ω-hydroxyl terminated

poly(ethylene glycol) (PEG), which has similar molecular weight with [EMIM] (112

g/mol) and 1-butylimidazole (124 g/mol), was added to the solution. A Bruker Avance III

500 MHz NMR spectrometer equipped with a 5 mm Triple Resonance Broad Band (TBO)

PFG probe was used for both 1H NMR spectroscopy and Pulsed-Field-Gradient NMR

(PFG-NMR) at 25 °C. For all PFG-NMR measurements, DOSY (Diffusion-Ordered

Spectroscopy) with 1H nuclei was used with the “ledbpgp2s” or “ledbpgp1s” pulse

sequence (longitudinal eddy current delay experiment using bipolar gradients acquired in

2D, and 1D mode, respectively).2 Since PEG shows the opposite partitioning behavior to
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1-butylimidazole, it was selected as a tracer molecule. As shown in Figure A‒1a, after

contacting the IL, most of the 1-butylimidazole transferred to the IL, whereas PEG

molecules stayed in the aqueous phase, as in Figure A‒1b. KP from the spectra are 13 and

0.45 for 1-butylimidazole and PEG, respectively. Therefore, at equilibrium, PEG prefers

to stay in the aqueous phase, but 1-butylimidazole prefers the IL to water.

Figure A‒2 shows the 1H NMR spectra of PEG in IL-saturated D2O. Proton signals

from [EMIM] and PEG can be seen. Protons of [EMIM] are assigned from a to f. The CH2

protons signal of the central part of PEO are around 3.65 ppm, and the CH2 protons signal

adjacent to the terminal hydroxyl groups are between 3.5 and 3.6 ppm. The signal from the

solvent is at 4.7 ppm from the protons of H2O and HDO.

Figure A‒1. 1H NMR spectra of the aqueous phase with 50 mM of (a) 1-butylimidazole
and (b) poly(ethylene glycol) (Mn = 200 g/mol) before and after contacting an equal volume
of [EMIM][TFSI]. Highlighted region represent the representative peaks for (a) 1-
butylimidazaole and (b) poly(ethylene glycol) (see Chapter 3 for the other peaks).



152

Figure A‒2. 1H NMR spectra of poly(ethylene glycol) in [EMIM][TFSI] saturated D2O.

Figure A‒3. 1H NMR spectra of (a) IL-saturated D2O in the presence of PB‒PEO(9‒3)
having IL interiors and (b) poly(ethylene glycol) in the polymersome aqueous solution.
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The chemical shift of 1H NMR spectra in the IL domains is different within the

homogeneous medium due to the magnetic susceptibility difference across the

polymersome membranes (the details of the effect of magnetic susceptibility were

described in Chapter 3).3,4 As shown in Figure A‒3a, there are two different sets of peaks

in the presence of the PB‒PEO(9‒3) polymersomes. When imidazole derivatives, such as

[EMIM], [BMIM], 1-butylimidazole are in the IL domains, the peaks appear slightly

upfield compared to the peaks from the aqueous medium.5 However, in the case of non-

imidazole derivatives, PEG and water, their chemical shift is identical regardless of the

presence of the polymersomes as shown in Figure A‒3b. From 1H NMR spectroscopy, the

presence of polymersomes having the IL interiors can be identified, but the permeation of

PEG cannot be seen due to the identical chemical shift of PEG in the IL and D2O, unlike

[BMIM] or 1-butylimidazole. Kp of PEG is less than 1, so this lower solubility in the IL

can be an energy barrier to prevent the permeation of PEG into the IL interiors. Therefore,

it is important to prove that PEG molecules are permeable under the condition of Kp < 1.

The presence of PEG molecules in the polymersome interiors was shown through PFG-

NMR. In the pulse sequence of PFG-NMR experiment, the gradient strength (G) of the

field gradient pulse was varied from 2% to 98% of the maximum G, 0.47 T/m, for a

duration (δ). Between the two gradient pulses, there is a diffusion time (Δ) for the

translation diffusion (D) of the tracer molecules. Then, the intensity (I) of detectable nuclei

attenuates with time as shown in Figure A‒4. The attenuation can be expressed as

))/(exp( 3222

0

δΔGδγ
I
I

 , (A‒2)

where I0 is peak intensity at G = 0, and γ is the proton gyromagnetic ratio (42.6 MHz/T),

and D can be evaluated by fitting the intensity evolution with eqn A1‒2.6 The normalized

attenuated intensity of PEG in the IL saturated D2O is on the single line with various Δ, δ
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as shown in Figure A‒5, and D of PEG in D2O from the fitting is 4.1 × 10−10 m2/s. In Figure

A‒2, there is only one set of [EMIM] protons indicating no aggregation of the IL. These

results clearly show that there is no diffusion barrier of PEG when the polymersomes are

not present. However, with the polymersome having PEG molecules inside after the

permeation or on the polymersome surface, there should be restricted diffusion behavior

of PEG, which is much slower than the motion of free PEG molecules in water.7 For a long

enough diffusion time Δ, the diffusivity of PEG in or on the polymersomes is same as the

diffusivity of polymersomes or micelles,8 and can be obtained from the final slope of a

PFG-NMR decay curve,9 which is different to the initial decay of free PEG, whereas

without polymersomes, I/I0 decays rapidly and reaches the noise level around 0.

Figure A‒4. 3‒dimensional NMR spectra of PEG protons in [EMIM][TFSI] saturated D2O
at different gradient strength. The red line represents the intensity attenuation, and D can
be evaluated by fitting with the eqn A‒2.

In order to prove the permeation of PEG and the presence of adsorbed PEG molecules,

four different samples were prepared: a PEG solution in D2O, a micelle solution of PB‒

PEO(14‒4.5) with PEG in D2O, and two polymersome solutions with PEG in D2O. But

PEG was added to the polymersome solution in two different ways. For one sample, PEG

was added to the aqueous polymersome solution, but for the other sample, PEG was loaded
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during the polymersome formation process in the IL, then the PEG encapsulated

polymersomes were transferred to the aqueous phase. PEG can be located in three different

regions; in the medium (region A), in the interior (region B), and on the outer interface

(region C), as shown in Figure A‒6. As shown in Figure A‒7, in micelle solution, there is

no interior cargo like polymersomes. PB forms the core block, and the PEO block is

solvated in the IL. So, PEG can be only in the medium (region A) or on the micelle surface

(region C), but there are no IL domains. DOSY experiments were conducted under same

time constants for all samples, Δ = 100 ms, δ = 8ms at 30, 50, 90 and 98% of the maximum

G. At high gradient strength, the intensity is mainly affected by confined PEG, because its

mobility is restricted, and slower than the free PEG molecules, but at low gradient strength

the intensity attenuation is mainly from the diffusion of free PEG. The peak intensity of

PEG at each G was compared to the intensity from 1H NMR with 30° pulse when G = 0

T/m, and summarized in Figure A‒8. The intensity of PEG in the micelle solution decreases

rapidly and reaches close to 0 as the gradient strength increases, and shows the same trend

with the PEG solution without any micelles and polymersomes. This result indicates that

PEG molecules are freely dispersed in the medium rather than adsorbed on the micelle

surface. If PEG molecules are not permeable through the PB membrane, the intensity of

PEG post-added solution should show the similar decay of the micelle solution. However,

with the polymersomes, both PEG pre- and post-added solutions show a similar trend, and

the normalized intensity decays slowly and reaches to a certain value around 0.1 as can be

seen in Figure A‒8. From the PFG-NMR analysis with the equilibrated solutions at

different gradient strength, we conclude that PEG molecules could permeate into the IL

domains through the PB membrane even under the condition of Kp < 1.
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Figure A‒5. The echo decay curve of 50 mM PEG in [EMIM][TFSI] saturated D2O under
variation of the field gradient strength G for different diffusion time Δ and δ.

Figure A‒6. Schematic illustration of possible locations of PEG chains in the
polymersome solution. In region A, PEG is well dispersed in water. In region B, PEG
chains are encapsulated in the polymersome interiors, and in region C, PEG chains are
adsorbed on the polymersome surface.



157

Figure A‒7. Cryo-TEM image of PB‒PEO(14‒4.5) micelles in [EMIM][TFSI]. Bright
domains represent PB core, and dark medium is the IL. The solvated PEO block cannot be
seen in here. Scale bar: 500 nm.

Figure A‒8. Relative intensity of PEG protons at different field gradient strength, G, 30,
50, 90 and 98% of the maximum G (0.47 T/m). The DOSY experiment was conducted
with the equilibrated samples with Δ = 100 ms and δ = 8ms. The intensity at 0% was from
the typical 1H NMR with 30° pulse.
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Through the PFG-NMR experiment with PEG in four different system, it has been

proven that water favorable PEG is permeable across the hydrophobic PB membrane from

the aqueous phase to the IL phase. With 50 mM of PEG in PB‒PEO(9‒3) polymersome

solution, DOSY experiments were conducted and the echo decay curves were obtained at

different Δ (150, 250, 350 ms) with constant δ = 8 ms, as shown in Figure A‒9. Since PEG

can permeate across the polymersome membranes, the signal decay can be fitted with the

two-site model described in eqn 3‒4. Two apparent diffusion coefficients (Di and De, which

are diffusion coefficient in the interiors and exterior of polymersomes, respectively) were

obtained from the initial and final slopes of the decays. De is 4.1 × 10−10 m2/s, the same as

the free diffusion in water, and Di is 2.1 × 10−12 m2/s, which is polymersome size related

value and similar to that in the diffusion experiment of 1-butylimidazole and [EMIM].

According to the Stokes-Einstein equation, the hydrodynamic radius (R) of PEG and the

polymersomes can be evaluated as RPEG = 0.48 nm and Rpolymersome = 94 nm, respectively.

From the fitting with the two-site model, the results are in Table A‒1, and compared to the

values of [EMIM] and 1-butylimidazole. Di is similar to the other cases, because the

apparent value, Di is same as the size of polymersomes during long enough Δ, as discussed

in Chapter 3. The population of PEG in the polymersome interiors, Pi, is 0.016 (± 0.004),

and the residence time in the polymersome inside (τi) and outside (τe) are 0.3 s (± 0.1 s) and

21.9 s (± 9.0 s). At the equilibrium, water favorable PEG preferentially remains in the

aqueous phase, and the permeation rate (1/τ) is different than 1-butylimidazole. The rate of

escape (1/τi, Path 1 in Scheme 3‒1) is close to that of neutral 1-butylimidazole, at 2.9 s‒1.

However, the rate of entry (1/τi, Path 2 in Scheme 3‒1) is much lower than 1-

butylimidazole, but similarly slow as charged [EMIM] at 0.05 s‒1, even though PEG does

not have any molecular charge. To have relation between the exchange rate and the

partitioning of tracer molecules, the experiment with the molecule having KP = 1 is

necessary, but with the comparison between two different molecules having opposite
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partitioning behavior, it can be concluded that the partition coefficient is an important

factor for the permeation rate in addition to the molecular charge.

Figure A‒9. Experimental data and fitted echo curve of the PEG protons in PB‒PEO(9‒
3) polymersome solution with various Δ. The data were fitted using eqn 3‒4. The PEG
concentration was 50 mM, and the experimental temperature was 25 °C.

In this chapter, the water favorable molecule, PEG was employed to see the effect of

partitioning in the nanoemulsion-like polymersome system having two immiscible fluids.

The permeability of PEG was confirmed by the combination of 1H NMR and PFG-NMR

techniques, then DOSY experiment was conducted to see the entry and escape rate

Table A‒1. Permeation rate with two-site exchange model.

Diffuser De (m2/s) Di (m2/s) Pi Pe 1/τi (1/s) 1/τe (1/s)

[EMIM] 7.8×10−10 2.1×10−12 0.20 0.80 0.17 0.04

1-Butylimidazole 5.8×10−10 2.2×10−12 0.07 0.93 2.5 0.18

PEG 4.1×10−10 2.1×10−12 0.016 0.994 2.9 0.05
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depending on the permeation direction. The permeation rate depending on the direction

was significantly affected by partitioning of molecules in IL to water. Relatively small and

neutral molecule PEG showed the fast permeation as 1-butylimidazole when the molecules

permeate from the IL domains to the aqueous phase, but in the other direction, the entry

rate was slow as the charged [EMIM]. This permeation study depending on the partition

coefficient of molecule in two different solvents will inform the design of a nanoreactor

system.



161

References

1. Cussler, E. L. Diffusion, 3rd ed; Cambridge University Press, New York, 2009.

2. Wu, D.; Chen, A.; Johnson, C. S. J. Magn. Reson. 1995, 115, 260‒264.

3. Kuchel, P.W.; Chapman, B.E.; Bubb, W.A.; Hansen, P.E.; Durrant, C.J.; Hertzberg,

M.P. Concepts Magn. Reson. 2003, 18A, 56‒71.

4. Skibsted, U.; Hansen, P. E. NMR Biomed. 1990, 3, 248‒258.

5. So, S.; Lodge, T. P. J. Phys. Chem. C 2014, 118, 21140‒21147.

6. Price, W. S. Concept. Magn. Reson. 1997, 9, 299‒336.

7. Linders, J.; Mayer, C.; Sekine, T.; Hoffmann, H. J. Phys. Chem. B 2012, 116,

11459‒11465.

8. Ochab-Marcinek, A.; Hołyst, R. Soft Matter 2011, 7, 7366‒7374.

9. Kärger, J. Adv. Colloid Interfac. 1985, 23, 129‒148.



162

Appendix B

Modifications in Polymersome Membrane-

forming Block for Permeability Control

The bilayer core membrane is the key part of the polymersome nanoreactors in terms of

permeability and selectivity of molecules for reactions. As described in Appendix A,

permeability (p) is a function of diffusion coefficient (D), partition coefficient (H) of

diffuser, and membrane thickness (d), as shown by the equation, p = DH/d. One way for

permeability tuning is controlling membrane fluidity, which is defined as the inverse

viscosity of the bilayer membranes, to change the diffusivity of the penetrating molecules

(D).1 Lower fluidity corresponds to lower permeability. For example, Yu et al. reported

pH-sensitive sandwiched membranes from triblock polymers composed of polystyrene

(PS), poly(2-diethylaminoethyl methacrylate) (PDEA) and poly(ethylene oxide) (PEO).2

The protonation of amino groups on PDEA block by pH change from 7.94 to 6.98 induced

the change of size, which introduced swollen paths through the sandwiched layers, and

then the permeability of protons from the outer medium was accelerated by three orders of

magnitude. Another way for the permeability control by D is formation of physical defect

for the permeation through the pores in the membrane. For instance, Kim et al. embedded

stimuli-responsive boronic acid-containing block copolymers into the polymersomes of the

PS‒PEO, and by the removal of selectively soluble embedded boronic acid-containing

block copolymers at high pH, increased the transportation rate of 6,8-difluoro-4-

methylumbelliferyl octanoate.3
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Figure B‒1. Inverse viscosity (1/η) of PS (Mn = 3400 g/mol) versus temperature. (Data
described in reference 5).

To control the fluidity of the membrane core, the choice of the core block with proper

glass transition temperature (Tg) is a possible approach.4 The fluidity of the membrane (~

1/η) will increase significantly above Tg. For example, the inverse viscosity (1/η) of PS

showed an abrupt increase at 100 °C (see Figure B‒1).5 This temperature-induced fluidity

change can provide advantages for the polymersome nanoreactor system. First, the

permeability of the membrane can be controlled by temperature, since the permeability

depends on the state of the membrane between glassy and rubbery limits. Second, if Tg is

higher than the polymersome transfer temperature (Tt) of the polymersomes, which is

around 75 °C for PB‒PEO and PS‒PEO polymersomes (see Chapter 1 for more details

about Tt and polymersome shuttle process), the inner compartment of the polymersomes

will be protected by the glassy membranes while the polymersomes move to the aqueous

phase below the Tg of the membrane. However, block copolymers with Tg of the membrane

blocks close to the boiling point of water (100 °C) in the biphasic system are presumably

not suitable. It would be possible to use a membrane with a Tg range of 25 °C < Tg < 100

°C. For bulk polymer membrane, a good candidate is a random copolymer of glassy and
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rubbery polymers for the Tg range above. But in dilute micelle solution, it has been shown

that Tg of PS block itself in PS‒PEO spherical micelles is lower than the bulk Tg because

the PS core is in nanometer scale and some level of solvent can contribute to reduce Tg.6

In this result, the onset glass transition temperature was around 45 °C for PS‒PEO micelles

having 20 kg/mol PS block, whereas the bulk Tg is around 100 °C.

The change of membrane fluidity and porosity can be controlled as described above.

The porosity control can enhance the molecular transportation, but leads to leakage of the

interior liquid and active species. Therefore, in this chapter, the preliminary result for the

fluidity control approach is discussed with four different PS‒PEO block polymers, which

are expected to have the membrane Tg in the desirable range, 25 °C < Tg < 100 °C

Figure B‒2. Chemical structure of 1-butylimidazole, and 1H NMR spectrum of 1-
butylimidazole solution with PS‒PEO(14‒2.5) polymersome. As with [EMIM], [BMIM]
shows also two sets of chemical shifts. However, many of peaks of 1-butylimidazole are
not completely distinguishable due to similar chemical structure with [EMIM].
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PS‒PEO block polymers, PS‒PEO(10‒2), PS‒PEO(14‒2.5), PS‒PEO(18‒3.6), and

PS‒PEO(27‒4) were synthesized via anionic polymerization, and the characteristics of the

polymers were listed in Table 4‒1. Polymersomes were prepared through the co-solvent

method, as described before in Chapter 2. The final polymer concentration in the ionic

liquid (IL), 1-ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide ([EMIM]

[TFSI]) was 0.5 wt %. The polymersomes were transferred to the aqueous phase with

gentle stirring after adding the equal volume of D2O to the IL solution, and the aqueous

phase was taken for the permeability study. 1H NMR spectroscopy and pulsed-field-

gradient NMR (PFG-NMR) were used to identify the rate of exchange through the PS

membranes with a Bruker Avance III 500 MHz NMR spectrometer.

In Chapter 3 and Appendix A, imidazole derivatives, such as [EMIM], 1-butyl-3-

methylimidazolium ([BMIM]) and 1-butylimidazole show two sets of proton peaks in

aqueous solution in the presence of the PB‒PEO polymersomes having IL domains. This

chemical shift, due to the magnetic susceptibility difference, can show the permeation of

the molecules through the membranes directly with 1H NMR spectroscopy. Figure B‒2 is

a 1H NMR spectrum of 1-butylimidazole in PS‒PEO(14‒2.5) polymersome solution.

Similar to the case of PB‒PEO, in the presence of PS‒PEO(14‒2.5) polymersomes having

glassy PS membranes, 1-butylimidazole also shows the shifted proton peaks slightly

upfield when it is in the IL interior. The distinguishable peaks are assigned in the spectrum,

Figure B‒2. For example, “ae”, “ai” represent protons at “a” position in the exterior and

interiors of the polymersomes, respectively. Two sets of peaks could also be found in other

PS‒PEO cases. Through the 1H NMR spectroscopy of 1-butylimidazole with the

polymersomes, the permeation of 1-butylimidazole through the glassy PS membrane was

simply demonstrated.
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Figure B‒3. Experimental data at 25 °C and fitted echo curve of the proton from 1-
butylimidazole in the polymersome solution of (a) PS‒PEO(10‒2), (b) PS‒PEO(14‒3), (c)
PS‒PEO(18‒3.6), and (d) PS‒PEO(27‒4) with Δ = 150, 250, 350 ms and fixed δ = 8 ms.
The data were fitted using two-site exchange model.

The PFG-NMR technique DOSY (Diffusion-Ordered Spectroscopy) with the

“ledbpgp2s” pulse sequence (longitudinal eddy current delay experiment using bipolar

gradients acquired in 2D)7 was used to investigate permeability changes with temperature

and polymersome membrane thickness. For the NMR study, 50 mM 1-butylimidazole was

added to the aqueous solution as the tracer molecule. The temperature was increased by 10

°C from 25 °C to 65 °C, and at each temperature, the NMR samples were equilibrated for

at least for 30 min. The actual temperature was calibrated with the chemical shift difference

between 1H on -OH and -CH2- of ethylene glycol.8 The actual temperatures of the samples

were 25 °C, 36 °C, 47 °C, 58 °C, and 69 °C. The DOSY experiments were conducted with
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Δ = 150, 250 and 350 ms, and δ = 8 ms at 25 °C. At higher temperatures, however, δ was

changed to 6, 4 or 3 ms to limit the measurement in the shorter range of ‒γ2δ2G2(Δ ‒ δ/3),

where the intensity is not attenuated completely.

Figure B‒3 shows echo-decays of both peaks from interiors and exteriors (“ae”, “ai”)

of 1-butylimidazole at 25 °C. As expected, the difference of the final plateaus with PS–

PEO polymersomes between Δ = 150 and 350 ms is much less compared to the case with

PB‒PEO(9‒3) polymersomes having rubbery PB membranes (Figure 3‒11b). With

increased diffusion time Δ, the intensity contributed by the molecules in the confined

polymersomes decreases. The intensity decreases as the molecules exchange more rapidly.9

This suggests that molecular exchange is limited by the glassy PS membranes, and the

diffusion barrier, which is related to the fluidity of the membrane, is the main contribution

for slower exchange, given the solubility parameters of PS (δPS), PB (δPB), and 1-

butylimidazole (δBIm), 18.6 MPa1/2, 17.1 MPa1/2, and 21 MPa1/2, respectively.
10,11

Using the two-site exchange model described in Chapter 3, the echo-decay curves were

fitted as shown in Figure B‒3, and the fitting results are summarized, and compared to PB‒

PEO(9‒3) in Table B‒1. It is known that the size of polymersome also affects the

permeability. Leson et al. demonstrated that the exchange rate (s‒1) decreases with the

vesicle size, however the effect was significant only for vesicles with hydrodynamic radius

(Rh) smaller than 60 nm.12 The vesicle size can be obtained by using the Stokes-Einstein

equation and Di values, which represent the diffusion coefficient of polymersome. The

average Rh is around 100 nm, except for PS‒PEO(10‒2) (Rh ~ 330 nm) and PS‒PEO(27‒

4) (Rh ~ 190 nm). For the precise comparison of the permeation rate (1/τi: escape, 1/τe:

entry), the polymersome size should be the same, but the result of the d dependent 1/τi

would not be changed because PS‒PEO(10‒2) would have a higher permeation rate when

Rh is smaller.
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As PS length increases, the membrane thickness (d) also increases (Figure 4‒6), and

both the escape and entry rates of 1-butylimidazole decrease. Membrane thickness

dependent permeability has been observed in other polymer vesicles, such as PB‒PEO,13

poly(2-vinylpyridine)-b-poly(ethylene oxide),12 and a series of poly(ethylene oxide)-b-

poly(butylene oxide).14 Even though there is no universal relationship between the p and d,

p decreases as d increases. From the plot of 1/τi versus 1/d in Figure B‒4b, 1/τi is

proportional to 1/d indicating that the permeability of the polymersome membrane is a

strong function of the membrane thickness.

a De and Di represent the diffusion coefficient (m2/s) of a tracer molecule in the external
aqueous medium and in the interiors of polymersomes, respectively. b Pi and Pe stand for
the mole fraction of probe molecules in the encapsulated and free space (Pi + Pe = 1). c τi

and τe are the residence time at each phase, and the inverse of the residence times represent
the rate of escape (1/ τi) and entry (1/τe), respectively.

It is of interest to compare the exchange rate through the glassy PS with the rubbery

PB. As expected from Figure B‒3 and Figure 3‒10b, 1-butylimidazole exchange through

glassy membrane is slower than through rubbery membrane. Especially, as shown in Figure

B‒4a, under the same membrane thickness, d = 21 nm (PS‒PEO(18‒3.6) and PB‒PEO(9‒

3)), the exchange rate was about 3 ‒ 4 times slower through the PS membrane at 25 °C.

Table B‒1. Permeation rate with two-site exchange model.

Polymer De (m2/s)a Di (m2/s)a Pi
b Pe

b 1/τi (1/s)c 1/τe (1/s)
c

PS‒PEO(10‒2) 6.1×10−10 7.2×10−13 0.09 0.91 1.5 0.14

PS‒PEO(14‒2.5) 6.1×10−10 2.1×10−12 0.08 0.92 1.0 0.09

PS‒PEO(18‒3.6) 6.1×10−10 2.4×10−12 0.07 0.93 0.7 0.06

PS‒PEO(27‒4) 6.0×10−10 1.3×10−12 0.08 0.92 0.3 0.02

PB‒PEO(9‒3) 5.8×10−10 2.2×10−12 0.07 0.93 2.5 0.18
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For comparison, Rein and co-workers measured the permeability of Ar, CH4 in the bulk

PB and PS at different temperatures.15 The diffusivity difference was the dominant factor

for the permeability changes in PB and PS. Ar diffused 1000 times faster in PB, while the

solubility, which is related to H, was of the same order at 20 °C. The exchange rate here

shows similar trend with the bulk permeability result, and it strongly suggests that the

exchange rate difference between the glassy PS and rubbery PB membranes is primarily

due to the membrane fluidity difference. However, the exchange rate difference is not as

significant as the difference of the bulk PS and PB polymer films. Similar solubility

parameters of the IL may plasticize the PS membrane, and PEO coronas can act as

hydrophobic moieties near membrane cores. Thus, we can expect that the PS membrane

fluidity is enhanced in the nano-sized membrane in contact with the IL, 1-butylimidazole,

and PEO coronas having low Tg, and hence the exchange rate was not reduced significantly

when the membrane chemistry was changed from rubbery to glassy.

It has been shown that membrane fluidity control can effectively reduce permeation by

introducing the glassy PS instead of the rubbery PB membrane. The membrane fluidity

control has also been studied by Eisenberg and co-workers. They studied the effects of

plasticizer amount on the permeability of molecules through the glassy membrane of

polystyrene-b-poly(acrylic acid) polymersomes.16,17 The plasticizer dioxane can partition

into the PS membrane, and the permeability increased as the dioxane content increased.

The proton diffusivity increased by an order of magnitude as the dioxane content in the

solution increased from 7 to 14 vol %. Here, however, the membrane fluidity was

controlled by changing the temperature in the range of 25 °C < T < 100 °C Then, the

permeation rate changes were monitored in order to see the transition temperature of PS

membrane of PS‒PEO polymersome based on the Arrhenius plot of the escape rate (1/τi).

The PFG-NMR experiments were conducted at different temperatures with PS‒

PEO(10‒2) and PS‒PEO(18‒3.6). The echo-decay curves of 1-butylimidazole in PS‒
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PEO(18‒3.6) solution are shown in Figure B‒5 as an example of the temperature dependent

echo-decay curve evolution. In both polymersome systems, the difference of the final

plateaus increases. Since the molecules diffuse faster as the temperature increases, and

lower observed molecules remain in the polymersome interior as the diffusion time, Δ,

increases. Due to noise, some of data were truncated as can be seen in Figures B‒5b, c, and

d. Experimental data at different temperatures were also fitted with the two-site exchange

model, and the Arrhenius plot of 1/τi is shown in Figure B‒6. It is clear that 1/τi increases

as the temperature increases, and at 36 °C, 1/τi reaches 1.8 s‒1 for PS‒PEO(10‒2), and 1.9

s‒1 for PS‒PEO(18‒3.6) at 58 °C. Theses 1/τi values are comparable through the rubbery

PB‒PEO(9‒3) (1/τi reaches to 2.5 s‒1). In the Arrhenius plot, there may be suggested

breakpoint, where the slope of 1/τi becomes slightly steeper at higher temperatures. Though

more experiments are required to find the relation between the breakpoint highlighted by

arrows in Figure B‒6 and Tg, it is interesting that the data points at 36 °C for PS‒PEO(10‒

2) and 47 °C for PS‒PEO(18‒3.6) correspond well with the onset of transition temperature

(~ 45 °C) of PS‒PEO(20‒5) micelle solutions, as measured by fluorescence spectroscopy.6

At temperatures below the breakpoint (Tbreak), the apparent activation energy (Ea) is 10 ‒

20 kJ/mol, whereas above Tbreak, Ea increases to 40 ‒ 50 kJ/mol. Assuming that the

solubility of 1-butylimidazole in the PS membranes is not changed too much, the slope

changes can be explained by the movement of the molecules through the free volume below

Tg, where lower activation energy is necessary compared to the penetration through the

rubbery chains above Tg. Extra frozen free volume increases as temperature decreases

further below Tg, and leads to higher mobility of tracer molecules.18,19 Frick et al. showed

diffusivity of Aberchrome 540 dye (AB) through the Tg in PS/toluene solution by forced

Rayleigh scattering technique. There was an abrupt change at the Tg of PS/toluene, with a

jump of Ea upon heating.19 Yasuda et al. also demonstrated the gas (He, CO2, O2, Ar, N2)

permeability through poly(acrylonitrile-co-methyl acrylate) film (Tg = 65 °C).20 In the

Arrhenius plot, the slope was changed for all gases except He at the Tg of the polymer from
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Ea ~ 26 kJ/mol (below Tg) to Ea ~ 63 kJ/mol (above Tg). Similar Arrhenius plots of

diffusivity and permeability have been observed for other small molecules.21,22

Figure B‒4. (a) The membrane thickness dependence of the escape rate (1/τi) of 1-
butylimidazole through PS‒PEO polymersomes at 25 °C. ■ refers to the data of PS‒
PEO(10‒2) (d = 15 nm), PS‒PEO(14‒2.5) (d = 18 nm), PS‒PEO(18‒3.6) (d = 21 nm), and
PS‒PEO(27‒4) (d = 26 nm), and ★ refers to the data of PB‒PEO(9‒3) (d = 21 nm). (b)
The escape rate (1/τi) versus 1/d. The solid line is a linear fit ((1/τi) = 42.03 ‒ 1.34 × (1/d),
R = 1).
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Figure B‒5. Experimental data at various temperatures and fitted echo curve of the proton
from 1-butylimidazole in the polymersome solution of PS‒PEO(18‒3.6) with Δ = 150, 250,
350 ms. The data were fitted using two-site exchange model.

In this chapter, the permeability was controlled by modifying the polymersome

membrane, which can change the mobility of the membranes. The molecular exchange rate

was monitored by using PFG-NMR technique. By employing glassy PS membrane, the

molecular exchange was reduced by a factor of 3 for the same polymersome size and

membrane thickness. However, the exchange rate through the glassy membrane can be

tuned simply by changing temperature above the Tg of the membrane. Tg of the nanosize

polymersome membrane was inferred from the Arrhenius plot of the escape rate of 1-

butylimidazole. The Arrhenius plot showed similar trend with other permeation studies,

and the transition points were well corresponded to the transition of PS‒PEO micelles in
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the IL. These permeability studies will provide essential information on designing

polymersome reactors because the key of the polymersome nanoreactor is the molecular

transport behavior. Furthermore, the membrane fluidity control can be applied to the drug

delivery at a specific temperature.

Figure B‒6. Arrhenius plot of the escape rate (1/τi) of 1-butylimidazole through PS‒PEO
polymersomes at 25 °C, 36 °C, 47 °C, 58 °C, 69 °C. The NMR samples were equilibrated
at each temperature for 30 min before the measurement. The arrows indicate the transition
points that might be related to Tg of PS membranes.



174

References

1. Narkwiboonwong, P.; Tumcharern, G.; Potisatityuenyong, A.; Wacharasindhu, S.;

Sukwattanasinitt, M. Talanta 2011, 83, 872‒878.

2. Yu, S.; Azzam, T.; Rouiller, I.; Eisenberg, A. J. Am. Chem. Soc. 2009, 131, 10557–

10566.

3. Kim, K. T.; Cornelissen, J. J. L. M.; Nolte, R. J. M.; van Hest, J. C. M. Adv. Mater.

2009, 21, 2787–2791.

4. Meeuwissen, S. A.; Kim, K. T.; Chen, Y.; Pochan, D. J.; van Hest, J. C. M. Angew.

Chem. Int. Ed. 2011, 50, 7070–7073.

5. Plazek, D. J.; O'Rourke, V. M. J. Polym. Sci. A‒2 Polym. Phys. 1971, 9, 209‒243.

6. Mok, M. M.; Lodge, T. P. J. Polym. Sci. B Polym. Phys.2012, 50, 500‒515.

7. Wu, D.; Chen, A.; Johnson, C. S. J. Magn. Reson. 1995, 115, 260‒264.

8. Raiford, D. S.; Fisk, C. L.; Becker, E. D. Anal. Chem. 1979, 51, 2050‒2051.

9. Linders, J.; Mayer, C.; Sekine, T.; Hoffmann, H. J. Phys. Chem. B 2012, 116, 11459‒

11465.

10. Meli, L.; Santiago, J. M.; Lodge, T. P. Macromolecules 2010, 43, 2018‒2027.

11. Shannon, M. S.; Bara, J. E. Ind. Eng. Chem. Res. 2011, 50, 8665‒8677.

12. Leson, A.; Hauschild, S.; Rank, A.; Neub, A.; Schubert, R.; Forster, S.; Mayer, C.

Small 2007, 3, 1074‒1083.

13. Bai, Z.; Zhao, B.; Lodge, T. P. J. Phys. Chem. B 2012, 116, 8282‒8289.

14. Battaglia, G.; Ryan, A. J.; Tomas, S. Langmuir 2006, 22, 4910‒4913.

15. Rein, D. H.; Baddour, R. F.; Cohen, R. E. J. Appl. Polym. Sci. 1992, 45, 1223–1227.

16. Choucair, A.; Soo, P. L.; Eisenberg, A. Langmuir 2005, 21, 9308‒9313.

17. Wu, J.; Eisenberg, A. J. Am. Chem. Soc. 2006, 128, 2880‒2884.

18. Ramesh, N.; Davis, P. K.; Zielinski, J. M.; Danner, R. P.; Duda, J. L. J. Polym. Sci.

B Polym. Phys.2011, 49, 1629‒1644.



175

19. Frick, T. S.; Huang, W. J.; Tirrell, M.; Lodge, T. P. J. Polym. Sci. B Polym. Phys.1990,

28, 2629‒2649.

20. Yasuda, H.; Hirotsu, T. J. Appl. Polym. Sci. 1977, 21, 105–112.

21. Ehlich, D.; Sillescu, H. Macromolecules 1990, 23, 1600‒1610.

22. Ashworth, A. J.; Wickham, M. D. J. Memb. Sci. 1987, 34, 225‒240.


	1 Title.pdf (p.1)
	2 Copyright.pdf (p.2)
	3 Acknowledgement.pdf (p.3-4)
	4 Dedication.pdf (p.5)
	5 Abstract_v3.pdf (p.6-7)
	6 Table of Contents v_final.pdf (p.8-11)
	7 List of Figures, Tables and Schemes.pdf (p.12-20)
	Chapter 1_v2.pdf (p.21-44)
	Chapter 2_v2.pdf (p.45-70)
	Chapter 3_v1.pdf (p.71-99)
	Chapter 4_v1.pdf (p.100-126)
	Chapter 5_v4.pdf (p.127-146)
	Chapter 6_v2.pdf (p.147-153)
	bibliography.pdf (p.154-168)
	Appendix A_v2.pdf (p.169-181)
	Appendix B_v2.pdf (p.182-195)

