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Abstract
CO2-switchable materials use CO2 as the trigger. Their mechanism is the reversible protonation of tertiary
amines or amidines in aqueous solution, in the absence or presence of CO2. The application of CO2switchable materials is also useful in other areas of polymer chemistry, such as ATRP (Atom Transfer
Radical Polymerization) and the preparation of polymer latexes. Firstly, CO2-switchable ligands, solvents
and photo-catalyst were used individually or jointly to recycle ligands and purify polymer made by ATRP.
Secondly, artificial polymer latexes, such as poly(butyl methacrylate) (PBMA), were separately prepared
from bulk polymers using the CO2-switchable solvents. The joint use of the two approaches mentioned
above can produce polymer latexes with controlled molecular weight, but without impurities such as
ligand or metal catalyst. Also, a new benign means was developed for reversibly breaking emulsions and
latexes using CO2-switchable water, an aqueous solution of switchable ionic strength. Furthermore, living
CO2-switchable PMMA latexes were prepared using reverse ATRP emulsion polymerization and AGET
ATRP miniemulsion polymerization; the prepared latexes can be switched between the aggregated and
dispersed states using only CO2 as the trigger.
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Chapter 1
Introduction
1.1 Overview
Recently, stimuli-responsive materials have attracted intensive interest because of their
numerous potential applications. Common stimuli are light,1 pH,2 temperature,3 redox,4 magnetic
fields,5 and CO2.6 The CO2 gas can react with responsive compounds such as amines or amidines
in aqueous solutions and protonate these basic groups. Removal of CO2 by purging with inert
gases and/or heating can restore the original compounds. A system using CO2 as a trigger allows
numerous switching cycles without the accumulation of byproducts. Moreover, CO2 is a nontoxic, inexpensive, benign, and abundant gas.
CO2-responsive materials have begun to attract increasing attention because of their unique
switchable and versatile properties, including for example switchable solvents,7 switchable
surfactants,8 and liquids with switchable viscosity.9 CO2-responsive polymers provide effective
approaches to address practical issues and are potential materials for specific research areas.
Some CO2-responsive polymers can reversibly capture CO2 from mixed gases.10 CO2-responsive
block copolymers can be applied in drug delivery and release by self-assembly into desired
nanostructures upon CO2 stimulation.11 The coagulation and redispersion of latexes by utilization
of CO2 as a trigger is also a promising research field.12
Despite the growing applications of CO2-responsive polymers, there are still challenges
remaining that need to be addressed. My research project focuses on addressing some major
issues by taking advantage of the CO2-switchability of amines.
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Atom transfer radical polymerization (ATRP) is a successful method of controlled/living
radical polymerization that allows the synthesis of well-defined polymers with low dispersities
and complex architectures from a large variety of monomers.13 Other techniques for controlled
radical polymerization include nitroxide-mediated polymerization (NMP)14 and reversible
addition–fragmentation transfer (RAFT).15 However, one of the limitations for the commercial
implementation of ATRP is the difficulty encountered in the efficient removal of the transition
metal catalyst from the polymer. Due to health and environmental concerns with copper, the
concentration of copper should be reduced as much as possible after ATRP reactions.
A polymer latex is a stable dispersion of polymer particles in an aqueous medium. In most
situations, polymer latexes are prepared by emulsion polymerization using vinyl monomers and
free radical polymerizations. It is difficult to prepare latexes from monomers that do not
polymerize via free radical polymerization (or do not polymerize easily via free radical
polymerization). I developed an approach based on CO2-switchability that allows the preparation
of latexes from solid polymers prepared by any polymerization technique, including for example
condensation polymerization, ionic polymerization or Ziegler-Natta polymerization, and even
waste solid polymer.
Accordingly, my research objectives include several parts. The first objective (Chapter 3),
based on CO2-switchable technology, is to purify synthesized polymer by removing residual
copper salt and recycling ligands. In this case, besides the proper selection of CO2-switchable
ligands and solvents, the processes were investigated using organocatalyzed atom transfer radical
polymerization (O-ATRP) with a CO2-switchable photo-initiated catalyst. The second objective
(Chapter 4) of the research involves developing a new method to prepare artificial polymer
latexes from solid polymer using CO2-switchable technology. To the best of our knowledge there
2

is no previous similar report. The hydrophobic form of the CO2-switchable solvent was used for
dissolving existing solid polymer, and then surfactants and water added to generate an emulsion.
After addition and removal of CO2, a polymer latex was generated. The main advantage of this
process is its simplicity and safety because it could be performed in one pot without needing to
evaporate solvent as is done traditionally done with artificial latexes. The combination of the two
projects mentioned above can produce a polymer latex with controlled molecular weight, but
without metal salt or ligand left (Chapter 5). Chapter 6 demonstrates a new benign means of
reversible breaking emulsions and latexes by using CO2-switchable water. Chapter 7 is dedicated
to preparing living CO2-switchable latexes of poly(methyl methacrylate) (PMMA) by ATRP.

1.2 Research objectives
§

To create and evaluate a CO2-switchable photo-catalyst for O-ATRP.

§

To design and demonstrate an ATRP catalyst removal and ligand recycling process using

switchable solvent or toluene as solvents.
§

To produce and characterize artificial latexes prepared using switchable solvents.

§

To study the feasibility of reversible breaking emulsions and latexes by using CO2-

switchable water.
§

To create CO2-switchable novel polymer colloids by reverse ATRP emulsion

polymerization and AGET ATRP miniemulsion polymerization (AGET: activators generated by
electron transfer).

1.3 Summary of original contributions
This work represents a comprehensive exploration in combining CO2-switching techniques
and polymer chemistry, such as ATRP and the preparation of polymer latexes. The significance
of this work lies in the potential to extend our results to a large scale ATRP, and to emulsion
3

polymerization to manufacture polymer latexes with lower environmental impact. Some major
achievements are listed below.
§

A new CO2-switchable photo-catalyst was identified for O-ATRP. The novel catalyst

exhibited good CO2-switchability and can be efficiently extracted in an aqueous phase in the
presence of CO2. In this way, pure polymers without residual ligand or metal can be produced.
§

ATRP processes were conducted utilizing switchable solvents and toluene as solvent. The

ligand Me6TREN, which is also CO2-switchable, can be recycled after the polymerization.
Kinetic studies were conducted for all polymerization reactions. The studies revealed similar
first-order kinetics with an excellent livingness as confirmed by gel permeation chromatography
(GPC) traces.
§

A strategy to make stable polymer latexes from bulk polymers was developed.

Depending on the loading of polymers and surfactants used, the particle sizes were found to range
from 300 to 1300 nm.
§

Several strategies were introduced to switch the stability of normal emulsions and

polystyrene latexes using switchable water. The switching process could be repeated over several
cycles.
§

Using reverse ATRP emulsion polymerization and AGET ATRP miniemulsion

polymerization separately, well-controlled PMMA latexes were prepared with good CO2switchability, uniform particle size distributions, polymer contents up to 40 wt.% and high
molecular weights.
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Chapter 2
Literature Review
2.1 CO2-switchable materials
Switchable materials have certain properties that can change upon the application of some
stimulus (Scheme 2.1).1 These materials have different potential applications in many processes
for saving energy, decreasing material consumption and making manufacturing processes greener.
CO2-switchable materials use CO2 as the trigger. Heating the system and/or flushing with a nonacidic gasgas, such as N2, typically achieves removal of CO2 from the system. Some important
types of CO2-switchable materials will be discussed in more detail in the following sections.

Scheme 2.1 Examples of applications of CO2-switchable materials.1b
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2.1.1 Switchable solvent
To reduce the release of volatile organic compounds (VOCs) to the environment and reduce
energy consumption, reduced solvent use and replacement of organic solvents by greener solvents
has drawn much attention. Several kinds of replacement solvents have been proposed, including
supercritical CO2 (scCO2), water, ionic liquids (ILs) and switchable solvents.2
Among these choices, switchable solvents are particularly interesting because of their
reversibly switchable characteristics. The Jessop group reported a reversible polarity solvent,
which can be switched by addition and removal of CO2 in the presence of alcohol as shown in
Scheme 2.2.2c, 3 The non-ionic liquid has a polarity as low as that of chloroform, while it is as
polar as DMF or propanoic acid under CO2.2c, 3 A series of switchable solvents consisting of
different amidine/alcohol and guanidine/alcohol mixtures using CO2 as stimulus were also
reported.3a, 4

Scheme 2.2 The switching of a switchable solvent system DBU/alcohol.3a (a) The switching
mechanism of DBU and alcohol by CO2; (b) The polarity of DBU and alcohol is switched by N2
8

and CO2 (Blue represents a liquid of low polarity while red represents a liquid of high polarity.);
(c) The switchable miscibility of decane with a mixture of DBU and alcohol.

Polystyrene was prepared in a mixture of DBU/PrOH (DBU: 1,8-diazobicyclo[5.4.0]undec7-ene; PrOH: 1-propanol) to demonstrate the use of the switchable solvent. After polymerization,
the polystyrene was precipitated by bubbling CO2 through the solution to switch the solvent to its
ionic form, in which the polymer was insoluble. After the particles were filtered and removed, the
switchable solvent was switched to its neutral form by bubbling N2 for recycle.3a
Some CO2-switchable solvents can be switched reversibly on and off between hydrophilic
and hydrophobic states by adding and removing CO2 gas. These solvents are called "switchable
hydrophilicity solvents” or SHS. By using these types of solvents, the distillation step for
separation of the final product from the solvent can be eliminated. Therefore, the solvent is not
required to be volatile. One of the potential applications for SHS is the extraction of soybean oil
from crushed soybeans.4b The current process involves extracting soybeans with hexane, followed
by removing the hexane via distillation to leave the pure oil. The switchable hydrophilicity
solvent, N,N,N′-tributylpentanamidine, makes it possible to extract the oil and then separate the
oil and solvent by adding CO2 and water. Once the oil is removed, the solvent is separated from
the water by removing CO2 and then reused, no hexane and no distillation required.

2.1.2 Switchable water
Beside switchable solvents, the Jessop group also reported "switchable water". "Switchable
water" is an aqueous solution of switchable ionic strength. In the absence of CO2, the aqueous
solution with amines has low ionic strength (Scheme 2.3).5 After reacting with CO2, the base is
converted to a bicarbonate salt and the solution has higher ionic strength than before, which can
9

salt out organic compounds such as THF and other organic solvents from the water. This process
is reversible and allows reuse of the aqueous solution.2c

Scheme 2.3 Switchable water triggered by CO2 and its switchable ionic strength. (1) The
mechanism of switchable water triggered by CO2; (2) The equation for calculating ionic strength
of protonated switchable water and the molality of the additive B is m.

Besides salting out THF from water, a new benign means of reversibly breaking emulsions
and latexes using “switchable water” has been reported.6 The conventional surfactant sodium
dodecyl sulfate (SDS) is not normally stimuli-responsive when CO2 is used as the stimulus but
becomes CO2-responsive or “switchable” in the presence of a switchable water additive. In
particular, changes in the air/water surface tension and oil/water interfacial tension can be
triggered by addition and removal of CO2. Switchable water was successfully used to reversibly
break an emulsion containing SDS as surfactant, and dodecane as organic liquid. Also, the
addition of CO2 and switchable water can result in aggregation of polystyrene latexes; the later
removal of CO2 neutralizes the amines and decreases the ionic strength allowing for the
aggregated polymer particles to be redispersed and recovered in their original state.

2.2 The concept and features of ATRP
Atom transfer radical polymerization (ATRP) is a polymerization technique that has
important potential for the synthesis of novel polymeric materials and possesses the ability to give
tailored polymer structures.2b
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In ATRP, the polymeric chain growth is mediated by a transition metal complex (usually
Cu). The mechanism of the typical ATRP process is outlined in Scheme 2.4. A low radical
concentration, which helps to minimize the termination reaction, can be maintained by a dynamic
equilibrium between the radical species (Pn) and the dormant species (Pn–X) due to the redox
reaction of the metal catalyst between the lower oxidation state (Mtn–X/L) and higher oxidation
state (X–Mtn+1–X/L). The catalysts, which include Cu and ligands, are the most significant
materials for successful ATRP.7

Scheme 2.4 Typical mechanism of ATRP.7

ATRP has several promising features.8 The first is the pre-determinable degree of
polymerization, i.e. the number average molecular weight (Mn) is a linear function of monomer
conversion. The second is the narrow molecular weight distribution. The final feature is longlived polymer chains with preserved end-functionalities. The significance of controlled
polymerization as a synthetic tool is widely recognized and polymers having uniform, predictable
chain length are readily available.
However, the high concentrations of transition metal complex required has limited its use on
an industrial scale.9 The material costs of metal complexes and other components, toxicity of the
compounds involved, as well as post-polymerization purification costs associated with metal
complex removal present serious challenges to commercial adoption of ATRP.
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2.2.1 Health and environmental effects of copper salt
Copper has several significant functions in the human body. Copper is necessary for the
body, because it helps to fix calcium in the bones and to build and repair connective tissue. This
includes the tendons, ligaments, skin, hair, nails, arteries, veins and other tissues. However,
problems occur when there is too much copper in the soft tissues of the human body.10
Imbalances can contribute to bone spurs, osteoporosis, and other conditions of the hair, skin, and
nails. Others symptoms are related to connective tissue including cardiovascular problems,
tendon and ligament conditions, scoliosis, and other skeletal and structural imbalances.
When copper is collected in soil, it strongly attaches to organic matter and minerals.10 As a
result, it does not transfer very far after releasing and it cannot easily go into groundwater.
Copper can travel long distances in water in the form of suspended particles or free ions.
Copper does not break down in the environment and as a result it can accumulate in living
things when it is found in soils and waters. In soils containing high levels of copper, only a
limited number of plants possess a chance of surviving. As a result, there is not much plant
diversity near copper-disposing industries. Due to the effects upon plants, copper is a serious
danger to the health of plants and animals. Copper can seriously affect farmlands, based on the
acidity of the soil and the presence of organic materials. Despite this, copper-containing manures
are still sometimes applied.
Given the known effects of copper on health and the environment, the concentration of
copper should be reduced as much as possible after an ATRP reaction. Several methods are
currently being investigated.
It is believed that economic and environmentally viable approaches to reducing the
concentration of the catalyst in the final material must be clearly defined in order to provide
12

industrial viability, particularly for larger volume applications. Methods are being researched, and
some progress has been made. Two approaches have been pursued to overcome this problem: one
is decreasing the required catalyst for starting polymerization; another is to remove, recover and
recycle the residual catalyst from the final product.7

2.2.2 ARGET ATRP
To reduce catalyst concentration, Matyjaszewski’s group exploited the fact that the rate of
ATRP does not depend on the absolute catalyst concentration but on the ratio of activator and
deactivator concentrations.7 Novel initiation systems were developed in which a very small
amount of active catalyst was used, and the deactivator formed due to radical termination was
constantly converted to activator through a redox process. It can now be successfully applied to
produce well-defined polymers using very low amounts of catalyst and simple reducing agents in
ARGET ATRP (activators regenerated by electron transfer for atom transfer radical
polymerization).7 In ARGET ATRP, the presence of a large excess of the reducing agent enables
the polymerization to be conducted using very small amounts of copper catalysts (Scheme 2.5).
Copper-catalyzed ARGET ATRP was successful in the presence of only 25 ppm of copper.7
However two issues are the large consumption of reducing agent, and residual hazardous ligand
remaining in the final polymer product.
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Scheme 2.5 The mechanism of ARGET ATRP.

2.2.3 eATRP
In recent years, many research groups have reported the use of external stimuli to regulate
the activation-deactivation process of ATRP. Especially the electrochemically mediated ATRP
(eATRP) has become a popular area of research. Some specific parameters (such as current,
potential and total charge, etc.) can be controlled by electrochemical methods in order to adjust
the polymerization process. The method of eATRP can not only controls the polymerization
process in-situ using electricity as an external stimulus, but it can also significantly improve upon
the performance of normal ATRP. For example, the amount of metal catalyst can be reduced to
50 ppm; the polymerization process is much more simplified than before; and the polymerization
environment is more moderate, allowing the existence of oxygen. In 2011, Matyjaszewski group
firstly proposed the electrochemical-controlled eATRP polymerization11 for the successful
preparation of polymers with very narrow molecular weight distribution, achieving the successful
combination of ATRP and electrochemical reactions. The mechanism of eATRP is typically
based on the normal ATRP, and the current at cathodes can reduce Cu(II) catalyst to Cu(I),
initiating the polymerization; while Cu(I) can be oxidized to Cu(II) to stop the polymerization
reaction as shown in Scheme 2.6.
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Scheme 2.6 Schematic of proposed mechanism for electrochemical control over an ATRP.11

2.2.4 Photo-induced ATRP
"Living" radical polymerization (LRP) is achieved and dependent on the rapid dynamic
equilibrium between the active species and dormant species. This process is usually accomplished
with the assistance of different physical or chemical stimuli such as heat,12 light,13 microwave,14
metal catalysts7 and even conventional free radicals.15 Photo-catalyzed LRP not only has the
advantages of mild reaction conditions and high reaction efficiency, but also the polymerization
can be carried out at room temperature. Moreover, it is found that photo-catalyzed LRP increases
the catalytic activity of the catalyst and improves the functionalization of the polymer. In 1982,
Otsu et al. took an advantage of "dithiocarbamate" as initiator-iniferter,16 and achieved "active"
radical polymerization under ultraviolet light, but the molecular weight distribution of the
obtained polymers was wide. Recently, photo-catalyzed LRP has been developed into different
types, such as photocatalytic cobalt-controlled free radical polymerization,17 and photo-induced
RAFT polymerization.18 Besides those, due to the importance of ATRP19 in LRP, photo-induced
ATRP has also been extensively studied.
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The early studies of light-induced ATRP demonstrate that the optical radiation can
effectively increase the activity of catalyst and reduce the amount of metal catalyst. Guan et. al.
used the CuCl/bpy as catalyst to initiate ATRP in the presence of visible light, accelerating the
polymerization rate and increasing the monomer conversion to almost 100%.19 The
photoinitiators,20 photosensitive dyes21 or semiconductors22 can also be used as reductants to
construct light-induced copper-catalyzed ATRP systems.
The primary advantage of photo-catalyzed ATRP is the reduction of the amount of metal
catalyst. Matyjaszewski’s group researched the copper-catalyzed ATRP system under the light
from light-emitting diodes (LEDs) with different wavelengths, reducing the amount of Cu to 100
ppm.23 Mosnacek et al. found that if the initiator ethyl α-bromoisobutyrate (EBiB) was replaced
with 2-bromopropionitrile (2-BPN), the concentration of copper salt in the system could be
further reduced to 50 ppm.24 In addition, the photo-induced ATRP system in the aqueous phase
has also been successfully developed,25 which combines the high efficiency of photochemical
ATRP and the convenience of aqueous solution. However, the residual toxic metal salt remained
in the polymer is still the shortcoming of the photo-catalyzed ATRP system with metal salt as
catalyst.
Subsequently, the photo-catalyzed ATRP systems made significant progress to avoid the
dependence of metal salts; the photo-catalyzed metal-free ATRP systems were established and
their own high efficiency and applicability were affirmed.26 Miyake’s group developed phenyl
phenothiazine derivatives as photo-initiated catalysts and conducted successful photo-catalyzed
metal-free ATRP under visible light.27 The Matyjaszewski group’s recent paper indicates that the
photo-induced metal-free atom transfer radical polymerization has been successfully extended to
the synthesis of polyacrylonitrile (PAN), using organic photo-catalysts as organic photocatalysts;
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Matyjaszewski’s group tested different organic photo-catalysts, including 10-(4-methoxyphenyl)phenothiazine, 10-phenyl-phenothiazine (PTZ) and 10-(1-naphthalenyl)-phenothiazine.26b The
proposed mechanism for PTZ-catalyzed photo-ATRP involves a three component photo-initiated
cycle. The photoexcited PTZ* activates an alkyl halide and generates radicals, while the PTZ+•Brdeactivates the radical and regenerates the ground state PTZ (Scheme 2.7).26b In summary, photoinduced metal-free ATRP is a promising synthesis approach for polymers.

Scheme 2.7 Proposed mechanism for PTZ-catalyzed photoATRP and optimized geometries of
related intermediates.26b

2.2.5 Solid supported catalyst systems
One method for reducing catalyst concentration in the final polymer involves development
of heterogeneous catalyst systems. Solid surface-immobilized catalysts offered a convenient
method for catalyst recovery, after the reaction has been completed.10 There is a great deal of
interest in immobilizing homogeneous transition metal polymerization catalysts on solid supports
for the purpose of recovery and reuse. However, these approaches offered limited control over the
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polymerization due to diffusion limitations, primarily the result of slow deactivation.10, 28 The
implication of this observation was immediately seen in the preparation of polymers exhibiting
higher than target molecular weight and broader molecular weight distributions.10, 28

2.2.6 Liquid/liquid biphasic systems
Other liquid/liquid biphasic systems have been evaluated. The simplest is the method of
polymerization in a mixed medium with an organic solvent and water. A mixture of toluene and
water was used as the reaction medium in the polymerization. This system was developed to take
advantage of the higher solubility of water in toluene at higher temperatures and the preferential
partitioning of copper halides into the aqueous phase in heterogeneous systems which results in
almost complete migration of the copper salt into the aqueous phase after the reaction is complete
and the catalyst has deliberately been oxidized.29 The reaction was conducted at higher
temperatures in a homogenous polymerization medium, and then after the reaction was complete
the reaction medium and catalyst complex were exposed to air whereupon the copper migrated to
the aqueous phase that separated from the toluene solvent when the reaction medium was cooled
to room temperature. The amount of residual copper in the organic phase, measured by
inductively coupled plasma, was less than 1 ppm. The drawback is that the mixture of toluene and
water has only one azeotrope point, so the reaction temperature is fixed at 85 oC.

2.2.7 Removal methods for copper catalyst
In the laboratory, transition metal compounds were initially removed from the reaction
medium by passing a solution containing the product and oxidized catalyst through a column or
pad of acidic or neutral alumina, silica and/or clay. The range of media that could be used in this
catalyst removal step was later expanded to include ion exchange resins with acidic groups,
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which would allow recovery and recycle of the transition metal. Other agents that have been
reported to be successful at removing copper catalyst complexes include activated carbon.
In summary, ATRP is an outstanding polymerization technique, and has a promising future
for the polymer industry. However the residual catalyst in the final product is its largest hindrance
for industrial usage. Although there are several possible approaches for removing and reducing
the catalyst, there has not yet been widespread industrial scale implementation of ATRP for the
preparation of large volume materials, as the residual catalyst problem is not solved completely.

2.3 Conventional emulsions and miniemulsions
2.3.1 Conventional emulsion
An emulsion is a mixture of two or more liquids that are normally immiscible. Emulsions are
part of a more general class of two-phase systems called colloids.30 Although the terms colloid
and emulsion are sometimes used interchangeably, the term emulsion should be used when both
the dispersed and the continuous phase are liquids. In an emulsion, one liquid (the dispersed
phase) is dispersed in the other (the continuous phase). Examples of emulsions include
vinaigrettes, milk and mayonnaise. If the size of the droplets in a traditional emulsion is large (1
to 10 µm), it is usually called a coarse emulsion.
Formation of the emulsion produces a large interfacial area, increasing the energy of the
system, so that emulsions are thermodynamically unstable systems. In order to make a stable
emulsion, some surfactant must be added. The processes for breaking emulsions include layering,
settlement, flocculation, ripening, and coalescence.16 The mechanisms by which emulsions
destabilize are shown in Scheme 2.8.

19

Scheme 2.8 Schematic representation of different types of processes leading to instability of an
emulsion: (1) freshly prepared emulsion, (2) flocculation, (3) coalescence, (4) creaming, (5)
Ostwald ripening, and (6) phase inversion.31

2.3.2 Miniemulsions
Miniemulsions are a class of emulsions with submicron droplet size (~50 to ~500 nm).30 Due
to the small size of miniemulsions, they typically exhibit high kinetic stability in the long term,
and may not exhibit stratification or coalescence for months or even years. However,
miniemulsions are not thermodynamically stable, unlike microemulsions. The size of
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miniemulsions lies between coarse emulsions (~1 to ~10 µm) and microemulsions (~10 to ~50
nm). Table 2.1 shows a comparison of conventional emulsions, miniemulsions and
microemulsions. Compared with conventional emulsions, miniemulsions have advantages, such
as small droplets, narrow distribution and good stability. Compared with microemulsions,
miniemulsions require less surfactant.
Table 2.1 Comparison of emulsions, miniemulsions and microemulsions.30
Conventional
emulsion

Miniemulsion

Microemulsion

Particle size

1~10 µm

50~500 nm

10~50 nm

Concentration
of surfactants

Low

Low-Medium

High

Transparency

Opaque

Opaque

Transparent

Stability

Unstable

Meta-stable

Thermodynamically stable

Traditional methods for preparing miniemulsions are high-energy emulsifications,30 which
require expensive emulsification equipment such as high-pressure homogenizers or ultrasonication equipment. High-energy emulsification consumes much energy, and has high cost.
New methods have been reported to prepare miniemulsions, such as the emulsion inversion point
(EIP) method,32 phase inversion temperature (PIT) method33 and micro-emulsion dilution
method.[37] High energy is not necessary for these methods, so they are called low energy
methods (shown in Table 2.2).
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Table 2.2 Methods for preparing miniemulsions
Approaches with high energy

Approaches with low energy

High pressure homogenizer

Phase transition temperature

Sonication

Reverse-phase emulsion

High pressure filtration

Dilution of micro-emulsion

Sole et al.34 took advantage of two high-energy emulsification methods (high shear method
and ultrasonication method) and one low-energy emulsification method (PIT method) to prepare
miniemulsions and compared their emulsification results, as shown in Figure 2.1. Ultrasonication
and high shearing respectively were done for 15 min; it was found the diameters of the emulsion
droplets using the high energy methods were much larger than for the PIT method. For ultrasonic
emulsification of 2 h, the droplet size can be reduced to 78 nm, but it is still much larger than the
diameter obtained using the low-energy method (27 nm). Longer ultrasound time may reduce
droplet size, but it increases the cost. For the high shearing methods, increasing shear time only
slightly reduced the droplet diameter. Emulsification process with high-energy emulsification
methods produces large amounts of foam, which is difficult to handle and clean. Therefore, from
the viewpoint of energy consumption and emulsification efficiency, low-energy emulsification
methods may be a viable choice.

22

Figure 2.1 Droplet diameters of miniemulsions obtained for different emulsification methods.
US= ultrasonic emulsification; UT= Ultraturrax emulsification. Composition: oleic acid/C12E10=
3/7; O/S= 4/6; 80% water. Temperature= 25 °C.34

2.4 Polymer latexes and emulsion polymerization
Latex technology encompasses colloidal and polymer chemistry in the preparation,
processing, and conversion of natural and synthetic latexes into useful products.30 An emulsion is
a dispersion of two or more immiscible liquid phases (one being water) stabilized by amphiphilic
materials. A latex is a specific type of emulsion; one where the dispersed phase is a polymer
particle. The terms latex and emulsion are often used interchangeably partly because emulsion
polymerization is the principal synthetic route to latexes.
There are many advantages of emulsion polymerization. (1) High molecular weight
polymers can be made at fast polymerization rates. By contrast, in bulk and solution free radical
polymerization, there is a tradeoff between molecular weight and polymerization rate. (2) The
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continuous water phase is an excellent conductor of heat, enabling fast polymerization rates
without loss of temperature control. (3) Since polymer molecules are contained within the
particles, the viscosity of the reaction medium remains close to that of water and is not dependent
on molecular weight. (4) The final product can be used as is and does not generally need to be
altered or processed.
However, emulsion polymerization also includes several drawbacks. (1) Surfactants and
other polymerization components remain in the polymer and are difficult to remove. (2) For dry
(isolated) polymers, water removal is an energy-intensive process. (3) Emulsion polymerizations
are usually designed to operate at high conversion of monomer to polymer. This can result in
significant chain transfer to polymer. (4) It cannot be used for condensation, ionic or ZieglerNatta polymerization, although some exceptions are known.
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Chapter 3
ATRP Catalyst Removal and Ligand Recycling Using CO2-Switchable
Materials
Preface
The objective of this project is to synthesize polymers using ATRP and to recycle ligands
and copper catalyst. The effect of different parameters on the polymerization reaction will be
studied as well. Then, by chance, I found the paper named as “Organocatalyzed Atom Transfer
Radical Polymerization Driven by Visible Light”, which showed me a brand-new approach
avoiding using metal, but only photoredox catalyst.
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Abstract
I have designed three approaches to producing largely copper-free polymers by ATRP. Two
approaches involve removing the copper catalyst and recycling the ligands after atom transfer
radical polymerizations. The third approach involves a recoverable organocatalyst. All three
approaches are based on using materials whose properties can be switched using only CO2 and
any nonacidic gas (e.g. air, nitrogen, argon) as triggers. The first approach involves use of a CO2switchable solvent (Cy2NMe, N,N-dicyclohexylmethylamine) as the medium for the ATRP
reaction. After adding water to the polymerized reaction mixture and sparging with CO2, the
polymer precipitates while the copper salt remains in the solvent. The second approach involves
using a conventional ATRP solvent such as toluene to conduct the polymerization. Following
polymerization, addition of water and CO2 sparging results in the ligand (Me6TREN) and copper
salt transferring into the aqueous phase, while the polymer remains in the organic phase. Finally I
demonstrate the effectiveness of the CO2-switching approach in organocatalyzed atom transfer
radical polymerization (O-ATRP) using a new CO2-switchable photo-initiated catalyst, which can
be extracted from the polymer and reused. In all methods, residual copper in the polymer was <5
ppm, while residual ligand was <3 ppm. The feasibility of recovering and re-using the ligand or
photo-initiated catalyst for subsequent polymerizations is also established.
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3.1 Introduction
Atom transfer radical polymerization (ATRP) is an important polymerization technique for
the synthesis of novel polymeric materials, possessing the ability to give tailored polymer
structures with predictable molecular weight, low molar mass dispersity and high chain end
functionality.1,2 The significance and value of ATRP as a synthetic tool is widely recognized.
However, the use of transition metal complexes required has limited its use thus far on an
industrial scale.3 The material costs of the metal complexes (primarily ligand), toxicity of the
compounds involved, as well as post-polymerization purification costs associated with metal
complex removal present serious challenges to the commercial adoption of ATRP.
Reducing or removing copper from the final polymer is a primary challenge for ATRP.
Copper can be harmful for human health and the environment.4 When copper collects in soil, it
strongly attaches to organic matter and minerals.4 Copper can travel long distances in water in the
form of suspended particles or free ions. Copper does not break down in the environment and as a
result it can accumulate in living beings when it is present in soils and waters. In soils containing
high levels of copper, only a limited number of plants are able to survive. Due to the effects upon
plants, copper presents a serious threat to the health of both plants and animals. Copper can
seriously affect farmlands, depending on the acidity of the soil and the presence of organic
materials. Given the known effects of copper on health and the environment, the concentration of
copper should be reduced as much as possible after an ATRP reaction, preferably to <~10 ppm.
Several methods are currently being investigated.
Considerable effort has been expended to alleviate the challenge of residual catalyst in
polymers made using ATRP. Several approaches for removing catalyst have been developed,
often relying on an additional purification step, which also generates additional waste, thereby
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increasing the cost of polymers prepared by ATRP. These approaches have included ionexchange

resins,

biphasic

systems,

immobilized/solid-supported

catalysts,

and

immobilized/soluble hybrid catalyst systems.5 An alternative and more desirable strategy is to
reduce the catalyst concentration used in the polymerization, exploiting the fact that the rate of
ATRP does not depend on the absolute catalyst concentration but rather on the ratio of activator
to deactivator concentration. A novel initiation system, ARGET (Activators Regenerated by
Electron Transfer) ATRP, was developed in which a very small amount of active catalyst is used,
and the deactivator formed due to radical termination is constantly regenerated to activator
through a redox process.6 ARGET ATRP can produce well-defined polymers using very low
amounts of catalyst and simple reducing agents. In ARGET ATRP, the presence of a large excess
of the reducing agent enables the polymerization to be conducted using only small amounts of
copper catalyst, as low as 25 ppm copper, although control typically decreases as the copper
concentration is lowered.6 In e-ATRP (electrochemically mediated ATRP),7 a desired amount of
the catalyst complex (X-CuII/L) can be electrochemically reduced to activator (CuI/L) to initiate a
controlled radical polymerization, and the process can also reduce the required amount of
catalysts and ligands.8-10 In the past three years, photo-initiated controlled polymerizations11-20
became the research hotspot, in which organic ATRP photo-initiated catalysts19,20 have been
developed to solve the challenge of contamination of the polymer by a metal catalyst.
The ligands introduced with the transition metal may also have toxicity concerns. Most are
N-containing

compounds,

for

example

the

widely

used

Me6TREN

(tris[2-

(dimethylamino)ethyl]amine, and are also moderately expensive.21 Thus, not only is the removal
of copper of interest, but an efficient route to recycling the ligand would also be desirable.
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Me6TREN, being a tertiary amine, is also CO2-switchable, which prompted us to consider using
CO2-switchable technology to recycle the ligands after an ATRP.
Switchable materials have properties that can change upon the application of a stimulus.22-24
These materials have different potential uses in a range of applications often targeted at saving
energy, decreasing material consumption and making manufacturing processes greener. CO2switchable materials use CO2 as the trigger. Flushing with a nonacidic gas, such as air, nitrogen
or argon, typically achieves removal of CO2 from the system, although mild heat can also be used
to accelerate the removal. Several types of CO2-switchable materials have been developed in
recent years.
CO2-switchable solvents can be switched reversibly on and off between hydrophilic and
hydrophobic states by adding and removing CO2 gas. These solvents are called "switchable
hydrophilicity solvents” or SHS.25 Using these types of solvents for separations, the distillation
step for separation of the final product from the solvent can be eliminated. One of the applications
for SHS is the extraction of soybean oil from crushed soybeans.26 After the oil was removed from
the SHS as a separated phase, the solvent can be “switched” and reused.
Using CO2-switchable technology, I have developed a method to purify synthesized ATRP
polymer by removing residual copper salt and ligand. The polymerization can be conducted in
either a switchable hydrophilicity solvent or a conventional ATRP solvent. In both processes, the
copper levels in the polymer are reduced to <5 ppm and the ligand levels to <3 ppm. Furthermore,
the ligand can be recovered and reused. The switchable solvent can also be reused. The processes
are amenable to large-scale implementation, and may offer an inexpensive and effective route to
significantly reducing the post-polymerization costs associated with ATRP. I have also developed
a new CO2-switchable photo-initiated catalyst for organocatalyzed atom transfer radical
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polymerization (O-ATRP), which can be extracted from the polymer after polymerization and
reused.

3.2 Results and Discussion
3.2.1 CO2-switchability of tertiary amines as solvents and ligands
The selection of ligands and solvents in ATRP has a significant role in determining the
success of using CO2-switching technology. Many tertiary amines are CO2 responsive. A series of
tertiary amines, when dissolved in water and bubbled with CO2, generated aqueous solutions
containing ammonium hydrogen carbonates (bicarbonates). Removing CO2 through moderate
heating and sparging with argon readily neutralizes the amines, as shown in Scheme 3.1. When
the pKaH values (the pKa of their conjugate acids) of amines are in the range of 7.0-12.0, the
reaction with CO2 is easily reversed.27 Compared to primary and secondary amines, tertiary
amines lack hydrogen bond-donating ability and, most importantly, they are incapable of forming
carbamates upon reaction with CO2.

[NR 3H] + [HCO 3]

NR 3 + H 2O + CO 2

Scheme 3.1 The reversible protonation of tertiary amine by CO2 and water.

I decided to use a CO2-switchable ligand for ATRP, namely the widely used tris[2(dimethylamino)ethyl]amine (Me6TREN, its pKaH were measured as 8.6, 7.9, 6.7, Figure 3.1).
The Me6TREN should have four pKaH as it has four nitrogen atoms in the molecular structures.
One of them cannot be identified because maybe it is too low to be tested, or even negative.
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Me6TREN is a commercially available ligand that has been successfully used in the ATRP of
various monomers such as styrene, methyl acrylate, butyl acrylate, methyl methacrylate, butyl
methacrylate, and acrylonitrile. Scheme 3.2 demonstrates the switching behavior of Me6TREN
when treated with CO2. Tris(2-pyridylmethyl)amine (TPMA) is another successful ligand for
ATRP, but its pKaH is 6.17,28 which is not basic enough to be readily CO2-switchable.

Figure 3.1 pH titration curve of the aqueous solution of Me6TREN with HCl at at 25 ± 0.5 °C.
The pKaH values of the compounds were determined by titrating the aqueous solution of
Me6TREN (20 mM, 20 mL, 0.4 mmol)) with 100 mM hydrochloric acid.
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Scheme 3.2 The switching behavior of switchable ligand Me6TREN triggered with CO2. After
CO2 treatment, as water containing CO2 is a weak acid, only one nitrogen atom is protonated.

Conductivity studies were performed to demonstrate the dramatic change in charge between
the low ionic strength solution and the high ionic strength solution. Solutions of Me6TREN (20
mM) showed a large increase in conductivity, starting at 0.4 µS/cm and increasing up to 160
µS/cm in about 10 min, upon the introduction of CO2 (Figure 3.2). By contrast, bubbling CO2
through only water (starting at 0.06 µS/cm) raised the conductivity to only 0.6 µS/cm. Sparging
and heating of the solutions showed the expected decrease in conductivity as the CO2 was
removed, decreasing the conductivity to 1.2 µS/cm for Me6TREN. This represented an
approximate 90% decrease from the maximum conductivity for both systems. The drop in
conductivity depended greatly on time and efficiency of bubbling. The observed change in
conductivity by addition and removal of CO2 provides confirmation that Me6TREN is CO2switchable.
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Figure 3.2 Conductivity of aqueous solutions of Me6TREN (20 mM) at 25 ± 0.5 °C as a function
of time during two cycles of sparging with CO2 followed by argon.

The switchable hydrophilicity solvent (SHS), N,N-dicyclohexylmethylamine (Cy2NMe, its
pKaH was measured as 10.06, Figure 3.3), was used as solvent. After SHS and water are mixed
(their volume ratio is 1:1), Cy2NMe can be reversibly switched between a hydrophobic form that
is poorly miscible with water, and a hydrophilic form that is miscible with water. Cy2NMe is
hydrophobic enough to form a biphasic mixture when mixed with water under air, but with the
addition of CO2 at 1 atm it effectively becomes miscible with water because it is converted to the
bicarbonate salt (Scheme 3.3).
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Figure 3.3 pKaH of Cy2NMe was measured in ethanol–water solutions and extrapolated to a
completely aqueous solution at 25 °C.

Scheme 3.3 The switching behavior of switchable solvent Cy2NMe triggered with CO2.

The conductivity of Cy2NMe (45 mM) in water was also measured at 25 ± 0.5 °C for two
cycles of alternating CO2 and argon bubbling (Figure 3.4). The conductivity of the Cy2NMe
solution increased from 2 to 231 µS/cm after CO2 bubbling for 16 min. It decreased to its initial
value upon bubbling with argon. Cy2NMe, an unprotonated amine, is converted to a bicarbonate
salt in the presence of CO2 and water.
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Figure 3.4 Conductivity of aqueous solutions of Cy2NMe (45 mM) at 25 ± 0.5 °C as a function of
time during two cycles of sparging with CO2 followed by argon.

Several polymers were chosen to test their solubility in Cy2NMe, including polystyrene (PS),
poly(methyl methacrylate) (PMMA), poly(butyl methacrylate) (PBMA) and polyethylene (PE)
(Table 1). These polymers all dissolve well in Cy2NMe at 25 oC, except PE. The dissolution of a
polymer into a solvent involves two transport processes, namely solvent diffusion and chain
disentanglement. PE has high crystallinity, which hinders solvent diffusion into the polymer solid.
However at a higher temperature, 120oC, the dissolution of PE in Cy2NMe occurs. PS was chosen
for further study in this work.

40

Table 3.1 Polymer dissolution in the CO2-switchable solvent Cy2NMe at 25 oC.a
Polymer

Mn

Mw

Dissolution

PS

117000

192000

Yes

PMMA

46000

97000

Yes

PBMA

37000

78000

Yes

PE

7700

35000

Nob

a

5 g of polymer were dissolved in 50 g of Cy2NMe. If the solution has more than 5 w.t.% polymer, it
indicates good dissolution of polymer in Cy2NMe.
b
the concentration of PE dissolved was detected as less than 0.1 wt%.

3.2.2 ATRP using CO2-switchable solvent
ATRP was performed in the switchable solvent, Cy2NMe, using ethyl 2-bromoisobutyrate
(EBiB), CuBr and Me6TREN as initiator, catalyst and ligand respectively. Following
polymerization, oxygen was sparged into the reaction mixture to oxidize CuBr to CuBr2.
Subsequent addition of water and bubbling CO2 act to protonate the Cy2NMe and the Me6TREN.
The CuBr2, Cy2NMe and Me6TREN, all being water soluble, remain dissolved. However, the
polystyrene precipitates and can be removed by filtration. After the CO2 is removed by sparging
with argon, the Cy2NMe reverts to its non-protonated, hydrophobic form. Me6TREN (which is
now also non-protonated) remains in the Cy2NMe phase, which can be used for the next ATRP
polymerization. I found that NaCl addition (after the CO2 is removed) enhances the partitioning
of the Me6TREN into the Cy2NMe phase. Scheme 3.4 shows this entire cycling process.

41

Scheme 3.4 Flow chart for removing copper from polystyrene after ATRP using CO2-switchable
solvent Cy2NMe as solvent.

Reasonable polymerization rates were obtained at 80 °C (Figure 3.5), with ~90% conversion
obtained in 200 minutes. The polymerizations also exhibited good livingness and control (Figure
3.5c), with final dispersities ~1.2.

(a)
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(b)

(c)
Figure 3.5 (a) Dependence of experimental number average molar mass and dispersity (Đ) on St
conversion for normal ATRP polymerization of St at 80 oC, in the presence of Cy2NMe as solvent
under the argon atmosphere (dotted line is theoretical Mn). (b) Dependence of conversion and ln(1-conversion) on the reaction time (min). (c) Evolution of molecular weight distribution with
conversion.
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Residual copper and N levels in the final polymer were measured to be below the detection
limits for flame atomic absorption spectrometry and elemental analysis respectively (Table 3.2
and Figure 3.6). Using Gas Chromatography (GC) and Total Organic Carbon (TOC) analysis to
measure the concentration of the ligand Me6TREN, the concentrations of Me6TREN in the
Cy2NMe of the three cycles were determined to be 1.7%, 1.5% and 1.2% respectively (Table 3.2).
The Mn and Đ of the polymer synthesized in the second and third cycle are slightly higher
than the first cycle. The reason for this phenomenon could be reduction of Cu(II) salt by amine.
Weiss et al. demonstrated that triethylamine reduced Cu(II)Cl2 to Cu(I)Cl and produced a cation
radical species, as shown in Scheme 3.5.29 Reduction of high-valent copper and manganese
complexes to low-valent metal complexes by aliphatic amines through an electron transfer
process was reported by Wang and Pecoraro, respectively.30,31 The switchable solvent, Cy2NMe as
tertiary amine, may react with the copper salt under the chosen conditions. It should be noted that
only recycled ligand was used (i.e. no additional ligand was added to the formulation during
cycles 2 and 3, Figures 3.7 and 3.8). It is probable that addition of small amounts of make-up
ligand in each cycle after the first cycle would yield a well-controlled polymerization in all
subsequent cycles.

Table 3.2 Comparison of results in three cycles in ATRP using the CO2-switchable solvent
Cy2NMe.
Me6TREN in
Cy2NMe a (wt%)

Residual copper
in polymerc

Residual
nitrogen
in polymerd

Cycle

Mn

Đ

Conversion
(%)

Cycle 1

20090

1.21

91.1

1.7 b

< 5 ppm

56 ppm

e

< 5 ppm

87 ppm

< 5 ppm

65 ppm

Cycle 2

29880

1.34

90.3

1.5

Cycle 3

38740

1.39

88.9

1.2 e
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a

data were obtained by GC.

b

original concentration of Me6TREN ligand in the ATRP reaction solution.

c

detection limit of Flame Atomic Absorption Spectrometry is 5 ppm.

d

detection limit of TOC analyzer for nitrogen is 3 ppm.

e

recycled concentration of Me6TREN ligand before the new ATRP.

Figure 3.6 The appearance of the reaction mixture at each step during ATRP using Cy2NMe as
solvent. (a) The solution after ATRP; (b) the reaction solution after adding water and bubbling
CO2; (c) the reaction solution after separating polymer and sparging argon; (d) The polymer after
removing copper salt.

Cu(II)Cl 2 + 2

2

N

N

Cu(I)Cl

N

NH

+

+

N

+ Cl

N

Scheme 3.5 The proposed mechanism of reduction of Cu(II) salt by tertiary amine.10
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(a)

(b)
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(c)
Figure 3.7 Data for ATRP polymerization using the recycled Cy2NMe and ligands (namely cycle
2 in Table 3.2) after the polymerization shown as Figure 3.3. (a) Dependence of experimental
number average molar mass and dispersity (Đ) on conversion for ATRP polymerization of St at
80 oC using (dotted line is theoretical Mn). (b) Dependence of conversion and -ln(1-conversion)
on the reaction time (min). (c) Evolution of molecular weight distribution with conversion.
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(a)

(b)
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(c)

Figure 3.8 Data for ATRP polymerization using the recycled Cy2NMe and ligands (namely cycle
3 in Table 3.2) after the polymerization shown as Figure 3.7. (a) Dependence of experimental
number average molar mass and dispersity (Đ) on conversion for ATRP polymerization of St at
80 oC using (dotted line is theoretical Mn). (b) Dependence of conversion and -ln(1-conversion)
on the reaction time (min). (c) Evolution of molecular weight distribution with conversion.

3.2.3 ATRP using toluene as solvent
I also developed a process using CO2-switchable technology that uses conventional ATRP
solvents to eliminate concerns about the possible reduction of high-valent copper to low-valent
metal complexes by aliphatic amines. The process for the new approach is similar to that
described above, except that toluene was chosen as the polymerization medium (Scheme 3.6).
After the ATRP reaction, sparging with oxygen oxidizes CuBr to CuBr2. Following this, addition
of water and bubbling CO2 protonates the Me6TREN. Me6TREN and copper salt then transfer
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into the aqueous phase, and polystyrene remains in the toluene phase. After separation, NaCl and
NaOH were added into the aqueous solution until the pH of the aqueous solution was above 9.0
and no further Cu(OH)2 precipitated. The new added toluene and aqueous solution were
combined together; the Me6TREN then transferred into the toluene phase, and the aqueous phase
was removed. The water and toluene phases was then separated. The organic phase containing
Me6TREN was kept. Styrene monomer and CuBr were added to this organic phase for the next
cycle.

Scheme 3.6 Flow chart for removing copper from polystyrene after ATRP. Toluene is the solvent.

Figure 3.9 shows kinetic and molecular weight data for the ATRP polymerization in toluene,
which proceeded at a reasonable rate, with high monomer conversions (>90%) obtained within
200 min. Throughout the polymerizations, the experimental Mn values were close to their
corresponding theoretical values.
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(a)

(b)
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(c)
Figure 3.9 (a) Dependence of experimental number average molar mass and dispersity (Đ) on St
conversion for normal ATRP polymerization of St at 80 oC using toluene as solvent (dotted line is
theoretical Mn). (b) Dependence of conversion and -ln(1-conversion) on the reaction time (min).
(c) Evolution of molecular weight distribution with conversions.

The post-reaction solution was treated using the procedure described in Scheme 3.6.
The ligand Me6TREN moved into the carbonated water. Later, when I added fresh toluene
and got rid of the CO2, then the ligand moved into the fresh toluene. The toluene solution could
be used in the next cycle. Copper and ligand levels in the product PS were not detectable (Table
3.3). When the second and third cycles were run, the polymerization behavior was similar to the
first polymerization, with the molecular weights being nearly identical, suggesting the Me6TREN
was quantitatively recovered for reuse in each subsequent cycle (Figures 3.10 and 3.11). The
results demonstrate that the use of a traditional ATRP solvent may be advantageous compared to
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the previous approach using Cy2NMe as the polymerization solvent with regards to not having to
add make up ligand in each subsequent polymerization.

Table 3.3 Comparison of results in three cycles in normal ATRP using the toluene as solvent.
Mn

Đ

Conversion
(%)

Me6TREN
in toluenea
(wt%)

Residual
copper in
polymerc

Residual
nitrogen in
polymerd

Cycle 1

17930

1.15

93.2

1.2 b

< 5 ppm

< 3 ppm

Cycle 2

18340

1.18

87.3

1.1 e

< 5 ppm

< 3 ppm

90.1

e

< 5 ppm

< 3 ppm

Cycle 3

18220

1.17

1.1

a

data were obtained by GC.

b

original concentration of ligand in the ATRP reaction solution.

c

detection limit of Flame Atomic Absorption Spectrometry is 5 ppm.

d

detection limit of TOC analyzer for nitrogen is 3 ppm.

e

recycled concentration of Me6TREN ligand before the new ATRP.

(a)
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(b)

(c)

Figure 3.10 Data for the ATRP polymerization using the recycled Me6TREN ligand (namely
cycle 2 in Table 3.3) after the polymerization shown as Figure 3.9. (a) Dependence of
experimental number average molar mass and dispersity (Đ) on conversion for ATRP
polymerization of St at 80 oC using (dotted line is theoretical Mn). (b) Dependence of conversion
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and -ln(1-conversion) on the reaction time (min). (c) Evolution of molecular weight distribution
with conversion.

(a)

(b)
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(c)

Figure 3.11 Data for the ATRP polymerization using the recycled Me6TREN ligand (namely
cycle 3 in Table 3.3) after the polymerization shown as Figure 3.10. (a) Dependence of
experimental number average molar mass and dispersity (Đ) on conversion for ATRP
polymerization of St at 80 oC using (dotted line is theoretical Mn). (b) Dependence of conversion
and -ln(1-conversion) on the reaction time (min). (c) Evolution of molecular weight distribution
with conversion.

3.2.4 Organocatalyzed atom transfer radical polymerization (O-ATRP)
Organocatalyzed atom transfer radical polymerization (O-ATRP) is an alternative ATRP
process considered a greener procedure since it does not employ a metal-containing catalyst.
Ideally the organic catalyst for O-ATRP could be recovered and reused multiple times. I have
developed a route enabling recovery of the organic catalyst using a CO2-switchable process.
Miyake’s group designed a class of organic visible-light photo-initiated catalysts (PC) to initiate
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ATRP reactions, focusing on 5,10-diphenyl-5,10-dihydrophenazine and its derivatives for
organocatalyzed ATRP (O-ATRP).19
I hypothesized that if a CO2-switchable tertiary amine was incorporated into the molecular
structure of the PC, I could obtain a CO2-switchable photo-initiated catalyst, which could be
extracted by CO2-saturated water after the polymerization was complete. After removal of the
CO2 from the aqueous solution, the extracted SPC could be reused for a new O-ATRP reaction.
The preparation of our SPC followed a multi-step procedure (Scheme 3.7). The SPC’s pKaH were
measured as 9.87, 8.57 and 7.3 (Figure 3.12), and other SPC’s pKaH could not be found, because
some of the SPC’s pKaH were too close to being identified. Figure 3.13 shows that it can be
excited by visible light. Figure 3.14 shows the conductivity of SPC in aqueous solution under
alternating CO2 and argon cycles. Conductivity increases dramatically upon CO2 sparging,
increasing from 52 µS•cm–1 to 331 µS•cm–1. Upon CO2 sparging, the original cloudy aqueous
solution becomes clear. In the absence of CO2 after argon bubbling, the solution turns cloudy
again. Excellent consistency was observed over the alternating cycles of CO2 and argon. In Figure
3.15, I found that SPC possesses a triplet excited-state reduction potential of E0(PC•+/3PC*) = 2.05 V vs. SCE, and E0(PC•+/PC) = -0.20 V vs. SCE. The measured potentials are corroborated
by the computed data from the organic visible the organic visible-light photo-initiated catalyst
(PC) from Miyake’s group (E0(PC•+/3PC*) -2.24 to -2.06 V; E0(PC•+/PC) -0.1 to 0.2 V) within
experimental error.19 The difference comes from the introduction of tertiary amine groups onto
the chemical structure of the dihydrophenazine based PC, which increases the reduction
potentials.
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Scheme 3.7 Synthesis steps of CO2-switchable photo-initiated catalyst (SPC), 2,2',2'',2''',2'''',2'''''[phenazine-5,10-diyl bis [(benzene-5,1,2,3-tetrayl)tris(oxy)]] hexakis (N,N-dimethylethan-1amine).

Figure 3.12 pKaH of SPC was measured in ethanol–water solutions and extrapolated to a
completely aqueous solution.
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Figure 3.13 UV-Vis spectrum of SPC in toluene.

Figure 3.14 Conductivity of aqueous solutions of SPC (20 mM) for O-ATRP at 25 ± 0.5 °C as a
function of time during two cycles of sparging with CO2 followed by argon.
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Figure 3.15 Cyclic voltammograms (vs. SCE) of SPC.

The O-ATRP of St was carried out in toluene with EBP as the initiator and the SPC under
LED light (Figure 3.16). With a ratio [St]0:[EBP]0: [SPC]0 of 200:1:1:1 the polymerization was
controlled, attaining complete conversion within 8 hours (Figure 3.17). PS with low Đ and
expected molecular weight was obtained. The linear semi-logarithmic plots (Figure 3.17b)
demonstrate a well-controlled ATRP. While the polymerization was well controlled, it was also
relatively slow, requiring 8 hours to achieve 90% conversion.19
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Figure 3.16 Photograph of the general reaction setup for O-ATRP polymerizations with SPC
using LED irradiation.

(a)
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(b)

(c)

Figure 3.17 (a) Dependence of experimental number average molar mass and dispersity (Đ) on
conversion for O-ATRP polymerization of St at 25 oC using PC under white LED light (dotted
line is theoretical Mn). (b) Dependence of conversion and -ln(1-conversion) on the reaction time
(min). (c) Evolution of molecular weight distribution with conversions.
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In a well-behaved O-ATRP, the polymerization rate is controlled by the presence and
absence of LED light. I conducted an experiment where the light was alternatively switched “ON”
and “OFF”. The O-ATRP was indeed paused by switching off LED light and the conversion
remained constant for 50 min. However, the conversion continues to increase upon subsequent
exposure to light (Figure 3.18a). The molecular weight versus conversion data demonstrates the
expected behavior for ATRP (Figure 3.18b). In the intervals of light “OFF”, both molecular
weight and dispersity of the polymers remain unchanged, establishing that O-ATRP with the SPC
performs as expected under alternating light “ON” and “OFF” environments.

(a)
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(b)

(c)
Figure 3.18 (a) Plot of monomer conversion versus time, (b) Mn and Đ (solid symbols after
irradiation and open symbols after dark period) versus monomer conversion and (c) GPC traces
(solid curves after irradiation and dotted curves after dark period), using SPC under white LED
light.
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Extractions of SPC from toluene were performed with carbonated water (volume ratio of
water:toluene=1:1) under CO2. Generally, the protonated SPC (log KOW=-1.2)32 shows a high
extraction efficiency. The use of toluene as a reaction media resulted in an extraction efficiency
of 84% for SPC to carbonated water, but when extraction was used twice, the extraction
efficiency increased to 98%. The extracted and deprotonated SPC in the postreaction mixture was
then recycled to new added toluene to conduct another polymerization (cycle 2).
As described in the Experimental Methods section, the polymerization was conducted with
SPC (0.043 g, 0.050 mmol), toluene (30.0 g), St (10.0 g, 0.10 mol) and EBP (0.12 g, 0.50 mmol).
The SPC was extracted from the postreaction mixture with 96% efficiency. The O-ATRP reaction
was repeated under the same conditions utilizing only the recycled catalyst SPC (i.e. no further
SPC was added to the reaction mixture). This process was repeated three times: the results for
each cycle are summarized in Table 3.4 and Figures 3.19 and 3.20. In each batch, excellent yields
(higher than 90%) were obtained; moreover, molecular weights and the dispersity were consistent.
Additionally, conversion of monomers above 91% was obtained in all cycles, demonstrating that
the SPC catalyst is fully active after extraction with carbonated water and can be reused multiple
times. The PC used in O-ATRP can be costly and tedious to synthesize, but this disadvantage
could be largely negated if an SPC could be reused for several cycles.

Table 3.4 Comparison of results in three cycles in O-ATRP using the toluene as solvent.
Cycle

Mn

Đ

Conversion
(%)

SPC in toluenea
(wt%)

Residual nitrogen in
polymerc

Cycle 1

36030

1.14

94.2

0.141 b

< 3 ppm

Cycle 2

34230

1.13

93.1

0.135 d

< 3 ppm

90.5

d

< 3 ppm

Cycle 3

35020

1.15

0.132
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a

the data were obtained by GC.

b

the original concentration of ligand in the ATRP reaction solution.

c

detection limit of TOC analyzer for nitrogen is 3 ppm.

d

recycled concentration of SPC catalyst before the new ATRP.

(a)

(b)
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(c)

Figure 3.19 Data for the ATRP polymerization using the recycled CO2-switchable photo-initiated catalyst
(SPC) (namely the cycle 2 in Table 3.4) after the polymerization shown as Figure 3.18. (a) Dependence of
experimental number average molar mass and dispersity (Đ) on conversion for ATRP polymerization of St
under LED white light using (dotted line is theoretical Mn). (b) Dependence of conversion and -ln(1conversion) on the reaction time (min). (c) Evolution of molecular weight distribution with conversion.

(a)
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(b)

(c)

Figure 3.20 Data for the ATRP polymerization using the recycled CO2-switchable photo-initiated catalyst
(SPC) (namely the cycle 3 in Table 3.4) after the polymerization shown as Figure 3.19. (a) Dependence of
experimental number average molar mass and dispersity (Đ) on conversion for ATRP polymerization of St
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under LED white light using (dotted line is theoretical Mn). (b) Dependence of conversion and -ln(1conversion) on the reaction time (min). (c) Evolution of molecular weight distribution with conversion.

3.3 Experimental Methods
3.3.1 Materials
CO2 (Praxair, Medical grade) and argon (Praxair, 99.998%) were used as received. Ethanol,
phenazine, Na2S2O4, sodium tert-butoxide, 2-dicyclohexylphosphino-2’,6’-diisopropoxybiphenyl
(RuPhos), RuPhos precatalyst ((RuPhos) palladium(II) phenethylamine chloride, 1:1 MTBE
solvate), dioxane, CH2Cl2, MgSO4, hexane, 5-bromo-1,2,3-trimethoxybenzene, hydrobromic acid
(48 w.t.%), Aliquat-336 (tricaprylylmethylammonium chloride), ethyl acetate, Na2SO4, sodium
hydride, anhydrous dimethylformamide (DMF), 1-chloro-2-dimethylaminoethane hydrochloride,
ammonium chloride, sodium hydroxide, sodium chloride, sodium carbonate, diethyl ether,
toluene, CuBr, styrene (St), dimethyl sulfoxide (DMSO), ethyl-2-bromoisobutyrate (EBiB), N,Ndicyclohexylmethylamine (Cy2NMe), ethyl α-bromophenylacetate (EBP) and other chemicals
were purchased from Aldrich. All the chemicals were directly used without pretreatment except
monomers. Inhibitor removal columns (Aldrich) were used to purify the monomers. All water
used was ultra-pure deionized water with resistivity exceeding 18 MΩ·cm.

3.3.2 ATRP in switchable solvent
The procedure for conducting ATRP in switchable solvent is as follows. Cy2NMe was used
as the switchable solvent, and Me6TREN as the ligand. The polymerization was carried out under
oxygen free conditions and the initiator ethyl-2-bromoisobutyrate (EBiB) was added into the
reaction solution to start the polymerization. (1) CuBr (0.14 g, 1 mmol) and a dry magnetic stir
bar were added to a dry round-bottom flask. (2) The flask was sealed with a rubber septum and
deoxygenated with three freeze, pump, thaw cycles using argon. (3) The polymerization solution
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was prepared by adding the following reagents/solvents to the flask under argon: Cy2NMe (20.0
g); styrene (20 g, 0.20 mol); Me6TREN (0.70 g, 3.0 mmol); (4) The flask was subjected to three
additional freeze, pump, thaw cycles and then subsequently heated to 80 °C with constant stirring.
(5) Once the reaction temperature was reached, the initiator EBiB (0.19 g, 1.0 mmol) was added
under argon and the polymerization reaction began. (6) After polymerization, air was bubbled for
30 min to oxidize Cu(I) to Cu(II). Then 10 g pure water was added and CO2 bubbled for 30 min.
meanwhile polystyrene (PS) was precipitated. (7) After separation, 0.3 g NaCl was added to the
solution and argon was sparged for 30 min. NaCl is added to decrease the solubility of Me6TREN
in the water phase. The water phase was removed; the organic phase containing Me6TREN was
kept for reuse in the next cycle. Styrene monomer and CuBr were added for the following cycle.

3.3.3 Normal ATRP in toluene
The procedure for ATRP in toluene is as follows. (1) CuBr (0.07 g, 0.5 mmol) and a dry
magnetic stir bar were added to a dry round-bottom flask. (2) The polymerization solution was
prepared by adding the following reagents/solvents to the flask under argon: toluene (20.0 g);
styrene (10.0 g, 0.10 mol); Me6TREN (0.35 g, 1.5 mmol). (3) The flask was subjected to three
freeze, pump, thaw cycles and then subsequently heated to 80°C with constant stirring. (4) Once
the reaction temperature was reached, the initiator EBiB (0.10 g, 0.50 mmol) was added under
argon and the polymerization reaction began. (5) After a reaction time of about 7 h, air was
bubbled through for 1 h to oxidize Cu(I) to Cu(II). After that, 40 g pure water was added and CO2
was bubbled through the mixture for 30 min. The polystyrene remained in the organic phase, in
which methanol (20 mL) is added to precipitate the polystyrene, but copper salt and protonated
Me6TREN were dissolved in the water phase. (6) After separation, NaCl (0.3 g) and NaOH were
added into the aqueous solution until the pH of the aqueous solution was above 9.0 and no further
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Cu(OH)2 precipitated (the amount of NaOH was 0.04 g, 10 mmol). (7) The new added toluene
and aqueous solution were combined together; the Me6TREN then transferred into the toluene
phase, and the aqueous phase was removed. The water and toluene phases was then separated.
The organic phase containing Me6TREN was kept. Styrene monomer and CuBr were added to
this organic phase for the next cycle.

3.3.4 Synthesis of CO2-switchable photo-initiated catalyst (SPC)
Step 1: Synthesis of 5,10-dihydrophenazine. The synthesis of 5,10-dihydrophenazine was
conducted using a modified literature procedure.33 A mixture of pure water (200.0 g) and ethanol
(50.0 g) were put in a 500 mL round bottom flask with a stir bar. Argon was sparged into the
mixture for 30 minutes and then phenazine (2.0 g, 11.1 mmol, 1.0 eq.) and sodium dithionite
(19.7 g, 111 mmol, 10.0 eq.) were added. This mixture was refluxed at 90 °C under argon
atmosphere for 3 h. After cooling to 25 °C, the product was filtered and the precipitate was
washed with excess deoxygenated water, and then dried under reduced pressure to yield a light
green powder (1.35 g, 7.4 mmol, yield 67%). 1H NMR (400 MHz, CDCl3, Figure 3.21): δ = 7.67
(s, 2H), 7.46-7.43 (d, 4H), 6.92-6.83 (d, 4H) ppm. 13C NMR (100 MHz, CDCl3, Figure 3.22): δ =
142.13, 132.21, 126.26 ppm. EI-MS (Figure 3.23): Calcd.: 182.085 (M); Found: m/z = 182.088.
The 1H and

13

C NMR spectra matched those reported in the literature. IR (neat, Figure 3.24):

645(vs), 1025(m), 1198 (s), 1265 (vs), 1478 (vs), 2765(w), 2798(w), 3021(w), 3112(w) cm-1.
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Figure 3.21 1H NMR spectrum of 5,10-dihydrophenazine.
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Figure 3.22 13C NMR spectrum of 5,10-dihydrophenazine.
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Figure 3.23 Mass spectrum of 5,10-dihydrophenazine.

Figure 3.24 IR spectrum of 5,10-dihydrophenazine.
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Step 2: Synthesis of 5,10-bis(3,4,5-trimethoxyphenyl)-5,10-dihydrophenazine. The synthesis of
5,10-bis(3,4,5-trimethoxyphenyl)-5,10-dihydrophenazine was done using a modified literature
procedure.19 A mixture of 5,10-dihydrophenazine (1.0 g, 5.50 mmol, 1.0 eq.), sodium tertbutoxide (2.11 g, 22.00 mmol, 4.00 eq.), RuPhos (103 mg, 0.22 mmol, 0.040 eq.), RuPhos
precatalyst (180 mg, 0.22 mmol, 0.040 eq.), 5-bromo-1,2,3-trimethoxybenzene (5.43 g, 22.0
mmol, 4.00 eq), and 8.00 mL dioxane were put into a dry flask. This flask was sealed under argon
and heated at 110 °C for 10 h. After cooling to 25 °C, 200 mL CH2Cl2 was charged to the reaction
mixture and the mixture was extracted three times with 200 mL water. The layer of organic phase
was separated, dried over MgSO4 and filtered, and the volatiles were removed under reduced
pressure to obtain a light brown solid. Purification by column chromatography (1:3 mixture of
CH2Cl2 and hexanes) afforded the product 1 as a light yellow solid (1.3 g, 2.5 mmol, yield 46 %).
1

H NMR (400 MHz, CDCl3, Figure 3.25): δ = 7.09-7.07 (d, 4H), 6.91-6.90 (d, 4H), 5.52 (s, 4H),

3.90 (s, 12H), 3.54 (s, 6H) ppm. 13C NMR (100 MHz, CDCl3, Figure 3.26): δ = 154.93, 134.95,
132.76, 123.71, 114.58, 100.07, 61.35, 57.62 ppm. EI-MS (Figure 3.27): Calcd.: 514.214 (M);
Found: m/z = 515.193. IR (neat, Figure 3.28): 511(v), 678(w), 725(m), 1082(s), 1132(m), 1258(s),
1512(vs), 1615(vs), 2678(w), 2892(w), 2987(w) cm-1.
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Figure 3.25 1H NMR spectrum of 5,10-bis(3,4,5-trimethoxyphenyl)-5,10-dihydrophenazine.
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Figure 3.26 13C NMR spectrum of 5,10-bis(3,4,5-trimethoxyphenyl)-5,10-dihydrophenazine.
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Figure 3.27 Mass spectrum of 5,10-bis(3,4,5-trimethoxyphenyl)-5,10-dihydrophenazine.

Figure 3.28 IR spectrum of 5,10-bis(3,4,5-trimethoxyphenyl)-5,10-dihydrophenazine.
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Step 3: Synthesis of 5,5'-(phenazine-5,10-diyl)bis(benzene-1,2,3-triol). The synthesis of 5,5'(phenazine-5,10-diyl)bis(benzene-1,2,3-triol) was done according to a modified literature
procedure.34 A mixture of 5,10-bis(3,4,5-trimethoxyphenyl)-5,10-dihydrophenazine (10.3 g, 20
mmol, 1.0 eq.), hydrobromic acid (48 w.t.%, 20.2 g, 120 mmol, 6.0 eq.) and Aliquat-336 (3.2 g, 8
mmol, 0.40 eq.) was prepared and put into a flask. The flask charged with the mixture was heated
at 105 °C. After completion of the reaction (monitored by thin-layer chromatography (TLC)), it
was cooled to 105 °C and quenched by adding water (25 mL). The product was extracted with
ethyl acetate (30 mL) three times. The layer of organic phase was washed twice with water (20
mL), dried over anhydrous Na2SO4, and evaporated under reduced pressure at 25 °C. After
purification by silica-gel column chromatography using ethyl acetate/hexane (volume ratio 1:1)
system, the product was obtained (3.9 g, 9.0 mmol, yield 45 %). 1H NMR (400 MHz, CDCl3,
Figure 3.29): δ = 9.44 (s, 4H), 9.03 (s, 2H), 7.43-7.41 (d, 4H), 6.86-6.85 (d, 4H), 5.95 (s, 4H)
ppm.

13

C NMR (100 MHz, CDCl3, Figure 3.30): δ = 147.62, 137.82, 134.02, 131.54, 126.21,

114.00, 99.93 ppm. EI-MS (Figure 3.31): Calcd.: 430.120 (M); Found: m/z = 431.042. IR (neat,
Figure 3.32): 501(m), 567(m), 734(v), 756(v), 1032(w), 1198(v), 1411(v), 1471(v), 1692(v),
1987(w), 3241(br) cm-1.
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Figure 3.29 1H NMR spectrum of 5,5'-(phenazine-5,10-diyl)bis(benzene-1,2,3-triol).
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Figure 3.30 13C NMR spectrum of 5,5'-(phenazine-5,10-diyl)bis(benzene-1,2,3-triol).
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Figure 3.31 Mass spectrum of 5,5'-(phenazine-5,10-diyl)bis(benzene-1,2,3-triol).

Figure 3.32 Mass spectrum of 5,5'-(phenazine-5,10-diyl)bis(benzene-1,2,3-triol).
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Step 4: Synthesis of CO2-switchable photo-initiated catalyst (SPC), 2,2',2'',2''',2'''',2'''''phenazine-5,10-diyl bis [(benzene-5,1,2,3-tetrayl)tris(oxy)] hexakis (N,N-dimethylethan-1amine). Synthesis of the photo-initiator was performed according to a modified literature
procedure.35 The mixture of sodium hydride (1.0 g, 45 mmol, 9.0 eq.) and 5,5'-(phenazine-5,10diyl)bis(benzene-1,2,3-triol) (2.2 g, 5 mmol, 1.0 eq.) in anhydrous DMF (200 mL) was prepared
and stirred in a flask under air at 25 °C for 1 h. Then, 2-dimethylaminoethylchloride (6.5 g, 60
mmol, 14.0 eq.), which was deprotonated from 1-chloro-2-dimethylaminoethane hydrochloride,36
was added and after stirring overnight, the reaction was quenched with a saturated aqueous
solution of ammonium chloride (150 mL). After extraction into ethyl acetate (200 mL), the
organic phase was washed successively with an aqueous solution of sodium hydroxide (2 M, 50
mL), aqueous solution of sodium chloride (2 M, 50 mL), and water (5x200 mL), dried over
MgSO4 and purified by silica-gel column chromatography (ethyl acetate) to obtain the final
product as a yellow oil (2.8 g, 2.6 mmol, yield 53 %). 1H NMR (400 MHz, CDCl3, Figure 3.33): δ
= 7.81-7.79 (d, 4H), 7.68-7.66 (d, 4H), 6.50 (s, 4H), 4.04-3.98 (t, 12H), 2.82-2.74 (t, 12H), 2.33 (s,
36H) ppm. 13C NMR (100 MHz, CDCl3, Figure 3.34): δ = 148.12, 132.01, 131.85, 130.45, 124.46,
115.67, 98.17, 66.26, 64.12, 60.31 ppm. EI-MS (Figure 3.35): Calcd.: 856.561 (M); Found: m/z =
857.012. IR (neat, Figure 3.36): 512(w), 536(w), 746(w), 778(v), 1189(m), 1198(v), 1509(v),
1589(v), 1876(w), 2617(w), 2792(w) cm-1.
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Figure 3.33

1

H NMR spectra of the CO2-switchable photo-initiated catalyst (SPC),

2,2',2'',2''',2'''',2'''''-{phenazine-5,10-diyl bis [(benzene-5,1,2,3-tetrayl)tris(oxy)]} hexakis (N,Ndimethylethan-1-amine).
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Figure 3.34

13

C NMR spectra of the CO2-switchable photo-initiated catalyst (SPC),

2,2',2'',2''',2'''',2'''''-{phenazine-5,10-diyl bis [(benzene-5,1,2,3-tetrayl)tris(oxy)]} hexakis (N,Ndimethylethan-1-amine).
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Figure

3.35

Mass

spectra

of

the

CO2-switchable

photo-initiated

catalyst

(SPC),

2,2',2'',2''',2'''',2'''''-{phenazine-5,10-diyl bis [(benzene-5,1,2,3-tetrayl)tris(oxy)]} hexakis (N,Ndimethylethan-1-amine).
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Figure 3.36 IR spectra of the CO2-switchable photo-initiated catalyst (SPC), 2,2',2'',2''',2'''',2'''''{phenazine-5,10-diyl bis [(benzene-5,1,2,3-tetrayl)tris(oxy)]} hexakis (N,N-dimethylethan-1amine).

3.3.5 Organocatalyzed atom transfer radical polymerization (O-ATRP)
The polymerization was conducted in a 100 mL dry three-necked flask with a stirrer and
SPC (0.043 g, 0.050 mmol). Toluene (30.0 g), St (10.0 g, 0.10 mol) and EBP (0.12 g, 0.50 mmol)
were added sequentially to the dry three-necked flask, which was sparged with argon for 40 min
to remove O2. The flask was then placed inside a beaker illuminated by a white LED light
(ChiChinLighting, LED Bulbs, 110v, 6W, 6000k) and stirred.
To recycle the photo-initiated catalyst, pure water (10 g) was injected into the flask
containing reaction solution and CO2 was sparged into the flask for 30 min; the photo-initiated
catalyst was protonated by the CO2 and therefore transferred to the aqueous phase. The PS
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polymer precipitated from the toluene phase resulted from the addition of methanol. After the
organic layer was separated from the aqueous layer, the aqueous layer was put into a new dry
three-necked flask charged with new toluene (30.0 g), St (20.0 g, 0.20 mmol) and EBiB (0.10 g,
0.50 mmol). The flask was sparged with argon for 40 min and then placed under white LED light
or sunlight to start a new ATRP reaction.
To evaluate the process of a polymerization at a specific time, an aliquot of the reaction
solution (0.1 mL) was collected by syringe and added into a vial to measure the conversion of
monomers by gravimetry. The dried sample was re-dissolved in THF for GPC analysis.
3.3.6 Characterization
1

H NMR and 13C NMR spectra were obtained from a Bruker Avance-400 instrument using

CDCl3 as the solvent. The conversion of monomers was measured by gravimetry. Gel permeation
chromatography (GPC) was used to determine the molecular weight distribution of the polymer
samples. The GPC was equipped with a Waters 2960 separation module containing four Styragel
columns of pore sizes 100, 500, 103 and 104 Å, coupled with a refractive index detector operating
at 40 ºC. THF was used as eluent and the flow rate was set to 0.3 mL·min-1. The detector was
calibrated with eight narrow polystyrene standards ranging from 347 to 355 000 g·mol-1. The
conductivity of solutions was measured using a Jenway model 470 portable conductivity meter at
25±0.5 ˚C. TOC: The total nitrogen element in polymer samples was determined with a Shimadzu
TOC-5000 total C analyzer (Shimadzu Corporation); all of the reaction flasks and glass syringes
were treated by heating (230 ˚C) and persulfate oxidation to eliminate the interference from
microorganisms and other impurities. The residual copper content was tested by Flame Atomic
Absorption Spectroscopy, using Agilent, FS (Fast Sequential) 280 instrument (Agilent
Technologies). IR spectra were recorded on an Agilent Technologies Cary 630 FT-IR (ATR)
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spectrometer. Mass spectra were obtained through the Thermo Fisher Orbitrap Velos Pro mass
spectrometer. UV-Vis spectrum was recorded using a HP 8542 photodiode array
spectrophotometer, thermostatted to 25 °C (±0.5 °C) and toluene was tested as blank sample. UVVis irradiation of samples was performed in a Spectroline CX Series ultraviolet fluorescence
analysis cabinet, equipped with a Spectroline XX-15N UV lamp (dual 15 W, 365 nm) and the
sample was irradiated for 90 s.37 Determination of pKaH value: The pKaH (pKa of the protonated
species) values of the compounds were determined by titrating its aqueous solution (20 mM, 20
mL, 0.4 mmol)) with 100 mM hydrochloric acid, and the pH was continuously monitored at
25 °C with the Orion 4 Star pH meter, Thermo Scientific. The pKaH values were obtained by
taking the pH readings at the midpoint between two pH jumps. SPC and Cy2NMe were not
sufficiently soluble in water to measure their aqueous pKaH directly. The pKaH of these
compounds were measured in ethanol–water solutions and extrapolated to a completely aqueous
solution using the method described by Gowland and Schmid.25,38 GC: A Perkin Elmer Clarus 680
gas chromatograph (GC) was employed, using an Elite-5MS column (30 m, 250 µm i.d., 0.25 µm
film of 5% diphenyl 95% dimethyl polysiloxane). Initially the temperature was held at 30 °C for
10 min, followed by a ramp to 125 °C at a rate of 2.5 °C /min held for 1 min, ramp to 260 °C at a
rate of 20 °C /min held for 1 min and, finally, ramp to 300 °C at a rate of 20 °C /min held for 3
min. The injector temperature was held at 250 °C and the detector at 200 °C for the duration of
the analysis. Carrier gas (helium) flow rate was maintained at 1 mL/min.39 Cyclic voltammetry
experiments were performed using a BAS CV-50W analyzer. The electrochemical cell was a
standard three-compartment cell composed of a Pt working electrode, a Pt auxiliary electrode,
and an Ag/AgNO3 reference electrode. CV measurements were carried out at 25 C with ~0.1 M
tetrabutylammonium hexafluorophosphate (TBAP) as the supporting electrolyte. CH3CN was
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used as solvent for the CV measurement. The potential versus aqueous saturated calomel
electrode (SCE) was obtained by adding 0.25 V to the potential measured versus Ag/AgNO3 in
CH3 CN.40,41

3.4 Conclusion
CO2-switching methods have been introduced as viable methods to remove copper and
ligand levels in polymer made by ATRP to <5 ppm and <3 ppm respectively, and to enable
recycling and reuse of the ligand. Furthermore, the polymerization solvent (either a CO2switchable solvent such as Cy2NMe, or a traditional solvent such as toluene) can be recycled and
reused in subsequent polymerizations. I established two different methods to recycle and reuse
CO2-switchable ligands in ATRP, as well as a route to recycle and reuse CO2-switchable photoinitiated catalyst in O-ATRP. The commonly used ligand, Me6TREN, was shown to be a CO2switchable ligand that can be efficiently recycled and removed from the postreaction solution.
The recently introduced O-ATRP, a new CO2-switchable photo-initiated catalyst that can be
recycled and reused was synthesized. The use of these CO2-switching methods could dramatically,
favorably alter the economics of ATRP and O-ATRP.
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Chapter 4
Preparing Artificial Latexes Using a Switchable Hydrophilicity Solvent
Preface
This study aims to take advantage of CO2-switchable materials for the preparation of
artificial polymer latexes (sometimes known as secondary latexes). Polymer latexes are
traditionally prepared by emulsion polymerization, but the process has its own weakness. In 2013,
I started working with CO2-switchable solvents, showing for the first time that they could be used
to generating polymer latexes from the corresponding bulk polymers. As the first successful
example in this area, this chapter shows that stable and well-defined latex particles could be
obtained from solid polymer using a CO2-switchable solvent.

Abstract
Artificial polymer latexes, such as poly(butyl methacrylate) (PBMA), natural rubber, etc.,
were separately prepared from the corresponding bulk polymer using the CO2-responsive
switchable hydrophilicity solvent N,N-dicyclohexylmethylamine (Cy2NMe). The polymers were
first dissolved in Cy2NMe and then water and surfactants were added to form an emulsion of
polymer/Cy2NMe droplets in water. Following addition of CO2, Cy2NMe was converted to its
bicarbonate salt and therefore partitioned into the aqueous phase, thus yielding an artificial latex
of dispersed polymer particles. The method was then improved by selecting a different switchable
hydrophilicity solvent, 2-(diisopropylamino)ethanol, to decrease the residual amount of solvent
remaining in the polymer particles. A miniemulsion-based method was also developed, allowing
the preparation of artificial latexes with much smaller particle sizes and narrow size distributions
than the emulsion-based method.
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4.1 Introduction
A polymer latex is a stable dispersion of polymer particles, usually in an aqueous medium.
For most applications in industry, polymer latexes are prepared by emulsion polymerization of
vinyl monomers using free radical polymerization chemistry.1 The latex can be directly used in
adhesives, paints, coatings and other applications. They are finding increasing acceptance and are
preferred over solvent-based products in numerous applications due to the absence of volatile
organic compounds. Unfortunately, it is difficult to prepare latexes from monomers that do not
polymerize easily via free radical polymerization, or to prepare latexes from waste polymers for
recycling purposes.
Artificial latexes, meaning dispersions of particles made from bulk polymers, are of
considerable interest for both academic and industrial purposes.2 The emulsification of a solution
of polymer dissolved in solvent is the principal step in most methods for the preparation of
artificial latexes from waste polymers or bulk polymers prepared by any polymerization
technique, including for example condensation polymerization, ionic polymerization or ZieglerNatta polymerization. Reported methods include the emulsion/solvent evaporation method,3 the
emulsion/diffusion method4 and the salting out procedure.5 For example, in a commercialized
emulsion/solvent evaporation process to prepare polyisoprene latexes,3 the polymer is dissolved
in an organic solvent having little miscibility with water and the solution is added into an aqueous
surfactant solution, generating a dispersion of polymer/solvent droplets in water. Stable polymer
nanoparticles are then formed in the aqueous phase by subsequent evaporation of the organic
solvent under increased temperature or reduced pressure. However, the process requires a volatile
(and therefore flammable and smog-forming) solvent and significant energy consumption for the
evaporation step. In the emulsion/diffusion method,4 the oil phase contains polymer dissolved in a
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partially water-miscible solvent. After addition of water, the solvent diffuses into the aqueous
phase, which results in particle formation. In a typical “salting out” procedure,5 polymer is first
dissolved in acetone (again, a flammable and smog-forming solvent). A liquid-liquid two-phase
system forms when the organic phase is added into a saturated electrolyte solution. The salt
dissolved in the aqueous phase prevents much of the acetone from dissolving in the aqueous
phase. Under stirring, an oil-in-water emulsion forms. Pure water is then added to the emulsion,
resulting in acetone diffusion into the aqueous phase, thus inducing the formation of nanoparticles
suspended in the resulting organic-aqueous medium.5 In the emulsion/diffusion and salting out
methods, the polymer particles must be purified to remove residual salt and organic solvent prior
to use. Therefore, I was looking for a more environmentally benign method for forming artificial
latexes: preferably using a method that requires neither the use of a flammable or smog-forming
solvent nor the disposal of aqueous solutions of salt, and has reduced energy consumption
requirements.
The Cunningham and Jessop groups have been working together to develop CO2-switchable
technology. They have developed CO2-switchable surfactants6 that stabilize emulsions or latex
suspensions when CO2 is present but not when it is absent. They have also demonstrated latexes
that are switchable due to CO2-responsive groups on the surface.7 The Jessop group has reported
three classes of switchable solvents.8 Of particular relevance are the switchable-hydrophilicity
solvents (SHS) and switchable water (SW). SHS are solvents that can be switched reversibly
between hydrophilic and hydrophobic states by the addition and removal of CO2 gas.8 SW is an
aqueous solution of switchable ionic strength;9 in the absence of CO2, the aqueous solution of an
amine has low ionic strength, but when CO2 is added, the amine is converted into a bicarbonate
salt, causing a significant rise in the ionic strength.9 For example, polystyrene latexes suspended
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in switchable water aggregate when CO2 is added; subsequent removal of CO2 neutralizes the
amines and decreases the ionic strength, allowing the aggregated polymer particles to be
redispersed and recovered in their original state.10 Zhu et al. and Zhao et al. have also made
significant contributions in the development of CO2-switchable technologies for latex preparation
and manipulation.11
Based on the above CO2-switchable technology, I have developed a new method for the
preparation of latexes from solid polymer. This method requires neither evaporation nor a volatile
organic solvent. In this new method (Scheme 4.1), the hydrophobic form of an SHS is used to
dissolve a bulk solid polymer, and then surfactants and water are added to generate an emulsion
consisting of droplets (polymer dissolved in the neutral SHS) dispersed in an aqueous surfactant
solution. Addition of CO2 causes the conversion of the SHS into its bicarbonate salt, which
partitions preferentially out of the organic droplets into the aqueous phase, leaving the polymer as
solid particles. Furthermore, due to the consequently elevated ionic strength of the aqueous phase,
the latex particles aggregate and can therefore be separated from the aqueous phase and
resuspended in fresh water, giving the desired latex. It is possible that the colloidal stability could
also be impacted by the positive charges on the protonated SHS neutralizing the negative
stabilizing charges on the surfactant. However, use of a cationic surfactant also results in particle
aggregation, indicating that the dominant effect in colloidal destabilization is indeed elevated
ionic strength. The main advantage of this process is its simplicity and safety because it can be
performed in one pot without requiring the evaporation of flammable solvent.
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Scheme 4.1 The new method for preparing a polymer latex from a solid bulk polymer using an
SHS (indicated as NR3).

4.2 Results and Discussion
4.2.1 The Properties of N,N-dicyclohexylmethylamine (Cy2NMe)
The CO2-switchable solvent Cy2NMe is commercially available, reasonably cost-effective
and suitable for generating artificial latexes. N,N-Dicyclohexylmethylamine (Cy2NMe) (Figure
4.1), which is commercially available and not flammable (flash point 110 oC),12 was selected as
the SHS. After the CO2 has been removed, the SHS and water naturally separate and can each be
reused.
Compared to primary and secondary amines, tertiary amines such as Cy2NMe are preferred
because they are unable to form carbamates upon reaction with CO2. Cy2NMe has an appropriate
pKaH value (pKaH=11.03: pKa of the conjugate acid)1 to allow it to be reversibly switched between
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a hydrophobic form that is poorly miscible with water, and a hydrophilic form that is miscible
with water in our experiments. Cy2NMe is sufficiently hydrophobic to form a biphasic mixture
when mixed with water under air, but with the addition of CO2 at 1 atm, it effectively becomes
miscible with water because it is converted to the bicarbonate salt (Scheme 4.2).

Scheme 4.2 The switching behavior of switchable solvent Cy2NMe triggered with CO2.
The conductivity of Cy2NMe (45 mM) in water was measured at 25 ± 0.5 ˚C for two cycles
of alternating CO2 and N2 bubbling (Figure 4.1). Continuous bubbling of CO2 ensures that the
solution remains saturated with CO2. The conductivity of the Cy2NMe solution increased from 2
to 231 µS/cm after CO2 bubbling for 16 min. It decreased to its initial value upon subsequent
bubbling with N2. Cy2NMe, an unprotonated amine, is converted to a bicarbonate salt in the
presence of CO2 and water.
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Figure 4.1 Conductivity of aqueous solutions of Cy2NMe (45 mM) at 25 ± 0.5 ˚C as a function of
time during two cycles of sparging with CO2 followed by N2.

4.2.2 The preparation of artificial latex using conventional emulsion
I began this work using natural rubber (which is mostly polyisoprene) and poly(n-butyl
methacrylate) (PBMA). Natural rubber is of interest because a large fraction of the annual rubber
crop is lost to coagulation, so that an easy method of converting the field coagulum into a latex is
needed. In the first attempt using PBMA (see schematic illustration in Figure 4.1), the PBMA was
dissolved in Cy2NMe to form a light yellow liquid, and with the help of the surfactant sodium
dodecyl sulphate (SDS), the emulsion was generated using the mixture of water and the yellow
liquid (SDS:PBMA mass ratio 0.25). CO2 was sparged thought the emulsion, converting the
Cy2NMe into its bicarbonate salt, and thus making it hydrophilic. The protonated Cy2NMe
partitioned into the water phase, leaving behind the polymer in the former droplets; thus the
liquid-liquid emulsion turned into a latex. Moreover, formation of the bicarbonate salt of
Cy2NMe increased the ionic strength of the aqueous solution and thereby destabilized the latex.
After the polymer latex aggregated, the aqueous layer was removed as filtrate and the polymer
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particles were redispersed into pure water, yielding a PBMA latex. Most of the SDS in the latex is
adsorbed on the surface of the latex particles while a small amount of SDS is dissolved in the
water (0.0012 mmol/L) as single molecules rather than micelles, as determined by comparison of
the surface tension plot of SDS (Figure 4.2) and the surface tension of the produced latex (65.6
mN/m). A latex of PBMA from solid polymer was successfully generated (Figure 4.3, number
average particle size 975 nm, zeta potential -42 mV). Another experiment using natural rubber
with a similar method was performed; the average particle size of the resulting natural rubber
artificial latex was 894 nm (Figure 4.4). TEM images of the PBMA latex are shown in Figure 4.5.

Figure 4.2 Surface tension of aqueous solutions of SDS under air at 25 ± 0.5 ˚C.
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(a)

(b)

(c)
Figure 4.3 Images of PBMA latexes using Cy2NMe in different stages: (a) emulsion containing
PBMA (6.0 g), Cy2NMe (30.0 g), the surfactant SDS (1.5 g) and water (100.0 g); (b) after
addition of CO2, the polymer has separated from the water phase; (c) the partially phase separated
polymer was added to 30.0 g pure water and redispersed.
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(a)

(b)

(c)
Figure 4.4 Images of different stages in the preparation of artificial latex of natural rubber using
Cy2NMe. (a) Natural rubber (6.0 g) added to 30.0 g Cy2NMe. (b) The rubber dissolved after 30
min. (c) The solution of rubber mixed with water (100.0 g), and the surfactant SDS (1.5 g).
Following sonication (10 min) and addition of CO2, the phase separated polymer was added to
30.0 g pure water and redispersed.
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(a)

(b)
Figure 4.5 TEM images of particles from (a): PBMA latex prepared via an emulsion (Cy2NMe in
water), and (b): PBMA latex prepared via a miniemulsion (Cy2NMe in water). The bars in images
(a) are 2000 nm; the bars in images (b) are 200 nm.

4.2.3 The factors influencing the artificial latexes
I hypothesized that the preparation method could be improved further to decrease the
residual amount of SHS in the polymer latex and decrease the particle size of the resulting
polymer particles. For these additional experiments, PBMA was chosen as the bulk polymer
because it is easy to obtain as a relatively pure, well-characterized polymer, unlike natural rubber.
PBMA is hydrophobic and its Tg is relatively low, 21 oC,13 which allows the PBMA particles to
soften and become sphere-like upon heating.
Similar results were obtained with the cationic surfactant cetyltrimethylammonium bromide
(CTAB), giving a PBMA latex (938 nm, PDI=0.38). The method using CTAB was the same as
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the conventional emulsion method using SDS, as described in Section 4.2.2, except for the
replacement of an anionic surfactant with a cationic surfactant.
Judicious selection of the SHS can reduce the residual SHS concentration in the polymer
particles. The residual Cy2NMe in the artificial PBMA latex described above was measured by 1H
NMR spectroscopy to be 2.3 wt% of the solid content of the latex, which is unacceptably high for
commercial applications. However, the amount of residual solvent depends on the choice of SHS.
A more hydrophilic SHS should have a greater tendency to partition into the water phase. In a
separate experiment, another SHS, 2-(diisopropylamino)ethanol, was used to generate a PBMA
latex. The residual SHS content of the resulting particles was only 0.7 wt% and, after two cycles
of sparging CO2, centrifuging, removing the aqueous phase, and adding pure water, the residual
2-(diisopropylamino)ethanol in the polymer could not be detected in the polymer by elemental
analysis (Table 4.1). Although this demonstrates that the use of 2-(diisopropylamino)ethanol as
switchable solvent can reduce the residual amount of solvent in the latex particles, Cy2NMe was
still used for the evaluation of factors that influence the formation of artificial latexes.
Table 4.1 The particle size of PBMA latexes prepared with 2-(diisopropylamino)ethanol using a
conventional emulsion.a
Stage

Particle size

PDI

Residual SHS (wt%)b

Original
After cycle 1

853 nm
913 nm

0.48
0.37

0.7
0.2

After cycle 2

956 nm

0.65

<0.1c

a

The emulsion contained PBMA (3.0 g), 2-(diisopropylamino)ethanol (10.0 g), surfactant SDS (1.5 g) and
water (15.0 g). After addition of CO2, the polymer separated from the water phase; the separated polymer
was added to 6.0 g pure water and redispersed. This latex was then washed again in multiple cycles; in each
cycle the mixture was sparged with CO2 for 15 min, and then centrifuged for 3 min; the aqueous layer was
removed and the polymer particles were redispersed into 6.0 g pure water with 0.4 g SDS.
b
Calculated by elemental analysis, conducted using a Perkin Elmer CHNS/O (2400 series) using helium as
the carrier gas. The amount of residual SHS is calculated based on the data of %N value.
c The detection limit of elemental analysis for N is 0.01 wt.%, and thus the detection limit of element
analysis for 2-(diisopropylamino)ethanol is 0.1 w.t.%.
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The use of different kinds of polymer could affect the ability of this method to produce latex
particles or affect the size of the resulting particles. Therefore, attempts were made to prepare
artificial latexes of poly(methyl methacrylate) (PMMA), polystyrene (PS) and poly(ethyl
methacrylate) (PEMA), following the method described for PBMA and natural rubber. PS was
chosen because it is a widely-recycled polymer. PMMA, on the other hand, was chosen because it
is normally more difficult to recycle. PMMA, PEMA, and PBMA represent a set of polymers
with a wide range of Tg values (105, 63, and 21 ˚C), so that testing all three helps us determine
whether the efficacy of the method is restricted to only polymers within a narrow range of Tg
values. As shown in Table 4.2, all five polymers can successfully be converted to artificial latexes.
However, the factors that influence particle size with these other polymers are as yet unclear,
because there are many factors to consider, such as the polymers’ solubility in switchable solvent,
solubility in water, molecular weight, Tg, and other properties.

Table 4.2 Particle size from different kinds of polymer latex using the SHS emulsion methoda
Type of polymer

Particle size

PDI

Zeta potential

PMMA

2310±125 nm

0.32±0.11

-43.7±5.1mV

PEMA

1892±98 nm

0.55±0.03

-51.2±8.2 mV

PS

1178±112 nm

0.42±0.06

-44.2±7.3 mV

PBMA

975±15 nm

0.14±0.08

-42.5±3.3mV

Natural rubber

894±97 nm

0.18±0.05

-41.6±3.5mV

a

Preparation method: The polymer (6.0 g) was dissolved in Cy2NMe (30.0 g). Then the surfactant SDS (1.5
g) and water (100 g) were added into the solution, and the mixture was sonicated for 10 min, yielding an
emulsion. After addition of CO2 for 30 min, the water layer was removed, and the polymer latex was
dispersed in pure water (30 g). The particle size, PDI and zeta potential are averages of five measurements.

Further experiments with PBMA were performed to determine whether the particle size of
the artificial latex is tuneable according to the ratio of ingredients. Firstly, the influence of
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varying concentration of surfactant was tested. At a fixed loading of PBMA, the particle size of
latex becomes smaller with increasing SDS concentration (Table 4.3). The effect of PBMA
loading on particle size was also measured. The amount of the polymer PBMA has no significant
influence on the particle size under the conditions used in these experiments (Table 4.4). Using
less SDS and an extra wash produces particles with very little remained SDS (0.1 wt% of the
solid content of the latex), and the NMR image of the dried particles are shown in Figure 4.6.
Sonication during the formation of the emulsion can decrease the particle size. For instance, when
the weight ratio of SDS/PBMA is 0.25, the particle size in the fifth entry of Table 4.3 with
sonication is about 765 nm, but without sonication, the particle size is 975 nm, as mentioned
before.

Figure 4.6 1H NMR spectrum of artificial PBMA latex prepared via conventional emulsion,
using Cy2NMe in CDCl3. (the first entry in Table 4.3).
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Table 4.3 Effect of varying concentration of SDS on PBMA particle size using the SHS emulsion
methoda
Weight ratio of

Particle size

PDI

Zeta potential

0.05

1200±76 nm

0.23±0.06

-45.4±5.7 mV

0.1

1154±68 nm

0.43±0.11

-48.1±6.3 mV

0.15

950±43 nm

0.13±0.04

-50.3±6.9 mV

0.2

932±66 nm

0.76±0.05

-55.8±8.6 mV

0.25

765±68 nm

0.11±0.04

-67.1±9.1 mV

SDS/PBMA

a

Preparation method: PBMA (6.0 g) was dissolved in Cy2NMe (30.0 g). Then the surfactant SDS and
water (100 g) were added into the solution, and the mixture was sonicated for 10 min, yielding an emulsion.
After addition of CO2 for 30 min, the water layer was removed, and the polymer partices were dispersed in
additional pure water (30 g). The particle size, PDI and zeta potential are averages of five measurements.

Table 4.4 Effect of PBMA loading on particle size using the SHS emulsion methoda
Weight ratio of

Particle size

PDI

Zeta potential

0.05

1200±56 nm

0.23±0.05

-42.0±5.4 mV

0.10

1154±68 nm

0.32±0.04

-45.3±5.3 mV

0.15

950±43 nm

0.13±0.04

-50.3±6.9 mV

0.20

1031±51 nm

0.20±0.02

-48.1±3.6 mV

PBMA/ Cy2NMe

a

Preparation method: A given amount of PBMA was dissolved in Cy2NMe (30.0 g). Then the surfactant
SDS (0.90 g) and water (100 g) were added into the solution, and the mixture was sonicated for 10 min,
yielding an emulsion. After addition of CO2 for 30 min, the water layer was removed, and the polymer
particles were dispersed in additional pure water (30 g). The particle size, PDI and zeta potential are
averages of five measurements.

4.2.4 The preparation of artificial latex using a miniemulsion method
To produce an artificial latex with a smaller particle size, a miniemulsion of SHS can be
used in this process instead of an emulsion. Although the emulsion approach described above was
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effective, the mean particle size of ~1000 nm was larger than is typically desired for a latex
(~100-300 nm). Conventional emulsions are not thermodynamically stable and Ostwald
ripening14 readily occurs. Consequently, even though the initial droplet size distribution resulting
from sonication was small, the final diameter was significantly larger. I therefore decided to adopt
an alternative approach using miniemulsions.1, 15 Miniemulsions, although not thermodynamically
stable, typically exhibit high kinetic stability over a longer term (hours to months). There are
three low energy methods for preparing miniemulsions suitable for our purpose: the emulsion
inversion point (EIP) method,16 the phase inversion temperature (PIT) method17 and the
microemulsion dilution method.18 However, the EIP and PIT methods are used only for nonionic
surfactant systems, and only the microemulsion dilution approach can utilize an ionic surfactant.
The microemulsion dilution method to prepare miniemulsions provides a practical, low energy
process to generate an artificial polymer latex.
In a modification of the prior experiments using conventional emulsions, the cosurfactant
hexanol was added the system. For preparing miniemulsions by diluting a microemulsion, I first
needed to construct the phase diagram for our system (25 oC), looking for the proper ratio of each
ingredient to prepare the microemulsion. Keeping the surfactant/cosurfactant ratio constant, the
pseudoternary phase diagram18 was constructed by adding water to surfactant/cosurfactant/oil
mixtures. Here I use the term "oil" to represent the solution of polymer in amine. After each
addition, the samples were stirred and left to equilibrate for at least 3 h.
Figure 4.7 shows the pseudoternary phase diagram water/hexanol-SDS/Cy2NMe-PBMA,
where Cy2NMe-PBMA can be treated as the oil phase and hexanol-SDS is the surfactant phase.
The different phases have been identified at 25 oC. Three regions were observed. A visually
homogeneous liquid phase region was found towards the water rich vertex of the phase diagram.
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The samples in this region were measured by DLS, and were found to contain droplets in the
range of 30-80 nm in diameter. Therefore this region is the microemulsion region (M). The
second region contains a solid phase and the liquid phase (SL) and the third is a liquid-liquid
region (LL). The multiphase regions (SL and LL) have not been mapped in detail. Based on the
pseudoternary phase diagram, microemulsions were prepared by weighing all components in the
appropriate amount (their composition points located in the M region of the pseudoternary phase
diagram) and thoroughly mixing. The weight ratio of water/hexanol-SDS/Cy2NMe-PBMA was
set to 3/3/2. Miniemulsions were prepared by rapid dilution of the prepared microemulsion (4 g)
with water (6 g) while stirring the sample with sonication. Three millilitres of emulsion were
prepared in 15 mm diameter tubes in order to avoid widely different mixing conditions.

Figure 4.7 Pseudoternary phase diagram (weight ratio) for water/hexanol-SDS (weight
ratio=7:3)/Cy2NMe-PBMA (weight ratio=7:3) obtained at 25 ˚C.
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The subsequent steps for preparing the artificial latex were similar to those used with the
conventional emulsion. After the addition of CO2, the Cy2NMe in the miniemulsion was
protonated and diffused from the droplets into the water phase. The resulting rise in the ionic
strength of the aqueous phase destabilized and precipitated the latex. The precipitated polymer
latex was separated from the aqueous phase by decantation and then redispersed in pure water (6
g) under sonication for 5 min, giving a PBMA latex (particle size 242 nm, zeta potential -54 mV,
shown in Figure 4.5 and Table 4.5). The residual amount of Cy2NMe in the artificial latex was
found by 1H NMR spectroscopy (Figure 4.8) to be 2.9 wt% of the solid content of the latex. The
residual amount of co-surfactant hexanol in the artificial latex was found by 1H NMR
spectroscopy to be 4.6 wt% of the solid content of the latex, and the most of hexanol was
removed with the filtrate. The surface tension of the latex was 63.3 mN/m, so according to the
surface tension plot of SDS (Figure 4.2), the concentration of SDS in the aqueous phase is
extremely small (0.0027 mmol/L), which demonstrates that most of the SDS surfactant is located
on the latex particle surface.
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Figure 4.8 1H NMR spectrum of artificial PBMA latex prepared via miniemulsion diluted by
microemulsion, using Cy2NMe in CDCl3.

Table 4.5 Particle size of PBMA latexes prepared by CO2-switchable solvent using either a
conventional emulsion or a miniemulsion.
Particle Size Range
by SEM

Mean Particle Diameter
by DLS (dZ)

PDI

Conventional
emulsion

100-1000 nm

975 ± 212 nm

0.45 ± 0.13

Miniemulsion

200-300 nm

242 ± 80 nm

0.07±0.02

Comparing the two approaches used, the latex particles prepared via the conventional
emulsion method have a large diameter (~1000 nm) and a broader distribution (PDI=0.45). The
particle diameters of latex from the miniemulsion method were much smaller (~240 nm) and
more narrowly distributed (PDI=0.07).
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Incorporation of hydrophobic additives (either soluble or dispersible in the polymer) into the
nanoparticles should be readily achievable by simply mixing the additive with the initial
polymer/SHS solution, thereby facilitating the synthesis of new nanoparticle composites.

4.3 Experimental Methods
4.3.1 Materials
Sodium dodecyl sulfate (SDS), cetyltrimethylammonium bromide (CTAB), poly(butyl
methacrylate) (PBMA, average Mw ~337,000), 1-hexanol, polystyrene (PS, average Mw
~400,000), poly(methyl methacrylate) (PMMA, average Mw ~350,000), poly(ethyl methacrylate)
(PEMA,

average

Mw

~850,000),

N,N-dicyclohexylmethylamine

(Cy2NMe),

2-

(diisopropylamino)ethanol and other chemicals were purchased from Sigma-Aldrich. Natural
rubber (polyisoprene, average Mw ~425,000) was obtained from Sime Darby company (Malaysia).
CO2 (Praxair, Medical grade) and N2 (Praxair, 99.998%) were used as received. Deionized water
with a resistivity of 18.2 MΩ cm (Synergy-UV, Millipore) was used throughout this study.

4.3.2 Typical method to produce artificial latex using conventional emulsion
The polymer (6.0 g) was dissolved in Cy2NMe (30.0 g). The surfactant sodium dodecyl
sulphate (SDS, 1.5 g) and water (100.0 g) were added, and the mixture was sonicated for 10 min,
yielding an emulsion in which the dispersed phase was a solution of PBMA dissolved in the
amine and the continuous phase was aqueous. After the addition of CO2, the polymer latex
aggregated. The aqueous layer was removed as filtrate and the polymer particles were redispersed
into pure water (30.0 g). After the mixture was stirred at 70 oC for 4 h, a PBMA latex was
obtained.

4.3.3 Typical method to produce artificial latex using miniemulsion method
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The polymer (0.6 g) was dissolved in Cy2NMe (1.4 g). The surfactant sodium dodecyl
sulphate (SDS, 0.9 g), hexanol (2.1 g) and water (3 g) were added, and the mixture was sonicated
for 20 min, yielding a microemulsion in which the dispersed phase was a solution of PBMA
dissolved in the amine and the continuous phase was aqueous. After the addition of CO2, the
polymer latex aggregated. The aqueous layer was removed as filtrate and the polymer particles
were redispersed into pure water (6.0 g). After the mixture was stirred at 70 oC for 4 h, a PBMA
latex was obtained.

4.3.4 Characterization
Particle size and zeta potential were determined using a Zetasizer Nano ZS (size range of 0.6
nm to 6.0 µm). Air/water surface tensions were measured with the Wilhelmy plate technique
using an automatic surface tensiometer (TensioCAD). Measurements were taken at 25±0.5 oC
until a constant surface tension value was reached. The critical micelle concentration (CMC)
values were taken at the intersection of the linear portions of the surface tension plots against the
logarithm of the surfactant concentration. Stock solutions were diluted continuously with pure
water and the air/water surface tension at each concentration was obtained by averaging three
measurements. The conductivity of solutions was measured using a Jenway model 470 portable
conductivity meter at 25±0.5 ˚C. 1H NMR spectra were obtained from a Bruker Avance-400
instrument using CDCl3 as the solvent. I studied the phase behavior for the system containing five
components and prepared the pseudoternary phase diagram following the method described by
Pons et al.2 The surfactant/cosurfactant and solvent/polymer ratios were kept constant. The
experiment was conducted at 25±0.5 ˚C with stirring (at a speed of ~700 rpm). After each
addition of water, the samples were stirred and allowed to equilibrate for at least 12 h.
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4.4 Conclusion
I have developed a process for preparing an artificial polymer latex from a solid bulk
polymer using a CO2-responsive switchable hydrophilicity solvent. Two methods were
investigated, using either a conventional emulsion or a miniemulsion. The PBMA latex particles
obtained via the miniemulsion approach were smaller and had a narrower distribution. This
method has potential for the preparation of latexes of any polymers that can be dissolved in an
SHS, including low-Tg polymers, such as polybutadiene and polyisoprene. The method does not
require a volatile solvent or energy consumption due to distillation, but would require energy
input for the recovery of the SHS from the carbonated water.
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Chapter 5
Preparation of Blended/Blocked PMMA and PBMA Latex with
Controlled Molecular Weights Using CO2-Switchable Solvents
Preface
A primary objective of the research for my PhD degree was making polymer latex by ATRP
with very low levels of residual copper using CO2-switchable technology. To achieve this goal,
the process was divided into two steps. In the first step, the polymer is prepared using solution
ATRP, and then the ligand (including catalyst copper salt) is removed via CO2-switchable
technology. In this way, solid polymers are obtained with controlled molecular weight, but
without copper salt. This part is described in Chapter 3. Then solid polymer is dissolved in a CO2switchable solvent, and a polymer latex is prepared by CO2-switchable technology (Chapter 4). In
this chapter, the above techniques are combined to prepare living artificial latexes that are free of
metal catalyst.

Abstract
Organicatalyzed ATRP (O-ATRP) and switchable photo-catalyst (SPC) were used for
producing pure homopolymers of poly(methyl methacrylate) (PMMA), poly(butyl methacrylate)
(PBMA) and block copolymer PMMA-PBMA-Br. A series of artificial latexes was then prepared
using the CO2-switchable solvent 2-(diisopropylamino)ethanol. The produced polymer was
dissolved in CO2-switchable solvent without CO2; adding water and surfactants forms the
emulsion

with

droplets

containing

polymer.
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After

addition

of

CO2, protonated

2-

(diisopropylamino)ethanol diffuses from the droplets into the aqueous phase, thus forming
polymer particles.

5.1 Introduction
A polymer latex is comprised of polymer particles stably dispersed an aqueous medium.1
Polymer latexes are generated by free radical emulsion polymerization of vinyl monomers.
Polymer latexes have numerous applications and are used in adhesives, paints and coatings.
Because of the absence of volatile organic compounds, polymer latexes are finding increasing
acceptance. Aqueous dispersed media are increasingly identified as a diverse and benign means
for carrying out polymerizations in industrial scale.2 However, unfortunately, it is not easy to
generate polymer latexes with controlled molecular weight via conventional free radical
polymerization.
It would be advantageous to combine the advantages of emulsion polymerizations and
controlled/living polymerizations (CRP). Various CRP techniques have been developed including
nitroxide mediated polymerization (NMP),3b, 4 atom transfer radical polymerization (ATRP)3b, 5
and reversible addition-fragmentation chain transfer (RAFT) polymerization.3b, 6 Many innovative
advancements in the application of CRP to aqueous dispersions have been published.
A primary challenge with any ATRP is catalyst removal. In dispersed phase systems, the
challenge is even more serious, since catalyst usually cannot be removed without dissolving the
polymer particles in solvent, thereby destroying the latex. Bultz et al. have recently demonstrated
the used of a thermosensitive modified Ru-based ATRP catalyst that may solve this problem.
Based on CO2-switching techniques, Chapter 3 introduces a process to prepare polymer by OATRP without residual metal catalyst or ligand. Also using CO2-switching techniques, switchable
hydrophobicity solvents (SHS)7 were used to produce artificial latexes. My hypothesis is that the
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combination of these two techniques could allow generation of an aqueous latex containing living
polymer with controllable molecular weight, but without any metal or ligand.

5.2 Results and Discussion
5.2.1 Preparation of homopolymers and block copolymer by O-ATRP
Under light irradiation, SPC (CO2-switchable photo-initiated catalyst) can be stimulated to
produce electrons that are very good reducing agents. The redox potential of the SPC is -5.6V vs
SCE, and free radicals generated by photo-redox reactions can initiate polymerizations of
monomers such as MMA and BMA.
Figure 5.1 and Figure 5.2 demonstrate O-ATRP polymerization of methyl methacrylate and
butyl methacrylate, showing first-order kinetics characteristic of O-ATRP catalyzed by SPC
under light. Moreover, the number average molecular weight and molecular weight distribution
exhibited the property of living/controlled polymerization with respect to the monomer
conversion curve (Figure 5.1 (a) and Figure 5.2 (b)). The number average molecular weight
increases linearly with increasing conversion. Further, the GPC curves increase from low to high
molecular weight with reaction time.
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(a)

(b)
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(c)
Figure 5.1 (a) Dependence of experimental number average molar mass and dispersity (Đ) on
MMA conversion for O-ATRP of MMA at 70 oC using SPC as initiator (dotted line is theoretical
Mn). (b) Dependence of conversion and -ln(1-conversion) on the reaction time (min). (c)
Evolution of molecular weight distribution with conversions.
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(a)

(b)
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(c)
Figure 5.2 (a) Dependence of experimental number average molar mass and dispersity (Đ) on
MMA conversion for O-ATRP of BMA at 70 oC using SPC as initiator (dotted line is theoretical
Mn). (b) Dependence of conversion and -ln(1-conversion) on the reaction time (min). (c)
Evolution of molecular weight distribution with conversions.

The O-ATRP polymerization process can be controlled by the absence and presence of the
light source. Therefore, the reaction system of EBP, methyl methacrylate and SPC was placed
under the light source, which was switched alternately "on" and "off". In the absence of light, the
polymerization reaction could not start. Once the light source was turned on at 50 min, this
reaction commenced (Figure 5.3). This means that the process of generating free radicals cannot
be carried out in the absence of light.
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Figure 5.3 Plot of MMA (methyl methacrylate) monomer conversion vs. time, using SPC under
white LED light.

Block copolymers of PMMA and PBMA was prepared. The homopolymer PMMA-Br with a
number average molecular weight of 21080 Da was produced by O-ATRP, and the PMMA-Br
was used as macroinitiator. After the addition of BMA monomer, the block polymer PMMAPBMA-Br was successfully prepared with a single peak in GPC pattern (Figure 5.4).
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Figure 5.4 The GPC traces of PMMA-Br (19120 Da, Đ=1.52) and block polymer PMMAPBMA-Br (45670 Da, Đ=1.48).

5.2.2 Preparation of artificial latexes
The Jessop Group has developed a series of CO2-switchable organic solvents, named
switchable hydrophilicity solvents (SHS),7 which are mainly tertiary amines with different
chemical structures. Before and after sparging of CO2, the properties of SHS, such as the polarity,
solubility and so on, will change significantly and reversibly. The addition of water and the
introduction of CO2 protonates the tertiary amine make it hydrophilic and water-miscible.
However, after the removal of the CO2 by heating or sparging with an inert gas (N2, argon or even
air), the tertiary amine returns to the original state of poor water-miscibility. The use of an SHS
can greatly simplify the separation process of final products after reactions, saving time and
money. For example, the polymerization of styrene was done in an SHS. After the addition of
water and CO2 to the reaction solution, the SHS is protonated and dissolves into water; the
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produced polystyrene is precipitated. Moreover, after being filtered and separated from water, the
neutral SHS can be recycled and reused.7
Polymer latexes can also be prepared using SHS, as described in Chapter 4. The specific
method is as follows: prepared polymer was dissolved in a specific amount of SHS, and then the
solution was added into water containing emulsifier and then stirred; after sparging CO2 and
removal of SHS, the polymer latex was obtained with addition of new pure water. Additionally,
replacing Cy2NMe2 with 2-(diisopropylamino)ethanol as SHS, can sharply decrease the residual
amount

of

SHS

in

the

particles.

The

solubility

of

PMMA

and

PBMA

in

2-

(diisopropylamino)ethanol was measured and it is found that both PMMA and PBMA can be
dissolved in that SHS.
The prepared PBMA and PMMA homopolymers described in section 5.2.1 were made into
artificial latexes using the emulsion method described in Section 4.2.2 were used as polymers to
prepare artificial latexes. The particle size distribution and PDI of the resulting PMMA and
PBMA latexes are shown in Figure 5.5. The z-average particle diameters of PMMA and PBMA
were 1958 nm and 2111 nm, respectively. The particle size distribution of the nanoparticles is
shown in Figure 5.5. The particle size distributions of PMMA and PBMA were both narrow, and
the PDI values were 0.047 and 0.065.

129

(a)

(b)

(c)

(d)
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Figure 5.5 Graphs of particle size distributions of the artificial latexes, whose target polymers are
respectively (a) PMMA (particle size 1958 nm, PDI=0.047), (b) PBMA (particle size 2111 nm,
PDI=0.065), (c) mixed homopolymers PMMA and PBMA (particle size 1128 nm, PDI=0.041)
and (d) block copolymers PMMA-PBMA-Br (particle size 1454 nm, PDI=0.061).

The PMMA and PBMA particles were observed by TEM. Figure 5.6 shows the PMMA and
PBMA particles at different magnifications. The figure shows that the PMMA and PBMA
particles have a regular spherical shape.

(a)

(b)

Figure 5.6 TEM images of (a) PMMA (particle size 1958 nm, PDI=0.047) and (b) PBMA latexes
(particle size 2111 nm, PDI=0.065).

A limited study was performed to determine whether the particle size of the artificial latex is
changeable based on the loading of polymers dissolved in the SHS. PMMA latexes were prepared
with 0.05, 0.1, 0.15 and 0.2 mass fraction of polymer in 2-(diisopropylamino)ethanol. The
particle sizes and zeta potentials of the resulting artificial latexes are shown in Table 5.1. The
PMMA particles in the latex with 0.15 mass fraction of PMMA in SHS had the smallest particle
size, 2232 nm, and a PDI value of 0.045. The zeta potentials of the PMMA latexes are all more
negative than -36 mV.
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Table 5.1 Effect of PMMA loading on particle size using the SHS emulsion methoda
Weight ratio of PMMA/SHS

Particle size

PDI

Zeta potential

0.05

2341±86 nm

0.065±0.005

-41.0±4.4 mV

0.10

2311±102 nm

0.072±0.004

-42.7±4.2 mV

0.15

1232±67 nm

0.045±0.004

-43.7±7.6 mV

0.20

1958±71 nm

0.056±0.002

-47.5±4.9 mV

a

Preparation method: A given amount of PMMA was dissolved in 2-(diisopropylamino)ethanol (30.0 g).
Then the surfactant SDS (0.90 g) and water (100 g) were added into the solution, and the mixture was
sonicated for 10 min, yielding an emulsion. After addition of CO2 for 30 min, the water layer was removed,
and the polymer particles were dispersed in additional pure water (30 g). The particle size, PDI and zeta
potential are averages of five measurements.

The latex of mixed homopolymers, PMMA and PBMA (weight ration, 1/1), was
successfully prepared using the method described above. The particle size was 1124 nm, the PDI
value was 0.48, and the zeta potential was -48.8 mV. Figure 5.5 (c) shows the particle size
distribution of the nanoparticles measured by dynamic light scattering. The latex of mixed
homopolymers, PMMA and PBMA shows excellent dispersibility, with minimal tendency to
aggregate.
Figure 5.7 shows the TEM images of the latex of mixed homopolymers, PMMA and PBMA.
From the TEM images, it can be found that the latex particles have a regular spherical shape with
smooth surfaces.
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Figure 5.7 TEM images of the latex (particle size 1128 nm, PDI=0.041) prepared from mixed
homopolymers, PMMA and PBMA.

For comparison with the latex of mixed homopolymers, a latex of copolymers was also
prepared. First, using a single PMMA macroinitiator, several chain extended polymers of varying
overall molecular weight were made using BMA. By controlling the chain length of extended
PBMA in the block copolymer, it was possible to obtain a series of copolymers with the same
length of PMMA, but different PBMA block lengths.
To determine the effect of PMMA-PBMA ratio on the latex properties such as the number of
particles, particle diameter, particle size distribution, and stability, a series of artificial latexes was
prepared with the same procedure. Table 5.2 summarizes the number and size of copolymer and
mixed homopolymer latex particles As expected for a given loading of block copolymers in the
latex form, a larger chain of PBMA leads to slightly increasing particle size, probably due to the
higher hydrophobicity of PBMA compared to PMMA.
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Table 5.2 Effect of varying PBMA block length on PMMA200-PBMAn-Br particle size using the
SHS emulsion methoda
Polymerization degree of BMA, n

Particle size

PDI

Zeta potential

50

1452±73 nm

0.063±0.013

-46.2±3.2 mV

150

1534±43 nm

0.041±0.010

-43.0±8.2 mV

200

1811±71 nm

0.034±0.014

-43.1±5.8 mV

a

Preparation method: block copolymers PMMA-PBMA-Br (6.0 g) have fixed PMMA length and variable
PBMA length. A series of block copolymers were separately dissolved in 2-(diisopropylamino)ethanol
(30.0 g). Then the surfactant SDS and water (100 g) were added into the solution, and the mixture was
sonicated for 10 min, yielding an emulsion. After addition of CO2 for 30 min, the water layer was removed,
and the polymer partices were dispersed in additional pure water (30 g). The particle size, PDI and zeta
potential are averages of five measurements.

5.3 Experimental Methods
5.3.1 Materials
CO2 (Praxair, Medical grade) and argon (Praxair, 99.998%) were used as received. MMA,
BMA, toluene, methanol, EBP (ethyl α-bromophenylacetate), 2-(diisopropylamino)ethanol (SHS),
sodium dodecyl sulphate and other chemicals were purchased from Aldrich. SPC was synthesized
following the steps shown described Chapter 3. All water used was ultra-pure deionized water
with resistivity exceeding 18 MΩ·cm.

5.3.2 Preparing homopolymer using O-ATRP reaction with photocatalyst
A typical polymerization procedure was as follows: Methyl methacrylate (1.437 g), and EBP
(1.6 mg) and SPC (0.043 g, 0.05 mmol) were dissolved in toluene (20.0 g) and placed in a 50-mL
flask. Argon was then bubbled through the mixture for 40 min, and the flask was sealed and
irradiated under white LED light (ChiChinLighting, LED Bulbs, 110v, 6W, 6000k). At regular
intervals, a quantity of polymer solution was removed, exposed to air and refrigerated, and later
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analyzed and tested. After the removal of the white LED, the reaction was terminated, and
methanol was added to the reaction solution to precipitate the resulting polymer.

5.3.3 Preparing PMMA-graft-PBMA copolymer using O-ATRP reaction with
photocatalyst
A typical polymerization procedure was as follows: Butyl methacrylate (1.526 g), and
macroinitiator with PMMA (prepared using Section 5.3.2, Mn =4300 Da, PDI=1.18, 0.27 g,
0.0625 mmol) and SPC (0.043 g, 0.05 mmol) were dissolved in toluene (20.0 g) and placed in a
50 mL flask. Argon was then bubbled through the mixture for 40 min, and the flask was sealed
and irradiated under white LED light. At regular intervals, a quantity of polymer solution was
removed, exposed to air and refrigerated, and later analyzed. After the removal of the white LED,
the reaction was terminated, and methanol was added to the reaction solution to precipitate the
resulting polymer.

5.3.4 Preparation of artificial latex
The solvent 2-(diisopropylamino)ethanol (25.0 g) was used to dissolve homopolymer or
copolymer prepared via step 2 or 3 (5.0 g). After addition of the surfactant sodium dodecyl
sulphate (SDS, 1.2 g) and water (80.0 g), the mixture was sonicated for 10 min, preparing the
dispersion in which the dispersed phase was a solution of PBMA dissolved in the 2(diisopropylamino)ethanol and the continuous phase was water. After sparging with CO2, the
polymer latex was aggregated and precipitated. The upper aqueous layer was separated as filtrate
and the polymer particles were redispersed into pure water (30.0 g). PBMA latex was obtained.

5.3.5 Characterization
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Particle size and zeta potential were determined using a Zetasizer Nano ZS (size range of 0.6
nm to 6.0 µm). 1H NMR spectra were obtained from a Bruker Avance-400 instrument using
CDCl3 as the solvent. TEM images were taken using a Hitachi H-7000 scanning electron
microscope. Gel permeation chromatography (GPC) was used to determine the molecular weight
distribution of the polymer samples. The GPC was equipped with a Waters 2960 separation
module containing four Styragel columns of pore sizes 100, 500, 103 and 104 Å, coupled with a
refractive index detector operating at 40 ºC. THF was used as eluent and the flow rate was set to
1.0 mL·min-1. The detector was calibrated with eight narrow polystyrene standards ranging from
347 to 355 000 g·mol-1. The original GPC data were converted to PMMA using the MarkHouwink equation and parameters (PS: K, value of 1.54 x10-4 dL/g, and a, value of 0.70 in THF;
PMMA: K, value of 1.22 x10-4 dL/g, and a, value of 0.69 in THF; PBMA K, value of 1.48 x10-4
dL/g, and a, value of 0.67 in THF).8

5.4 Conclusion
O-ATRP with switchable photocatalyst (Chapter 3) and the artificial latex method (Chapter 4)
were combined to produce a series of artificial latexes with controlled molecular weight. First, the
homopolymers poly(methyl methacrylate) (PMMA), poly(butyl methacrylate) (PBMA) and block
copolymer PMMA-PBMA-Br were respectively prepared using O-ATRP; no metal or ligand
remained in the produced solid polymers. Then, an artificial polymer latex was prepared from the
solid polymers dissolved in 2-(diisopropylamino)ethanol. The particles of all the artificial latexes
obtained showed good stability and dispersibility.
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Chapter 6
Conventional Surfactant Becomes CO2-Responsive in the Presence of
Switchable Water Additives
Preface
A former student in Jessop group, Sean Mercer, developed “switchable water”. Switchable
water is an aqueous solution of an amine that reversibly forms the corresponding bicarbonate salt
upon exposure to CO2; the solution thus reversibly switches from low ionic strength to high ionic
strength. To find a new application of the novel material, switchable water, I began to test the
reversible stability of emulsion and polymer latex after addition of switchable water in presence
and absence of CO2.
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Abstract
I have developed a new benign means of reversibly breaking emulsions and latexes by using
“switchable water”, an aqueous solution of switchable ionic strength. The conventional surfactant
sodium dodecyl sulfate (SDS) is normally not stimuli-responsive when CO2 is used as the
stimulus but becomes CO2-responsive or "switchable" in the presence of a switchable water
additive. In particular, changes in the air/water surface tension and oil/water interfacial tension
can be triggered by addition and removal of CO2. It is found that a switchable water additive,
N,N-dimethylethanolamine (DMEA), was an effective and efficient additive for the reversible
reduction of interfacial tension and can lower the tension of the dodecane–water interface in the
presence of SDS surfactant to ultra-low values at very low additive concentrations. Switchable
water was successfully used to reversibly break an emulsion containing SDS as surfactant, and
dodecane as organic liquid. Additionally, the addition of CO2 and switchable water can result in
aggregation of polystyrene (PS) latexes; the later removal of CO2 neutralizes the DMEA and
decreases the ionic strength allowing for the aggregated PS latex to be redispersed and recovered
in its original state.
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6.1 Introduction
Stimuli-responsive emulsions and suspensions can be kept stable, destabilized, and
restabilized merely by adding or removing a trigger.1 For emulsions, the ability to readily and
reliably destabilize or “break” the emulsion by application of a trigger facilitates separation of the
oil and water phases after an emulsion-based process. Similarly, for dispersions such as polymer
latexes, the ability to readily destabilize or coagulate the dispersion facilitates the separation of
the pure polymer from the aqueous phase. If the subsequent redispersion of the latex from the
coagulated form can be achieved, then it may be possible to store and transport latexes as dry
powders rather than as aqueous dispersions, thereby saving energy. Additionally, if the trigger
used to break the emulsions or dispersions is benign and easily removed, then the use of stimuliresponsive emulsions and dispersions could have environmental advantages over the more
traditional methods for achieving destabilization; namely addition of salts, strong acids, or
bases.1b Thus there is a need for stimuli-responsive emulsions and dispersions using benign and
inexpensive triggers.
Given that most emulsions and dispersions are stabilized by surfactants, a popular approach
in the literature is to use switchable surfactants, meaning a surfactant that can be switched from a
dispersion-stabilizing form to a form that does not stabilize dispersions.1 Triggers for published
switchable surfactants include addition of acids,1b, 2 redox reagents3 or even UV light.4 UV light is
a less effective trigger for emulsions or suspensions, especially for large-scale application,
because UV light will decay quickly at long distances or in media with a large refractive index.
Acids, bases and redox reagents introduce both hazards and impurities and are not easy to remove.
In contrast, CO2 is an effective and easily-removed trigger for switchable surfactants. Recently
our group developed a series of switchable surfactants triggered by CO2; these surfactants, which
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only function when CO2 is present, consist of a long alkyl tail with an amidine or tertiary amine
head group.1a, 5 These compounds, in the absence of CO2, are unable to stabilize emulsions or
suspensions but they become an effective surfactant on conversion to the charged amidinium or
ammonium bicarbonate by exposure to water and CO2.1a, 6 An alternative approach, that only
works for polymer latex suspensions, is the use of switchable initiators7 or switchable monomers8
in the preparation of the latex.
However, for many existing applications, where industry has already optimized formulations
using conventional, nonswitchable surfactants, initiators and monomers, there may be reluctance
to reformulate with switchable analogs, especially if the incorporation of switchable groups
causes undesired property or performance changes. I therefore suggest that there is a need for a
new method that renders emulsions and suspensions stimuli-responsive without the use of new
and unusual surfactants, monomers, and initiators.
In this chapter, I describe a new method that uses CO2-triggered changes in ionic strength
and the electrical double layer. It is well-known that common synthetic polymers prepared by
polymerization of monomers in aqueous emulsions may be recovered as the solid product after
coagulation by addition of a salt into the aqueous phase.9 Similarly, increasing the ionic strength
results in the destabilization of most surfactant-stabilized emulsions. Jessop group recently
reported aqueous solutions of switchable ionic strength, which they call “switchable water”.
Switchable water is an aqueous solution of an amine that can switch the ionic strength of the
solution between high and low values by removal and addition of CO2.10 In the absence of CO2,
the ionic strength of the solution is very low; but in the presence of CO2, the amine additive is
converted to the bicarbonate salt, resulting in a dramatic and reversible rise in the ionic strength. I
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now propose the use of switchable water as a method to reversibly control the stability of
dispersions and emulsions stabilized by conventional, non-switchable surfactants.
In this chapter I present a new and easy method to reversibly control the stability of
dodecane/water emulsions and polystyrene (PS) latexes that were prepared with a conventional
(not switchable) surfactant. When a switchable water additive is present in the aqueous phase,
these emulsions and latexes exhibit reversible aggregation/redispersion through multiple
switching cycles. I also examined the dewatering of the coagulated latex and recovery of the
switchable water. In effect, I now report that it is possible to obtain switchable surfactancy
without using a switchable surfactant.

6.2 Results and Discussion
6.2.1 Interaction between Surfactant and Switchable Water
The air/water surface tension data and critical micelle concentration (CMC) values in
aqueous solutions of sodium dodecyl sulfate (SDS) with and without switchable water additive,
N,N-dimethylethanolamine (DMEA) and/or CO2 are presented in Figure 6.1 and Table 6.1. The
observed CMC value of SDS is in good agreement with literature values.11 In the presence of
neutral DMEA, the air/water surface tension and CMC values are essentially unchanged. The
CMC of pure SDS aqueous solution under CO2 is slightly lower than the value under air, because
the ionization of CO2 dissolved in water generates bicarbonate and hydrogen ions, which slightly
weaken the air/water surface tension.12 There is no dramatic change in the surface tension because
the dodecylsulfate anion is not sufficiently basic to be protonated in carbonated water. With the
combination of CO2 and DMEA, however, the presence of the organic salt and the consequent
increase in the ionic strength cause the CMC value of SDS decreased sharply (Figure 6.1). The
increased ionic strength can effectively reduce the electrostatic repulsion between the
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intermolecular head groups and decrease the CMC.13 The CMC value is restored to its original
value when the CO2 is flushed away with argon (Table 6.1), as the switchable ionogen returns to
its neutral form and no longer reduces the electrostatic repulsion between the head groups of the
surfactant. Therefore, the aqueous solution of SDS and DMEA has switchable air/water surface
tension, even though SDS, without the amine, is not responsive to CO2.

Figure 6.1 A logarithmic plot of the air/water surface tension as a function of the concentration
of aqueous solutions of SDS under air or CO2 and in the presence or absence of DMEA (33.0%
v/v) under air or CO2 at 25 ± 0.5 °C.
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Table 6.1 Air/water surface tension and conductivity of SDS aqueous solutions under different
atmospheres and in the presence or absence of DMEA at 25 °C.

Atmosphere

Content of DMEAa

CMC

γ CMC

(mol/L)

(mN/m)

Conductivity (mS/cm)

Air

None

1.0x10-3

35.2

0.52

Air

33.0%

1.1x10-3

35.1

0.88

CO2

33.0%

3.8x10-4

30.9

7.3

Airb

33.0%

1.1x10-3

34.9

1.1

a,

Volume percentage compared to water; b, this sample was exposed to CO2 firstly with flow rate of 90
mL/min at room temperature for 20 min and then argon with flow rate of 90 mL/min at room temperature
for 20 min.

Switchable water also makes it possible to reversibly control water/oil interfacial tensions of
solutions of SDS. The interfacial tension between dodecane and water is 52 mN/m at room
temperature14; SDS can reduce the interfacial tension between dodecane and water as other
surfactants.15 If the aqueous phase also contains a salt, such as NaCl, the tension will fall
greatly.16 The interfacial tensions between SDS solution and dodecane with DMEA in different
situations were also measured (Figure 6.2). In the absence of CO2, the neutral DMEA mostly
dissolves in the oil phase and has almost no influence on interfacial tensions between oil and
water. Similarly, CO2 without amine only slightly decreases the oil-water interfacial tension.
However, the presence of both DMEA and CO2 causes the interfacial tension of the
water/dodecane/SDS mixture to decrease to ultra-low values even at very low SDS concentrations,
about 0.001 mol/L, which is close to its CMC. This shows that SDS with protonated DMEA is
more effective than SDS alone or with neutral DMEA at reducing the tension of the dodecane–
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water interface. The greater effectiveness of surfactant at high ionic strength is presumably due to
the compression of the electrical double layer of the interface which can reduce the thickness and
rigidity of the interface film and lead to the reduction of interfacial tension.17

Figure 6.2 A logarithmic plot of the interfacial tension between dodecane and water as a function
of the concentration of aqueous solutions of SDS under air and SDS with DMEA (20.0% v/v
compared to water) under CO2 at 25 ± 0.5 °C.

Clearly, DMEA makes it possible for CO2 to trigger significant changes in the air/water
surface tension and oil/water interfacial tension of aqueous solutions of SDS. Moreover, the
effect is reversible. Air/water surface tension and interfacial tension of the aqueous solution of
SDS and DMEA were measured at 25 ± 0.5 °C for two cycles of alternating CO2 and argon
bubbling. The purpose of bubbling argon is to cause the removal of CO2 and consequent
neutralization of the bicarbonate salts although I have found that using nitrogen or air is also
effective. The results are shown in Figure 6.3. Air/water surface tension of the mixed solution
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decreased from 35.1 to 30.2 mN/m after CO2 bubbling for 20 min. It increased back to its initial
value upon bubbling of argon through the solution. The interfacial tension has the same
regulation and changes between values of 18 and 3.3 mN/m.

(a)

(b)

Figure 6.3 The air/water surface tension (a) and the water/dodecane interfacial tension (b) for an
aqueous solution of SDS (0.01 mol/L) with DMEA (20.0% v/v compared to water) at 25 ± 0.5 °C
as a function of time in two cycles of sparging with CO2 and argon.

6.2.2 Reversible Destabilization of a Dodecane/Water Emulsion
The results obtained at the oil-water interface suggested that switching of surfactant
performance in an emulsion should also be possible. To test the effects of the switchable water on
emulsion stability, a 50% (v/v) dodecane-in-water emulsion was prepared using SDS surfactant
(0.139 mol/L compared to water). Under these conditions, SDS proved to be an effective
emulsifying agent. The dodecane-in-water emulsion was stable to coalescence over 36 h on
standing even when either neutral DMEA or CO2 was present. However, if DMEA and CO2 were
present, then the stability of the emulsion decreased greatly and the emulsion droplets coalesced
over one hour (Figure 6.4). Complete clearing of both phases was apparent after a further 30 min.
However, after argon was sparged into the two phases of the dodecane-water mixture in order to
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remove the CO2, convert the DMEA back into its neutral form, and thereby lower the ion strength,
a stable emulsion could be created again with sonication. Thus, the emulsion-stabilizing property
of SDS can be effectively switched off and back on again by adding and removing CO2 into the
DMEA-containing emulsion.

Figure 6.4 Reversible breaking/redispersion behavior of an emulsion of dodecane and water. The
original emulsion (prepared using 5 ml dodecane, 0.20 g SDS and 5 ml water) is stable; 1 mL
DMEA does not impair the stability of the emulsion; phase separation occurs with subsequent
CO2 addition; with argon and sonication, a stable emulsion is re-formed.

6.2.3 Reversible Destabilization of a PS Latex
If switchable water makes it possible for CO2 to reversibly change the CMC and γCMC of
common anionic surfactants, then it should be possible to reversibly change the stability of a
polymer latex that is stabilized by such surfactants. In order to evaluate this hypothesis, I
subjected a stable PS latex, prepared using SDS and the initiator potassium persulfate (KPS), to
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different treatments to promote aggregation or redispersion. Firstly, I tested the influence of CO2,
without amine, on the latex (Tables 6.2 and 6.3). Because the use of KPS initiator causes the
aqueous phase of the resulting latex to be acidic, two tests were performed; in one, the latex was
used as prepared and in the other, the latex was neutralized with NaOH before testing. The results
demonstrate that CO2 alone, without amine, did not affect the stability of either latex; the zeta
potential remained in the stable range and the particle size was not significantly changed.

Table 6.2 Attempted aggregation and redispersion behavior of a PS latex without switchable
water. A PS latex (prepared using 15 mL of styrene, 0.50 g of SDS, 0.10 g of KPS and 50 mL of
water) was sparged with CO2 (flow rate of 90 mL/min at room temperature for 10 min) and then
treated with argon (flow rate of 90 mL/min at room temperature for 10 min).
Entry

Original latex

Addition of CO2

Removal of CO2

pH value

2.3

2.3

2.3

Particle size

101 nm

102 nm

102 nm

PDI

0.042

0.039

0.044

Zeta potential

-35.5 mV

-34.8 mV

-36.1 mV
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Table 6.3 Attempted aggregation and redispersion of a neutralized PS latex without switchable
water. A PS latex (prepared using 15 mL of styrene, 0.50 g of SDS, 0.10 g of KPS and 50 mL of
water) was neutralized with NaOH solution; sparged with CO2 (flow rate of 90 mL/min at room
temperature for 10 min) and then treated with argon (flow rate of 90 mL/min at room temperature
for 10 min).

Entry

pH value
Particle
size
PDI
Zeta
potential

Addition of NaOH 0.4 mL

Addition of

Removal of

(2.0 mol/L)

CO2

CO2

2.3

8.9

7.5

8.2

101 nm

103 nm

105 nm

102 nm

0.242

0.231

0.202

0.212

-35.5 mV

-36.7 mV

-38.4 mV

-39.2 mV

Original latex

The situation is quite different when a switchable water additive is present. Photographs and
measurements of key properties of the latexes at various stages of treatment are shown in Figure
6.5, along with key data demonstrating the ability of CO2 to reversibly trigger destabilization of
the latex. The Figure shows a single experiment in which a latex sample was neutralized with
NaOH, treated with DMEA, treated with CO2, and finally flushed with argon to remove the CO2.
(The low initial pH (lower than the pKa of carbonic acid) will prevent the amine from being
neutralized (switched off) by CO2 removal. I address this issue by first neutralizing the latex with
NaOH.)
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Figure 6.5 Reversible aggregation/redispersion behavior of a PS latex. To a PS latex (prepared
using 15 mL of styrene, 0.50 g of SDS, 0.10 g of KPS and 50 mL of water) was added NaOH
solution (0.4 mL, 2.0 mol/L), DMEA (5 mL) and then CO2 (flow rate of 90 mL/min at room
temperature for 10 min); finally, the latex was treated with argon (flow rate of 90 mL/min at room
temperature for 10 min).

The original zeta potential of the latex was -38.5 mV, demonstrating that many of the
charges resulting from SDS and KPS are near the surface of the latex particles. Electrostatically
stabilized colloidal dispersions are stabilized by a diffuse electrical double layer,9 meaning two
parallel layers of charge in which the counter-ions and co-ions are incorporated, surrounding the
surface of the latex. The first layer comprises sulfate groups of SDS adsorbed on the particle. The
second layer is composed of counter-ions, such as Na+ ions, attracted to the surface charge. This
second layer consists of free ions which move in the fluid, under the influence of electric
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attraction and thermal motion, rather than being firmly anchored. The dissolved amine, while it is
neutral, does not adversely affect the electrical double layer; but once converted to the
ammonium bicarbonate salt, the amine causes an increase in the ionic strength, collapsing the
electrical double layer, and allowing the particles to aggregate together. The zeta potential
increased to -6.6 mV (insufficient to maintain colloidal stability) from -46.5 mV after bubbling
with CO2. Particle aggregation took less than 10 min, leading to formation of an aggregated latex.
The average particle size of the aggregated latex was 103 µm (Figure 6.5). The aggregated latex,
argon was bubbled through the aggregated mixture. The zeta potential was restored to -51.9 mV,
and the white aggregated latex was redispersed with only hand shaking. The particle size of the
redispersed latex was 102 nm (compared to 101 nm for the original latex). To test the
repeatability of the aggregation/redispersion cycle, the redispersed latex was treated using CO2
once more and the latex particles were successfully aggregated again. The particle size increased
to 106 µm, and the zeta potential increased to -8.2 mV. When the second redispersion was
accomplished with argon, the results were comparable to those of the first redispersion (102 nm,
-49.3 mV). Compared with the previous reports of redispersible latexes, based on either
surfactant-containing6 or surfactant-free approaches,7-8 our system is easier, faster, and more
effective at restoring the original particle size distribution. Furthermore, minimal energy input is
needed for using the switchable water approach, such as the use of gentle hand shaking rather
than sonication to achieve redispersion (sonication is required for redispersion of all other
reported CO2-switchable latexes).
To allow better visual comparison of the initial latex particle size distribution with the
aggregated and redispersed size distributions, I show the data measured with the Mastersizer 2000
under different situations. Figure 6.6 shows the particle size distributions of the primary latex, the
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aggregated latex, and the redispersed latex. Particle size analysis showed that the aggregated latex
had a broad particle size distribution, with very few or no particles smaller than 1 µm. The
average particle sizes of the redispersed polymer colloids were very similar with the original latex
in mean size and overall particle size distribution.

Figure 6.6 Graphs of particle diameters of (a) the original PS latex, (b) after addition of DMEA
(c) after aggregation triggered by CO2 and (d) after argon treatment and redispersion by handshaking, as measured by a Mastersizer. Detailed conditions: (a) Original PS latex (prepared using
15 mL of styrene, 0.50 g of SDS, 0.10 g of KPS and 50 mL of water; then pH-adjusted with 0.4
mL of 2 M NaOH solution. (b) 5 mL DMEA were added. (c) Aggregated latex was treated with
153

CO2 with a flow rate of 90 mL/min at room temperature for 10 min. (d) The latex was treated
with argon with a flow rate of 90 mL/min at room temperature with hand shaking for 10 min.

SEM images were obtained of the PS latex before and after the destabilization procedure.
Figure 6.7(a) reveals the presence of primary particles with excellent dispersion, consistent with
the particle size data. In contrast, the latex sample that had been destabilized by treatment with
CO2 showed extensive aggregation, producing clumps of particles that are much larger than 10
µm. Figure 6.7(c) shows the redispersed particles which appear to be very similar to the original
latex.

Figure 6.7 SEM images of (a) the original latex (b) the aggregated latexes and (c) redispersed
latex. Detailed conditions: (a) Original PS latex (prepared using 15 mL of styrene, 0.50 g of SDS,
0.10 g of KPS and 50 mL of water; then pH-adjusted with 0.4 mL of 2 M NaOH solution. (b)
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After 5 mL DMEA were added, the latex was aggregated with CO2 with a flow rate of 90 mL/min
at room temperature for 10 min. (c) The latex was treated with argon with a flow rate of 90
mL/min at room temperature with hand shaking for 10 min.

For real applications, it is important to know the appropriate range of DMEA concentrations
that can be used for effectively aggregating latexes. Therefore, the particle size and zeta potential
of a PS latex were analyzed by DLS in carbonated water under CO2, with different concentrations
of the switchable water additive DMEA in the range of 10-5-10 mol/L (Figure 6.8). The PS latex
was prepared using styrene, KPS and SDS; lately, NaOH aqueous solution was added into the PS
latex to neutralize the acid. The zeta potential and particle size were -44 mV and 106 nm
separately. No change in particle diameter was observed upon increasing the concentration of
DMEA from 10−7 to 10-3 mol/L under CO2. This behaviour could be explained by the interaction
between the head group of SDS and the ammonium ions not being strong enough to break the
stable electrical double layer. A further increase of the switchable ionogen concentration to 0.01
mol/L led to a slight increase in the particle diameter. At a DMEA concentration of 0.1 mol/L the
colloidal stability was lost, and coagulates with a diameter above 3000 nm were formed. At
DMEA concentrations greater than 0.01 M, the zeta potential increased sharply to ~-6 mV. The
concentration of DMEA required for destabilization depends on the amount of surface charge
present on the original latex. I used a relatively high SDS concentration in preparing this latex to
provide a more stringent test of DMEA’s effectiveness. Latexes prepared with less surfactant may
require less DMEA to neutralize the surface charge.
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Figure 6.8 Variation of the size and zeta potential for PS particles, neutralized by NaOH solution,
at different concentrations of DMEA under CO2. Original PS latex: particle size=106 nm, zeta
potential=-44 mV and pH=7.9.

Switchable water ionogens make it possible to switch the stability of the latex, but may not
be needed in the latex after redispersion, so the switchable water additive should be recycled after
redispersion of latex. Redispersion of the latex can be achieved in either the original filtrate
solution or in fresh water (Figure 6.9). A PS latex was prepared, pH adjusted, and aggregated
with DMEA and CO2 as described above. The water was removed by pipette, leaving white slurry.
The original water content of the PS latex is 68%, but the slurry only contains 31% water. The
white slurry could be redispersed into either the original filtrate or fresh water in a sonication bath
for 20 min. The particle size and zeta potential after redispersion were found to be comparable to
the values of the original latex before aggregation.
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Figure 6.9 Recovery of DMEA from aggregated PS and redispersion of the latex into either the
original filtrate or fresh water. The original neutralized PS latex had a pH of 8.1 before treatment
with DMEA and CO2.

In order to measure the content of DMEA in the slurry, heptane was used to extract DMEA
from the supernatant. Measurements made by GC, showed most 95% of the DMEA (95% w.t.)
which had been originally added to the system, was extracted by heptane and therefore at most 5%
of the DMEA remained in the slurry.

6.3 Experimental Methods
6.3.1 Materials
CO2 (Praxair, Medical grade) and argon (Praxair, 99.998%) were used as received.
Potassium

persulfate

(KPS),

sodium

dodecyl
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sulfate

(SDS),

styrene

(99%),

2-

dimethylaminoethanol (DMEA, >99.5%), heptane (>99%) and dodecane (anhydrous, >99%)
were purchased from Sigma-Aldrich. Inhibitor removal columns (Aldrich) were used to purify the
styrene. De-ionized water with a resistivity of 18.2 MΩ·cm (Synergy-UV, Millipore) was used
throughout this study.

6.3.2 Synthesis of Polystyrene Latex
The latex of PS was prepared from 15 mL of styrene and 0.50 g SDS dispersed in 35 mL of
de-ionized water (100 mL round-bottom three-necked flask with condenser, argon inlet and
contact thermometer). Under vigorous stirring and intense argon gas flow, the temperature was
raised until the mixture was refluxing. The argon gas flow was reduced, and the desired amount
of KPS (0.10 g) dissolved in 15 mL of distilled water was added into the reactor. The magnetic
stirring was then controlled to 500 rpm. The reaction started very quickly and was held at 75 °C
for 6 h. In order to remove the byproduct acid from the KPS,18 0.4 mL NaOH aqueous solution
(2.0 mol/L) were added until the pH of the PS latex rose above 7.00.

6.3.3 Destabilization and Redispersion of Polystyrene Latex Triggered by CO2
The desired amount of DMEA (usually 5 mL) was added into the PS latex prepared as
described above. The latex then was destabilized by continuous bubbling of CO2 through the
suspension solution within 10 min at room temperature. The polymer particles were then left to
settle undisturbed. For redispersing the coagulated PS particles into the same solution or into
deionized water, the mixture was sparged with argon to release CO2 for 10 min with hand shaking.

6.3.4 Emulsion Persistency Tests
Dodecane (5 mL), SDS (0.20 g), DMEA (1 mL) and water (5 mL) were transferred to a glass
vial. A small magnetic stir bar was placed in the vial with a septum and needle. The flow rate was
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set to 60-80 mL/min as measured by a flowmeter (Intelligent Digital Flowmeter, Varian). The
emulsion was bubbled with CO2 for 20 min while stirring. The vial was then placed in a
sonication bath (Fisher Scientific FS30) for 10 min. For removal of CO2, the emulsion and a
magnetic stir bar were placed in a double-necked round bottom flask. The flask was placed in an
oil bath with a temperature probe set to 65 °C and stir plate at 600 rpm. A water-cooled condenser
was attached and turned on. A septum was placed in the second neck of the flask and the argon
needle pushed through to the bottom of the flask. The flow rate was set to 60-80 mL/min as
measured by the flowmeter. The emulsion was bubbled with Ar for 1 h while stirring.

6.3.5 Characteristics
Particle size was determined using a Malvern Mastersizer 2000 (size range of 0.05-2000 m)
equipped with a Hydro2000S optical unit. The zeta potential of the polymer particles was
measured with a Zetasizer Nano ZS (Malvern Instruments). SEM images were recorded on a
Hitachi TM-1000. Air/water surface tensions and oil/water interfacial tension were measured with
the Wilhelmy plate technique using an automatic surface tensiometer (TensioCAD®) as described
previously.19 Measurements were taken at 25 ± 0.5 °C until a constant surface tension value was
reached. The critical micelle concentration (CMC) values were taken at the intersection of the
linear portions of the surface tension plots against the logarithm of the surfactant concentration.
Stock solutions were diluted continuously with pure water and the air/water surface tension at
each concentration was obtained by averaging three measurements. The conductivity of solutions
was measured using a Jenway model 470 portable conductivity meter at 25 ± 0.5 °C. Gas
chromatograms (GC) were collected on a Shimadzu GC-17A gas chromatogram equipped with a
DB-5 column (0.25 mm i.d., 30 m, 0.25 mm film thickness) from Agilent Technologies.
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6.4 Conclusion
When a switchable water additive such as DMEA is present, the conventional surfactant
SDS becomes stimuli-responsive, responding to CO2 as a trigger in a manner that is reversible,
repeatable, and controllable. The stability of emulsions and latexes stabilized by SDS can be
changed by addition and removal of CO2. The key factor is the switchable ionic strength. The
air/water surface tension and dodecane/water interfacial tension of an aqueous solution of SDS
and DMEA changed after addition of, and later removal of, CO2. I successfully used switchable
water to reversibly break a dodecane/water emulsion containing SDS as surfactant. PS latexes
could also be destabilized by CO2 if DMEA is in the aqueous phase. The aggregated latexes were
readily redispersed when CO2 was removed from the system, suggesting that the colloidal
stability is controlled by the increasing or decreasing ionic strength of the switchable water. The
use of the “switchable water” technique to make SDS respond to CO2 as a trigger may be a
general strategy for creating stimuli-responsive dispersions without the need to use switchable
surfactants.
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Chapter 7
Living CO2-Switchable Latexes Prepared
via Emulsion ATRP and AGET Miniemulsion ATRP
Preface
When I began working on my PhD at Queen’s, CO2-switchable polymer latexes had just
been popular and the number of related published papers was increasing sharply. Also, there was
a great deal of research activity on redispersion; however, very few of papers on the polymer in
the latex form having controlled molecule weight had been published. The combination of CO2switchable polymer latexes and RAFT had been published, but none utilized ATRP in the
dispersed polymer latex systems nor made any direct comment about CO2-switchable initiators of
ATRP.

Abstract
Living CO2-switchable PMMA latexes were prepared using reverse ATRP emulsion
polymerization and AGET ATRP miniemulsion polymerization. The prepared latexes can be
switched between the aggregated and dispersed states using only CO2 and any inert gas (e.g.
argon, air, nitrogen) as triggers. AGET ATRP emulsion polymerizations were enabled by the
design and synthesis of a CO2-switchable ATRP inisurf, 1,1-(diethylamino) undecyl 2-bromo-2methylpropanoate (BrC11N), which can generate stable emulsions under CO2 without requiring
the addition of other emulsifiers. The resulting PMMA has controlled molecular weight and low
dispersity.
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7.1 Introduction
CO2-switchable materials have attracted rapidly growing interest because CO2 is a benign
‘green’ trigger, has low toxicity, and is easily removed.1 Their molecular structures usually
contain amine or amidine groups. Addition of one bar (or higher) of CO2, acting as a trigger, can
transform and switch CO2-switchable molecules into their protonated forms in aqueous solution,
while removal of CO2 will switch the molecules back to their neutral form.2 Many functional
materials can be designed and prepared as CO2-switchable materials, including switchable
solvents,3 switchable water,4 switchable surfactants,5 switchable viscosity materials,6 switchable
polymer latexes,7 switchable vesicles,8 and switchable gels.9 CO2-switchable materials can be
potentially utilized in a variety of scientific and industrial applications.
The study of CO2-switchable polymer latexes has gained momentum in recent years because
of their potential application in industry. Conventional methods of latex destabilization at
industrial scale typically involve using salts, strong acids or strong bases.10 Preferring greener
approaches, Jessop group, Cunningham group7a-f and the Zhu group7g-l have undertaken studies of
CO2-switchable latexes. If the surface of a polymer latex particle is partially or fully covered with
amine or amidine groups, which are protonated by CO2 in aqueous solution such that they provide
colloidal stability to the polymer latex, the removal and addition of CO2 will lead to reversible
aggregation and redispersion of the polymer latex.7b There are several ways to put amine or
amidine groups on the surface of polymer particles, including using CO2-switchable surfactants,7b
CO2-switchable initiators7a and CO2-switchable comonomers7f as the source of the switchable
groups. Jessop group and Cunningham group have previously prepared polystyrene and
poly(methyl methacrylate) latexes by emulsion polymerization using cationic amidine- and
amine-based switchable surfactants.7b They also reported a new benign means of reversibly
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coagulating latexes by using surfactant-free emulsion polymerization, in which 2,2'-azobis[2-(2imidazolin-2-yl)propane] (VA-061) was used as a CO2-switchable initiator.7a After the latex is
prepared, the amidine groups from the initiator are located on the particle surface, thereby
yielding a reversibly switchable latex. Polymer latexes featuring CO2-switchable polymer on the
surface can be redispersed upon the addition of CO2, although some mixing energy (e.g.
sonication or shaking) is often required. CO2-switchable comonomers, which are incorporated at
a very low level of the total monomer charge (e.g. ~0.5-1 wt%) include N,N-diethylaminoethyl
methacrylate (DEAEMA),8a N,N-dimethylaminoethyl methacrylate (DMEAMA),11 and (Namidino) dodecyl acrylamide.7k Because CO2 is a benign, green and abundant trigger, CO2switchable polymer latexes have the potential to be replacements for conventional latexes in
many applications.
Hitherto, most CO2-switchable polymer latexes have been made using conventional free
radical polymerization (FRP) via an emulsion polymerization process. FRP yields uncontrolled
molecular weight and a broad molecular weight distribution. Reversible deactivation radical
polymerization (RDRP)12 including atom transfer radical polymerization (ATRP),13 reversible
addition-fragmentation chain transfer (RAFT),14 and nitroxide-mediated radical polymerization
(NMP)15 can be used for the preparation of polymers having well controlled molecular weight.
After PDMAEMA-b-PMMA was prepared via RAFT polymerization, this diblock copolymer
was used as a switchable polymeric surfactant in the emulsion polymerization of MMA.7j Our
group

developed

a

polymerization-induced

self-assembly

(PISA)

process

based

on

poly(DEAEMA-co-S)-b-poly(MMA-co-S) diblock copolymers using NMP.16
For preparing CO2-switchable materials, ATRP has only previously been used to prepare
CO2-switchable vesicles. The use of ATRP in heterogeneous polymerization media has been
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investigated,17 including conventional emulsion,18 microemulsion19 and miniemulsion.20 The
direct (forward) ATRP process is not suitable for aqueous dispersions, because the Cu(I) is easily
oxidized upon exposure to even small amounts of oxygen.17a Reverse ATRP, which uses Cu(II)
and is therefore not as sensitive to air, was shown to yield a better controlled polymerization in
miniemulsion than forward ATRP.17a The development of Activator Generated by Electron
Transfer (AGET) ATRP13c and Initiators for Continuous Activator Regeneration (ICAR) ATRP17c
provides more robust systems, and allows dramatic reduction of the concentration of Cu(II)
catalyst required to maintain control. Miniemulsion polymerization has proven to be the most
robust process for ATRP, with emulsion polymerization often presenting more challenges in
achieving colloidal stability and satisfactory control.
I hypothesized that the combination of CO2-switchable techniques with ATRP emulsionbased polymerization could generate polymer latexes having both CO2-switchability and wellcontrolled chain microstructures. The objective of this work was therefore to design CO2switchable latexes based on emulsion ATRP.
The first method employed was reverse ATRP in emulsion, in which pre-made CO2switchable surfactants are used to provide colloidal stability. The use of a highly hydrophobic
ligand, such as tris (2-bis(3-(2-ethylhexoxy)-3-oxopropyl) aminoethyl) amine (EHA6-TREN),21
significantly enhances the partitioning of the catalyst into the latex particle phase, thereby
ensuring control over the polymerization is maintained. VA-061, a CO2-switchable initiator,7a
was chosen as the initiation source.
The second method employed was AGET ATRP miniemulsion polymerization. I designed
and synthesized a CO2-switchable ATRP inisurf (a reactive surfactant that is also an ATRP
initiator), whose molecular structure has both an amine group and an alkyl halide. Under acidic
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conditions, the amine group is protonated and charged; therefore, it behaves as a surfactant and
stabilizes monomer-in-water emulsions. Ascorbic acid was used as the reducing agent. This is the
first report of using AGET ATRP for generating CO2-switchable latexes.

7.2 Results and Discussion
7.2.1 Reverse ATRP for preparing CO2-switchable PMMA latexes
In order to obtain CO2-switchable polymer latexes via ATRP, selection of the individual
reagents, specifically the stabilizing moieties and the ligand, is critical. The primary functions of
the ligand are to determine the activity of the metal complexes and to ensure the catalyst
partitions almost exclusively into the particle phase (loss of even a small amount of catalyst into
the aqueous phase reduces the ratio of deactivator Cu(II) to activator Cu(I) in the particle phase,
resulting in reduced control of the polymerization). Few ligands are sufficiently hydrophobic,
with EHA6-TREN being the most commonly used in emulsion-based ATRP.21 The switchable
initiator VA-061 and the switchable surfactant C12N both have amidine groups and are watersoluble under a CO2 atmosphere. I adopted Cu(II) dibromide/EHA6-TREN as the catalyst, VA061 as initiator and C12N as surfactant for the reverse ATRP in emulsion under CO2.
Reasonable polymerization rates were obtained at 70 °C (Figure 7.1), and although the
polymerizations showed some livingness (Figure 7.1c), the polymerizations were not well
controlled and the monomer conversion stopped increasing at less than 70% conversion. The
cessation of conversion suggests an accumulation of Cu(II) (relative to Cu(I)) in the particle
phase due to irreversible termination.
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(a)

(b)
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(c)
Figure 7.1 (a) Dependence of experimental number average molar mass and dispersity (Đ) on
MMA conversion for reverse ATRP emulsion polymerization of MMA at 70 oC, in the presence
of VA-061 as initiator and C12N as surfactant under CO2 atmosphere (dotted line is theoretical
Mn). (b) Dependence of conversion and -ln(1-conversion) on the reaction time (min). (c)
Evolution of molecular weight distribution with conversion.

After preparation, the CO2-switchability of the PMMA latex was determined. Table 7.1
shows the particle sizes and zeta potentials for the latexes following aggregation (with argon) and
redispersion (with CO2). The particle size of the original latex is 124 nm with a zeta potential of
44.3 mV. Figure 7.1 shows typical aggregation and redispersion behavior. After sparging with
argon, the latex was aggregated but could be readily redispersed with only CO2 bubbling. Another
cycle of aggregation by argon and redispersion by CO2 followed and confirmed the reversible and
repeated switchability of the latexes.
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Table 7.1 Reversible aggregation/redispersion behavior of PMMA latex prepared by reverse
ATRP emulsion polymerization. Particle sizes and zeta potentials after each gas treatment are
shown; z-average and volume-average particle diameters were obtained by Zetasizer Nano ZS
and Mastersizer 2000, respectively.
Treatments

Original

Argon 20 min

Particle size (by MS)

124 nm

Particle size (by ZS)

132 nm

N/A

137 nm

N/A

141 nm

PDI (by ZS)

0.081

N/A

0.132

N/A

0.124

Zeta potential

44.3 mV

5.5 mV

45.7 mV

7.6 mV

45.8 mV

123

CO2 20 min Argon 20 min

m

132 nm

115

m

CO2 20 min
131 nm

Thus, the PMMA latex prepared via reverse ATRP emulsion polymerization demonstrated
excellent CO2-switchability, but the polymerization was not well controlled, despite repeated
attempts to improve the process with different switchable surfactants. I hypothesized that better
control may be achievable if I could combine the initiator and surfactant in the same molecule
(inisurf). Therefore, I set out to develop an ATRP initiator with both surface activity and CO2switchability. I further decided to use miniemulsion polymerization instead of emulsion
polymerization, as it is better suited to the use of an inisurf.

7.2.2 CO2-switchable ATRP initiator.
Stoffelbach

et

al.22

designed

a

simple

amphiphilic

molecule,

11’-(N,N,N-

trimethylammonium bromide) undecyl-2-bromo-2-methyl propionate, which could be used as
both a surfactant and an ATRP initiator. The latex produced from atom transfer radical
miniemulsion polymerization exhibited good colloidal stability, attributed to: (i) the amphiphilic
molecule being mainly located at the droplet/particle surface and remaining there after initiation
to provide efficient electrostatic repulsion and; (ii) no free surfactant remaining at the end of the
polymerization process.21
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The ATRP initiator of Stoffelbach has a quaternary ammonium as the hydrophilic group. If
the hydrophilic group was replaced with a tertiary amine group, which could be CO2 responsive, I
thought I could obtain a combined CO2-switchable surfactant and ATRP initiator. As with
Stoffelbach’s ATRP initiator, the preparation of our CO2-switchable ATRP initiator followed a
two-step procedure (Scheme 7.1).
As the CO2-switchable ATRP initiator BrC11N has tertiary amine head groups, it has the
potential to be switched by addition and removal of CO2. Saturating an aqueous solution of
BrC11N with CO2 causes protonation of the tertiary amine head groups, while subsequent
sparging with a nonacidic gas (e.g. air or argon) can neutralize the amine groups. The reversibility
and repeatability of switching BrC11N were confirmed by observing the conductivity of its
aqueous solutions (10 mM), while CO2 and argon were alternatively bubbled through the solution
over two cycles at 25°C. Continuous bubbling of CO2 increased the conductivity of BrC11N
solution from 32 to 129 µS/cm in 10 min (Figure 7.2) because of the conversion of the BrC11N to
a bicarbonate salt in the presence of CO2 and water. The purpose of bubbling argon is to remove
CO2 and neutralize the bicarbonate salts, whereupon the conductivity of the solution returned to
its original value. This test demonstrated that BrC11N can be switched between its neutral and
ionic forms by CO2 and argon.
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Figure 7.2 Conductivity of an aqueous solution of BrC11N (10 mM) at 25 ± 0.5 °C as a function
of time during one cycle of sparging with CO2 followed by argon. The second cycle gave the
same behavior as the first cycle.

The surface-active behavior of the CO2-switchable ATRP initiator BrC11N is illustrated in
Figure 7.3. A plot of the surface tension versus surfactant concentration in water displays a sharp
break, which is indicative of a critical micelle concentration (CMC). It shows a plateau in the
surface tension curve. The absence of a minimum point above the CMC indicates the high purity
of the surfactant.23 The CMC of the CO2-switchable ATRP initiator BrC11N under CO2 is 0.0107
mol/l, slightly higher than the conventional surfactant sodium dodecyl sulfate (0.0082 mol/l) but
within the typical range for ionic surfactants.23b
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Figure 7.3 Surface tension of aqueous solution of BrC11N under CO2 at 25 ± 0.5 °C.

In order to assess the effectiveness of BrC11N as an ATRP initiator, I conducted a bulk
(forward) ATRP of MMA with CuBr as the catalyst and EHA6-TREN as the ligand, with a molar
ratio

of

[MMA]0/[EHA6-TREN]0/[CuBr]0/[BrC11N]0

=

200:1.25:1:1,

at

70

o

C.

The

polymerization was well controlled, exhibiting near-linear kinetics, low dispersities, and clean
shifts in the molecular weight distributions (Figure 7.4).
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(a)

(b)
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(c)
Figure 7.4 (a) Dependence of experimental number average molar mass and dispersity (Đ) on
MMA conversion for bulk ATRP of MMA in the presence of BrC11N as initiator under argon at
70 oC (dotted line is theoretical Mn). (b) Dependence of conversion and -ln(1-conversion) on the
reaction time (min). (c) Evolution of molecular weight distribution with conversions.

7.2.3 Preparing PMMA latexes with CO2-switchable ATRP initiator
AGET ATRP miniemulsion polymerization reactions were conducted using BrC11N as both
an ATRP initiator and latex stabilizer. CuBr2, EHA6-TREN and hexadecane were added to MMA
monomer with mixing to form the Cu(II) complex, and then an aqueous solution of BrC11N and
carbonated deionized water was added under sonication. The miniemulsion was bubbled with
CO2 for 30 min at room temperature and then placed in a flask, thermostatted at 70 oC. Aqueous
ascorbic acid was added dropwise into the flask to start the reaction.
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The miniemulsion polymerizations yielded stable latexes at solid contents of 25 wt%. The
miniemulsion polymerization proceeded rapidly, with high monomer conversions (>90%)
obtained within 15 h. Figure 7.5 indicates the dependence of experimental number average molar
mass (Mn,exp) and dispersity (Đ, MW/Mn) on MMA conversions. Throughout the polymerizations,
the experimental Mn values (Mn,exp) of PMMA determined by gel permeation chromatography
(GPC) were close to their corresponding theoretical values (except at high conversion), indicating
the high efficiency of the initiator BrC11N. The molecular weight of the final product polymer,
PMMA, measured by GPC is 23,000 Da. Moreover, the dispersities were relatively low
throughout the polymerization. Figure 7.5 demonstrates that after a brief induction period, the
first-order kinetic plot is linear up to ~60% conversion, after which an increase in rate is observed.
The observed deviation in Mn at high conversion, which is accompanied by the increase in the
rate, may be due to irreversible termination. The nearly linear relationship of ln([M]0/[M]) (or ln(1-conversion)) versus reaction time, and MMA conversions versus Mn,exp values, together with
relatively low Đ, establish the living and controlled behavior of the miniemulsion polymerization.
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(a)

(b)

(c)
Figure 7.5 (a) Dependence of experimental number average molar mass and dispersity (Đ) on
MMA conversion for AGET ATRP emulsion polymerization of MMA at 70 oC using BrC11N as
initiator (dotted line is theoretical Mn). (b) Dependence of conversion and -ln(1-conversion) on
the reaction time (min). (c) Evolution of molecular weight distribution with conversions.

178

To evaluate the molecular weight of PMMA prepared via AGET ATRP Emulsion
Polymerization with BrC11N, I examined the terminal structure of the product PMMA by 1H
NMR spectroscopy. Figure 7.6 shows the 1H NMR spectrum of the polymer, which was obtained
at 96% conversion when BrC11N was employed as the initiator. The polymerization degree can
be calculated from the peak area ratio of b, c (the groups from the end of the polymer) and h (the
groups from the repeated parts of the polymer). Therefore, the polymerization degree of PMMA
is 200, and the number average molecular weight is 20,000 Da.

Figure 7.6 1H NMR spectrum (in CDCl3) of PMMA obtained with MMA/BrC11N/CuBr2/EHA6TREN/ascorbic acid, in water emulsion under CO2, at 70 °C; [MMA]0/ [BrC11N]0/ [CuBr2]0/
[EHA6-TREN]0/ [AA]0/ [hexadecane] = 50/0.18/0.125/0.13/0.14/0.35 mmol; AA is ascorbic acid.

Effective and reversible switching of the PMMA latexes was observed. Images of the latexes
at different stages of treatment are shown in Figure 7.7, as are the particle size, PDI and zeta
potential of the latexes after each processing step. The original zeta potential of the latex was 48.5
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mV, demonstrating a high concentration of protonated tertiary amine head groups located on the
surface of the latex particles. The charged trialkylammonium groups were neutralized after
sparging with argon and the latex aggregated. Particle aggregation took less than 20 min. The
average particle size of the aggregated latex was 345 µm, measured by a Mastersizer 2000, as
shown in Figure 7.4. In order to redisperse the aggregated latex, CO2 was bubbled through the
aggregated mixture. The zeta potential was restored to 47.1 mV, and the white aggregated latex
was redispersed with only hand shaking. The particle size of the redispersed latex was 126 nm
(compared to 121 nm

for the original latex). To test the repeatability of the

aggregation/redispersion cycle, the redispersed latex was treated using argon one more time and
the latex particles were successfully aggregated again. The particle size increased to 438 µm, and
the zeta potential increased to 47.8 mV. When the second redispersion was accomplished with
CO2, the results were comparable to those of the first redispersion (121 nm, 48.5 mV). The
experiment results demonstrates that the covalent binding of tertiary amine groups on the surface
of the latexes bring some advantages: the charged amine groups located on the surface are easily
neutralized in CO2-free water, and yet these latexes are readily redispersed by only hand shaking
under CO2, because the tertiary amine groups on the surface are easily protonated by carbonated
water. This is distinctly different behavior than is observed with most CO2-switchable latexes
where sonication is required to redisperse the aggregated latexes, and is mostly likely attributable
to covalent binding of tertiary amine groups and a reasonably high surface coverage.
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Figure 7.7 Reversible aggregation/redispersion behavior of PMMA latex prepared by AGET
ATRP emulsion using BrC11N as initiator. Particle sizes and zeta potentials after each gas
treatment are shown; z-average and volume-average particle diameters were obtained by
Zetasizer Nano ZS and Mastersizer 2000, respectively.

To allow better visual comparison of the initial latex particle size distribution with the
aggregated and redispersed size distributions, the data measured with the Mastersizer 2000 under
different conditions are shown in Figure 7.8. Particle size analysis demonstrated that the
aggregated latex had a broad particle size distribution, with very few or no particles smaller than
1 µm. Figure 7.9 is the TEM image of the PMMA particles in the original, aggregated and
redispersed states. The mean particle size of the original (Figure 7.9a) and redispersed (Figure
7.9c) PMMA particles, as measured by TEM, is about 120 nm, consistent with the diameters
measured by the Mastersizer of 117 nm and 119 nm respectively. Figure 7.9b demonstrates the
presence of aggregates, agreeing with the data from the Mastersizer. The average particle sizes of
the redispersed polymer colloids were very similar to those of the original latex within
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experimental error, indicating the polymer latex initiated by BrC11N is nearly completely
reversibly switchable by CO2.

Figure 7.8 Graphs of particle size distributions of (a) original, (b) aggregated, and (c) redispersed
PMMA latex measured by a Mastersizer 2000. (a) Original PMMA latexes (solid content 25
wt.%). (b) Aggregated latex was treated with argon with flow rate of 90 mL/min at 25 °C for 20
min. (c) Redispersed latex was treated with CO2 with flow rate of 90 mL/min at 25 °C.
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(a)

(b)

(c)

Figure 7.9 TEM images of (a) original, (b) aggregated, and (c) redispersed PMMA latex
measured by a Mastersizer 2000. (a) Original PMMA latexes (solid content 25 wt.%). (b)
Aggregated latex was treated with argon with flow rate of 90 mL/min at 25 °C for 20 min. (c)
Redispersed latex was treated with CO2 with flow rate of 90 mL/min at 25 °C.

7.3 Experimental Methods
7.3.1 Materials
CO2 (Praxair, Medical grade) and argon (Praxair, 99.998%) were used as received. 2,2'Azobis[2-(2-imidazolin-2-yl)propane] (VA-061) was purchased from Wako Pure Chemical
Industries Ltd. 2-Bromo-2-methylpropionyl bromide, 11-bromo-1-undecanol, diethyl ether,
diethylamine, ascorbic acid, methyl methacrylate (MMA), CuBr2 and other chemicals were
purchased from Aldrich. Inhibitor removal columns (Aldrich) were used to purify the monomers.
The CO2-switchable surfactant (E)-N'-dodecyl-N,N-dimethylacetimidamide (C12N) and EHA6TREN ligand were synthesized following previously published reports.5,24 All water used was
ultra-pure deionized water with resistivity exceeding 18 MΩ·cm.

7.3.2 Synthesis of CO2-switchable inisurf BrC11N
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The

CO2-switchable

switchable

inisurf,

11-(diethylamino)

undecyl

2-bromo-2-

methylpropanoate (BrC11N) (Scheme 7.1) was prepared according to a procedure described in
the literature.25 A solution of 2-bromo-2-methylpropionyl bromide (5.75 mL, 46.5 mmol) and
diethyl ether (20 mL) was added dropwise, over 1 h at 0 oC, into a mixture of 11-bromo-1undecanol (6.5 g, 25.9 mmol), pyridine (5.8 mL, 71.8 mmol), and diethyl ether (94.2 mL) and
was stirred for 6 h. After filtration, the reaction mixture was reduced in volume by rotary
evaporation and washed with deionized water three times. The ester was further purified with
silica column chromatography (a mixture of petroleum ether and ethyl acetate with a volume ratio
of 20:1). The yield of the product 11-bromoundecyl 2-bromo-2-methylpropanoate was 82.5%.

Scheme 7.1 Synthesis of the CO2-switchable switchable inisurf. The step (a): synthesis of 11bromoundecyl 2-bromo-2-methylpropanoate; the step (b): synthesis of 11-(diethylamino) undecyl
2-bromo-2-methylpropanoate.

The intermediate, 11-bromoundecyl 2-bromo-2-methylpropanoate (8.151 g, 20.4 mmol) was
reacted with diethylamine (1.776 g, 24.0 mmol) in 40 mL of ethanol at room temperature for 50 h.
After removing ethanol by evaporation, the obtained product was washed with cold ether. The
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yield of the product 11-(diethylamino) undecyl 2-bromo-2-methylpropanoate was 84.2%. The
structure of the initiator is shown in Scheme 7.2. 1H NMR (300 MHz, CCl3D): 1.05 (s, 6H, N(CH2CH3)2),

1.29

(m,

OCH2CH2CH2(CH2)7CH2N-),

14H,
1.94

-OCH2CH2CH2(CH2)7CH2N-),
(s,

6H,

-CBr(CH3)2),

1.48-1.71
3.11

(m,
(m,

4H,
6H,

-

OCH2(CH2)9CH2N(CH2CH3)2), 4.12 (t, 2H, -OCH2(CH2)9CH2N-).

Scheme 7.2 Structures of the CO2-switchable ATRP inisurf BrC11N in its neutral and protonated
states.

7.3.3 Preparation of PMMA latexes using reverse ATRP emulsion polymerization
with CO2-switchable surfactant and initiator
The polymerization was conducted in a dry three-necked flask. VA-061 (0.1 g, 0.4 mmol),
CuBr2 (0.168 g, 0.75 mmol), EHA6-TREN (3.753 g, 3.0 mmol), MMA (20.0 g, 0.2 mol), water
(130.0 g) and C12N (2.7 g, 10.0 mmol) were added one by one to a dry three-necked flask, which
was then degassed via three freeze-thaw cycles to remove O2. After an emulsion formed with
mixing under CO2, the flask was heated to the desired reaction temperature. Samples were taken
out periodically in order to measure monomer conversion and molecular weight distributions after
being dried and purified. Before GPC analysis, the polymer was purified by column
chromatography with neutral alumina to remove Cu, using THF as the eluting solvent.
The prepared PMMA latexes were destabilized by continuous bubbling of argon about 20
min through the latex via a needle while the sample was stirred, followed by settling under
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gravity. For redispersing the coagulated PMMA particles into the original situation, the mixture
was bubbled with CO2 about 20 min, followed by sonication (Fisher Scientific FS30) for 5 min.

7.3.4 Preparation of PMMA latexes using AGET ATRP miniemulsion
polymerization with the CO2-switchable inisurf BrC11N
The typical procedure is as follows: a mixture of CuBr2 (0.028 g, 0.125 mmol), EHA6-TREN
(0.163 g, 0.130 mmol), MMA (5.0 g, 0.05 mol) and hexadecane (0.08 g, 0.35 mmol) were stirred
in a three-necked flask (50 mL) for 15 min. An aqueous solution of initiator BrC11N (0.07 g,
0.18 mmol) in carbonated water (7 mL) was added to the above mixture together with additional
carbonated water (18 mL). After sonication (Fisher Scientific FS30) for 10 min, the resulting blue
mixture was vigorously stirred for 30 min to form a stable latex, during which CO2 gas was
bubbled through the mixture to remove O2. Then the temperature was raised to 70 oC, and an
aqueous solution of ascorbic acid (0.025 g, 0.14 mmol) was injected into the reaction mixture to
initiate the reaction. Samples were taken out periodically in order to measure the monomer
conversion, the molecular weights and molecular weight distributions after being dried and
purified. Before GPC analysis, the polymer products were chromatographed with neutral alumina
to remove the undesired Cu, using THF as the eluent.
The prepared PMMA latexes were destabilized by continuous bubbling of argon for 20 min
through the latex via a needle while the sample was stirred, followed by settling under gravity.
For redispersing the coagulated PMMA particles into the original situation, the mixture was
bubbled with CO2 for 20 min, followed by hand shaking.

7.3.5 Characterization
Particle size was determined using a Malvern Mastersizer 2000 (size range of 50 nm to
2000 µm, equipped with a Hydro2000S optical unit) and/or a Zetasizer Nano ZS (size range of
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0.6 nm to 6.0 µm). The selection of instrument is based on the particle size of the sample. The
Zetasizer Nano ZS was used when the particle sizes of the latex samples were at the lower end of
the particle size range for the Mastersizer 2000 (~50 nm-2000 microns). However, after
destabilization, the aggregated particle size fell at or above the upper end of the Zetasizer Nano
ZS size range (~3 nm – 6 microns), and the Mastersizer 2000 was the best choice. The Zetasizer
Nano ZS and Mastersizer 2000 measure z-average and volume average particle diameters,
respectively. Zeta potentials were determined using the Zetasizer Nano ZS. Latex samples were
diluted with carbonated water, and measurements were taken using a disposable capillary cuvette.
Air/water surface tensions were measured with the Wilhelmy plate technique using an automatic
surface tensiometer (TensioCAD). Measurements were taken at 25±0.5 oC until a constant surface
tension value was reached. The critical micelle concentration (CMC) values were taken at the
intersection of the linear portions of the surface tension plots against the logarithm of the
surfactant concentration. Stock solutions were diluted continuously with pure water and the
air/water surface tension at each concentration was obtained by averaging three measurements.
The conductivity of solutions was measured using a Jenway model 470 portable conductivity
meter at 25±0.5 oC. 1H NMR spectra were obtained from a Bruker Avance-400 instrument using
CDCl3 as the solvent. The conversion of monomers was measured by gravimetry. Gel permeation
chromatography (GPC) was used to determine the molecular weight distribution of the polymer
samples. The GPC was equipped with a Waters 2960 separation module containing four Styragel
columns of pore sizes 100, 500, 103 and 104 Å, coupled with a refractive index detector operating
at 40 ºC. THF was used as eluent and the flow rate was set to 1.0 mL·min-1. The detector was
calibrated with eight narrow polystyrene standards ranging from 347 to 355 000 g·mol-1. The
original GPC data were converted to PMMA using the Mark-Houwink equation and parameters
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(PS: K, value of 1.54 x10-4 dL/g, and a, value of 0.703 in THF; PMMA: K, value of 1.22 x10-4
dL/g, and a, value of 0.69 in THF;).25 TEM images were taken using a Hitachi H-7000 scanning
electron microscope.

7.4 Conclusion
I have prepared living CO2-switchable PMMA latexes using two methods, reverse ATRP
emulsion polymerization and AGET ATRP miniemulsion polymerization. For reverse ATRP
emulsion polymerization using VA-061 as CO2-switchable initiator and C12N as a CO2switchable surfactant, the prepared latex can switch between the aggregated and dispersed states
using CO2/argon as triggers without the addition of salts, acids, or bases, but the polymerization is
not well-controlled. For AGET ATRP miniemulsion polymerization, a new CO2-switchable
ATRP inisurf, BrC11N, was prepared. PMMA latexes prepared via AGET ATRP miniemulsion
polymerization displayed excellent livingness and control of the polymerization, in addition to
being readily switchable between aggregated and dispersed states using only CO2 and argon as
triggers. Latexes prepared using BrC11N have amine groups that are covalently bound to the
surface of the polymer latex. The aggregated PMMA latexes can be recovered successfully and
redispersed with only hand shaking to obtain the original latex particle size distribution and zeta
potential.
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Chapter 8
Conclusions and Recommendations for Future Work
8.1 Conclusions
The CO2-switching technique has been introduced as a sustainable alternative to existing
ATRP methods for polymer and ligand/catalyst separation as well as ligand/catalyst recycling in
ATRP. Three different approaches were developed to recycle and reuse the CO2-switchable
ligands or catalyst after ATRP. Me6TREN has a suitable pKaH value and is CO2-switchable.
Me6TREN can be recycled and removed after ATRP reactions in a CO2-switchable solvent (such
as Cy2NMe), or regular solvent (such as toluene). O-ATRP using a CO2-switchable organic
photocatalyst was developed, and performance of multiple cycles of catalyst recycling proved the
viability of the O-ATRP system and its novel catalyst.
In the preparation of artificial latexes, the method of using a conventional emulsion system
using switchable solvent worked well, and the miniemulsion approach was even more successful.
This demonstrates the feasibility of, for example, recovering waste polymer and converting it into
latex form. The methods studied in this work have the ability to prepare latexes of PS in an
aqueous medium. Factors such as how the ratio of components affects the process were tested.
ATRP was extended to aqueous dispersed media for the preparation of polymer latexes
containing well-defined polymers. However, preparation of polymer particles with good colloidal
stability while removing catalyst remains a challenge. The two CO2-switchable technologies
mentioned above were combined to prepare a polymer latex whose polymer having controlled
molecular weight and low dispersity, but with very low levels of copper salt. The solid polymer
was synthesized via O-ATRP in bulk, and its photo-catalyst was removed by CO2-switchable
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technologies. Pure homo-polymers, block copolymers and a mixture of PMMA and PBMA were
dissolved in CO2-switchable solvents and then used to prepare latexes. As well, the
characterization of the final polymer latex was carried out, such as molecular weight distribution
of polymer, solid content, zeta potential and particle size.
Various methods for making CO2-switchable latexes and emulsions were developed. The
addition of switchable water allowed switching of the colloidal stability of anionic PS latexes but
can also be used for any anionically stabilized colloid. For reverse ATRP emulsion
polymerization, the prepared latex can switch between aggregated and dispersed states using CO2
as a trigger. A novel CO2-switchable ATRP inisurf was synthesized and used to initiate ARGET
ATRP emulsion polymerization. The aggregated latexes can be recovered successfully and
redispersed polymer latex can be obtained, having the original latex particle size and zeta
potential.

8.2 Recommendations for Future Work
In Chapter 3, I demonstrated the CO2-switchable photo-catalyst for O-ATRP. To better
understand the use of photo-catalysts in synthesizing water-soluble polymres, further studies
should be completed. Catalyst tuning can be done to add short hydrophilic moieties. This may
allow the polymerization with improved initiator efficiencies in water.
A further hypothesis is that a photo-catalyst with an increased hydrophobic section may keep
the catalyst more strongly partitioned in the droplets for micro-emulsion polymerizations of
hydrophobic or hydrophilic monomers. Micro-emulsions are chosen because they are translucent
and therefore can transmit sufficient light to initiate photochemical reactions.
It is likely that a CO2-switchable O-ATRP catalyst could prepare zipper (alternate watersoluble and oil soluble) block polymers (Scheme 8.1): the main idea can be described as (1) to
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use O-ATRP catalyst to prepare oil-soluble polymer in oil phase; (2) then, the protonated OATRP catalyst will cause it to partition into the aqueous phase to initiate the water-soluble
monomer in water phase; repeating step (1) and (2) alternately may cause the production of multi
block polymers.

Scheme 8.1 Imagination scheme for preparing the zipper block polymers. Step 1: the O-ATRP
catalyst is used to prepare oil-soluble polymer in oil phase, then the catalyst is protonated by CO2
and extracted into water phase; Step 2, the polymer chain is still growing adding water-soluble
monomers, then the catalyst is unprotonated by heat or argon and extracted into oil phase; Steps 3
and 4 are proceeded following Steps 1 and 2.

Additionally, the existing CO2-switchable photo-catalyst for O-ATRP was costly to
synthesize and will likely not be practical for industrial manufacture. A cheaper and more
effective CO2-switchable photo-catalyst should be designed and produced.
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The process developed for making artificial latexes (Chapters 4 and 5) may be suitable for
any hydrophobic polymer. Besides PS, PMMA and PBMA, hydrophobic polymers encompass
materials such as polyethylene, polyvinylchloride, some polyesters, some polyurethanes and
epoxies. Many such materials in artificial latex form are likely to have extensive practical
application, but they cannot be prepared by emulsion polymerization. For instance, polyethylene
is very difficult to prepare as a latex by emulsion polymerization. Preparation of an artificial latex
of polyethylene would be interesting and valuable work. Also, the switchable solvent can be
recycled after this process; ideally the final product would be relatively pure and the latex would
not contain other chemicals or impurities. Benign gases such as CO2 and N2 are the only required
triggers for the process.
In Chapter 6, the use of switchable water additives, as a recyclable switchable organic salt,
offered an efficient approach to control the stability of polymer latexes. However, because of the
switchable water additives’ own water solubilities and weak alkaline, their ionic strengthes in
carbonate water cannot be as high as the aqueous solutions of normal inorganic salts, such as
sodium chloride. Hopefully, designing new switchable water additives and increasing the CO2
pressure could solve these problems.
In Chapter 7, I demonstrated a good control of the polymerization when conducting
miniemulsion polymerization using ATRP. Nevertheless, the conventional emulsion method is
more popular and suitable in industry compared to miniemulsion polymerization. Thus the next
step of this study is to establish the conditions at which ATRP can be conducted in a conventional
emulsion system.
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