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ABSTRACT

A mission to manage ever increased energy demands and reduce carbon foot print
has challenged scientists and engineers to develop new materials with superior
characteristics. In this scenario, lithium-ion batteries have been the dominating technology
for not only applications in consumer electronics but also are essential for clean energy
storage. On the other hand, the capture and separation of CO. [carbon dioxide] in power
generation and in industrial processes is considered to be a key to reduce the carbon
footprint.

Living anionic polymerization along with controlled polymerization techniques
has realized the preparation of a wide variety of functional polymers with tunable
properties. In this dissertation, we will present preparation of hetero-atom containing
polymers using various polymerization techniques and post-polymerization modifications.
We also want to explore: how can we employ these functional polymers to solve the current
challenging problems?

In chapter 1, we present the review of the state of the art polymer electrolytes for
next-generation lithium ion batteries followed by the introduction of current CO, [carbon
dioxide] fixation and CO2/N: [carbon dioxide/ nitrogen] gas separation techniques.

In chapter 2, we discuss the synthetic methodology and experimental techniques
including living anionic polymerization using high vacuum techniques, cationic ring

opening polymerization techniques and hydrosilylation.



In chapter 3 and chapter 4, we discuss the preparation of ambipolar polymer
electrolytes and polymerized ionic liquids based on polydimethylsiloxane. The
characterization, lithium ionic conductivity and structure-properties relationship are
discussed.

Chapter 5 describes a novel method to obtain living anionic polymerization of 2-
isopropenyl-2-oxazoline. Through our modified synthetic conditions, block copolymers of
IPOx are also prepared and microphase separations are studied.

In chapter 6, we investigate the synthesis gold nanoparticle using PIPOXx as
template. The size of god nanoparticles will be analyzed using TEM [transmission electron
microscopy] and AFM [atomic force microscopy]. Furthermore, the interactions between
PIPOXx [poly(2-isopropenyl-2-oxazoline)] template and AuNPs [gold nano particles] is
studied using XPS [X-ray photoelectron spectroscopy].

In chapter 7, we introduce the preparation of amidoxime-modified PTMSP [poly(1-
trimethylsilyl-1-propyne)] and its applications on CO./N. [carbon dioxide/ nitrogen]
separation.

Finally, the research in this dissertation is summarized and future work is presented

in chapter 8.
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Chapter 1 Introduction



1.1 Motivation

Since the beginning of industrial revolution in the mid-1800s, the life of human
society has been transformed dramatically. Steam-powered trains and ships, internal
combustion engines have changed the way human move and produce goods around the
globe. The second-industrial revolution along with related technology shaped our life
significantly. It empowers us with capabilities from electricity-powered light bulb to
computer chips, advanced space aircraft. However, along with these amazing revolutions,
the energy is largely derived from burning of fossil fuels. According to International
Energy Agency (IEA), the world’s energy demand will increase from about 12 billion ton
oil equivalents (t.0.e.) in 2009 to 18 billion t.0.e. by 2035 under their “current policies”.!
As a byproduct, carbon dioxide (CO) emissions are expected to increase from 29 gigatons
per year (Gt yr'') to 43 Gt yr'!.2 The concentration of CO; in the atmosphere has risen from
278 ppm at the beginning of the industrial revolution to > 400 ppm today.®> This massive
CO> emission along with other gaseous emissions such as sulfur oxides (SOx) and nitrogen
oxides (NOx) from burning of fossil fuels and biomass are not only polluting the air but
also generating global warming with alarming consequences (Figure 1.1).* For example,
the sea temperature has increased over 0.7°C and the rate of this elevation is even higher

for the last century than the last 420,000 years.’
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To manage the ever-increasing energy demands and reduce carbon emissions, the
research on new clean energy sources such as solar power, wind power, wave and
geothermal energy has attracted massive attention for the last decades.® These important
and yet challenging research areas have brought another issue, how do we store these
energies? Unfortunately, there is only ~1% of the energy consumed worldwide that could
be stored, most of which (98%) is through pumped-storage hydroelectricity.” There is
clearly a demanding need to improve our ability to store energy. It is now generally
accepted that among the various possible choices, the most suitable are batteries, which are
capable of delivering the stored chemical energy with high conversion efficiency and
without any gaseous emissions.!? In this scenario, rechargeable batteries with high specific
energy, high rate capability, high safety and low cost are desirable. Among the existing
battery technologies, lithium-ion batteries (LIBs) have been the dominating technology for
not only applications in consumer electronics but also are essential for clean energy storage
due to their unique features.!'On the other hand, the capture and separation of CO5 in power
generation and in industrial processes is a necessary part to reduce the carbon footprint and

to deep decarbonization.!*!3

1.1.1 Energy Storage- Lithium lon Battery
Battery technology based on lithium has relied on the fact that Li is the most
electropositive (3.04V vs standard H electrode) and lightest metal (0.53g/cm?®).%* It is

therefore could serve as promising candidate for high energy density storage devices. In



fact, lithium ion batteries (LIBs) offer higher energy density compared with other battery
types such as lead acid and Ni-MH batteries (Figure 1.2).

A LIB is composed of several lithium ion cells. A typical lithium ion cell consists
of two electrodes, anode and cathode, and electrolyte (Figure 1.3). The negative electrode
provides the intercalation sites for lithium ion during charging and recharging cycle and
generally is graphite. The positive electrode is lithium metal oxide, e.g. LiCoOa.

Two metallic current collector attached the two electrodes deliver the electrons
from the anode to cathode through external circuit in the discharging process (reverse
direction for the charging process). The electrolyte, on the other hand, acts as an electric
insulator and only allows the lithium ions to transport between electrodes inside the cell so
that a battery cell can do work. Traditional lithium-ion batteries are based on liquid
electrolytes, which consist of lithium salts such as LiPFs, LiBF4 or LiCIO4 and organic
solvents e.g. ethylene carbonate (EC), dimethyl carbonate (DMC), ethyl methyl carbonate
(EMC), and diethyl carbonate (DEC).These cyclic carbonates are frequently used because
they have high dielectric constants so that they can create an effective solvation shell
around lithium ions.®® In this way, lithium ions could efficiently transport between the
positive and negative electrodes during charge/discharge circles. The advantage of these
liquid electrolytes is that they are able to offer rather high ionic conductivity, in the range
of 102 S/cm at room temperature. Since the first LIB was commercialized by SONY in the
1990s, the performance and volumetric energy density of LIB cell have been increased

significantly (e.g. >3.0Ah in 18650 cell).
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The advancement of LIB technology has been vital to great changes in modern
civilization. However, when conventional LIBs are operated at extreme conditions, such
as at the upper limit of the charge process, oxygen may be released from the layered LiCoO>
cathode and it may react with the flammable organic liquid electrolyte.

In 1972, Exxon embarked on a large project using TiS; as the positive electrode, Li
metal as the negative electrode and lithium perchlorate in dioxolane as the electrolyte.'8-2°
TiS2 was the best intercalation compound available at the time, having a very favorable
layered-type structure. However, shortcomings such as dendritic Li growth was observed
on the Li-metal/liquid electrolyte interphase, which eventually could lead to an explosion.

Furthermore, because both cation and anion are transported through the polymer
matrix during the charging and discharging cycles, the lithium ion can be inserted in to the
nano-sized holes in the electrodes.?! However, there is no reaction for anions on the
electrodes, resulting in an accumulation of the anion at the electrodes. If the diffusion
coefficient of anion is not sufficiently high for the accumulation layer to relax, the internal
impedance will increase and consequently cause the battery failure (Figure 1.4). Various
fire incidents have been in fact reported during LIB manufacturing and/or for battery-
operated devices.??23 Therefore, further breakthroughs in material sciences are critical for
safe and reliable energy storage devices. Numerous investigators studied the new metals
and metal alloys for anodes and cathodes to improve cycle life, higher charge/discharge

rate, and higher power.
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Researchers have found that when lithium silicon alloy was used as an anode, the
energy density was enhanced significantly. For example, Lis4Si, is capable of offering a
very high specific capacity of 4200 mAh/g compared with 372 mAh/g for graphite.?*
Moreover, nanopillars of V20s have been prepared using a porous polycarbonate as
template and showed ability to support high rates of intercalation and reduce the volume
change.?® The advancement of lithium batteries also relies on improvements in the
electrolyte as it does on the electrodes. In this thesis, we will focus on the design, synthesis,

and characterization of polymer electrolytes.

1.1.2 Reduce Carbon Footprint-CO. Capture, fixation and Separation

The steady growth of CO> emission in the atmosphere is mostly from burning of
fossil fuels, power plant, and human activity.?® The increased CO> concentration in the
atmosphere has caused the elevation of air temperature along with escalation in the number
and strength of natural disasters such as floods, hurricanes, wide spread melting of ice and
snow, and an increase in average sea levels.” These alarming consequences have driven
researcher to find methods to reduce carbon footprint. There are mainly three phases to
reduce total CO2 emission into the atmosphere: pre-combustion, post-combustion, oxy-fuel
combustion, and electrochemical separation (Figure 1.5).?

Pre-combustion capture utilizes new gasification technology to create combustible

gas and then capture the CO> before burning for power. However, extensive equipment is

necessary in this capture process.”®

10
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Oxy-fuel combustion is burning fossil fuel in an oxygen-rich gas, resulting in high
concentration of CO2 and steam.>® Among these technologies, the post-combustion process
has the highest potential to be employed to the current coal power plants.*!~*? The hot flue
gases coming out of the boiler in a typical power plant are comprised mostly of N> and CO»
with smaller concentrations of water vapor, SOx and NOx.** Thus, CO2/N; separation has
been the subject of massive efforts. Figure 1.6 illustrates the CO> capture and separation
techniques that can potentially be commercialized. The state-of-the-art review of the
current membrane separation technology for CO2/N2 will be presented in the following

section.

1.2 Literature Review- State of The Art in The Field of Polymer

Electrolyte for Lithium Conduction

1.2.1 Types of Lithium-Conducting Polymer Electrolytes

There are several types of polymer based electrolytes that have been developed
including composite polymer electrolytes (CPEs), gel polymer electrolytes (GPEs), and
dry solid polymer electrolytes (SPEs). These three types of electrolytes offer different
advantages and disadvantages (Figure 1.7).

The concept of CPEs was first reported by Weston and Steele.®* They incorporated
electrochemically inert nano-fillers into polymer matrix to increase the mechanical

properties of polymer. Surprisingly, it was found that not only the mechanical strength but

12



® Amine Solvents
# Physical Solvents

Cost Reduction Benefit —

4 Cryogenic Oxygen

e2
2 ‘
pé ‘m lonic Liquids
\‘,\0(\ ® MOFs
42
\‘\(\0 o PBI m Enzymatic

|
'@ Advanced Physical
Solvents

'm Advanced Amine
Solvents

Membranes Membranes

& Soild Sorbents

A

A CAR Process

| m » Membrane

Systems
ITMs

!
!
!
!
!
!
'

A ® Chemical Looping
4 OTM Boiler

B Biological Processes

Key:
® Post Combustion

@ Pre- Combustion

4 Oxy Combustion

Time To Commercialization —

Figure 1.6. Cost-reduction benefits of CO> capture technologies against time to

commercialization. Reprinted from ref.%

13



LiCIO,/PAN
carbonates

O -0yt

[N
— 1072
O
o
o
® 1073
o
©
T -4
= 10
(&}
fQ
> 1075
by =t
=
=
(&)
8 10°%F
5
o (/90, s,
(&) 8 A
- 0,
2 ’;96?0/ K
% %
Low safety

High safety

Figure 1.7. Roadmap of the development of lithium ion conducting polymer

electrolytes, including liquid electrolytes, gel electrolytes, ceramic electrolytes, solid

polymer electrolytes, and single lithium-ion conducting solid polymer electrolytes.

Adapted from ref %

14



also the ionic conductivity was enhanced (Figure 1.8).%-% Since then, substantial efforts
have been devoted to develop new CPEs using a wide variety of high surface area nano-
fillers: ZrO2, TiO2, Al,O3, ZnO, SiO2, and carbon nanotubes were used to prepare polymer
composites electrolytes,3°-4

The size and surface area of the fillers play important role in improving the ionic
conductivity. Greenbaum et al. reported a detailed study of how the size of Al.O3 affects
the ionic conductivity (Figure 1.9).*® To investigate the effect of surface groups.
Dissanayake and coworkers studied effect of the acidic, weakly acidic, basic and neutral
Al,03 on the conductivity.*” And these composites were able to enhance the ionic
conductivities by suppressing the crystallinity of polymer matrix and creating interphase
pathways for ion transport.*®4° Giannelis et al. reported that the X-ray diffraction pattern
of PEO/Na-montmorillonite hydride showed reduced crystallinity of PEO.*° Chu et al. also
found that hexagonal array of mesoporous structured MCM-41 was able to suppress the
crystallinity of PEO and shift the melting point from 66 °C to 58 °C as shown in Figure
1.10. In addition, Table 1.1 lists ionic conductivity of several PEO based CPEs using
different nano-fillers.>°

Gel polymer electrolytes, on the other hand, consist of both liquid electrolytes,
which enable the ion transport, electrochemical stability, and polymer skeleton, which
enable structure integrity.>! Because the polymer only serves to provide dimensional
stability, the choice of polymer matrices has not been limited to have donor atom such as

PEOQ. The most studied GPE systems were based on poly (ethylene oxide) (PEO),
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Table 1.1. Properties of composite polymer electrolytes based on PEO.

Conductivity at Lithium

Lithium 90 °C transferee
Entry Nano-filler Ref
salts number at
S/cm
30°C

1 LiClOq TiO2 1.8x10° 0.5-0.6 54
2 LiClOq SiO» 2.01x10*#(75 °C) NA 53
3 LiClOq Al,O3 1.1x10°8 0.31-0.33 54
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poly(acrylonitrile) (PAN), poly(methyl methacrylate) (PMMA), and poly(vinylidene
fluoride) (PVdF).

Numerous reports have discussed the fundamental aspects concerning the
formation, morphological structure, and physical stability of GPE. Among them, PVdF-
HFP copolymer has been demonstrated high performance, in which crystalline PVdF
provides the dimensional stability and amorphous HFP supports the electrolytes. However,
due to the semi-crystalline nature of this copolymer, swelling by liquid electrolyte could
hardly achieve 100%.> Improvement has been reported by Wunder et al. They use PEO
oligomer as a plasticizer to increase the pore size from nanoscale to microscale and
achieved lithium ion conductivity 1.2x10° S/cm.>® Moreover, doping with graphene oxide
(GO) also showed significant improvement of ionic conductivity (Figure 1.11).>7

It need to be pointed out that GPE based on PVdF-HFP copolymer has been
licensed and utilized by major manufactures of lithium ion batteries up-to-date.%®-%
However, the conductivity is attributed to the use of flammable organic liquids. The
electrochemical stability of these liquids is limited. The safety issue remains an obstacle
when using GPEs. Moreover, there might be problems with the processing of crosslinked
GPE networks since most of applications require the electrolytes materials in thin films.®*

Unlike CPEs and GPEs, solid polymer electrolytes (SPES) are a type of polymer
electrolytes that only consist of polymer hosts and dissolved salt. SPEs offer several

advantages compared to their liquid counterparts: (1) excellent processability and
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flexibility that could enable the fabrication of ultrathin lithium cells of various geometric
shapes so that high energy and power density could be achieved for versatile applications,
(2) higher safety due to the absence of flammable organic solvents and the much lower
reactivity toward lithium, (3) the possible prevention of the growth of lithium dendrite
crystals upon cycling, and (4) the high dimensional stability that could lead to the
elimination of a separator, so further improvement in both energy density and
manufacturing cost could be achieved due to the simplified cell configuration and enhanced
packing efficiency.®2-% Since the discovery of PEO/alkaline salt in 1973 by Wright et al.,%®
a large number of polymers hosts that can dissolve lithium salts have been synthesized and

studied as discussed in the following sections.

1.2.2 Solid Polymer Electrolytes-The Effect of Polymer Matrix

Polyethylene oxide (PEO)/ lithium salt have been the most extensively studied
system by far.”%® PEO has a repeating unit of ethylene oxide (Scheme 1.1) and it has
different physical properties (e.g. viscosity, thermal properties, etc.) depending on
molecular weights.®® PEO with 90,000 g/mol has a T4 of -54 °C, Trm of 66 °C, and T of 48
°C."" PEO is employed as polymer host mainly due to it has good lithium salts solubility,
in which the lithium ion can coordinate with the oxygen atom of the ether unit, and

reasonably low T4/t
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Scheme 1.1. Different structures of linear PEOs used in SPEs.

However, the maximum of conductivity was still lower 10° S/cm.” Although a few
reports indicated that crystalline PEO can offer even greater ion conductivity than
amorphous PEO, crystallization is generally considered to be unfavorable to ion transport
due to its slowed polymer chain relaxation. Numerous reports have studied to improve the
performance of PEO based electrolytes such as the addition of a plasticizer,” polymer
blends,’®"" grafting short PEO oligomers onto polymer backbones or cross-linking PEO
based polymers.*®>% 78-7° The results are summarized in Table 1.2.

Hyperbranched PEO derivatives have also received much attention owing to their
unique molecular structures.® Because hyperbranched polymers can suppress the
crystallization of polymer chains leading to increase of the amorphous phase, as compared
with their linear counterparts. Hawker et al. synthesized hyperbranched PEO derivatives
containing linear PEO units and 3,5-dioxybenzoate branching units by using the AB>
macromonomer (Figure 1.12A). The ionic conductivity of the electrolyte with the LiClO4
salt complex was at 7x10° S/cm at 60 °C.%! Niitani et al. synthesized a hyperbranched
copolymer based on a hard PS core and PPOEM shell via the combination of living anionic
polymerization (LAP) of styrene and ATRP of POEM (Figure 1.12B). The obtained SPEs

exhibited ionic conductivities of 10* S/cm at 30 °C.%
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Table 1.2. The summary of lithium ion conductivity of representative solid polymer

electrolytes.
Conductivity at
Lithium Ref
Entry  Polymer host Plasticizer 25°C
salt?®

S/lcm
1 PEO CF3SOalLi NA 7x10°8 83
2 PEO LiTFSI NA 7x10° 83
3 PEO LiTFSI EC 9x10%60°C 84
4 PEO LiTFSI PEO oligomer 7x10° 85
5 PEG LiTFSI EC/PC 1.2x10* 86
6 PEO LiPFe MMPIPFs 1.13x10° 87
7 PEO/P2VP LiClOq4 NA 1.0x10° 88
8 PEO/PDMS LiPFs NA 5.6x10°(30°C) 8
9 PEO/PEI LiClO4 NA 1.1x10% %
10 PTMC LiTFSI NA 1x10°° 91
11 PAN-PEO LiCIO4 NA 6.79x10% 92
12 PDMS-PEO LiTFSI NA 1.33 x10% %
13 PVDF/PDMS LiTFSI NA 5.7 x107° 94

AMMPIPFs: 1-npropyl-2,3-dimethylimidazolium hexafluorophosphate.
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Figure 1.12. (A) Hyperbranched PEO. (B) (PS-block-PPEGMAZ2)sstar-shaped

copolymer (only one arm is shown here due to the space limits).
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On the other hand, Acosta et al. blended PEO with polypropylene oxide to improve
the Li* transport.®® Wang et al. employed low molecular weight polypropylene glycol
(PPG) as an alternative system for polymer electrolytes since PPG does not have
crystallinity. However, because of the relatively low salt solubility in PPG, it was revealed
that microphase separation was observed due to the ion rich and ion-depleted domains
depending on the lithium salts concentration.®® Coats et al. prepared SPEs based on
crosslinked polyethylene (PE)/PEO. The lithium dendrite growth was significantly
suppressed and showed high conductivity (>10* S/cm at 25°C).%" Alternatively, Tanaka
and coworkers achieved ionic conductivity of 1.1x10™* S/cm, 3 orders of magnitude higher
than that of PEO/LiClO4, using a polymer blending of PEO/PEI (8:2).° They reported that
both compositions, PEO and PEI, are able to provide ion transport pathways.

Furthermore, PEI was able to erase the crystallization of PEO. Wang also reported
using PAN-PEO copolymers to inhibit the lithium dendrite growth during the charging
circle of LIB. The electrochemical window were found up to 4.8v vs Li*/Li with a
conductivity of 6.79x10** S/cm at room temperature.®?

Very recently, block copolymers have drawn substantial attention for providing
good ionic conductivity and mechanical strength. Mayes’ team reported that diblock
copolymer electrolytes based on poly(lauryl methacrylate)-b-poly[oligo(oxyethylene)
methacrylate] complexed with LiCFsSOz showed dimensional stability and exhibit
conductivities around 10° S/cm at room temperature. Both blocks have Tg far below room

temperature resulting into enhanced conductivity comparing with glassy-rubbery block
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copolymer counterparts. The dimensional stability was also verified using rheological
measurements.®® Microphase separation of solid polymer electrolyte (polystyrene-b-
poly[polyethyleneglycol methylether methacrylate-b-polystyrene]( PS-b-PEGMA-b-PS)
containing LiCIO4 was also reported having high ionic conductivity as high as 10 S/cm
at room temperature.®® They assumed that the PS block provided the mechanical strength
and the PEO allowed for ion conduction in the polymer electrolyte as illustrated in Figure
1.13. To further increase the lithium ion conductivity, the lithium ion must be effectively
dissociated from its counterion. In this scenario, polymers with cyclic carbonate has been
developed.

Polycarbonate has alternating cyclic carbonate unit along the polymer backbone.
Shriver et al. first reported Li conducting electrolyte using PVC, which can be readily

synthesized by radical polymerization of vinylene carbonate (Scheme 1.2).
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Scheme 1.2. Synthesis of polyvinylene carbonate.
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Although it is a very rigid polymer, having a T, of 315 °C, it provides not only good
mechanical stability but also several coordinating sites per repeating unit for better lithium
solvating capability. Furthermore, these polar repeating unit facilitates to reduce the
activation energy of lithium hopping, which results into a conductivity up to 10 S/cm at
room temperature.'® Inspired by this work, trimethylene carbonate has been polymerized
and employed for study as a SPE. The mechanical properties were improved and good
electrochemical stability up to 5V vs Li*/Li electrode.

Polysiloxanes are well-known inorganic polymers with high chain flexibility (low
Te= -123°C for polydimethylsiloxane), chemical and thermal stability, and low toxicity.
More importantly, various functionalities could be attached to the silicon in the backbone

(Scheme 1.3).

n | n
R

\es:,i’o% \es!i’()?a \esli’o%

Scheme 1.3. Structures of polysiloxanes.

For example, PDMS-co-PEO has been prepared through the condensation reaction
between dimethyldichlorosilane and monoethylene glycol and used as lithium conducting
matrix. The ionic conductivity was found as high as 1.1x10* S/cm at room temperature

with 5% wt. LiClO4.1% Nevertheless, its application was still limited due to the poor
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mechanical strength. Several groups have synthesized cross-linked PDMS based SPEs to
enhance the dimensional integrity. For instance, Oh et al. obtained a high Li conductivity
of 10 S/cm at room temperature and very high thermal stability up to 500°C using comb
poly(siloxane-g-ethylene oxide) (Figure 1.14).1%?

Lyon and coworkers prepared cross-linked PDMS using hydrosilylation reaction
(Figure 1.15). The resulting SPEs not only showed improved mechanical properties, but
also exhibited comparable conductivity (1.33 x10* S/ cm at 25 °C) with a doping level
EO/Li* of 20:1and an activation energy of 4.5 k/mol %3

Lin et al. has reported impressive results using new types of SPEs using mixture of
PDMS, PVDF and LiTFSI. The membranes were prepared using solution cast method. The
batteries assembled from the LiFePO4 cathode, the electrolyte (20 wt% LiTFSI) and the Li
anode display a discharge capacity of 115 mAh/g at 1 C even after 100 cycles at room

temperature as shown in Figure 1.16.

1.2.3 lonic Liquids and Polymerized lonic Liquids

lonic liquids (ILs) are room temperature molten salts. These salts usually contain a
large cation and a charge-delocalized anion, which have weak columbic interactions. This
results in a low tendency to crystallize. There are mainly two methods to prepare ionic
liquids: acid-base neutralization and metathesis. For example, the preparation of
imidazolium based IL was realized via the reaction between 1-methyl imidazole and
bromobutane. On the other hand, 1-ethyl-3-methylimidazolium tetrafluoroborate (EmiBF4)

was synthesized via metathesis reaction between 1-ethyl-3-methylimidazolium chloride
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and ammonium tetrafluoroborate in acetone.’®® These two examples were illustrated in

Scheme 1.4.
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Scheme 1.4. Representative synthesis scheme for ILs through neutralization and

metathesis.

ILs are basically having unlimited structural variations because of the accessibility
of a large variety of their components. Therefore, various kinds of ILs can be tailored with
desired properties. The archetype of ILs is formed by the combination of a 1-ethyl-3-
methylimidazolium (EMI) cation and an bis(trifluoromethane)sulfonylimide (TFSI) anion
(Scheme 1.5). This combination gives an ion conductivity comparable to many organic

electrolyte solutions and rather high thermal stability up to ~300- 400 °C.
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Scheme 1.5. Structure of 1-ethyl-3-methylimidazolium (EMI) cation and an

bis(trifluoromethanesulfonyl)imide (TFSI) anion.

Other combinations such as imidazolium, pyrrolidinium and quaternary ammonium
salts as cations and bis(trifluoromethanesulfonyl)imide, bis(fluorosulfonyl)imide and
hexafluorophosphate as anions, are also extensively studied.1%41%

Because ILs are non-flammable, low vapor pressure, and good electrodes
compatibility,'% they are soon becoming promising candidates for applications such as the
polymer-electrolyte-membrane fuel cells, lithium batteries and supercapacitors (Figure
1.17).197-110 The LiSi (0 < x < 4.4) alloying electrode with capacity reaching 2,000 mAh/g
behaves quite well in contact with ionic liquids. The TFSI based electrolytes have been
shown to cycle well with Li metal electrode, providing a significant enhancement in energy
densities.*! Furthermore, the chemical modification of the cation and of the anion allows
the fine-tuning of the interactions at the interface and passivating-layer formation.!2

However, the organic ionic-liquid cations suffer from electrochemical stability
issues at the extremely negative potentials of alkali-metal deposition; in other words, the

average electro negativity of an ion based on carbon, hydrogen or nitrogen cannot be as
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low that of Li* or K*. Because ILs liquids are only metastable at the potential of lithium
reduction; the cations are sensitive to electron injection, with the subsequent formation of
a radical, or proton elimination.!®® For instance, the archetypal ionic-liquid cation, ethyl
methylimidazolium (Emi) possesses an acidic C2 proton that limits its stability below 1.3
V relative to Li*/Li (-1.7 V vs standard H electrode). Although the electrochemical stability
of ILs when using lithium metal as anode is poor, there have been a lot of research studies
concerning ionic liquids that use imidazolium-based cations.!'* Seiko et al. examined the
battery characteristics of lithium metal secondary batteries using an imidazolium based
ionic liquid as electrolyte as illustrated in Figure 1.18. To improve the electrochemical
stability, they introduced an electron-donating substituent at the second position of the
imidazolium cation and a long alkyl chain at the third position to promote charge
delocalization in the imidazolium (Figure 1.19).1%0

In conventional ambipolar SPEs, both Li* and counter ion could move during the
charge/discharge circle. Due to the difference in diffusion rate of Li* and anion, anions tend
to accumulate on the anode, causing cell voltage decrease, increased internal impedance
and eventually cell failure. One of the best solutions is to prepare electrolyte with lithium
transference number (t.i*) approaching to unity. According to simulation results by Monroe
and Newman, no concentration gradient observed in the solution phase of electrolyte and
lithium dendrite growth could be eliminated if the t.;* approaches to unity.!%11° It also has
been reported that the performance of an electrolyte with ti* =1 is comparable to an

ambipolar electrolyte even with a tenfold reduction in conductivity.’
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To realize tui* =1, there are mainly two solutions to control the movement of anions
during charging/discharging circles, by synthesizing polymers with anions covalently
bonded to the polymer backbone and by incorporating the neutral anion acceptors that
exclusively interacts with anions of the lithium salts. However, the main problem with
neutral anion acceptors is its poor selectivity, self-coagulation, and relatively low
transference number.!'8121  Therefore, single lithium ion conducting polymer
electrolytes(SLICPES) with anions are covalently bonded to the polymer backbone are of
interest.

The synthetic strategy to prepare SLICPEs mainly focuses on the effect of anions.
The anions that have been proposed are mainly carboxylate (COy), sulfonate (SO3") and
sulfonylimide (SO2-N"-SO;). SLICPEs with carboxylate as anion have been studied
decades ago. Tsuchida et al. prepared lithium salts of poly [(w-carboxy)oligo(oxyethylene)
methacrylate] with a T, of -44 °C and 3.2x10°° S/cm at 30 °C.1?? Bannister and co-workers
introduced fluorinated carboxylate to reduce the degree of ion-pairing and achieved
approximately 1x10°%°S/cm at 60 °C.*?® By grafting carboxylate to PDMS, the electrolytes
showed increased conductivity of 5x10° S/cm at room temperature due to the increased
chain flexibility.*?

Compared with COz, sulfonate (SO3") has a higher degree of negative charge
delocalization. Several types of lithium electrolytes were prepared based on sulfonate or
modified sulfonate as anion. Zhang et al. prepared PMMA-based lithium conducting

polymer electrolyte with a T, of 265 °C. When mixing with PEO, the ionic conductivity
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achieved 1.8x107S/cm at room temperature and further increased to 1.1x10° S/cm by
replacing the semi-crystalline PEO with amorphous copolymer.t?® In 1997, Ohno et al.
modified PEO oligomer (MW~ 350 g/mol) by attaching benzenesulfonate groups to its
chain ends and obtained rather high conductivity of 4.45x10°S/cm at 30 °C and ts t*
=0.75 at 20 °C.'?® However, the mechanical strength is too low. Several attempts were
made to improve the mechanical properties by using rigid polymer backbones. For
example, Kim et al. synthesized poly(lithium 4-styrenesulfonate) (PLSS) and blended with
PEO. Nevertheless, it was found that ionic conductivity only passes a maximum value (3.0
x 1078 S/cm) at [EO]/[Li] = 8.0.12" Recently, Granados-Focil et al. prepared lithium
conducting polymer electrolytes by blending linear poly(ethyleneimine)-graft-
poly(ethylene glycol) with linear poly(ethyleneimine) bearing lithium N-propylsulfonate
groups as the lithium source.!?® lonic conductivity up to 4.0 x 107* S/cm at room
temperature was achieved. Furthermore, copolymers with more flexible EO unit were also
prepared. Kerr’s group synthesized lithium sulfonate based on polyethylene glycol
monomethyl ether acrylate and they reported highest conductivity of 2.0x107 S/cm at
25°C.12° Comb electrolytes based on polysiloxane backbone with tetraglyme and
lithiumsulfonate terminated perfluoroether side chains have been synthesized by Shriver
and coworkers.* Cation conductivities for the systems here have been measured to reach
a maximum of 2.5 x 107® S/cm at room temperature. The results are summarized in Table

1.3.
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Table 1.3. The performance summary of representative single lithium ion

conducting polymer electrolytes with carboxylate, sulfonate, and sulfonate imide as anion.

Entry Polymer hosts  Type of anion E 0 tui Ref.
°C S/cm
1 PMMA COy -44 3.2x10°° NA 122
2 PMMA/PEO CFCOy NA 1x10°°(60°C) NA 123
3 PDMS COy NA 5x10° 0.91 124
4 PMMA SOs 254 1.8x10°7 NA 125
5 PEO SOs -52.8 4.45x10°° 0.75 (20°C) 126
6 PS SO3 NA 3.0x10°8 0.85 127
7 PEI SOz NA 4.0x10* NA 128
8 PMA SOz -58.9 2.0x1077 NA 129
9 PDMS CnF2nSO3 -70 25%x10° NA 130
10 TFSI COCF2SO2N 67  10°°(100°C) NA 131
11 PEO SO.-N-SO.-CFs  -38 2.7x10° NA 132
12 PS-co-PMPEGA SO»-N-SO,-CF3  -47 7.65x10° 0.93 (60°C) 132
13 PS-b-PEO-b-PS S02-N-S0.-CF;  NA 1.3x107° (60 °C) >0.85 1%
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Table 1.3 (continued). The performance summary of representative single lithium

ion conducting polymer electrolytes with carboxylate, sulfonate, and sulfonate imide as

anion.

Polymer Tg o

Entry Type of anion tui* Ref.
hosts °C S/cm

-10to -
14  PEO-b-PS  SO2-N-SO.-CFs 6x10®  0.87-0.99 ¥
19
15 PDMS (CeF4)(CesFs)3B -16 1.3x107 NA 136
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The above results suggested that SOs™ as anion enhances the ion dissociation
compared with CO2". This effect was further amplified via fluorination. However, H*
conductivity cannot be excluded in some protonated systems as the hydrogen atom in the
Li-ion source moiety of -CHFCF2SOsLi is acidic due to the strong electron-withdrawing
effect of fluorine atoms.3® The structures of these polymer electrolytes are shown in Figure
1.20.

Followed by the logic line described above, sulfonylimide (SO2-N"-SO3), which has
even higher negative charge delocalization, has attracted attention for the next-generation
single lithium ion conducting polymer electrolytes. Among them lithium
bis(trifluoromethanesulfonyl)imide (LiTFSI) is the most popular lithium conducting salt
because of its extremely high charge delocalization and high electrochemical stability due
to the presence of the strongly electron-withdrawing group, -CFs.¥’ Since then, Watanabe
et al. prepared novel lithium poly(2-oxo-1-difluoroethylenesulfonylimide)**! and lithium
poly  (5-oxo-3-oxy-4-trifluoromethyl-1,2,4-pentafluoropentylene  sulfonylimide)*3® in
polyether. Unlike the polymer electrolytes mentioned previously, these electrolytes have
polyanions as backbone rather than grafted as a dangled moiety. The t.i* was found to be
one, however, the ionic conductivity was only in the order of 10® S/cm even at 100°C
primarily due to the rigid structure of the polyanion. Followed this work, Desmarteau et al.
reported various polymer electrolytes based on PEO oligomers and sulfonylimide as anion,

which showed maximum conductivity of 2.7x10°S/cm at ambient temperature.'%2
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Figure 1.20. The structures of single lithium ion conducting polymer electrolytes

with carboxylate, sulfonate, and sulfonylimide as anions.
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It is clear that the incorporation of sulfonylimide group significantly improves the
lithium ion conductivity. Zhou et al. successfully attached trifluorosulfonylimide to the
para position of styrene monomer. Homopolymers and copolymers with methoxy
polyethylene glycol acrylate were prepared as well. By tuning the content ratio of EO/Li",
the maximum conductivity of 7.6 x 107 S/cm at 25 °C with a very high lithium transferee
number of 0.93 at 60°C.13 Block copolymers with the same anion center were also
synthesized. Bouchet et al. reported a P(STFSILI)-PEO-P(STFSILi) as a polymer
electrolyte exhibiting rather high ionic conductivity in dry state (1.3x10~° S/cm at 60 °C),
transport number (>0.85), improved mechanical strength compared with the neutral PS-
PEO-PS triblock copolymer (10 MPa at 40 °C), and enlarged electrochemical stability
window compared with PEO (up to 5 V versus Li*/Li).** lonic conductivity and
morphology study of diblock copolymers, poly(ethylene oxide)-b-lithium poly[(4-
styrenesulfonyl)(trifluoromethanesulfonyl)imide] (PEO-b-LiPSTFSI), suggested that ion
transport in PEO-b-PSLITFSI copolymers depends on a complex interplay between the
volume fraction of the PEO block that provides ion pathways and that of the PSLIiTFSI
block where the ions are stored.’®® Below the PEO melting temperature, a lamellar
morphology with ion clusters were found for PEO-PSLITFSI(5-2), (5-3), and (5-4). These
polymers exhibited an order-to-disorder transition coincident with the melting of the PEO
crystals, and the conductivity increased abruptly by as much as 5 orders of magnitude

(Figure 1.21).
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Figure 1.21. left: (a) SAXS intensity versus the magnitude of the scattering vector,

g, at 25°C. (b) WAXS intensity versus the magnitude scattering vector, g, at 25 °C of PEO-

b-PSLITFSI copolymers. (c) SAXS intensity versus magnitude of the scattering vector, g,

at 90 °C of PEO-b-PSLIiTFSI copolymers. Right: ionic conductivity, o, versus temperature

of PEO-b-PSLIiTFSI copolymers.
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Other anions such as borate were also employed. Colby et al. prepared PDMS based
SPEs with borate as anion. The perfluoronated phenyl rings showed much lower
dissociation energy than nonfluorinated counterpart, resulting a three times higher
conductivity at room temperature (1.3x107 S/cm). Nevertheless, the conductivity is still
low because grafted phenyl rings hindered the segmental chain motion and the T, of
polymer electrolytes is only -16 °C.13®

In summary, the types of anions affect the ionic conductivity significantly as well
as the glass transition temperature of the polymer electrolytes. The anions with higher

negative delocalization could enable the higher conductivity.

1.2.4 Lithium lon Transport Mechanism

The challenging issue of SPEs in real world application is the electrode-electrolyte
interfacial interaction, electrochemical stability window and the rather low lithium
conductivity impedes the real-world applications of these types of polymer electrolytes.**®
It is generally accepted that the ionic conductivity is related to glass transition temperature,
the dielectric constant and the solubility of lithium salt.1°

The ionic conductivity can be expressed by the following equation:

0 = nep
Where n, e and p are the effective number of mobile ions, the elementary charge,

and the ion mobility, respectively.
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In a polymeric system, the diffusion of ions is coupled with the segmental relaxation
of the polymer. The ionic conductivity in polymer electrolytes can therefore be described

by the Nernst-Einstein relationship:

pq*D
kgT

ks is the Boltzmann constant and T is the absolute temperature.
The temperature dependence on conductivity of polymer electrolytes follows the

Vogel-Tammann-Fulcher (VTF) equation,

1 E
o= ATz2eT-To

Where To is the glass transition temperature of polymer electrolyte, E is the
activation energy, A is the pre-exponential factor and T is the temperature of measurement.

In atypical PEO system, the generally accepted mechanism for lithium transporting
is depicted in Figure 1.22. In this system, lithium ion is coordinated with oxygen atom and
its transport is realized through breaking/forming Li-O bond. This process is believed
coupled with the local chain relaxation. This relaxation decreases with decreasing
temperature and increasing crystallinity. To achieve high ionic conductivity in SPEs
requires a better understanding of the fundamentals of ion dissociation and transport.4!
Nevertheless, a principal goal has been to search new polymer hosts, which form a eutectic
composition with PEO that melts at the lowest possible temperature and has minimum
crystallinity. For example, attaching the side chain of the solvating group to the polymer
increases the degrees of freedom. This improves the ionic conductivity, but compromises

the mechanical properties.
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Figure 1.22. The mechanism of lithium ion transport in PEO matrix.
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For the last few decades, much progress has been made on ionic conductive
polymer based on poly (ethylene oxide). The primary focus was to improve the ionic
conductivity by increasing the segmental mobility of the solvating polymer. Two most
common strategies employed were the use of copolymers and the addition of side chains
to reduce glass transition temperature. However, in most cases, the complexation of ions
by the polymer reduces the segmental mobility of the polymer.

Another strategy is the development of single-ion conductor. The most widely used
lithium salts are LiClOs, LiBFs4, LiPFs, LiAsFs, LiICF3SOs, LiN(CF3SO.)2, etc. The
mobility of the ions and their dissociation constants are in the following order:

Mobility of ions: LiBFs > LiCIO4 > LiPFs > LiAsFe > LIiCF3SO3z > LIiTFSI.
Dissociation constants: LiTFSI > LiAsFs > LiPFe > LiClO4 > LiBF4 > LiCF3SOs.

Progress has been made over the last 20 years in increasing the level of ionic
conductivity.*?Both the nature of the polymer-salt interaction and the precise structure of
highly concentrated electrolyte solutions have always resisted rationalization.*
Nevertheless, to facilitate the dissociation of inorganic salts in polymer hosts and to obtain
high ionic conductivity, the following features should be satisfied to have high ionic
conductivity: the lattice energy of the salt should be relatively low, the dielectric constant
of the host polymer should be relatively high. Undoubtedly, the polymer architecture also
play a key role independently of dissociation. Bruce et al.*** proposed a structural view
that stresses the importance of aligning the polymer chains in order to enhance the ionic

conductivity.
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On the contrary to the conventional view of ion transport in polymer matrix, rigid
polymer backbones have been found that the ionic conductivity could be decoupled with
their segmental relaxation.® % Sokolov et al. employed polymers backbone with
different degrees of rigidity and PEO as side chain to increase salt solvation capability.
They demonstrated that on the contrary to the conventional view of ion transport
mechanism, ion diffusion and conductivity can be strongly decoupled from the segmental
chain relaxation and the degree of decoupling correlates with the steepness of the
temperature dependence of the segmental dynamics but not with T, Wang et al.
compared the relation between ionic transport and structural relaxation in polymers and
small-molecule liquid electrolytes (Figure 1.23).14" They reported that in small-molecule
electrolytes, motion of ions is usually coupled to structural relaxation and high ionic
conductivity is possible due to very short structural relaxation time. The ionic transport in
polymer electrolytes can be strongly decoupled from structural relaxation, especially in
polymers with relatively rigid structures.**® lons may utilize the loose local packing
structure of long chains and diffuse through the polymer matrix even when segmental
dynamics are slow or frozen (Figure 1.24).149-150

In summary, achieving high ionic conductivity in Li-based polymer electrolytes

requires a better understanding of the fundamentals of ion dissociation and transport.>!
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lonic conductivity in crystalline polymer

The view that ion transport in polymer hosts is coupled with polymer segmental
chain motion has been established for decades. It has driven researchers to develop low T,
polymers, which has high chain motion at room temperature. However, it is worth
mentioning that attempts also have been made to develop crystalline polymer for ionic
conductivity,'®? even though it is beyond the scope of this thesis. Bruce et al prepared
crystalline PEOg:LiSbFs and PEOs:LiPFs (six ether units per lithium ion).*> Using ab initio
from x-ray diffraction result suggested that PEO chains fold to form cylindrical tunnels and
lithium ion can migrate within the tunnel (Figure 1.25A). The ionic conductivity in the

crystalline domain was found higher than the amorphous state (Figure 1.25B).

1.3 CO2/N2 Gas Separation

There are many options for CO2/N2 separation including absorption, adsorption
cryogenic condensation, and membrane separation.?”> 1>* Among these technologies, amine
absorption process has been used in natural gas industry for over 60 years and has been
most extensively studied system. !>

Mono-ethanolamine (MEA) is the most widely used type of amine for CO> capture
by far. CO2 recovery of 98% and product purity in excess of 99% can be achieved (Figure
1.26).1°¢ However, the rate of degradation in the oxidizing environment of flue gases, and
the amount of energy required for regeneration remains a big issue.'>’ Numerous reports

have also focused on the modification of amines.!*® For example, Xu et al. studied a novel
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CO: “molecular basket” adsorbent using a mesoporous molecular sieve of MCM-41
blended with polyethyleneimine (PEI). At 50 wt% of PEI loading, the highest CO-
adsorption capacity of 246 mg/g PEI was obtained, which is about 23 times that of the pure
PEI (Figure 1.27).!> Materials with high surface areas and open pore structures, such as
activated carbon, silica aerogels, zeolites, and new porous materials like amine-based
sorbents and MOFs, can also be utilized in the adsorption process to separate CO> from gas
mixtures 16

The adsorption capacity and selectivity of CO: can be significantly affected by the
pore structure, surface area, pressure, and temperature. Many reviews were published
recently that discussed the CO> capture with MOFs (Figure 1.28).!1-1¢2 Those reviews have
discussed the CO> adsorption properties of MOFs based membranes for separations, and
breakthrough analysis of multi-component gas mixtures, etc. MOF-210 has the highest CO2
storage with up to 2400 mg/g under 50 bar at room temperature.

On the other hand, CO; can also be separated from other gases by condensation due
to their distinct boiling temperatures. In fact, cryogenic separation is already used
commercially for gases that only have high CO, concentrations (typically >90%).!%* This
method can be operated at high pressure conditions compared with membrane separations.
Nevertheless, one of the major disadvantages is that it requires enormous amount of energy
for the refrigeration.'>> Moreover, NOx and SOx need to be removed before condensation.

Membranes have been widely used in various industrial separations for the last two

decades due to their passive nature, which render polymeric membrane separation
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processes more energy efficient than conventional CO, separation.!** Gas separation
membranes allow one gas species to pass through faster than the others (Figure 1.29).The
candidate membranes should have the following features in order to be useful for CO>
capture: (1) cost effective, high permeability to COz, (2) high selectivity toward CO3, (3)
and high dimensional stability at high temperatures and pressures.'®® Generally, gas
molecules transport through a polymeric membrane by a solution-diffusion mechanism.
The terms permeability and selectivity are often used to evaluate the performance of a gas
separation membrane: the gas permeability (P4), which is determined by the product of the

gas solubility (S4) and diffusivity (D) (P4 = S4XD, ); and the gas selectivity (a45) which
is defined as the ratio of the permeability of any two gases (a 5= i—A).
B

Furthermore, selectivity can also be separated into solubility selectivity and

diffusivity selectivity by the following equation: a,p = i—A = i—A %.
B B B

There appears to be a trade-off between selectivity and permeability, which has
been illustrated by Robeson et al (Figure 1.30).1%¢

Gas molecules move through free volumes within between polymeric structures.
Because of the movement of the polymer chains, a channel between gaps can be formed
allowing gas molecules to move from one gap to another and thus gas molecules can
effectively diffuse through the membrane structure. However, the diffusion coefficients for
this two-gas pair are close (Figure 1.31). They also have similar kinetic diameter (N2

(kinetic diameter = 3.64 A), CO» (kinetic diameter = 3.30 A)).
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Therefore, the synthesis of the polymeric membranes located above the “upper
bound” limit is challenging. The key is to prepare polymers with good CO2/N: selectivity
and the high CO2 permeability. Rubbery polymers containing ethylene oxide blocks have
strong COz-philicity. However, pure and linear PEOs tends to crystallize leading to low
gas permeability and poor film-forming properties.®’

Fortunately, crystallization of PEO can be reduced by using block copolymers
containing glassy hard segments and rubbery soft segments. Poly(ethylene oxide)-b-
(butylene terephthalate), known as Polyactive, has an intrinsic CO, permeability of 150
barrer 18 Blending PEG-oligomers into Polyactive can also be used to increase CO2
permeability 1% The resulting blends exhibit CO, permeability of 150—750 barrer and
CO2/N2 selectivity of 36-50. Other rubbery polymer materials such as
poly(dimethylsiloxane), ethylene oxide/propylene oxide amide copolymers) and glassy
polymers (e.g., cellulose acetate, polyperfluorodioxoles, polycarbonates, polyimides,
polynorbornene and polysulfone) have also been studied (Table 1.4).17

Very recently, new materials such as PIMs, polymers with intrinsic microporosity,
have attracted massive attention due to their adaptability and controllable free volume.l™*
Take PIM-1 as example (Scheme 1.6). It can be prepared via condensation reaction
between 5,5,6,6-tetrahydroxy-3,3,3,3-tetramethylspiro-bisindane with
tetrafluorophthalonitrile. Many PIMs have the selectivity in the range of 20-30, and

permeability from 200 to 11000 barrers.”2 Poly(1-trimethylsilyl-1-propyne) (PTMSP) is

another type of polyacetylenes. Since the first report of synthesis of Poly(1-trimethylsilyl-
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Table 1.4. CO2/N; separation performance of several representative polymers.

Permeability Selectivity

Entry Polymer Ref.
m®m?Pa s 0lCO2/N2
1 Polyimide 735 43 167
2 polyethersulfone 665 24.7 172
3 Polysulfone 450 31 169

4 PAN/PEO 91 27.9 173




1-propyne) (PTMSP)) in 1983, it has drawn significant attention because of its orders

higher gas permeability than other known polymers.

3 L3 x
—Sl—CH3 O O

CHj CN

Poly(1-trimethylsilyl-1-propyne)  Polybenzodioxane (PIM-1)
[PTMSP]

Scheme 1.6. Structures of PTMSP and PIM-1.

Polymerization of 1-(trimethylsilyl)-1-propyne is initiated by TaCls and NbCls. A
detailed study of polymerization of TMSP was reported elsewhere.!™ Its exceptionally
high fractional free volume is attributed to a rigid, low cohesive energy density backbone
composed of alternating double bonds and bulky methyl and trimethylsilyl substituents.'”
From the practical point of view, membranes having high permeability are favored for flue
gas separations due to the enormous volumes of flue gas emissions from coal-fired power
plants that produce a limited pressure differential.!’® Soon after PTMSP was made, it was
found that permeation of the polymer were not stable. Membrane permeability was initially
exceptionally high but declined overtime. The decrease is probably the combination of

physical aging, chemical aging and contamination.'’” Another major drawback that limited
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the real world application of PTMSP is its rather low selectivity.*’®1®This research focused

on the modification of PTMSP to enhance CO2/N: selectivity.
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Abstract

Living/controlled polymerization techniques facilitate the preparation of well-
defined/ controlled polymers with precisely controlled compositions and architectures. On
the other hand, the combination of these techniques with post-polymerization
functionalization helps polymer chemists to obtain a wide range of functional polymers.
This chapter will briefly describe the experimental techniques employed in this dissertation
including living anionic polymerization, living cationic ring opening polymerization and
hydrosilylation. In addition, the most commonly used characterization techniques will be

discussed.
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2.1 Introduction

A wide variety of polymerization techniques facilitate the development of both
polymer chemistry and polymer physics because they realize the preparation of well-
defined polymers with precisely controlled molecular weight, defined molecular
architectures and nanoscale morphologies.!® These techniques, especially living anionic
polymerization (LAP) have also been utilized in industry for mass production of several
important commercial products.®”’

Post polymerization modification are usually performed using reactions that have
high efficiency, facial experiment setup and high selectivity.® The combination of
living/controlled polymerization techniques and post-polymerization modifications has
helped chemists to develop a wide range of functional materials including: chain end and
pendant-functional polymers; block copolymers and micelles; complex architectures such
as star, brush, graft, hyperbranched, and dendritic polymers; gels and networks; and
polymers conjugated to nanomaterials.®*® For instance, the hydrosilylation reaction is
commonly used to modify polysiloxanes. There are other polymerization techniques and
modification reactions. However, these are beyond the scope of this thesis.

This chapter described the polymerization methodology that was employed in this
thesis including living anionic polymerization (LAP) and living cationic ring-opening
polymerization (LCROP). High vacuum techniques and representative purification

procedures for common monomer, initiators, solvents and terminators are also presented.
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The corresponding polymerization mechanisms are briefly explained followed by the

discussion of hydrosilylation.

2.2 Synthetic Methodology and Experimental Techniques

2.2.1 Living Anionic Polymerization and High Vacuum Techniques

The pioneering work on living anionic polymerization was reported by Szwarc in
1956.1415 The propagating species are anionic ion pairs and/or free ions depending on the
reaction media.’® It is a type of chain growth polymerization without termination or chain
transfer. The reactivity of chain end carbanion is preserved and therefore it can initiate
freshly added monomer. Over the last 60 years, it has been proved that LAP is the most
appropriate method for the synthesis of polymers with predictable molecular weight and
well-defined architectures.!’-*® These polymers have not only served as perfect templates
for structure-property relationship studies but have also been employed as important
commercial products.'®2? For example, Mays et al. developed novel super thermoplastic
elastomers using multi-grafted copolymers via the combination of LAP and emulsion
polymerization.?* Wang et al. reported a novel synthetic approach to polymerize
benzofulvene in hydrocarbon solvent and successfully raised the upper service temperature
of the resulting polybenzofulvene—polyisoprene—polybenzofulvene elastomer almost
50°C.

The initiator required to polymerize a monomer is largely dependent on the

reactivity of the monomer toward the nucleophilic attack. Monomer reactivity increases
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with increasing ability to stabilize carbanion.'® For the polymerization of dienes, the most
commonly used initiators are alkyllithiums. The molecular weight of obtained polymers
can be precisely controlled by monomer/initiator ratio.

However, in the case of polar monomers, such as methyl methacrylate (MMA),
acrylonitrile (AN), these polar moiety (ester, nitrile) are susceptible to nucleophilic attack
during initiation or propagation, leading to termination and complicated side reactions.
This results in uncontrollable molecular weight and difficulties in achieving living
polymerization.?® For example, in the polymerization of methyl methacrylate, MMA was
converted into isopropenyl alkyl ketone. Nucleophilic substitution by intramolecular
backbiting of a propagating carbanion on monomer, leading to the abstraction of a-
hydrogen of acrylate monomers by initiator, also leads to serious side reactions.

The effort to minimize the side reactions includes control of temperature, solvent
and the addition of ligands to achieve LAP with narrow PDI.?® The main strategy to
minimize side reactions is through addition of ligands. Efficient ligands include metal
alkoxides, inorganic salts, alkyl aluminum and crown ethers. These ligands are capable of
coordinating with propagating anion center and/or counter ion to minimize or even
eliminate the side reactions during propagation. We will employ these strategies to achieve
the living polymerization of 2-isopropenyl-2-oxazoline, which will be discussed in chapter
5.

Due to the high sensitivity to impurities, the purification of monomers, initiators,

additives, and terminators is critical. There are mainly two techniques to perform LAP:
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Schlenk techniques and high vacuum techniques. Schlenk techniques involve an inert gas,
vacuum pump and a three-way valve. This technique is attractive to most researchers due
to its convenience and acceptable performance for many applications. On the other hand,
high vacuum techniques require highly-demanding experimental skills and glass-blowing.
It is time-consuming, however, is the best method to prepare model macromolecules with
complex architectures.?’?® A typical high vacuum manifold assembly consists of a
mechanical vacuum pump, an oil diffusion pump (mercury diffusion pump is also used,
however, with the concern of highly toxic nature of mercury), a liquid nitrogen trap, an
upper glass tube rig, and a lower glass tube rig (Figure 2.1). The mechanical pump reduces
the system pressure down to 102-10" mbar. The pressure can be further lowered to high
vacuum level (10° to 107 mbar) when the oil in the connected diffusion pump starts to
reflux. It is also mandatory to place a liquid nitrogen trap between diffusion pump and high
vacuum manifold to condense any volatile chemicals and prevent damaging refluxing oil
in the diffusion pump. The manifold contains upper and lower rigs with Teflon stopcocks
so that different experimental procedures such as short-path distillation, degassing can be
performed simultaneously. Although mastery of glassblowing and highly demanding
experimental techniques are required, LAP achieved via high vacuum techniques are the
most reliable experimental tools for preparing polymer samples with well-defined and
complex macromolecular architectures.?® The typical purification and polymerization

procedures are described as follows.
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Figure 2.1. The scheme of high vacuum line. Reprinted from ref.*°,
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THF is the most commonly used solvent for LAP of polar monomers. The
purification procedure is described as follows. THF from a commercial source is first
distilled over CaHz under high vacuum using the set-up as illustrated in Figure 2.2. The
collected THF was then charged into a flask with Na/naphthalene. The flask was then
attached to the high vacuum line, degassed. After stirring, the appearance of a dark green
color indicates the THF is free of impurities (Figure 2.3).

For monomers, distillation over CaH> only usually does not provide high enough
purity. Further purification over organometallic agent e.g. alkyl lithium, dibutyl
magnesium or diethyl zinc is required. The apparatus is shown in Figure 2.4. Methanol is
the most frequently used terminating agent for anionic polymerization. A typical
purification method is described as follows. Methanol is added to an apparatus attached to
the vacuum line and then stirred with CaH> over night. After degassing, the methanol was
then distilled into ampoules with break-seals and stored in the freezer at -30°C. Depending
on the selection of solvents, the shape of reactors also varies. For the polymerization in no
polar solvent such as benzene, n-hexane, a typical round bottom reactor is commonly used
as depicted in Figure 2.5A. On the other hand, a tubular reactor is preferred when

polymerization in THF (Figure 2.5B).

2.2.2 Living Cationic Ring Opening Polymerization.
Heterocyclic monomers with sufficient strain such as cyclic ethers, cyclic esters
(lactones), cyclic acetals, cyclic amides (lactams), cyclic iminoethers, cyclic sulfides and

cyclic phosphazenes are capable of ring opening polymerization.33-% For rings without
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Figure 2.2. Distillation setup on a high vacuum line.
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Figure 2.3. Purification of THF, benzene, and hexane. (The color of reservoir

indicates the purity of the solvent). Reprinted from ref.3!
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Figure 2.4. Short path distillation apparatus for further purification.
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94



enough ring strain, polymerization could also occur driven by the increased entropy of
linear chains.®® Cationic ring opening polymerization is a powerful approach to prepare
important industrial materials, e.g. polynorbornene, polyethylene oxide, polysiloxane and
polyphosphazene.

And recently, polylactides are becoming an important bio-degradable packing
material. CROP can be initiated by Bronsted acids, oniumions and carbenium ions. The
propagating chain end usually contains a carbocation and acts as the reactive center for the
incoming monomer.

2-Substituted-2-oxazoline is a well-known monomer that can undergo cationic ring
opening polymerization (CROP) in a living manner to produce poly(N-acylethylenimines)
(POxs). This type of polymers have been recognized as material of importance in surface
chemistry and biomaterial sciences such as nonionic surfactants, protein modifiers,
hydrogels and drug carriers.'” 3° Moreover, several POxs have been approved by US Food
and Drug Administration.*> Among them poly(2-ethyl-2-oxazoline) exhibits improved
biocompatibility comparable with conventional poly ethylene glycol.*® It also should be
noted that POXx is the only route to prepare linear polyethyleneimine (PEI) via hydrolysis
because the polymerization of ethyleneimine only yields highly branched and cyclic PEI.*

The propagation step involves the nucleophilic attack of the electron lone pairs from

the nitrogen atom of the incoming monomer on C5 position of oxazolium ring of the living
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chain end as shown in Scheme 2.1.

%Nw K\ e
/=0 S~o R

Scheme 2.1. Propagation step of cationic ring opening polymerization of 2-

substituted-2-oxazoline.

The propagation rate varies depending on the R group, solvents and reaction
temperatures. For example, polymerization of 2-ethyl-2-oxazoline could reach 100% in
acetonitrile using methyl trifluoromethanesulfonate as initiator within 12 h.*® However, it
takes more than 20 days to polymerize 2-isopropyl-2-oxazoline.*> Schubert et al.
demonstrated that using microwave irradiation the polymerization time could be reduced
significantly form 6 h (conventional heating at 82 °C) down to less than 1 min.*

Solvents that are suitable for cationic ring opening polymerization must be stable
under polymerization conditions. Very recently, ionic liquids are also used under
microwave irradiation. Polymerization of 2-ethyl-2-oxazoline in 1-butyl-3-methyl-
imidazolium hexafluorophosphate (B3Imi-PFe) showed a faster reaction rate. It was
revealed that (B3Imi-PFg) can lower the activation energy for CROP of EtOx relative to
polymerization in acetonitrile.**

Polysiloxane, industrially known as silicone, is an important inorganic polymer.

They have good thermal, chemical resistance and low toxicity making them applied in a
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wide range of applications such as surfactants, adhesives, medicine and thermal
insulation.®*® They can be prepared via either condensation polymerization or ring
opening polymerization (Scheme 2.2). Compared with condensation polymerization, ring
opening polymerization (ROP) of cyclic silicone monomers (hexamethylcyclotrisiloane
(D3) and octamethylcyclotetrasiloxane (D4) are the most commonly used monomers to

prepare polydimethylsiloxanes) can produce high molecular weight polysiloxanes.*’8

|
A: nCI—Sli—CI +  nHTH-O-H — > HO—éSli—OtH+2nHCI

B:
|
SO/ R|O|O|R
\‘S?i S _ - Rngr s hsir e
/7 0-si, L 1 b
/ R 07T Ry
H / CF3SO3H,60°C
Si-0. H
(I)/ \Sli\ R1\ :i/o\éS!i/O%\S:I/RZ
\Sl K 1 —

R1,R2=CH3, CH3CH2, CHz-X, etc.
Scheme 2.2. The synthetic route for the preparation of polydimethylsiloxane via

(A) condensation polymerization and (B) ring opening polymerization.
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2.2.3 Hydrosilylation

Hydrosilylation is one of the most important reactions to modify polysiloxanes. It
is the reaction of addition of silicon hydride (Si-H) across multiple bonds including carbon-
carbon and carbon-heteroatom as well as heteroatom-heteroatom bonds. Hydrosilylation

of C=C bonds is the most versatile approach for the formation of Si-C bond (Scheme 2.3).

R™ R™

| Pt catalyst | /\/R
R"_S|i—H + pr— R > R"—S|i

R' R'

Scheme 2.3. General hydrosilylation reaction between Si-H and alkene.

It was first reported by Leo Sommer in 1947 through a radical initiator. Metal
complexes based on platinum precursor (H2PtCls-H20) has been the most studied catalyst
in academia and industrial syntheses.**° In the past few decades, many new Pt (0) and
Pt(I1) complexes with various ligands and activators such as dienes, norbornenes and
cycloolefins have been prepared.*®: 5

The most commonly used catalysts are: Speier’s catalyst, which is the solution of
H2PtCls-H20 in isopropyl alcohol (1-10%); Karstedt’s catalyst, which was obtained by
treating Speier’s catalyst with vinyl siloxane. Compared with Speier’s catalyst, Karstedt’s
(Scheme 2.4) catalyst have been utilized in industry for decades to prepare functionalized
silicone product due to their high selectivity, high activity and high stability to heat and
oxygen.
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Scheme 2.4. Karstedt's catalyst.

Many reviews and literature papers have reported the mechanism of catalysis of
hydrosilylation by Pt metal complexes. The generally accepted mechanism is shown in

Scheme 2.5.

HSIR3
H
[M] M
[ KSiR3
R R
Chalk-Harrod
R-Si mechanism H
e SiRs IM]
>~ -[M] ~__ <SiR3

R R

H
[M]</ SiR
=

Modified Chalk-Harrod
mechanism

Scheme 2.5. The mechanism for catalysis of hydrosilylation of olefins proposed by

Chalk-Harrod.>?

Unfortunately, there are also several known disadvantages. One of them is that
certain functionalities such as hydroxyl, amino groups will react with Si-H under the

hydrosilylation conditions and therefore need to be protected before the reaction.>® Amino
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group also forms complex with the Pt catalyst and eventually inhibit the reaction. The
formation of platinum during the reaction leads to the contamination of products. The
residual platinum could also act as catalyst causing serious side reactions in some cases.>
The reaction system must be kept anhydrous in order to prevent undesired crosslinking. It
was also reported that addition of small amounts of anhydrous O to the reaction mixture

could reduce platinum aggregation.®®

2.3 Characterization

2.3.1 Molecular Weight Characterization

Size exclusion chromatograph (SEC) is a method of separation based on the
molecular size or hydrodynamic volume. This method first appeared in the late 1950s. One
important breakthrough in SEC was the combination with online detectors, especially
viscometers and light scattering detectors.>®*° Since then, SEC has been one of the most
powerful instruments in characterizing molecular weights (MWs) and molecular weight
distributions (MWDs) of macromolecules. For a typical measurement, polymer sample is
dissolved in an appropriate solvent, and then injected into the SEC column with defined
pores sizes. As the polymer elutes through the column, polymers that are too large for the
pore size tend to elute out early. As the polymer size approaches the column pore size, it
will partition into the pores and retain more time, therefore elute out lately. Figure 2.6

depicts the cross section view of pores and macromolecules. The intrinsic viscosity [n] is
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Figure 2.6. lllustration of partition behavior of a particle pass through column pores.

’,_,-ﬁ_.,-..s
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another fundamental property of polymers in dilute solution and has been widely used as a
convenient means for determining the molecular weight, size, and topological structure of
polymers in material, engineering, and biology.5%-

The first molecular theory of viscosity dates back to Einstein who calculated the
viscosity of a dilute suspension of impermeable spheres.®? The relationship between
intrinsic viscosity of polymers and molecular weights can be elucidated by the empirical
Mark—Houwink—Sakurada (MHS) equation,

[n] = KM*

where M is the molecular weight and K and o are constants for a given
polymer—solvent pair. a in the MHS equation for linear polymers is a constant between 0.5
and 1,%° while for some randomly hyper-branched polymers it is significantly less than 0.5
and varies with molecular weight.

Intrinsic viscosity can be deduced by measuring the flow time of a dilute polymer
solution through a glass capillary. We can further use either the Huggins equation, which
is derived from a virial expansion of the specific viscosity in powers of the intrinsic
viscosity, or the Kraemer equation, which results from an expansion of the inherent
viscosity, to determine the intrinsic viscosity.

In Huggins equation, the specific viscosity is related to the intrinsic viscosity by a

power series of the form:

Nsp = Ko [n]et ki [n] @ + k2 [n] ¢ +...
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Where ko, ki, K>... are dimensionless coefficients, and ko = 1. Huggins equation can
be formed by dividing concentration c, and keep the second term, Huggins equation was

formed as
2 = [n] + ke(n] %
The Huggins constant ky has values ranging from 0.3 in good solvents to 0.5 in

poor solvents. Intrinsic viscosity can be obtained by extrapolating to zero concentration. In

Kraemer equation, we have

In(7,
"2 = )~ ke

Cc

Combining equation (2) and (3), the intrinsic viscosity is calculated using following
equations:

. Inn, . Nsp
[n] = lim—==lim ==

t
Where n, = o Msp =M = 1.

Dynamic light scattering (DLS) is one of the most popular techniques to
characterize particle size and particle size distribution in emulsions, micelles, polymers and
nanoparticles.%® By measuring the time-dependent fluctuations of scattered light, a photo
correlation function can be generated. Different mathematical approaches can be applied
to determine the information in it. The simplest method is to use the correlation function

as a single exponential decay as follows:

F:DTqZ
_471 ) (9) )I—AO
1= Asm 2)’ _no
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Where Dr is the translational diffusion coefficient of the analyte and q is the
scattering vector. And hydrodynamic radius Rn can be calculated by

_ kgT
B 6mnDr

Ry,

2.3.2 Thermal Properties Characterization

Differential scanning calorimetry (DSC) is a technique in which the difference in
the amount of heat required or released to change the temperature of a sample at a constant
rate is recorded. When the sample undergoes a thermal transition, different amounts of heat
will be needed to flow to it comparing with the reference to maintain them both at the same
temperature. DSC is able to measure the amount of heat absorbed or released during such
transition. This technique was first developed by E.T. Watson and M.J. O’Neill in 1962.54
There are mainly two types of DSC, power compensated DSC in which the power supply
is kept constant and heat flux DSC in which the heat flux is constant. DSC is a common
technique to examine the thermal transitions like glass transition temperatures, melting
points and crystallinity of polymeric materials. A typical DSC profile of polyethylene
terephthalate (PET) is shown in Figure 2.7.

Thermogravimetric analysis (TGA) is a method of thermal analysis used to
determine characteristics of materials that exhibit either mass loss or gain due to
decomposition, oxidation, or loss of volatiles as a function of increasing temperature, or as

a function of time.®® TGA has two major components, a precision balance with a pan loaded
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Figure 2.7. Representative DSC curve of semi-crystal PET.
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and a programmable furnace, which can be programmed either for a constant heating rate,
or for heating at a constant temperature.

It is an important technique in characterization of material decomposition,
degradation mechanisms and reaction kinetics. For example, Baskaran et al. used TGA to

analyze the quantity of the initiator attached to the surface of carbon nanotubes.%®
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CHAPTER 3 PDMS-Based Ambipolar Polymer Electrolytes:

Preparation and Characterization
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Abstract

Since the discovery of polymer electrolytes based on poly(ethylene oxide) in the
1970s, the rational understanding to improve ion transport remains a mystery. Solid
polymer electrolytes containing lithium ions are ideal candidates for electrochemical
devices and energy storage applications. Understanding their ionic transport mechanism is
the key for designing of highly conductive polymer matrices. In this chapter, we focus on
synthesis of polymer electrolytes based on polysiloxane backbone due to its low T,. By
incorporating cyclic sulfonate, carbonate, and tri-arm ethylene oxide unit to the soft
polysiloxane backbone, we achieved high ionic conductivity of 9.5x10° S/cm at ambient
temperature. The lithium ion transport mechanism is discussed based on dielectric

spectroscopy and differential scanning calorimetry results.
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3.1 Introduction

The lithium ion battery (LIBs) technology has drawn significant attention in
industry and academia because it offers exceptionally high energy density, minimal
memory effect, and low self-discharge rates, and fast charging rate.! Since the first
commercialized LIB was introduced by SONY in early 1990s, LIBs have rapidly
dominated the electronic devices such as laptops, smartphones.®> Moreover, they have
shown great potential to be utilized in electric vehicles, aviation and energy storage
instruments, etc.*® A LIB cell consists of two electrodes and electrolyte, which separates
two electrodes and only allow lithium ions to transport during charge/discharge cycles. The
conventional liquid electrolytes employed organic small molecules such as ethylene
carbonate and propylene carbonate and offers high ionic conductivity.?2 However, the LIBs
using these types of electrolytes usually suffer from safety issues due to the volatile and
highly flammable electrolytes.”°

Substituting a solid polymer-based electrolyte for the organic counterpart is crucial
because it offers several advantages such as enhanced resistance to variations in the volume
of the electrodes during the charge/discharge process, improved safety features, excellent
flexibility and processability.® !* Since the first polymer electrolytes were reported by
Wright et al. using polyethylene oxide and alkaline salts in the 1970s,'? substantial research
efforts toward new polymer electrolytes and theoretical modeling of their ion transfer
mechanism, the physical and chemical properties of the electrolyte/electrode interface, has

been carried out.**> A generally accepted view of lithium ion transport is that the ion
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conductivity is coupled with the segmental chain relaxation. The lithium ion could
transport between polymer chains or hop from one chain to another.’® However, the
inherently poor conductivity of dry polymer electrolytes at ambient temperature remains
the fundamental obstacle to their widespread application (the lithium ionic conductivity
should exceed 107 S/cm).™

In order to raise the ionic conductivity, we turned to poly(dimethylsiloxane)
(PDMS) with its T, of -123 °C, substantially lower than that of any other known polymer.t’
It has extremely large free volume and fast chain segmental dynamics®®°, which makes it
a promising polymer host for lithium ion transport. However, PDMS is hydrophobic and
has rather low lithium salts solubility. Thus, we attached high dielectric moieties, cyclic
carbonate, sulfone, and tri-arm ethylene oxide to the polymer backbone to increase the
lithium salt solubility and to enhance ion dissociation. In addition, the lithium ion transport

mechanism was illustrated using dielectric spectroscopy.

3.2 Experimental Section

Materials. Vinyl ethylene carbonate (VEC, Aldrich), tetrathiolphene-1,1-dioxide
(SUL, Aldrich), platinum (0)-1,3-divinyl-1,1,3,3-tetramethyldisiloxane complex solution
in xylene, Pt ~2% (Pt[dvs], Aldrich) and n-butyllithium (n-BuLi in hexane, 2.5M, Aldrich)
were used as received. Octamethylcyclotetrasiloxane (D4, 98%, Acros Organics),
tetramethylcyclotetrasiloxane (D4H, 98%, Acros Organics), hexamethyldisiloxane (HDS,
99%, Acros Organics) and allyl bromide (AB, 98%, Aldrich) were distilled over CaH>

before use. Toluene was refluxed over sodium overnight before use. Lithium
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bis(trifluoromethanesulfonyl)imide (LiTFSI, 99.99%, Aldrich), trifluoromethanesulfonic
acid (TFA, 99%, Aldrich) was used as received.

Instrumentation. NMR spectra were recorded on a liquid state Varian VNMRS
500 MHz spectrometer at 25 °C. The internal standard was CDClIs at 7.26 ppm. Attenuated
Total Reflection-IR (ATR-IR) spectra were obtained using a Nicolet iS50 FT-IR
spectrometer equipped with a deuterated triglycine sulfate (DTGS) detector. Broadband
dielectric measurements were performed using a Novocontrol Concept 80 system in the
frequency range of 102-10” Hz, which includes an Alpha- A impedance analyzer, a ZGS
active sample cell interface, and a Quatro Cryosystem temperature control unit. Samples
were placed between two gold-plated electrodes separated by a Teflon spacer. Before
measurements, each sample was loaded within the spacer on the bottom electrode and dried
under vacuum at 353 K to remove bubbles. The experiments proceeded from high to low
temperatures. The samples were equilibrated at the highest temperature (353 K) for at least
3 h until the measurement results were reproducible, indicating that the samples did not
degrade and there was no residual solvent. The samples were equilibrated at each
temperature for 20 min before the dielectric measurements.

Details of SPE Preparation. The polymer electrolyte samples were prepared
inside the glove box in a nitrogen atmosphere. The polymer was premixed inside a known
concentration of acetonitrile solution. Each of the Li-salts, LiPFe and LiTFSi, was mixed
into acetonitrile solvent with to a known concentration. The Li-salts were added in a certain

weight concentration to the polymer. Before drying, each sample was left under stirring
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for at least 48 hours for sufficient dispersion of lithium salts in polymer matrix. Once the
samples were mixed, each sample was placed inside the small dielectric cell and placed
inside the vacuum oven for a slow-solvent evaporation before any measurements.

DSC Measurements. The glass transition temperatures T, were investigated using
the TA instrument Q1000. The polymerized electrolytes samples were hermetically sealed
in aluminum pans while using an empty pan for reference. These samples were initially
equilibrated at 383 K for forty-five minutes, then cooled down to 130 K and heated up to
453 K. The heating and cooling cycle was performed with a rate of 10K/min and repeated
three times to make certain of reproducibility of the results. The cooling cycle was used to

analyze the glass transition.

3.2.1 Synthesis of Polyhydromethylsiloxane (PHMS).

D4H (6.0 g, 24.9 mmol) and HDS (0.41 g, 2.5 mmol) were charged to a flame-dried
round bottom flask equipped with a stir bard through rubber septum. TFA (30 uL) was then
carefully added into the mixture via a gas-tight syringe. The mixture was stirred for 20 min
at room temperature and then heated to 65 °C and stirred for 3days. The mixture was then
cooled to room temperature and diluted with ether and followed by the neutralization with
K2COs aqueous solution. After extraction with petroleum ether (100 mLx3), the organic
layer was collected and dried over MgSQOas. The solvent was then removed under reduced
pressure and cyclic oligomers were distilled off at 130 °C under high vacuum. A clear
viscous liquid was collected. Yield=4.9 g, 66.7%. *H-NMR (CDCls, 500 MHz), § (ppm):
4.72 (Si-H), 0.06 (Si-CHs).
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3.2.2 Synthesis of 2-Allyltetrahydrothiophene 1,1-Dioxide (ACS).

To a solution of 24 g SUL in 250 ml THF in a three-neck round bottom flask pre-
cooled to -30 °C was added 80 ml n-BuLi in hexane (2.5 M) dropwise under a super dry
N2 atmosphere. Then the mixture was stirred for one additional hour. AB (0.2 mol in 250
mL of THF) was added dropwise over 45 min. After stirring for three additional hours. The
mixture was acidified with 300 mL ammonium chloride solution. The organic phase was
dried over NaSO4 overnight. The solvent was removed in vacuo evaporated leaving a
viscous residue. The residue was then chromatographed (hexanes/ethyl acetate=5/5 (v/v),
R=0.55) and obtained a light-yellow oil. Yield=44%. 'H-NMR (500 MHz, CDCls): §
(ppm) 5.13-5.09 (2H, HC=CH), 5.77 (1H, HC=CH), 3.13-2.98 (3H, CH(sulfolane)),2.64

(1H, CH), 2.30-2.12 (3H, CH(sulfolane)), 2.18 (1H, CH(sulfolane)), 2.05 (1H, CH).

3.2.3 Synthesis of Polyhydromethylsiloxane Based Polymer Electrolytes.

Synthesis of polyhydromethylsiloxane-g-2-allyltetrahydrothiophene 1,1-
dioxide (PHMS-g-ACS). PHMS (1.2 g) was charged into a pre-dried three-neck round
bottom flask equipped with a condenser and a magnetic stirrer. The flask was then attached
to a vacuum line and degassed overnight. 2.5 g of ACS and 40 mL of acetonitrile was then
added to the flask via a gas-tight syringe followed by the addition of 30 uL of Pt[dvs]. The
reaction mixture was stirred at 65 °C for 24 h. The reaction progress was monitored using
'H-NMR spectroscopy (by the disappearance of Si-H at 4.72 ppm). Upon the completion
of reaction, the mixture was concentrated and precipitated into excess methanol three times.

The *H-NMR spectra of these polymers are shown in the Discussion section.
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Synthesis of polyhydromethylsiloxane-g-vinyl ethylene carbonate (PHMS-g-
VEC). PHMS (2.4 g) was charged into a pre-dried three-neck round bottom flask equipped
with a condenser and a magnetic stirrer. The flask was then attached to a vacuum line and
degassed overnight. 3.56 g of ACS and 40 mL of acetonitrile were then added to the flask
via a gas-tight syringe followed by the addition of 30 pL of Pt[dvs]. The reaction mixture
was stirred at 65 °C. The reaction progress was monitored using *H-NMR spectroscopy
(by the disappearance of Si-H at 4.72 ppm). Upon the completion of reaction, the mixture
was concentrated and precipitated into excess methanol three times.

Synthesis of polyhydromethylsiloxane-g-tris(2-methoxyethoxy)vinylsilane
(PMHS-g-TES). PMHS-g-TES was synthesized via hydrosilylation of TES. PMHS (2.0
g) and TMS (2.4 g) were dissolved in toluene followed by the addition of Pt[dvs] (30 uL).
The reaction was purged with Ar and then stirred at 60 °C. The reaction progress was
monitored by *H-NMR. Upon the completion of reaction, the solvent was removed and

yielded brown oil. Yield=4.4g, 100%.

3.3 Results and Discussion

3.3.1 Synthesis of Polyhydromethylsiloxane (PHMS).

PDMS could be synthesized via ring opening polymerization of cyclic monomer
D3 or D4. The molecular weight could be controlled through the ratio of monomer/end-
blocker.?’ To attach the high dielectric moiety to the PDMS backbone, PHMS was used as

parent polymer. The preparation of designed polymer electrolytes could be realized through
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hydrosilylation. Because Si-H bond is susceptible to nucleophilic attack by the basic
initiator, the synthesis of PHMS was therefore carried out via cationic ring opening

polymerization initiated using TFA. The synthetic strategy is shown in Scheme 3.1
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Scheme 3.1. The synthetic routine for polymer electrolytes.
The molecular weight of PMHS could be controlled by the ratio of monomer/ end-
blocker (D4H: HDS). The molecular weight was determined by end-group analysis through

'H-NMR (Figure 3.1). The calculate DP=38.14, M,=~2,450 g/mol.
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Figure 3.1. *H-NMR spectrum of PHMS.
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3.3.2 Synthesis of 2-Allyltetrahydrothiophene 1,1-Dioxide (ACS).

The a-hydrogens of tetrahydrothiophene 1,1- dioxide (THTD) are acidic due to the
resonance and inductive effect of the sulfonyl oxygens. Therefore, they can undergo
nucleophilic reactions with strong bases, such as n-BuLi. The attachment of vinyl moiety
was then performed through the coupling reaction between carbanion and allyl bromide.
Since the two a-hydrogens have same reactivity, chromatography was then carried out to
isolate the mono-allyl sulfone. The desired product was then characterized using *H-NMR

spectroscopy (Figure 3.2).

3.3.3 Synthesis of PDMS-Based Polymer Electrolytes

Hydrosilylation using Karstedt’s catalyst is one of the most convenient methods to
attach vinyl moiety to PHMS backbone.?*??> Following this protocol, PHMS-g-ACS,
PHMS-g-VEC and PHMS-TES were prepared and characterized using *H-NMR
spectroscopy (Figure 3.3). The absence of Si-H (4.70 ppm) and new peak corresponding to
Si-CH2-CH>- emerged at 0.57 ppm (Figure 3.3A) indicates that the hydrosilylation was

quantitative.

3.3.4 lonic Conductivity and lon Transport Mechanism

In the case of polymer electrolytes, ion transport depends on the local segmental
dynamics, while the motion of the entire chain controls viscosity. These electrolytes were

mixed with different portions of LiTFSI. The results are summarized in Table 3.1.
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Figure 3.2. The *H-NMR spectrum of mono-allyl sulfone in CDCls.
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Figure 3.3. The *H-NMR spectra of (A) PHMS-g-ACS in CDCls, (B) PHMS-VEC

in DMSO, and (C) PHMS-g-TEO in CDCls.
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Table 3.1. Summary of ionic conductivity, glass transition of PHMS based polymer

electrolytes.
lonic conductivity at room
Tg
Sample Salt temperature
°C S/cm
PHMS-VEC NA -36.5 4.68x107°
PHMS-VEC LiTFSI-3% -36.1 4.67x10°7
PHMS-VEC  LiTFSI-10% -39.1 1.82x10°
PHMS-VEC  LiTFSI-30% -43.2 9.58x10®
PHMS-VEC  LiTFSI-50% -44.7 3.42x10°®
PHMS-ACS NA -21.3 4.68x10°
PHMS-ACS LiTFSI-3% -21.5 6.41x10®
PHMS-ACS  LiTFSI-10% -24.5 1.49x10°
PHMS-ACS  LiTFSI-30% -27.9 4.74x107
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When VEC was grafted on the PDMS backbone, the ionic conductivity increased
with the increased loading of LiTFSI. This is because cyclic carbonate which has a high
dielectric constant can promote ion-pair dissociation of LiTFSI salt.?®> On the other hand,
Tq decreased as the concentration of LiTFSI increased. The fast chain motion was attributed
not only to the soft backbone but also to the plasticizer effect of TFSI. This leads to an
ionic conductivity as high as 9.58x10° S/cm at room temperature.

When using ACS as pendant group, only up to 30 wt% of LiTFSI is able to be
dissolved. Nevertheless, dielectric spectra also showed a similar trend, lithium conductivity
increases as the loading of LiTFSI increases (Figure 3.4). The dielectric spectra of these
two systems exhibits that lithium transport was coupled with the polymer chain relaxation,
as proved by the VTF behavior. The highest performance of PHMS-g-ACS (up to 4.74x10
"S/cm) was achieved with 30% of LiTFSI. However, this is still two orders of magnitude
lower than PEO/LiCIO4 system, which could be attributed to reduced chain segmental
dynamics.

In the case of PHMS-g-TES, we tried to investigate the effect of lithium salts on
the ionic conductivity by using LiTFSI and LiPFe. The neat polymer has one of the lowest
Tgs among known polymers.?* Its low glass transition temperature would help to achieve
desired conductivity at room temperature. The heat flow curves from DSC measurements

are illustrated in Figure 3.5.
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Figure 3.4. Conductivity of PHMS-g-ACS as a function of 1000/T.
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There was no crystallization observed with any of the following samples. All the
samples exhibited one glass transition (Tg) process that was clearly seen for each of the
heat flow curves (Figure 3.6). It is worth noting that when increasing the salt concentration
of each sample the T, increase compared to the neat sample. LiTFSi samples have a lower
glass transition temperature compared to LiPFe. This difference could be attributed to the
coulombic interaction of the salts inside the polymer matrix.

The d.c. and a.c. conductivities are shown in Figure 3.7c. The relaxation process is
clearly observed at the maximum peak in the M” representative. The conductivity

relaxation time is obtained from the M” maximum peak by taking the frequency, f,, and by
i -1
using the 7, = /Zﬂfa'
Detailed analysis shows that an ionic conductivity of 5.5x10° S/cm was reached
with 30 wt% of LiPFs. The polymer electrolyte also shows a clear crossover from VFT-
like temperature to Arrhenius behavior of conductivity at T, is known for many materials

with high ionic conductivity (Figure 3.8). The crossover temperature marks the T, and the

values obtained from DSC are comparable to each other.

3.4 Conclusion

Polysiloxane based electrolytes were prepared and characterized using NMR,
dielectric spectroscopy. Three different pendant groups: cyclic carbonate, sulfone, and tri-

arm ethylene oxide were studied. When doped with LiTFSI, PHMS-g-VEC showed a room
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Figure 3.6. Heat flow from the DSC curves showing the glass transition for all the
samples. The presented data was recorded on cooling. Worth noting for increase of salt

concentration, the glass transition temperature increased, respective to that of the neat

sample.
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temperature of 9.58x10° S/cm. on the other hand, PHMS-g-ACS showed conductivity
almost two orders of magnitude lower. When tri-arm ethylene oxide unit was investigated,
It has been suggested that siloxane-based polymer has an ideal structural relaxation rate

that would promote ion conduction.
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CHAPTER 4 Polymerized lonic Liquid based on PDMS Backbone:

ionic transport under pressure
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Abstract

Polymerized ionic liquids (PILs), composed mostly of organic ions covalently
bonded to the polymer backbone and free counterions, are considered ideal electrolytes for
various electrochemical devices, including fuel cells, supercapacitors and batteries. In this
chapter, we report the synthesis of polysiloxane based ionic liquid. The structure was
characterized using NMR and IR. In addition, dielectric spectroscopy revealed that a rather
high conductivity of 3.3x10° S/cm at room temperature was achieved. High pressure

conductivity studies help to identify the charge transport mechanism in this PIL.
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4.1 Introduction

Ever increasing energy demand has become one of the greatest challenges of our
time.2* This in turn creates a growing demand for various types of energy storage devices
in households and in industry.*” Therefore, a significant research effort during the past
decade has been focused on the development of new functional materials for energy
storage.®12 Since the discovery of polyethylene oxide based electrolytes in 1970s, this new
type of electrolytes has attracted massive attention.*” Unfortunately, over the past
decades, rare examples have been shown to have ionic conductivity exceeding 10 S/cm
at room temperature, which is a minimum requirement for practical applications.! 18

The family of polymerized ionic liquids (PILs), combining unique futures of ionic
liquids with the outstanding mechanical properties of polymers, might offer an ideal
solution for these purposes.'® PILs are non-flammable, have low vapor pressure, and good
electrode compatibility.® They are fast becoming promising candidates for applications
such as the polymer-electrolyte-membrane fuel cells, lithium batteries and
supercapacitors.?>2® For example, the TFSI based electrolytes have been shown to cycle
well with Li metal electrode, providing a significant enhancement in energy densities.?*
Furthermore, there are almost unlimited combinations of cations, anions and polymer
chains.?® Numerous researcher reported the synthesis of ILs and PILs. However, few of
them barely achieve room temperature conductivity larger than 10 S/cm.26-28

Poly(dimethylsiloxane) (PDMS) is a well-known inorganic polymer with a large

variety of industrial applications.?®3? Its unique features, such as extremely low glass
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transition temperature, optical transparency, elasticity, high thermal and chemical stability
of PDMS make it a promising candidate for use as the polymer hosts for PILs.3? However,
due to its hydrophobic nature, PDMS is immiscible with many ILs.*?

Herein we describe a facile method to overcome the immiscibility between PDMS
and ILs by grafting IL precursor to the PDMS backbone through facile hydrosilylation.
Followed by neutralization reaction and metathesis reaction, PDMS based PILs could be
synthesized with high grafting density and highly tunable properties. In this work, we
employ high pressure conductivity measurements to reveal the charge transport mechanism

in PILs.

4.2 Experimental Section

Materials. Platinum(0)-1,3-divinyl-1,1,3,3-tetramethyldisiloxane complex
solution in xylene, Pt ~2% (Pt[dvs], Aldrich) and lithium bis(trifluoromethane) sulfonimide
(LiTFSI, 99.95%, Aldrich) were used as received. 5-Bromo-1-pentene (B5B, 99%, Acros
Organics), 1-methylimidazole (Imi, 99%, Acros Organics) was distilled over CaH. before
use. Toluene was refluxed over sodium overnight before use. All the reactions were carried
out under inert atmosphere.

Instrumentation. *H-NMR were measured using Varian Mercury 500. Attenuated
total reflectance infrared spectroscopy (ATR-IR) were conducted using a Nicolet iS50 FT-
IR spectrometer equipped with a deuterated triglycine sulfate (DTGS) detector.
Electronspray ionization mass spectrometry (ESI-MS) was measured using Applied

Biosystems QStar Elite system. Dielectric measurements. Isobaric dielectric measurements
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at ambient pressure from 107 to 10’ Hz were carried out using a Novocontrol GMBH
Alpha dielectric spectrometer. For the isobaric measurements, the sample was placed
between two stainless steel electrodes of the capacitor with a gap of 0.1 mm. The dielectric
spectra of PILs were collected over a wide temperature. The temperature was controlled

by the Novocontrol Quattro system, with the use of a nitrogen gas cryostat.

4.2.1 Synthesis of Polyhydromethylsiloxane (PHMS).

D4H (6.0 g, 24.9 mmol) and HDS (0.41 g, 2.5 mmol) were charged to a flame-dried
round bottom flask equipped with a stir bard through rubber septum. TFA (30 pL) was then
carefully added into the mixture via a gas-tight syringe. The mixture was stirred for 20 min
at room temperature and then heated to 65 °C and stirred for 3 days. The mixture was then
cooled to room temperature and diluted with ether and followed by the neutralization with
K2COs aqueous solution. After extraction with petroleum ether (100 mLx3), organic layer
was collected and dried over MgSOas. The solvent was then removed under reduced
pressure and cyclic oligomers were distilled off at 130 °C under high vacuum. A clear
viscous liquid was collected. Yield=4.9 g, 66.7%. *H-NMR (CDCls, 500 MHz), § (ppm):

4.72 (Si-H), 0.06 (Si-CHs).
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4.2.2 Synthesis of 3-Methyl-1-(pent-4-en-1-yl)-1h-imidazol-3-ium Bromide (Imi-

Br).

The synthesis was modified based on previously reported work.3* To a pre-dried
two neck round bottom flask equipped with a condenser and a magnetic stirrer was charged
B5B (3.0 g, 20.1 mmol, 1.1eq) and Imi (1.50 g, 18.3 mmol, 1eq). The reaction mixture was
then stirred at 70 °C for 24 h. The deep orange viscous oil was washed with ethyl acetate
three times and dried in vacuum oven at 40°C. Yield: 4.2 g, 99%. *H-NMR & (CDCls, 500
MHz): 10.18 (1H, NCHN); 7.60 (1H, CH3NCHCHN); 7.48 (1H, CHsNCHCHN
imidazolium); 5.66 (1H, CH,=CH-); 4.94 (2H, CH>=CH-); 4.27 (2H, NCH2CH2CH>- );
4.04 (3H, N-CHa); 2.12-1.88 (4H, -CH»-CH>-). Mass (ESI+) m/z: 151.12 (Imi), (ESI-) m/z:
78.92 (Br).

Synthesis of 3-methyl-1-(pent-4-en-1-yl)-1H-imidazol-3-ium bis
(trifluoromethane) sulfonamide (Imi-TFSI). The anion exchange was carried out with
LiTFSI using the similar process as reported earlier.®* LiTFSI (2.44 g, 13.0 mmol) was
added to a solution of Imi-Br (2.0 g, 8.65 mmol) in dichloromethane (50 mL, DCM) and
stirred for 24 h. The reaction mixture was then filtered and the filtrate was washed with DI-
H20 until no precipitation occurred in the aqueous phase on the addition of AgNOs3
solution. DCM layer was concentrated to yield a light orange oil. Yield: 2.7 g, 95%. 'H-
NMR § (acetone-ds, 500 MHz): 9.06 (1H, NCHN); 7.79 (1H, CHsNCHCHN); 7.72 (1H,

CH3NCHCHN); 5.81 (1H, CH2=CH-); 5.02 (2H, CH2=CH-); 4.38 (2H, NCH2CH2CH>- );

142



4.07 (3H, N-CHg); 2.19-2.01 (4H, -CH2-CH,-). Mass (ESI+) m/z: 151.12 (Imi), (ESI-) m/z:

279.91 (TFSI).

4.2.3 Synthesis of Polymethylhydrosiloxane-graft-5-imidazolium-1-pentene bis

(trifluoromethane) sulfonamide (PMHS-Imi-TFSI).

To a pre-dried two neck round bottom flask equipped with a condenser, a rubber
septum and a magnetic stirrer was added PMHS (2.0 g, 0.84 mmol) and B5B (5.0 g, 33.6
mmol, 40 eq) The reactor was purged with Ar for 20 min followed by the addition of
Pt[dvs] (30 uL). The reaction mixture was then stirred at 60 °C. The reaction progress was
monitored using *H-NMR spectroscopy. Upon the completion of reaction, the solvent was
removed and precipitated into excess methanol to obtain brown oil. Yield: 5.9 g, 98%. *H-
NMR § (CDCls, 500MHz): 3.41 (-CH2-Br); 1.86 (-CH2CH2-Br); 1.28-1.53 (-CH2CHy-);
0.53 (Si-CHy); 0.07 (Si-CHs3).

Synthesis of polymethylhydrosiloxane-graft-5-imidazolium-1-pentene
bromide (PMHS-Imi-Br). To a two-neck round bottom flask equipped with a condenser
and a magnetic stirrer was added the solution of PMHS-B5B (2.4 g, 0.36 mmol) in DCM
(30 mL) and 1-methylimidazole (1.03 g, 12.5 mmol, 35 eq). The reaction was stirred at 70
°C for 72 h. Upon the completion of the reaction, the solvent was removed under reduced
pressure and the product was recovered by washing with DCM three times and drying in
vacuum oven at 40 °C. Yield: 3.2 g, 98%. 'H-NMR § (D20, 500 MHz): 8.95 (NCHN); 7.56
(CH3sNCHCHN); 4.26 (NCH_-); 3.95 (N-CHs); 2.14-1.27 (4H, -CH2-CH>-); 0.58(Si-CHz);
0.10 (Si-CHz3). Mass (ESI-) m/z: 78.92 (Br).
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Synthesis of polymethylhydrosiloxane-graft-5-imidazolium-1-pentene bis
(trifluoromethane) sulfonamide (PMHS-Imi-TFSI). To a one neck round bottom flask
equipped with a magnetic stirrer was added the solution of PMHS-Imi-Br (1.0 g, 0.11
mmol) in deionized water DI-H20 (20 mL) followed by the addition of LiTFSI (1.3 g, 6.9
mmol, 64 eq). The mixture was stirred at room temperature for 7 days. The precipitation
was further washed with DI-H20 3 times and dried in vacuum oven at 40 °C. Yield: 1.5 g,
99%. 'H-NMR § (acetone, 500 MHz): 8.87 (NCHN); 7.66 (CHsNCHCHN); 4.30 (NCH2-
); 4.02 (N-CHs); 2.03-1.30 (4H, -CH2-CH,-); 0.61 (Si-CH>); 0.13 (Si-CH3). Mass (ESI-)

m/z: 279.91 (TFSI).

4.3 Results and Discussion

4.3.1 Synthesis of PHMS Based lonic Liquids.

The synthetic procedure is shown in Scheme 4.1. PMHS-B5B was synthesized via
hydrosilylation reaction between PMHS and B5B using Karstedt’s catalyst. Upon the
completion of the reaction, vinyl protons disappeared in the *H-NMR spectra while the
new protons corresponding to Si-CH»-CH> appear (0.54 ppm and 1.39 ppm). On the other
hand, the absence of the peak corresponding to Si-H (6=4.70 ppm) indicates the
hydrosilylation reaction was 100% as shown in Figure 4.1A.

Quaternization of PMHS-B5B was then carried out with 1-methylimidazole (Imi)
to obtain PMHS-Imi-Br. A slight excess amount of 1-methylimidazole was added to the

solution of PMHS-B5B in dichloromethane (DCM). Precipitate formed as the reaction
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Figure 4.1. 'H-NMR spectrum of (A) polymethylhydrosiloxane-graft-5-bromo-1-

pentene (PMHS-B5B) in CDClz and (B) polymethylhydrosiloxane-graft-5-imidazolium-1-
pentene bromide (PMHS-Imi-Br) in D20.
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proceeded. After the reaction was completed, the product was isolated, dried and further

characterized using H-NMR and ATR-IR. From its H-NMR spectrum, new peaks

corresponding to imidazolium emerged at 7.56 and 8.96 ppm after quaternization.
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Scheme 4.1. Synthetic routine of Imi-Br, Imi-TFSI, PMHS-Imi-Br and PMHS-Imi-

TFSI.
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The chemical shift of CH2 next to Br was altered from 3.41 ppm to 4.10 ppm, which
could be attributed to the presence of positively charged imidazolium moiety as shown in
Figure 4.1B.

Furthermore, PMHS-Imi-TFSI was prepared through metathesis with LiTFSI in
DI-H20. Because the product is insoluble in H20, it could be purified by washing with DI-
H20 multiple times. After washing, the clear upper layer was mixed with AgNQO3 solution,
no precipitation was observed indicating the absence of bromide ion. ESI-MS analysis also
showed that absence of Br~ peak, while peak 279.91 corresponding to TFSI™ was present.
Therefore, complete anion exchange was achieved and further characterized by ATR-IR.

On the other hand, the quaternization of 1-methyl-2-imidazole using brobutane
were also carried out. The 1H-NMR spectrum showed characteristic peak of imidazolium
protons at 10.18, 7.61, and 7.47 ppm, respectively (Figure 4.2). In addition, the IR spectrum
of Imi-TFSI showed characteristic absorption peaks of asymmetric, symmetric vibration of
0=S=0, and S-N-S at 1342 cm™, 1128 cm™ and 1045 cm™, respectively (Figure 4.3). These
peaks were also observed in PMHS-Imi-TFSI. Furthermore, ESI-MS results showed that
there was no mass speak corresponding to Br~ (78.92) as shown in Figure 4.4.

These results suggested that the anion exchange was successful. Nevertheless, it should be
noted that IR absorption of O-H stretch (~ 3415 cm™) was observed in Imi-Br (Figure
4.3A(a)) and PMHS-Imi-Br (Figure 4.3 B(c)). It was attributed to the moisture absorbed

by these hygroscopic ionic liquids/polymerized ionic liquids.
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Moreover, due to the difference in hydrophobicity of anions in PMHS-Imi-Br and
PMHS-Imi-TFSI, their solubility behavior was also investigated and the results are

summarized in Table 4.1.

4.3.2 lonic conductivity

In this PIL, TFSI anions are able to move freely while imidazolium cations are
immobilized. Dielectric loss and conductivity vs frequency spectra of PHMS-Imi-TFSI are
shown in Figure 4.5. Two clearly visible regions characterize the real part of the complex
conductivity spectra: the power law behavior observed at higher frequencies and
frequency-independent plateau that corresponds to the dc-conductivity odc.

Figure 4.6 reveals that the movement of TFSI was coupled with the polymer
segmental relaxation, perfectly fit to VFT behavior. Because of the flexible PDMS as
backbone and the plasticizer effect of TFSI,*® the room temperature ionic conductivity
reached 3.3x10° S/cm. The ion transport shifted from Vogel-Fulcher-Tamman (VFT)
behavior to Arrhenius behavior (green line in Figure 4.6) as the temperature dropped below
Tg (Te= -46.2 °C), which is a typical behavior observed in ionic systems. This is because
the chain motion freezes below Ty, and the motion of ions were controlled by the diffusion.

Moreover, to provide microscopic details of the charge transport mechanism in
examined PIL we also carried out high pressure dielectric measurements. As the pressure
increased, the PIL was squeezed and the free volume decreased Figure 4.7 indicates that

isothermal compression has basically the same effect on ion dynamics as isobaric cooling.
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Table 4.1. The solubility of PMHS, PMHS-Imi-Br and PMHS-Imi-TFSI in several

common solvents.

Sample name Toluene CHCIlz  Acetone THF MeOH H20
PMHS * + + + - -
PMHS-Imi-Br - - - - + +
PMHS-Imi-TFSI - - + - - -

Denote: + is soluble; - is insoluble.
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At extremely high pressure the time scales of charge transport and segmental
dynamics of PHMS-Imi-TFSI was found to be almost the same. In this PIL, only TFSI
anion is freely moving through free volume associated with frustration in polymer chains
packing. Therefore, any reduction of free volume, including compression-induced, should
result in slowing down of charge transport at the same segmental relaxation time. PHMS-
Imi-TFSI with the same TFSI counterion exhibits the smallest decoupling, consistent with
the expectation that the most flexible chain should reveal better packing and lower free

volume.

4.4 Conclusion

In this chapter, we introduced an efficient synthetic approach for PDMS based ionic
liquids. Through hydrosilylation, quaternization and metathesis reaction, the desired PIL
was synthesized successfully and further characterized using NMR and IR. By changing
the anion, PIL showed varied solubility behavior. In addition, dielectric spectroscopy data
showed a room temperature ionic conductivity of 3.3x10° S/cm. Under high pressure

condition, the ionic conductivity dropped drastically due to the loss of free volume.
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CHAPTER 5 Synthesis of Well-Defined Poly(2-1sopropenyl-2-
Oxazoline): Homopolymer And Block Copolymer via Living Anionic

Polymerization
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Abstract

Poly(2-isopropenyl-2-oxazoline) (PIPOx) has drawn significant attention for
numerous applications. However, the successful living anionic polymerization of 2-
isopropenyl-2-oxazoline has not been reported previously. Herein, we describe how well-
defined PIPOx with quantitative yields, controlled molecular weights from 6,800 to over
100,000 g/mol, and low polydispersity indices (PDI = 1.17) were synthesized successfully
via living anionic polymerization using diphenyl methyl potassium/diethyl zinc (DPM-
K/Et2Zn) in tetrahydrofuran (THF) at 0 °C. In particular, we report the precise synthesis of
well-defined PIPOx with the highest molecular weight ever reported (over 100,000 g/mol)
and low PDI of 1.17. The resulting polymers were characterized by 1H- and 13C-nuclear
magnetic resonance spectroscopy (NMR), along with size exclusion chromatography
(SEC). Additionally, the reactivity of living PIPOx was investigated by crossover block
copolymerization with styrene (St), 2-vinyl pyridine (2VP), and methyl methacrylate
(MMA). It was found that the nucleophilicity of living PIPOX is of this order: living PS >
living P2VP > living PMMA > living PIPOX. The self-assembly behavior in bulk of PIPOx-
b-PS-b-PIPOX triblock copolymers having different block ratios of 10:80:10 and 25:50:25
was studied using transmission electron microscopy (TEM). The formation of spherical

and lamellar nanostructures, respectively, was observed.
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5.1 Introduction

Functional polymers containing heterocyclic units have received a great deal of
attention and played critical roles in material science and polymer chemistry® because they
demonstrate potentially exploitable properties such as optical, catalytic, electrochemical,
sensory, photochemical, magnetic, and mechanical behavior.>® Among heterocycle-
containing monomers, 2-isopropenyl-2-oxazoline (IPOx) is quite versatile because 2-
isopropenyl-2-oxazoline (IPOx), as a dual-functional monomer, can undergo living
cationic ring-opening polymerization via the oxazoline moiety resulting in poly(2-
oxazoline)s, which have found multiple pharmaceutical and medical applications.* In
addition, IPOx can be polymerized through the vinyl moiety leading to poly(2-isopropenyl-
2-oxazoline) (PIPOx). PIPOxs are water-soluble, showing specific reactivity in
quaternization and addition reactions with a variety of nucleophiles,® and they can serve as
an electron transporting medium in organic electronic divices.® Moreover, PIPOx-
containing copolymers and block copolymers have shown the ability to form self-
assembled nanostructures, such as micelles and vesicles, which show great potential for
drug and gene delivery.”1°

For the preparation of these interesting oxazole-containing polymers, several
research groups have demonstrated free radical, anionic, and RAFT (reversible addition
fragmentation chain transfer) polymerization via the a-carbon, and cationic ring opening
polymerization (CROP) through the B-carbon.!! In this regard, Jordan et al. produced
cylindrical molecular brushes on a modified silicon substrate via surface-initiated radical

163



polymerization and CROP of oxazoline units in PIPOx and thus studied their protein and
cell adhesion behavior,*? and Schubert et al. employed RAFT polymerization to synthesize
PIPOx homopolymers and copolymers of IPOx with MMA and NiPAM (N-iso-
propylacrylamide). The polydispersity indices (PDIs) of the resulting polymers were
reduced significantly as compared with products of conventional free radical
polymerization.®* Atom-transfer radical polymerization (ATRP) of IPOx was also
attempted, but it was not successful due to strong coordination of the Cu catalyst with the
oxazoline moiety.'*

Rieger et al. reported successful synthesis of well-controlled PIPOx materials
(MW= 21,000 g/mol) with very low PDI and a yield of 95 % via rare earth metal-mediated
group transfer polymerization (REM-GTP).!* Recently, Kelland et al. studied the
performance of a kinetic hydrate inhibitor using well-defined PIPOx synthesized
anionically using the n-butyllithium (n-BuLi)/lithium chloride (LiCl) initiator system and
obtained a maximum molecular weight (MW) of approximately 29,000 g/mol with PDI of
1.23.%° To the best of our knowledge, none of these approaches have produced well-defined
PIPOx with a combination of quantitative yield, very low PDI (< 1.15), and high MW (>
30,000 g/mol). Consequently, superior synthetic methods for the preparation of well-
defined PIPOx and block copolymers containing PIPOx segments are required for specific
applications and for creation of various nanostructures by self-assembly of amphiphilic

homopolymers,16-18
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Living anionic polymerizations has proven itself over the past 60 years to be the
most powerful method for the synthesis of homopolymers and block copolymers with
various tailored architectures and very low PDIs.'*?° In this study, we developed novel
synthetic methods to produce well-defined PIPOx with controlled molecular weight and
narrow polydispersity via anionic polymerization in tetrahydrofuran (THF) using different
initiators based on alkyllithiums and aryl potassium, with additives including 1,1-
diphenylethylene (DPE), LiCl, and Et.Zn at -78, -41, 0, and 25 °C. Well-defined PIPOx
homopolymers with MW up to 100,000 g/mol were synthesized. To understand the living
nature and reactivity of PIPOX, crossover sequential block copolymerizations of IPOx with
styrene, 2-vinyl pyridine, and methyl methacrylate were carried out. The microphase self-

assembly of PIPOx-b-PS-b-PIPOx block copolymers in bulk was also examined.

5.2 Experimental Section

Materials. The monomers 2-isopropenyl-2-oxazoline (IPOx, 99%, Aldrich), 2-
vinyl pyridine (2VP, 99% Aldrich), styrene (St, 99%, Aldrich) and methyl methacrylate
(MMA, 99%, Aldrich) were passed through basic alumina columns, dried over CaH> and
twice distilled under reduced pressures of 10" and 10® mm Hg. These monomers were
diluted and transferred to pre-calibrated ampoules equipped with break-seals under high
vacuum conditions and stored at -30 °C. THF (Fisher scientific, HPLC grade) was distilled
over potassium naphthalenide solution under reduced pressure (10°° mm Hg) on a high

vacuum line.
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Initiators. n-Butyllithium (n-BuL.i) solution (1.6 M in hexanes, Aldrich) and sec-
butyllithium (sec-BuLi) solution (1.4 M in cyclohexane, Aldrich) were diluted and
ampoulized on a high vacuum line. Lithium chloride (99.999%, LiCl, Aldrich) was dried
at 130 °C for 2 days and then diluted to the target concentration in THF and ampoulized
under a reduced pressure of 10 mm Hg. Sodium (Na-Naph) and potassium naphthalenide
(K-Naph) were prepared by the reaction of the corresponding metal with naphthalene in
THF at room temperature for 48 h. Diphenyl methyl potassium (DPM-K) was prepared by
the reaction of K-Naph with diphenylmethane in THF under high vacuum conditions at
room temperature for 72 h.2*?? (3-Methyl-1,1-diphenylpentyDlithium was prepared by
adding s-BuLi solution dropwise to 1,1-diphenylethylene (DPE). Triphenylmethyl
potassium (TPM-K) was prepared by the reaction of triphenylmethane (TPM, Aldrich,
99%) and potassium in THF at room temperature for 2 days, and the excess K metal was
removed by passing the solution through a glass filter under high vacuum conditions.?
Concentrations of DPM-K and TPM-K were determined by titration using octyl alcohol
and used for anionic polymerization. All initiators were sealed off under high vacuum into
ampoules with break seals and stored at -30 °C.

Instrumentation. NMR spectra were recorded on a liquid state Varian VNMRS
500 MHz spectrometer at 25 °C. The internal standard was CDCls at 7.26 ppm. Attenuated
Total Reflection-IR (ATR-IR) spectra were obtained using a Nicolet iS50 FT-IR
spectrometer equipped with a deuterated triglycine sulfate (DTGS) detector. Size exclusion

chromatography (SEC) was performed on a modular (Waters pump Model 515 HPLC,
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Knauer RI detector, Mini-DAWN multi-angle light scattering detector) using PSS columns
as the stationary phase and N, N-dimethylformamide (DMF, T = 25 °C, 1 mL/min) as the
mobile phase. The calculation of the weight-average molecular weight (Mw) and number-
average molecular weight (M,) was based on PS standards and, in some cases, light
scattering. Before each SEC measurement, a solution of the polymer sample in DMF was
prepared at a concentration of 2.0 mg/ml and filtered through a 0.2 um pore size PTFE
filter. The specific refractive index increment (dn/dc = 0.01048 mL/g) was determined
using the Wyatt Optilab Rex in DMF at 25 °C with a laser, A = 658.0 nm. Transmission
electron microscopy (TEM) images were acquired using a ZEISS LIBRA 200 instrument.
The TEM samples were first annealed at 180 °C under high vacuum for 4 days, trimmed
and microtomed into ~40 nm thick slices. The thin slices were then loaded onto carbon
coated TEM grids and stained with iodine vapor for 30 min before use. Differential
scanning calorimetry (DSC) was performed on a TA Q2000 instrument with a scanning
rate of 5 °C/min under N2 atmosphere. In order to eliminate the effect of thermal history,
the second heating cycle was selected for use in measuring the glass transition. Thermal
gravimetric analysis (TGA) was performed on a TA Q50 instrument with a heating rate of

10 °C/min under N flow.

5.2.1 Synthesis of IPOx Homopolymers via Anionic Polymerization.

Anionic polymerization of IPOx with n-BuLi. The anionic polymerization of
IPOx was performed in glassware equipped with break seals under high vacuum (10 mm

Hg) for 120 min. n-BuLi (0.054 mmol) in heptane (2.50 mL) was transferred into the
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reaction flask and thermally equilibrated at -78 °C. Chilled solution of IPOx (5.01mmol)
in THF (6.40 mL) was then added to the initiator solution. The polymerization mixture was
kept at this temperature for 120 min and terminated with degassed methanol (1.00 mL).
Then the reaction mixture was concentrated and dissolved in chloroform, precipitated from
diethyl ether twice and dried in a vacuum oven at 40 °C.

Anionic polymerization of IPOx with DPM-K. The procedure of anionic
polymerization and purification was followed as described above, except using DPM-K as
an initiator instead of n-BuLi at -78 and 0 °C.

Anionic polymerization of IPOx with s-BuLi and DPE. DPE (0.15 mmol) in
THF (1.53 mL) was added to s-BuL.i (0.058 mmol) solution in heptane at -78 °C. The color
turned from colorless to yellow indicating (3-methyl-1,1-diphenylpentyl)lithium was
formed. The chilled solution of IPOx (5.18 mmol) in THF (6.60 mL) was then added to the
initiator mixture after 30 min. Polymerization was terminated with degassed methanol. The
purification procedure was performed as described above.

Anionic polymerization of IPOx with DPM-K and Et2Zn. A typical
polymerization procedure is described as follows. The solution of DPM-K (0.093 mmol)
in THF (4 mL) was transferred to main reactor at -78 °C and the solution of Et.Zn (1.76
mmol) in THF (2 mL) was added to DPM-K solution at -78 °C. The solution of IPOXx
monomer (7.28 mmol) in THF (9.30 mL) was then added to the initiator mixture and the
solution was maintained at -78 °C for 30 min to allow for complete initiation. The

propagation in anionic polymerization was performed for 10 to 24 h at -78, -41, 0, and 25
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°C. The polymerizations were terminated with degassed methanol. The purification of the
polymer was performed as described above. The resulting polymer was characterized by
SEC, DSC, TGA, H- and *C-NMR, and FT-IR. *H-NMR spectra (500 MHz, CDCl3), &
(ppm) = 4.08 - 4.25 (2H, CH: of the pendant oxazoline), 3.65 - 3.85 (2H, CH: of the pendant
oxazoline), 1.70 - 2.00 (2H, CH: of the polymer backbone), 1.01 - 1.56 (3H, a-CHa). *C-
NMR spectra (75 MHz, CDCl3s), 6 (ppm) = 172.97 (C, N=C-O of the pendant oxazoline),
66.95 and 54.27 (CH,-CH. of the pendant oxazoline), 40.11 (CH; of the polymer
backbone), 20.00 and 18.00 (a-CHs, heterotactic and syndiotactic). FT-TR (cm™): 2928
(C-H stretch, m), 1652 (C=N, stretch, s), 1125 (C-O (unconjugated), stretch, s), 991, 960,
928 (oxazoline ring skeleton vibration).

Anionic polymerization of IPOx with K-NaPh, Na-NaPh, and TPM-K. The
solution of K-Naph, Na-Naph, and TPM-K in THF, respectively, was transferred into the
reaction flask and then the solution was thermally equilibrated at -78 °C. The chilled
solution of IPOx in THF was added to the initiator solution and polymerization was carried
out at -78 °C for 10 and 12 h. After terminating with degassed methanol, the polymers were

obtained as described above.

5.2.2 Synthesis of IPOx Block Copolymers via Anionic Polymerization.

Block copolymerization of 2VP with IPOx using DPM-K and Et2Zn. Living
poly(2-vinylpyridine) was prepared via living anionic polymerization using DPM-K at -78
°C for 30 min in an all-glass apparatus under reduced pressure of 10° mm Hg, as reported

previously.?*2® A small portion of living poly(2-vinyl pyridine) (P2VP) solution was
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transferred to an attached receiver and then characterized by SEC to determine M, of first
block P2VP. The solution of Et.Zn in THF was then added to the remainder of the living
P2VP solution, followed by addition of IPOx monomer. The monomer IPOx was initiated
at -78 °C for 5 min and then the anionic polymerization was kept at 0 °C for 12 h. The
polymers were obtained as described earlier. The resulting block copolymer was
characterized by SEC, 'H-NMR. *H-NMR spectra (500 MHz, CDCls), § (ppm) = 8.51-
8.08(pyridine), 7.51-6.98 (pyridine), 6.96-6.64 (pyridine), 6.55-6.10 (pyridine). 4.31-3.91
(CH: of the pendent oxazoline), 3.91-3.44 (CH: of the pendent oxazoline), 2.05-1.52 (CH2
of the polymer backbone), 1.42-0.89 (a-CH3).

Block copolymerization of MMA with IPOXx. The solution of DPM-K and Et2Zn
in THF was added to the glass apparatus and thermally equilibrated at -78 °C. The solution
of MMA in THF was then added. After 30 min, a small portion of the living PMMA
solution was transferred to an attached receiver, and the polymer was characterized by SEC
to obtain My, of first block, PMMA. The chilled solution of IPOx in THF was then added
at -78 °C with vigorous shaking. After 5 min, the polymeric mixture was warmed to 0 °C,
kept at 0 °C for 12 h, and terminated with degassed methanol. The polymers were obtained
as described earlier. The resulting block copolymer was characterized by SEC and 'H-
NMR. *H-NMR spectra (500 MHz, CDCls), § (ppm) = 4.31-4.07 (CH- of the pendent
oxazoline), 3.88-3.68 (CH: of the pendent oxazoline), 3.62-3.53 (-O-CHj, ester), 2.10-1.56

(CH: of the polymer backbone), 1.31-0.74 (a-CHby).
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Block copolymerization of Styrene with IPOx. The synthesis of PIPOx-b-PS-
b-PIPOX (fripox=0.5) is described as follows. The solution of K-Naph (0.087 mmol) in
THF (4.10 mL) was added to an all-glass apparatus at -78 °C and the chilled solution of St
(14.10 mmol) in THF (19.80 mL) was then added. The polymerization was kept at -78 °C
for 40 min. A portion of the living PS solution was transferred to an attached receiver and
the polymer was characterized by SEC to obtain My of the first block, PS. The solution of
DPE (0.23 mmol) in THF (2.40 mL) was then added to the living PS solution, followed by
EtoZn (1.04 mmol in 4 mL THF). The reaction mixture maintained at -78 °C for 30 min.
The chilled solution of IPOx (14.67 mmol) in THF was then added with vigorous shaking
for complete initiation. After 5 min, the solution was warmed to 0 °C, kept at this
temperature for 12 h, and terminated with degassed methanol. The polymer purification
procedure was performed as described earlier. The resulting block copolymer was
characterized by SEC, DSC and *H-NMR. *H-NMR spectra (500 MHz, CDCls), § (ppm) =
7.17-6.38 (phenyl), 4.21-4.03 (CH2 of the pendent oxazoline), 3.86-3.61 (CH: of the

pendent oxazoline), 2.05-1.33 (CH: of the polymer backbone), 1.31-0.97 (a-CHy).

5.3 Results and Discussion

5.3.1 Homopolymerization of IPOx with Different Initiation Systems.

All of the polymerizations in this work were carried out using high-vacuum and
glass blowing techniques.?® The conditions and results for homopolymerization using

different initiators, additives, reaction time, and temperatures are summarized in Table 5.1.
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Table 5.1. Synthesis of poly(2-isopropenyl-2-oxazoline) with different initiation

systems in THF.

IPOx Initiator Additive  Time Temp Yield® M, (x107°g/mol) PDI°
Run
mmol mmol mmol h °C %  caled®  obsd®
1 501 n-BuLi, 0.054 None 2 -78  57.8 103 8.8 2.38
2 574 DPM-, 0.065 None 2 =78 40.3 9.8 246 140
3 495 DPM-K, 0.071 None 2 04  70.0 7.8 223 1.52
s-BuLi/DPE, .
4 518 0.058/0.150 LiCl, 0.45 2 =78 40.0 7.7 6.80 1.13
s-BuLi/DPE, .
5 672 0.073/0.293 LiCl,0.49 10 -78 641 10.2 6.2 1.48

6 857 DPM-K,0.076 Et,Zn,1.00 10 -78  73.0 127 9.6 1.12
7 923 DPM-K,0.102 Et;Zn,1.00 24 -78  68.0 10.1 8.0 1.13
8 827 DPM-K,O0.087 EtZn,1.00 10 -45 604 10.6 7.8 1.15
9 728 DPM-K,0.093 EtZn,1.76 10 0 100 6.9 6.8 1.10
10 1020 DPM-K, 0.090 EtZn,1.35 12 25¢ 100 12.6 123 1.15
11 11.64 DPM-K, 0.023 EtZn,0.31 20 25 84.3 557 363 125

12 21.53 DPM-K, 0.031 Et:Zn,0.47 36 25 943 772 45.7  1.57

13 13.20 K-Naph, 0.189 None 12 0 100 15.5 14.0 1.30
14 9.10 Na-Naph, 0.180 None 10 0 100 11.2 16.0 1.50
15 8.85 TPM-K, 0.066 None 10 0 99.9 149 49.1 131

%Yield was calculated by the 'H-NMR integration of corresponding peaks.
®Mp(calcd)=(MW of IPOx) x [IPOx]/[initiator]x f x yield of polymer (%); f = 1 or 2,
corresponding to functionality of the initiators. “My(obsd) and PDI were determined by
SEC against narrow polystyrene standard in DMF at 25 °C. 90: polymerization was initiated
at -78 °C for 5 min and then temperature was increased to 0°C. °25: the polymerization was
initiated at -78 °C for 5 min and then the temperature was increased to 25 °C.
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Initially, the effect of various initiation systems (initiators and combinations of
initiator/additive) on homopolymerization of IPOx were investigated. The initiation
systems include n-BuLi, DPM-K, TPM-K, s-BuLi/DPE/LiCIl, and DPM-K/Et2Zn. The
homopolymerization of IPOXx, which has the strong electron withdrawing oxazoline unit
(N=C-0), using n-BuL.i at -78 °C resulted in low yield (57.8%) and very high PDI (2.38)
due to side reactions (Run 1 in Table 5.1). These size reactions could occur through the
possible mechanisms of the termination and/or chain transfer of the propagating species
via H* abstraction during the polymerization, as shown in Scheme 1. 127 To circumvent
such nucleophilic attack, DPM-K, a weaker nucleophile, was used to initiate the anionic
polymerization of IPOx. However, this polymerization also showed low yield (40.3%) and
rather high PDI (1.40) at -78 °C. The conversion was improved to 70% by increasing the
reaction temperature from -78 °C to 0 °C (Run 2 in Table 5.1). The polymerization initiated
by the even bulkier initiator of TPM-K exhibited quantitative yield. However, the observed
M is almost three times higher than calculated M, and the PDI was high (1.31, Run 15 in
Table 5.1). It was thus concluded that the TPM-K is not sufficiently nucleophilic to
completely initiate the polymerization of IPOx and that possible side reactions still

occurred.
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Scheme 5.1. The mechanism of possible side reactions via termination and chain

transfer by H* abstraction in the polymerization of IPOx using n-BuLi as initiator.% 1%/

To further suppress the side reactions during the polymerization, additives such as
DPE, LiCl, and Et2Zn were employed as coordinating ligands along with s-BuLi and DPM-
K. The s-BuLi/DPE system with ~15 eq of LiCl (s-BuLi/DPE/LICl), regarded as an
efficient initiation system for the synthesis of living PMMA,%2° was used for the
polymerization of IPOx. The polymerizations at -78 °C were controlled with rather low
PDI (1.13) but the yield was only 40% after 2 h (Run 4 in Table 5.1). In order to obtain
quantitative conversion, the reaction time was increased to 10 h. Unfortunately, a low yield
(64.1%) was still obtained and the PDI turned out to be even higher (Run 5 in Table 5.1).
On the other hand, polymerization initiated by DPM-K/Et,Zn at -78°C was well-controlled
even with increased polymerization times (Run 6 and 7 in Table 5.1). This could be
attributed to the polarizability of the carbanion/K™ ion pair being higher than that of the

carbanion/Li* and carbanion/Na* ion pairs during propagation, caused by the different radii
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of the counter ions (K*™>Na*>Li").?® Reaction time was further increased to 24 h but the
yield was only 68% (Run 7 in Table 5.1). It should be noted that the polymeric mixture
became turbid during propagation. This heterogeneous solution of the polymeric mixture
caused by the low solubility of PIPOx in THF at -78 °C limited the synthesis of polymer
having molecular weight over 9,600 g/mol. We speculate that the propagating chains were
trapped in the aggregates so that it was difficult for the chain end carbanion to attack the
incoming monomer, leading to low conversion.

Additionally, to investigate the effect of polymerization temperature, the
polymerizations were carried out at -45, 0, and 25 °C, respectively (Runs 8, 9, & 10 in
Table 5.1). Surprisingly, the low PDI (1.10) and quantitative yield (100%) could be
achieved via anionic polymerization even at 0 °C (Run 9 in Table 5.1). The polymerization
using 20 eq of Et>Zn at 25 °C also produced polymer with low PDI and in quantitative yield
within 10 h (Run 10 in Table 5.1). It thus appears that EtoZn is an effective ligand to
suppress side reactions during anionic polymerization of these monomers. However, as the
polymerization time was increased to over 12 h at 25 °C, side reactions turned to be
substantial as indicated by large PDIs (Runs 11 and 12 in Table 5.1). The polymerization
mixture was hazy in appearance with a gel-like substance present. It is thus concluded that
temperature should not be above 0 °C in order to produce well-defined PIPOX.

Furthermore, to demonstrate the unique merit of our anionic polymerization
method, PIPOx was also synthesized via RAFT polymerization. In contrast to RAFT

polymerization in toluene at 70 °C (Figure 5.1 blue line), RAFT polymerization reported
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elsewhere,'® 1> and anionic polymerization initiated by n-BuLi (Run 1 in Table 5.1, Figure
5.1c red line), our synthetic approach produced well-defined polymers as shown in Figure
5.1a (black line). In particular, anionic polymerization using DPM-K/Et.Zn in THF at 0 °C
showed quantitative yield.

In ¥*C-NMR spectra of PIPOx homopolymer (Figure 5.2A), the 121.52 ppm and
132.65 ppm peaks of vinyl groups disappeared completely after living anionic
polymerization and 40.27, 19.96, and 17.80 ppm peaks of main chain of PIPOx polymer
were generated. FT-IR spectra also verified that the ring skeleton vibration (991, 958 and
930 cm™) was intact after polymerization as shown in Figure 5.2B. The resulting
homopolymers of PIPOx were characterized by H-NMR (Figure 5.3). The *H-NMR
spectra of PIPOx demonstrated the successful anionic polymerization. The vinyl proton
signals at 5.76 and 5.39 ppm disappeared completely and new peaks at 1.76-2.13 ppm
emerged from protons of methylene on the polymer backbone. On the other hand, the
signals corresponding to protons of the oxazoline ring shift slightly from 3.92 and 4.26
ppm to 3.76 and 4.16 ppm, respectively. Moreover, detailed analysis of a-methyl protons
reveals that the tacticity ratio of isotactic (i): heterotactic (h): syndiotactic (s) = 13.6: 39.7:
46.7.

Two characteristic absorption peaks of monomer at 1606 cm™ (C=C, stretch) and
1281 cm™ (C=0 (conjugated), stretch) were disappeared after polymerization indicating

the isopropenyl group was reacted completely. Thus, it was confirmed that well-defined
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Figure 5.1. SEC curves of PIPOx synthesized by (a) anionic polymerization using

DPM-K/Et2Zn in THF at 0 °C (Mn = 6,800 g/mol and PDI = 1.10), (b) RAFT in toluene at

70 °C (Mn = 1,900 g/mol and PDI = 1.23) and (c) anionic polymerization using n-BuLi in

THF at -78 °C.
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Figure 5.2. (A) 13C-NMR spectra of IPOx and PIPOx. (B) ATR-IR spectra of (a)

PIPOx and (b) IPOXx.

178



®
o
Xz

(a) d c aH ™ e
] | Y

6.0 55 50 45 4.0 35 3.0 25 2.0 1.5 1.0 0.5

ppm
k h
(b) n i
N O
h—i

6.0 5.5 50 45 40 35 3.0 25 2.0 1.5 1.0 0.5
Ppm
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heterotactic, and (s) syndiotactic.
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PIPOx was synthesized by living anionic polymerization with DPM-K/Et2Zn as the
initiation system.
Several anionic polymerizations targeting different MWSs were carried out using the

optimized reaction condition as shown in Table 5.2 and Scheme 5.2.

o T

EEE——
S S O
\/ MeOH /

Scheme 5.2. Synthesis of PIPOx using DPM-K/Et2Zn initiation system in THF at 0

°C.

Well-defined polymers with molecular weights from 6,800 to 104,400 g/mol and
low PDIs from 1.12 to 1.17 were synthesized successfully by controlling the molar ratios
of the IPOx to DPM-K/Et2Zn, and their SEC profiles are shown in Figure 5.4. The synthesis
of PIPOx with very high molecular weight (Mn > 100,000 g/mol) is reported for the first
time to the best of our knowledge. The theoretical molecular weights (calcd My) are in
good agreement with values from SEC, and a linear relationship between M, and the feed

ratio of monomer to initiation system is observed as shown in Figure 5.4.
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Table 5.2. Living anionic polymerization of IPOx in THF at 0 °C using DPM-K in

the presence of EtoZn.

IPOx DPM-K! EtZn Time Yield® My (x107 g/mol)
run PDI®
mmol mmol mmol h % caled®  obsd® obsd®
1 8.57 0.0928 1.00 10 100 10.3 9.6 13.7 1.09
2 11.53 0.0756 1.32 10 100 18.7 16.2 20.9 1.13
3 11.54 0.0419 0.63 10 100 28.2 24.6 28.5 1.15
4 12.50 0.0323 0.47 15 100 43.0 38.0 50.3 1.15
5 15.83 0.0230 0.30 21 100 76.5 76.2 105.1 1.12
6 18.56 0.0190 0.30 24 100 108.6 104.4 133.2 1.17

Mp(caled)=(MW of IPOx)x[IPOx]xyield/[initiator]. ®Mn(obsd) and PDI were

determined by SEC with calibration using narrow polystyrene standard in DMF as eluent

at 25°C. “Mn(obsd) was determined using light scattering detection in DMF at 25°C. The

value of dn/dc is 0.01048 mL/g. “DPM-K: diphenylmethyl potassium. °Yield was

calculated from the "H-NMR integration of corresponding peaks.
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Figure 5.4. (a) SEC curves of homopolymer PIPOx. (R1: 6,800 g/mol (Run9 in
Table 5.1), R2: 9,600 g/mol, R3: 16,200 g/mol, R4: 24,600 g/mol, R5: 38,000 g/mol, R6:
76,200 g/mol and R7: 104,000 g/mol in Table 5.2). (b) Plot of molecular weight (My) and

PDI vs feed ratio of IPOx monomer to DPM-K initiator.
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The glass transition temperatures (Tg) of PIPOx homopolymers were characterized
using DSC. Figure 5.5a shows DSC curves of six samples of PIPOx homopolymer with
Mn ranging from 6,800 to 104,400 g/mol. The plot of T, vs Mn plot (Figure 5.5b) shows
that at high My (> 24,600 g/mol) there is no dependence of the Tgon Mn. However, as Mn
decreases (< 24,600 g/mol), there is a sharp drop of from 173.1°C to 165.5 °C at Mn of
6,800 g/mol. As compared with other nitrogen-containing polymers, the Tg of PIPOx is
much higher than the T, of poly(N-isopropylacrylamide) (PNiPAM) (110 to 150 °C)%*,
similar to the Tg of poly(N-methacryloylazetidine) (PNMAA) (168 °C)*!, and lower than

that of poly(2-isopropenylbenzoxazole) (PIPBOz) (195 °C)°.

5.3.2 Block copolymerization of IPOx with 2VP, MMA and St.

A key advantage of sequential living anionic polymerization is the facile
preparation of various precisely tailored block copolymers. Block copolymerizations of
[POx with 2VP and MMA were thus conducted using the optimized initiation system of
DPM-K/Et;Zn in THF at 0 °C. The sequential block copolymerization of IPOx as the first
monomer with 2VP and MMA as the second monomer only afforded homopolymers of
PIPOx (Runs 2 and 4 in Table 5.3). This indicates that the nucleophilicity of living PIPOx
is not strong enough to initiate 2VP and MMA, and therefore reactivity of the carbanions

is in the order of living PIPOx < living PMMA < living P2VP.
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Figure 5.5. (a) DSC curves of PIPOx homopolymer with a) 6,800 g/mol (T¢=165.9
°C), b) 9,600 g/mol (T4=166.5 °C), ) 16,200 (T4=168.4 °C), d) with 24,600 (Tg=173.1 °C),
e) 38,000 g/mol (T4=173.5 °C), and f) 76,200 g/mol (T¢=173.4 °C) and (b) relationship

between molecular weight and glass transition temperature.
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Table 5.3. Cross-over block copolymerization of IPOx with 2VP and MMA using

DPM-K in the presence of EtoZn in THF.

Monomerl Monomer2 DPM-K/Et,Zn® time Temp. Mn(x107 g/mol)

mmol mmol mmol/mmol h °C calcd? obsd® PDI°

1 2vVP® 321 IPOx 9.50 0.115/1.81  2/11  -78/0¢ 12.1(2.9) 12.5(3.0) 1.16
2 IPOx 7.65 2VP  3.60 0.104/1.85 1172 0/-78 11.8(8.1) 8.1(8.1) 1.12
3 MMA® 5.00 IPOx 19.6 0.123/1.85 1/10 -78/0  21.8(4.1) 22.5(4.9) 1.13

4 IPOx 1225 MMA 5.00 0.112/2.01 10/1  0/-78 16.6(12.2) 9.5(9.5) 1.10

*Mhn(calcd) = (MW of Monomerl) x [Monomerl ]/[initiator] + (MW of Monomer2)
x [Monomer2]/[initiator] x yield. "Mn(obsd) of the block copolymer and PDI of block
copolymer were determined by SEC with calibration using narrow polystyrene standards
in N, N-dimethylformamide (DMF) as eluent at 25 °C. “2VP: 2-vinylpyridine, MMA:
methylmethacrylate, DPM-K:  diphenylmethyl potassium, and Et;Zn: diethylzinc.
dpolymerization was initiated at -78 °C for 5 min and the temperature was then increased

to 0 °C.
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Sequential block copolymerization with IPOx as the second monomer thus yielded
well-defined diblock copolymers of P2VP-h-PIPOx and PMMA-bH-PIPOx (Runs 1 and 3

in Table 5.3), as shown in Scheme 5.3a and b.

\ j/
N=Z
n ° o Et,Zn,DPE  2m o
9K®

[COf

n n
Q00 00

Scheme 5.3. The synthetic routine of (a) P2VP-b-PIPOX, (b) PMMA-b-PIPOXx and

(C) PIPOX-b-PS-b-PIPOX.

In addition, amphiphilic triblock copolymers of PIPOx-b-PS-b-PIPOx with
different block compositions (PIPOx: PS: PIPOx = 25:50:25, 10:80:10 and 40:20:40) were
synthesized via sequential living anionic polymerization using the bi-directional initiator
of K-Naph with DPE in the presence of Et2Zn as shown in Scheme 5.3c. The results of

triblock copolymerizations are summarized in Table 5.4.
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Table 5.4. Synthesis of PIPOx-b-PS-b-PIPOXx triblock copolymers with different

block ratios.
Std IPOx K-Naph“ DPE/Et,Zn¢ M n(x1073 g/mol)
Run Block ratio
mmol  mmol mmol Mmol calcd® obsd® obsd® PDI°

1 1440  14.67 0.087 0.230/1.040 61.9 63.2 746 1.14 25:50:25

2 11.47 2.84 0.055 0.155/0.750 54.9 76.7 609 1.17 10:80:10

3 3.84 15.28 0.065 0.222/0.910 64.6 76.3 66.4 1.12 40:20:40

Mhn(calcd) = (MW of Monomerl) x [Monomer1]/[initiator] + (MW of Monomer2)
x [Monomer2]/[initiator]. ®"Mn(obsd) and °PDI of block copolymer were determined by SEC
with calibration using narrow polystyrene standards in DMF at 25 °C. Mn(obsd)® was
determined by light scattering. dn/dc of PS=0.16 ml/g ?St: styrene, K-Naph: Potassium
naphthalenide, DPE: 1,1-diphenylethylene, and EtZn: diethylzinc. “Polymerization was

initiated at -78 °C for 5 min and then the temperature was increased to 0 °C.
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The successful sequential block copolymerization was proven by the shift of the
SEC profile from homopolymer PS of 11,900 g/mol and PDI = 1.06 to PIPOx-b-PS-b-
PIPOx of 76,300 g/mol and PDI = 1.12 (Run 3 in Table 5.4), as shown in Figure 5.6a.
Moreover, the block ratio was determined by 'H-NMR (Figure 5.6b). The successful
synthesis of these block copolymers based on IPOx are the first reported via living anionic
polymerization. Upon introducing the polystyrene block, the DSC profile of PIPOx-b-PS-
b-PIPOx (firox = 0.5) showed two Tgs, 106.5 °C and 171.3 °C, corresponding to the Ty of

PS and Ty of PIPOX, respectively, as shown in Figure 5.7.

5.3.3 Microphase Separation of PIPOXx-b-PS-b-PIPOx Triblock Copolymers.

Block copolymers consisting of thermodynamically incompatible components
usually show microphase separation behavior, with the particular morphology controlled
by the properties of the polymers such as chemical composition and molecular weight, as
well as by the solvent used for film casting, annealing temperature, efc.’> The microphase
separation behavior of the amphiphilic triblock copolymers PIPOx-b-PS-b-PIPOx (firox =
0.2) and PIPOx-b-PS-b-PIPOx (firox = 0.5) were studied in the bulk. TEM images of
PIPOx-b-PS-b-PIPOx (firox = 0.2) and PIPOx-b-PS-b-PIPOx (firox = 0.5) exhibited
spherical (Figure 5.8a) and lamellar structure with long-range order (Figure 5.8b),
respectively. In TEM images of Figure 5.8a and b, the dark domains represent iodine
stained PIPOx block and the gray domains are PS blocks in the resulting block copolymer

nanostructures. From molecular length consideration, the effective length of one vinyl unit
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Figure 5.6. (a) SEC profile of PS homopolymer (red curve) and PIPOXx-b-PS-b-PIPOX (firox

= 0.8) (black curve) (Run 7 in Table 5.3) and b) *H-NMR spectrum of corresponding

PIPOX-b-PS-b-PIPOX (firox = 0.8).
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Figure 5.7. DSC profiles of (a) PIPOx-b-PS-b-PIPOXx (firox = 0.8), (b) PIPOx-b-PS-

b-PIPOX (firox = 0.5) and () PIPOX-b-PS-b-PIPOX (firox = 0.2).
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(c) % fipox= 0.2
—
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Aggregation

Figure 5.8. TEM images of PIPOx-b-PS-b-PIPOx triblock copolymers: (a) firox =
0.2 and (b) firox = 0.5. The dark regions represent IPOx domain stained with iodine vapor
and the PIPOx domain size is 18.9 £ 2.0 nm, and (c) model for self-assembly into spherical

and lamella nanostructures.
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is roughly 0.2 nm. The fully extended length of PIPOx unit in PIPOx-b-PS-b-PIPOx (fipox
=0.2) is close to 22 nm and for the PS block the fully extended length is roughly 122 nm.
TEM analysis using Gatan software®® shows that the dark zone is not regular in
shape, the average size is in range of 17 = 2 nm and it is surrounded by 22 + 1.5 nm gray
zone of PS block, which is 18 percent of fully extended length of PS block. This indicates
that the PS segments are bent due to their flexible coil nature to accommodate intrachain
interactions among PIPOx chain (Figure 5.8¢c). Owing to the short chain length of PIPOX,
it not able the balance to long chain hydrophobic interaction of the PS blocks and makes
first globular micelles and later these micelles aggregate due to high concentration and
ultimately form networks as shown in Figure 5.8c. However, as the chain length of PIPOx
in PIPOx-b-PS-b-PIPOx (firox = 0.5) is increased, a long-range lamellar structure is
observed due to balance in interactions between PIPOx and PS blocks. Furthermore,
detailed analysis of Figure 5.8b, the average domain size of PIPOx and PS is in range of
18.9 + 2.0 for both blocks, which is roughly equal to 30 percent length of the fully extended
chain lengths of the blocks as shown in Figure 5.8c. The fully extended length of the three

blocks in PIPOx-b-PS-b-PIPOx (firox = 0.5) is roughly 60 nm.

5.4 Conclusion

We report a superior and effective synthetic method to prepare well-defined
poly(2-isopropenyl-2-oxazoline) via living anionic polymerization through the use of high

vacuum and glass blowing techniques. The optimized initiator system for living anionic
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homopolymerization of IPOx was found: DPM-K/Et;Zn ([Et2Zn]/[DPM-K] = 20),
temperature: 0 °C, and time: 10 h. Well-defined PIPOx with MW as high as 100,000 g/mol
and PDI of 1.15 was synthesized for the first time. The linear relationship between
molecular weight and [monomer]/[initiator] ratio verified the living nature of these
polymerizations. The living nature of this polymerization was further confirmed by block
copolymer synthesis. The anionic polymerization reactivity order of [IPOx < MMA < 2VP
< St, attributed to the stability of carbanions, was established via block copolymerizations
using [POx as the first or second monomer. It was observed that films of amphiphilic
triblock copolymers PIPOx-b-PS-b-PIPOx with fipox = 0.2 formed a spherical morphology
while a lamellar structure was formed by PIPOx-b-PS-b-PIPOx with firox = 0.5. Both

systems exhibit good long-range order.
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CHAPTER 6 Template Synthesis of Gold Nanoparticles using PIPOx

Homopolymer
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Abstract

Gold nanoparticles has been one of the most investigated areas in science, its
renaissance now leads to an exponentially increasing number of publications, especially in
the context of emerging nanoscience and nanotechnology. In this chapter, we present a
template synthesis of AuNPs using PIPOx homopolymer. By changing the loading ratio of
gold precursor/repeating unit in the template, surface plasma resonance showed varied
maximum absorption wavelength. Moreover, when the loading is 1%, the AuNPs showed
a photoluminescence at an emission wavelength at 685 nm. In addition, the interaction of

Au and PIPOx was studied using XPS.
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6.1 Introduction

It is well-known that diverse self-assembled nanostructures such as micelles,
vesicles, and cylinders are generated dominantly by a suitable hydrophilic-hydrophobic
balance in amphiphilic block copolymers (BCPs) among numerous factors.!™ In recent
years, macromolecular self-assemblies induced by amphiphilic homopolymers (AHs) as an
alternative have appeared impressively. For the preparation of AHs-based self-assemblies,
two main routes of “monomer-induced” and “hydrophobic-group-induced” were
suggested.® The former approach has been utilized widely and rapidly since Thayumanavan
et al. reported the micelles-, inverse micelles-, and vesicle-type assembly by AHs
containing a series of styrene-based and glycine-based repeating unit.®’ In addition, Lee et
al. described formation of several unique micelle behaviors such as reversible and pH-
sensitive bilayer vesicles, stable hollow micelles, and micelles®*° by self-assemblies of 2-
, 3-, and 4-(4-vinylphenyl)pyridine, respectively, synthesized via living anionic
polymerization.!! These pyridine-containing polymers are the AHs with simplest chemical
compositions and structures among numerous AHs reported previously.5” 1214

The dominant factors for monomer-induced approach to form AHs self-assemblies
are chemical compositions, controlled MW, and narrov MWD of AHs containing
hydrophilic and hydrophobic moieties in same monomer. In particular, to form
homogeneous size and shape of nanostructures by self-assembly such as micelles and
vesicles, controlled MW and MWD of AHs should be controlled precisely.

Correspondingly, LAP is one of best candidates for controlled polymerization. Until now,
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it has been discussed in chapter 5 that anionic polymerization of well-defined PIPOx with
controlled molecular weight and MWD is achievable under optimized conditions.>6
Moreover, the control of nanostructures by self-assembly is considered to be a key aspect
for numerous applications.*’8

Gold nanoparticles (AuNPs) are the most stable metal nanoparticles, and they
present fascinating aspects such as their assembly of multiple types involving materials
science, the behavior of the individual particles, size-related electronic, magnetic and
optical properties (quantum size effect), and their applications to catalysis and biology.*-
20 AuNPs are usually synthesized using a reduction of Au (I11) precursors, HAUCI4.?
Alkane thiols are the most commonly used stabilizing ligand in the synthesis of AuNPs,
which is attributed to the soft character of Au and S.%? In fact, ligands contain lone pairs
could be used as ligand.® These include phosphine, phosphine oxide, amine and
carboxylate.?*?% In this work, we tried to use PIPOx homopolymer as a template to
synthesize gold nanoparticles. The characteristics of the obtained AuNPs were studied
using TEM and AFM. The interaction between AuNPs and polymer template was analyzed

using XPS.

6.2 Experimental section

Materials. The monomer 2-isopropyl-2-oxazoline (IPOx, 99%, Aldrich) was
passed through neutral alumina column, dried over CaH> and distilled under reduced
pressure. The monomer was further purified, diluted and transferred to pre-calibrated

ampoules equipped with break-seals under high vacuum and stored at -30°C.
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Tetrahydrofuran (THF, Fisher scientific, HPLC grade) was distilled from potassium
naphthalenide solution on high vacuum line. All other agents were used as received.
Instrumentation. NMR spectra were recorded on a liquid state Varian VNMRS
500MHz spectrometer at 25.00°C. The internal standard was CDCIlz at 7.26 ppm.
Attenuated Total Reflection- FT-IR spectra were obtained using a Perkin Elmer Spotlight
400 FT-IR Imaging System with scanning wavenumber range from 4000cm™ to 400cm™.
Size exclusion chromatography (SEC) was performed using a Waters GPC system
consisting of a Waters model 510 pump and a Knauer Smartline model 2300 RI detector.
The column set is four PSS (Polymer Standards Service) GRAM; 8x300 mm; 10um; 100,
1000, and 3000 A along with an 8x50, 10pum guard. DMF was used as eluent solvent at
1.00mL/min at 55°C. Before each measurement, the polymer sample was dissolved in
DMF and filtered through 0.45 um PTFE filter. Transmission electron microscopy (TEM)
images were acquired by ZEISS LIBRA 200 HT FE MC. The solution samples were loaded
on a carbon coated copper grid and air dried before TEM measurement. X-ray
photoelectron spectroscopy (XPS) was performed using a Thermo Scientific Model
KAlpha XPS instrument. Analyses are conducted with a 400 um X-ray spot size for
maximum signal and to obtain an average surface composition over the largest possible
area. Wide energy range survey spectra (0-1350 eV) are acquired for qualitative and
guantitative analysis using an analyzer pass energy of 200 eV. For assessing the chemical
bonding of identified elements, narrow energy range core level spectra were acquired with

an analyzer pass energy of 50 eV.
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6.2.1 Synthesis of Well-Defined Poly (2-isopropenyl-2-oxazoline) PIPOX.

The detailed synthetic procedure refers to chapter 5. A typical polymerization
procedure is described as follows. The solution of DPM-K (0.093 mmol) in THF (4 mL)
was transferred to main reactor at -78 °C and the solution of EtoZn (1.76 mmol) in THF (2
mL) was added to DPM-K solution at -78 °C. The solution of IPOx monomer (7.28 mmol)
in THF (9.30 mL) was then added to the initiator mixture and the solution was maintained
at -78 °C for 30 min to allow for complete initiation. The propagation in anionic
polymerization was performed for 10 to 24 h at -78, -41, 0, and 25 °C. The polymerizations
were terminated with degassed methanol. The desired polymer was recovered by

repeatedly precipitation into excess cold ether.

6.2.2 In situ Synthesis of AUNPs using PIPOx as Template.

A typical preparation procedure is presented as follows. To a clean vial was added
a solution of 500 mg of PIPOx, 12.0 mg of HAuCls and 10 mL of DI-H20. After stirring
overnight at room temperature, 2.0 mg of anhydrous N2Hz was then added to the reaction
mixture. The color changed from light yellow to light pink upon the addition. The solution
was then stirred for another 12 h. The resulting solution was used for UV, PL analysis

without any further treatment.
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6.3 Results and Discussion

6.3.1 Synthesis of PIPOx homopolymer

As discussed in chapter 5, we prepared PIPOx homopolymer using living anionic
polymerization. The structure of obtained polymer was characterized using NMR and
ATR-IR as illustrated in Figure 6.1

The resulting homopolymers of PIPOx were characterized by H-NMR (Figure
6.1A). The 'H-NMR spectra of PIPOx demonstrated the successful anionic polymerization.
The vinyl proton signals disappeared completely and new peaks at 1.76-2.13 ppm emerged
from protons of methylene on the polymer backbone. On the other hand, the signals
corresponding to protons of the oxazoline ring emerged at 3.76 and 4.16 ppm, respectively.
ATR-IR spectra also verified that the ring skeleton vibration (991, 958 and 930 cm™) was
intact after polymerization as shown in Figure 6.1B. Two characteristic absorption peaks
of monomer at 1606 cm™ (C=C, stretch) and 1281 cm™ (C=0 (conjugated), stretch) were
disappeared after polymerization indicating the isopropenyl group was reacted completely.
Molecular weight was analyzed using SEC (Figure 6.2). The results are summarized in

Table 6.1.

6.3.2 Synthesis of AUNPs and Characterizations

The AuNPs were synthesized using a reduction of HAuCls in H20. The reducing
agent used is N2Hs. HAUCI4 was first mixed with PIPOx (16k) thoroughly. 2eq N2Hs was

then added. The solution was stirred at ambient conditions. The color of the solution
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Figure 6.1. (A) 1H-NMR spectrum of PIPOx. (B) ATR-IR spectra of IPOx (red

curve) and PIPOx (black curve).
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Figure 6.2. The SEC profiles of PIPOx homopolymer.
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Table 6.1. Synthesis of PIPOx homopolymer

IPOx DPM-K¢ Et,Zn M, (%107 g/mol)
run PDIP
mmol mmol mmol calcd? obsd® obsd®
1 8.57 0.0928 1.00 10.3 9.6 13.7 1.09
2 11.53 0.0756 1.32 18.7 16.2 20.9 1.13
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gradually transformed from light yellow to pink, indicating the reduction was
occurring. Different loading ratios of HAuCls/Oxazoline were employed ( Table 6.2).

We further studied aggregate formation capacity of homopolymer in aqueous
media. Furthermore, the resulting aggregates were used for formation of ultra-thin gold
nanoparticles.

The gold precursor was first mixed with PIPOXx in H20 solution. The mixture was
stirred overnight. Hydrazine was selected as reducing agent. Upton mixing, the color was
changed from light yellow to blush purple immediately. Furthermore, we found the Au
nanoparticles were rather stable and no precipitation was observed even after 3 months of
storage time at room temperature. The morphologies of self-assembly was studied by
transmission electron microscope (TEM) and atomic force microscope (AFM), as seen in
Figure 6.3. The micrograph (Figure 6.3A) clearly shows a bilayer vascular structure in
which reduced gold atoms or cluster are decorated at vesicles membrane. A detailed
analysis shows the AuNPs in the dark region have a size of 3.8+1 nm.

The self-assembly behavior of amphiphilic homopolymer is rarely reported, as
compared to well-established amphiphilic block copolymers. The PIPOx has two main
chemical constituents (a) hydrophobic and flexible isopropyl back bone and (b) hydrophilic
oxazoline pendent group. As expected, oxazoline is more favorable with water media and
try to protect hydrophobic flexible isopropyl backbone from water, which is present outside
and inside of the aggregates. Dark contrast at the vesicles membrane provides strong

evidence for the orientation of oxazoline groups in vesicular structures at the membrane.
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Table 6.2. Sample code and Au loading ratios of the samples studied in this chapter.

Mn of PIPOx template

Sample code HAUCI4 Loading ratio”
g/mol
PIPOx 16200 na
PIPOx-Au-0.1% 16200 0.1%
PIPOx-Au-1.0% 16200 1.0%
PIPOx-Au-5.0% 16200 5.0%
PIPOx-Au-15% 16200 15%
PIPOx-Au-25% 16200 25%

“The loading ratios was determined as the moles of HAuCls/moles of repeating unit in

the polymer template.
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Figure 6.3. (A) TEM image of PIPOx-Au-1.0%. (B) AFM image of PIPOx-Au-

1.0%.
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Furthermore, this also indicated that molecular rotation of the sigma bond between
isopropyl and oxazoline pendent group probably freezes. Size of gold nanoparticles
depends upon the interaction among mainly three forces (a) interaction among reduced Au
atoms, (b) interaction between reduced Au particles and solvent molecules and most
importantly force between reduced Au atom and stabilizing agent (oxazoline group here in
this case). During the synthesis process, we observed that as the Au® precursor
concentration decreases, the Au NPs plasma band shifted to blue which is indicative of a
decrease in Au particle size (Figure 6.4A). A relation between plasma absorption
wavelength and size of AuNPs has been reported elsewhere.?’ It is well known that Au
nanoparticles with more than 100 atoms do not give PL spectra.?® The origin of the
luminescence spectra may be due to the inter-band transitions between the filled 5d° band
and 6(sp)* conduction band of Au or Au*.?° The presence of PL spectra (maxima at 685nm)
(Figure 6.4B) clearly indicates the presence of Au cluster at PIPOx host. This also suggests
that PIPOX is capable of not only stabilizing AuNPs but also preventing small AuNPs from
aggregating into large particles.

Moreover, to study the interaction of Au and oxazoline moiety, XPS analysis was
performed. The optical image on the left shows the region mapped by the red box. The
image to the right shows the Au distribution (Figure 6.5 red) and the Si distribution (Figure
6.5 blue). XPS full spectra of these series of samples is shown in Figure 6.6. Since both
nitrogen and oxygen have electron lone pairs, core level spectra of XPS data of O (1s) and

N (1s) (Figure 6.7) were used to analyze the interaction of oxazoline moiety and AuNPs.
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Figure 6.4. (A) UV spectra of PIPOx homopolymer with different loading ratios of
HAuCls. (B) photoluminescence spectra of PIPOx homopolymer and PIPOx with 1%

loading ratio using a excited wavelength at 530 nm.
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As with the O data, the spectra for the control and Au-0.1% samples are similar and both
show a prominent peak at ~398 eV and a smaller shoulder at ~399.5 eV. The N 1s spectra
for the Au-containing sample also show two peaks: one at ~399.5 eV, which is the biggest,
and another one at ~401 eV. This is clear indication that the Au is likely binding at the N

site on the polymer.

6.4 Conclusion

We prepared PIPOx homopolymer using living anionic polymerization. Well-
defined PIPOx with molecular weight 16,200g/mol was employed to synthesis gold
nanoparticles. By varying the loading ratio of HAuCls/oxazoline moiety, the synthesized
AuNPs showed a size range 3.8+£1.0 nm, which was proved by TEM and AFM analysis.
For 1% loading ratio, weak photoluminescence was also observed, indicating the presence
of ultra-thin Au clusters. Core level XPS analysis showed that the N in the oxazoline moiety

is responsible for the AuNPs stabilization.
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CHAPTER 7 Gas Separation Mechanism of CO> Selective Amidoxime-

Poly(1-Trimethylsilyl-1-Propyne) Membranes
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Abstract

Polymeric membranes for CO. separation have drawn significant attention in
academia and industry. In this work, we prepared amidoxime-functionalized poly(1-
trimethylsilyl-1-propyne) (AO-PTMSP) membranes through hydrosilylation and post-
polymerization modification. Compared to neat PTMSP membranes, the AO-PTMSP
membranes showed significant enhancements in CO2/N2 gas separation performance (CO-
permeability ~ 6000 Barrier; CO2/N; selectivity ~17). This systematic study provides clear
guidelines on how to tune the CO2-philicity within PTMSP matrices and the effects on gas
selectivity. Key parameters for elucidating the gas transport mechanism were discussed
based on CO. sorption measurements and fractional free volume estimates. The effect of
the AO content on CO2/N selectivity was further examined by means of density functional
theory (DFT) calculations. Both experimental and theoretical data provide consistent
results that conclusively show that CO2/N. separation performance is enhanced by

increased CO2-polymer interactions.
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7.1 Introduction

The steady growth of carbon dioxide (CO2) emissions, mostly from power plant
flue gas, is believed to be the main cause of global warming and undesirable climate
changes.!? To mitigate CO. emissions, a variety of CO, capture and separation
technologies have been developed. Among them, membrane-based separations are
considered one of the most promising approaches for flue gas treatment. This is because
such membrane technology could offer a significant reduction in costs as well as its
sustainability due to its passive nature.® Therefore, the development of high-performance
CO; separation membranes and deepening understanding of their separation mechanisms
have been a research priority in this field.

The performance of polymeric, gas separation membranes is typically evaluated
through investigation of two major parameters: the gas permeability (Pa), which is
determined by the product of the gas solubility (Sa) and diffusivity (Da) (P4 = SyXDy);

and the gas selectivity (a,5) which is defined as the ratio of the permeability of any two

gases (= 5—;‘). Furthermore, selectivity can also be separated into solubility selectivity

Py _ Sa

and diffusivity selectivity by the following equation: a,z = =X 24 Membranes that
B

Sg  Dg
exhibit high permeability are typically less selective and vice versa. This trade-off
relationship between permeability and selectivity was illustrated by Robeson and
Freeman.*® From the practical point of view, membranes having high permeability are
favored for flue gas separations due to the enormous volumes of flue gas emissions from

coal-fired power plants that produce a limited pressure differential.’
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Since the first successful synthesis reported in 1983,% poly(1-trimethylsilyl-1-
propyne) (PTMSP) has gained significant attention in gas separation because it has orders
of magnitude higher permeability than other polymers, which could be attributed to the
exceptionally large free volume and large intersegmental gaps in the polymer matrix.°
However, the rather low CO2/N> selectivity is one of the major drawbacks that limits its
deployment in various applications.

There are two approaches to improve gas selectivity: either improving diffusivity
or solubility. Many recent studies have investigated improving diffusivity selectivity by
tailoring pore size and concentration. Though this approach works well for gas pairs with
distinct kinetic sizes, CO2/N2 separations have proven far more challenging due to the
similar kinetic diameters of CO; (~3.30 A) and N, (~ 3.64 A), thereby rendering
enhancements in diffusivity selectivity is insufficient.® Alternatively, modifying the
CO2/N2 solubility selectivity of polymer membranes by introducing CO2-philic
functionalities has been proposed to enhance the CO> separation performance. It is known
that basic or polar components, e.g. polyethylene oxide (PEO) or amine-containing groups,
can enhance polymer-CO; interactions and contribute to improved CO- solubilities. %22
For example, amorphous PEO was reported to exhibit CO2/N; selectivity around 50° while
tetrazole-containing polymers also demonstrated significant enhancement in CO2/N2
selectivity.1**® Thus, considering the great potential for improving solubility selectivity,

our research focused on the incorporation of CO2-philic groups into the PTMSP matrix.
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To accomplish this, we chose to incorporate amidoxime (AQ) groups into our
polymer matrix due to its strong calculated binding energy (BE) with CO2 (~20 KJ/mol),?
and based upon previous studies that have shown that AO functionalities improve CO2/N>
selectivity’®2% 2426 In this study, we report an efficient method to prepare novel
amidoxime- functionalized PTMSP (AO-PTMSP) membranes for CO, separation,
targeting the enhancement of solubility selectivity. By careful control of the AO grafting
ratio, the synthesized AO-PTMSP membranes showed a systematic change in CO2/N:
selectivity and improved overall performance in CO2/N2 separation. Compared with
unmodified PTMSP, the overall CO2/N: selectivity was improved by a factor of five in the
highest performing membrane and achieved a performance very close to the Robeson upper
bound. Key parameters for tuning the gas transport properties are discussed based on CO>
sorption measurements and fractional free volume estimations. The effect of the AO
content on the noncovalent interactions between the gas molecules and the AO functional

groups was further examined by means of density functional theory (DFT) calculations.

7.2 Experimental section

Materials. Poly(1-trimethylsilyl-1-propyne) (PTMSP) was purchased from Gelest
and used as received. Chloro(dimethyl)vinylsilane (97%), hydroxylamine solution (50
wt.% in H20), platinum(0)-1,3-divinyl-1,1,3,3-tetramethyldisiloxane complex solution (in
xylene, Pt ~2 %, Pt [dvs]) and n-butyllithium solution (n-BuLi, 2.5 M in hexanes) were
purchased from Sigma-Aldrich and used as received. Nitrogen (N2) and carbon dioxide

(CO2) (99.99% purity) were obtained from Air Liquide. Tetrahydrofuran (THF) and
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toluene were distilled over sodium naphthalide and sodium, respectively. All the reactions
were carried out under Argon (Ar) atmosphere.

Instrumentation. *H-NMR (Varian Mercury 500) were measured using CDCls as
the deuterated solvent and spectra were referenced to the residual non-deuterated solvent
signal. Size exclusion chromatography (SEC) was carried out at 40 °C using a Polymer
Labs GPC-120 equipped with a differential refractometer. The column set was Polymer
Labs PLgel; 7.5x 300 mm; 10 pm; 500, 103, 10% and 10° A. The calibration range was 600
to 7,500,000 g/mol using narrow molecular weight distribution polystyrene standards
(PSS). The mobile phase was THF at a flow rate of 1.0 mL/min. Fourier transform infrared
spectroscopy (FT-IR) was conducted using a Nicolet iS50 FT-IR spectrometer equipped
with a deuterated triglycine sulfate (DTGS) detector. Thermal properties were
characterized using thermogravimetric analysis (TGA, TA instrument-Q50) at a heating

rate of 10 °C /min under N> flow.

7.2.1 Synthesis of Amidoxime Functionalized PTMSP.

Synthesis of 4-(chlorodimethylsilyl) butanenitrile (CN-S). To a flame-dried two-
neck round bottom flask was charged allyl cyanide (1.34 g, 20 mmol) and Pt [dvs] (20 pL)
under argon. The reaction mixture was cooled to 0 °C followed by addition of
chlorodimethylsilane (20 mmol). The mixture was then heated to 40 °C. The reaction
progress was monitored by *H-NMR spectroscopy, and upon completion of the reaction,
the product was obtained by fractional distillation. Yield: 94%. *H-NMR (CDCls, 500
MHz), § (ppm): 2.40 (t, 2H), 1.78 (m, 2H), 0.96 (m, 2H), 0.42 (s, 6H).
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Synthesis of cyano-functionalized PTMSP (CN-PTMSP). To a flame-dried
round bottom flask was added the solution of PTMSP (1.0 g, 8.9 mmol (repeating unit)) in
THF (200 mL). The flask was purged with Ar for 30 min and then placed in an ice/water
bath followed by the dropwise addition of n-BuL.i solution (1.6 M, 8.9 mmol). The mixture
was stirred for 1.5 h at this temperature. The desired amount of functionalized precursor
was added to the mixture dropwise via a gas-tight syringe and stirred overnight. Upon
completion of the reaction, the majority of the solvent was removed under reduced pressure
and the concentrated residue was precipitated into excess methanol. The polymer (CN-
PTMSP) was obtained after filtration and drying in vacuum oven at 40 °C overnight.

Synthesis of Amidoxime-functionalized PTMSP (AO-PTMSP). To a flame-
dried round bottom flask was added the solution of CN-PTMSP (0.5 g) in toluene (100
mL) and methanol (40 mL). After purging with Argon for 20 min, NH2-OH solution (10
mL) was added dropwise to the flask. The homogeneous solution was stirred for 48 h at 70

°C. The polymer (AO-PTMSP) was then recovered by precipitation into methanol.

7.2.2 Membrane Preparation and Characterization

Membrane preparation. Membranes were prepared using solution casting. In a
typical example, a solution of AO-PTMSP (0.2 g) was prepared in toluene (15 mL) at a
concentration of 1.5 wt% and was dispersed onto a PTFE dish (with a diameter of 6 cm)
after filtration using a 0.45 um PTFE filter. The homogeneous and clear membrane was
formed by slow evaporation of the solvent in an isolating container at ambient temperature

after two days. All the resulting membranes had thicknesses of 70-90 um and were soaked
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in methanol to remove residual solvent and prevent the aging effect. Each membrane was

removed from the methanol solvent and dried in air for 24 h prior to any measurements.
Density measurement and fractional free volume (FFV) estimation. The density

of AO-PTMSP membranes were measured in methanol using Archimedes Principle,?” and

calculated as follows:

M,y 1)

where Ma is the film weight in air, and M is the film weight in the auxiliary liquid
(methanol), and po is the density of methanol at the temperature where the measurement
was performed.

The FFV of the membranes was estimated using the following group contribution

method,

V-V
FFV = 0 2)

where V is the specific volume of the AO-PTMSP polymer obtained from density
measurements at the temperature of interest; Vo is the specific occupied volume at 0 K,
which was estimated as 1.3 times the van der Waals volume estimated using Bondi’s group
contribution method.?8-2°

Gas permeability measurement. Membrane gas permeability was measured using

a custom constant volume-variable pressure test chamber. The membrane sample was
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mounted on a 47 mm non-porous aluminum tape with a hole (typically 5 mm in diameter)
cut in the center. The edges of the film were sealed with epoxy (Devcon) and then loaded
into the chamber. The membrane sample was carefully placed on a highly porous stainless
steel support to provide mechanical support and negligible resistance to gas flux, and the
entire assembly was installed into the test chamber. The chamber was evacuated with a
mechanical pump to a base pressure of 20 mTorr and allowed to remain in the test chamber
for 2 h to degas any solvent residue before the gas permeability measurement.

Gas sorption measurement. Low-pressure CO> solubility measurements were
acquired using an Intelligent Gravimetric Analyzer (Hiden Analytical Limited, UK).*° Ina
typical experiment, approximately 50 mg of a particular membrane sample was loaded into
a quartz container and evacuated to 0.003 bar for 6 h at 150 °C to degas and dry the sample.
All measurements were performed at room temperature. The mass uptake (corrected for
buoyancy) was then measured as a function of pressure up to a final pressure of 1 atm to
obtain the absorption isotherm. Desorption isotherms were subsequently acquired by
measuring the mass as a function of decreasing pressure to ensure that the solubility
behavior was reversible and to test for the hysteresis effects. The sorption of glassy polymer

is analyzed by a dual-mode model®':

Cybp 3)
C=kpp+-——
b 1+bp

where C is the equilibrium penetrant concentration in the polymer at pressure p, kp

is the Henry’s law solubility parameter describing penetrant dissolution into the
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equilibrium densified polymer matrix, and C is the Langmuir capacity parameter, which
describes the sorption capacity of the nonequilibrium excess free volume characteristic of
the glassy state. The Langmuir affinity parameter, b, is an equilibrium constant describing
the affinity of a penetrant for a Langmuir site. In terms of the dual-mode model, the
solubility coefficient, S, may be expressed as:

C Cib 4)
S_E_kD+1+bp

Quantum Chemical calculations. The PBEO functional®? with the D3 dispersion
correction®, the Becke-Johnson (BJ) dumping function®* and the def2-TZVPP basis set*®
were applied in all DFT calculations. The choice of the PBEO-D3/def2-TZVPP level of
theory was based on recent benchmark studies of noncovalent interactions between CO>
and COgz-philic functional groups.®®3" A scaling factor of 0.950 was applied for all
vibrational frequencies discussed in this work.3 All DFT calculations were performed with

the Gaussian09 program package, revision D.01.%

7.3 Results and discussion

7.3.1 Functionalization of PTMSP

To prepare new polymeric membranes with high CO> selectivity and permeability,
AO functionality was introduced to the PTMSP matrix. The synthetic strategy is shown in

Scheme 7.1.
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Scheme 7.1. The synthetic scheme of AO-PTMSP.

The precursor (CN-S) was synthesized via hydrosilylation of allyl cyanide using
chlorodimethylsilane and Karstedt's catalyst. Allyl cyanide, instead of acrylonitrile, was
used because relatively few catalysts lead to exclusively -addition to the double bond in
acrylonitrile®® and the hydrosilylation of acrylonitrile using Karstedt’s catalyst gives low
yield.*! The reaction using allyl cyanide was carried out with 95% yield (purity>98%) as
shown by the *H-NMR spectrum (Figure 7.1). The peaks of vinyl protons in the allyl
cyanide and of Si-H in the chlorosilane disappeared completely, while the new peaks
corresponding to -Si-CH>-CH>— (Figure 7.1, b, c) emerged. On the other hand, the methyl
groups in the chlorosilane have a slightly higher chemical shift of 0.42 ppm (Figure 7.1, d)

due to the presence of the strong electron-withdrawing group, Si-Cl.
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Figure 7.1. *H-NMR spectrum of 4-(chlorodimethylsilyl) butanenitrile.
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The protons of the alpha carbon on the alternating C=C backbone in PTMSP have
are weakly acidic in nature, and carbanions (C°) can be readily generated by deprotonation
with using a strong base, e.g. n-BuLi, and thus post-polymerization functionalization was
readily performed through nucleophilic substitution of the silyl chloride (CN-S). PTMSP
was first dissolved in anhydrous and degassed THF and formed a light yellow
homogeneous solution. The reaction was carried out at 0 °C to diminish undesired side
reactions. The color of the solution turned from yellow gradually to dark purple upon
addition of n-BuL.i, indicating that living carbanions were generated. Upon the addition of
CN-S, the color turns to yellow immediately. The color change indicates that the coupling
reaction between living carbanions and chlorosilane occurred. After the completion of the
reaction, the excess chlorosilane precursor was removed by precipitating the product
mixture repeatedly into excess methanol and the desired product, CN-PTMSP, was isolated
from the mixture.

CN-PTMSP was further characterized by *H-NMR and SEC. On the *H-NMR
spectra (Figure 7.2b), broad peaks at 0.20 and 1.81 ppm with intensity ratio close to 3:1 are
assigned to the methyl protons of the PTMSP backbone. Peaks at 2.41, 0.90 and 0.78 ppm
are assigned to the methylene protons of the CH»-Si(CH3).-CHo-CHo-CHo-CN. Protons
assigned to Si-CH>-CH,-CH.-CN were overlapped by the methyl protons of the backbone.
The grafting ratio was estimated by comparing the intensity ratio of the peak at 2.41 ppm
and the peak at 1.81 ppm. Amidoxime—bearing PTMSP (AO-PTMSP) was synthesized by

amidoximation using hydroxylamine (NH2OH). Amidoximation of nitrile in a polar
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Figure 7.2. The *H-NMR spectrum of (A) neat PTMSP, (B) CN-PTMSP, and (C)

AO-PTMSP.
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solvent is a well utilized process for the preparation of amidoximes.*? However, due to the
rather low solubility of CN-PTMSP in methanol, the reaction was carried out in the mixed
solvent of toluene and methanol at 70 °C for 48 h. The excess NH.OH could be easily
removed by precipitating the product repeatedly into excess methanol. The extent of
amidoximation was determined by *H-NMR. The peak at 2.41 ppm disappeared after the
reaction, suggesting that the -CN groups were transformed completely. The retention time
shift in SEC profiles (Table 7.1) of neat PTMSP and cyano-functionalized PTMSP (CN-
PTMSP) also verified that the grafting reaction was successful.

FTIR analysis of neat PTMSP and AO-PTMSP samples was performed and
representative data are shown in Figure 7.3. For all samples, the C=C peaks at 1560 cm™,
the Si-C-H peaks at 1240 cm™ and Si-C peaks at 1360 cm™, 840 cm™, 750 cm™ are
observed. The peak corresponding to -C =N (2250 cm™) of the starting material
disappeared completely after the amidoximation reaction, indicating the complete
conversion of polymers.**4* The conversion of the amidoximation reaction was also
confirmed by the emergence of the new peaks of -C=N at 1635 cm™ and a broad peak at

3400 cm™ of OH and NH,, respectively (Figure 7.3).

7.3.2 Relationship of The Feeding Ratio of n-BuLi and Grafting ratio

After the confirmation of AO functionalization in the PTMSP matrix, the grafting
ratio of AO moieties in the PTMSP matrix was plotted against n-BuLi/monomer feed ratio.
Within a certain n-BuLi/monomer feed ratio range (< 3), the AO grafting content increased

monotonically with the increase of feed ratio. However, the grafting ratio (> 31.5%).

234



Table 7.1. Results of SEC measurement of neat PTMSP and modified PTMSP

intermediate (CN-PTMSP).

MW Mn
Sample code PDI dn/dc
kg/mol kg/mol
PTMSP 170.1 115.1 1.48 0.1018
CN-8-PTMSP 227.6 147.8 1.54 0.0887
CN-20-PTMSP 252.4 156.2 1.62 0.0880
CN-30.5-PTMSP 261.4 172.6 1.52 0.0830
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Figure 7.3. FT-IR spectra of (A) neat PTMSP, (B) CN-PTMSP, and (C) AO-

PTMSP.
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plateaued with further increases in feed ratio, probably due to the reduced efficiency of
nucleophilic reaction at high grafting ratios (Figure 7.4).

The thermal stability of the modified membranes and the grafting ratio were also
determined by TGA (Figure 7.5) and the results are summarized in Table 7.2. The modified
membranes show good thermal stability.

Neat PTMSP showed a single-step decomposition at 341 °°, while a two-step
decomposition is observed in AO-PTMSP. The initial weight loss within 200-320 “ for
AO-PTMSP was assigned to the loss of amidoxime functionality.*> These results are

consist with the one determined by *H-NMR.

7.3.3 Gas Transport Properties of AO-PTMSP Membranes.

The effect of AO grafting on gas permeation properties was investigated by
evaluating the membrane permeability using the constant-volume variable-pressure gas
flux method. The AO-PTMSP membrane showed much higher CO2 permeability than that
of N2. The results for gas permeability and CO2/N> selectivity values are summarized in
Table 7.3 and Figure 7.6.

Generally, the reported CO2/N> separation performance of PTMSP membranes
ranges from a CO, permeability from 20000-35000 Barrer and CO2/N> selectivity from
3.5-11, due to different testing conditions and the aging effect of samples.> 48 Qur
measured gas permeability of neat PTMSP (CO2 permeability 30600 Barrer and CO2/N>
selectivity 3.5) is comparable to those previously reported data. With the higher

incorporation of AO moiety, the permeability of both CO2 and N2 show a monotonic
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Figure 7.5. Representative TGA curves of (a) neat PTMSP, (b) CN-8-PTMSP and
(c) AO-8-PTMSP.
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Table 7.2. General characterization of AO-PTMSP.

Grafting yield (%)

Sample Code AO functionality (mmol/g) T4 (°C)”
NMR TGA
PTMSP - - - 341
AO-8-PTMSP 7.9 11.3 0.71 218
AO-20-PTMSP 20.0 20.5 1.43 206
AO-31-PTMSP 31.5 30.9 2.67 200

“Reported as the temperature at ~5% weight loss.
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Table 7.3. Summary of density, FFV and gas transport properties for AO-PTMSP

membranes.
Density Permeability (Barrer)
Sample code FFVP o (CO2/N2)
(g/cm®)? CO2 N,

PTMSP 0.79 0.25 30000 8600 3.5
AO-8-PTMSP 0.84 0.21 20000 3300 6.1
AO-20-PTMSP 0.90 0.16 6500 480 135
AO-31-PTMSP 0.96 0.11 6000 350 17.2

aDetermined using Archimedes Principle in MeOH at 22 °C. Estimated using

Bondi’s group contribution method.
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decrease, while the CO2/N2 selectivity increases as a function of AO grafting content.
When these values are plotted on a 2008 Robeson plot (Figure 7.7), all AO-PTMSP
membranes showed much better overall CO2/N: separation performance than that of pure
PTMSP. Furthermore, the highest performing membrane, AO-31-PTMSP, has achieved

separation performance very close to the Robeson upper bound.

7.3.4 Effect of AO Group Incorporation on Gas Diffusivity

The effect of AO group incorporation into PTMSP membranes on gas diffusivity
was investigated by evaluating density, FFV, and gas permeability, and the results are
summarized in Figure 7.3. The measured density and FFV of neat PTMSP are 0.79 g/cm?®
and 0.25, respectively, which are consistent with previously reported values.*® With higher
AO incorporation, the density increased while FFV showed a monotonic decrease. For
example, AO-31-PTMSP, the membrane with the highest incorporation of AO at 31%,
showed an increase in density (~20%) and decrease of FFV (~50%). The introduction of
the bulkier AO group contributes to occupying excess free volume. Our results are
consistent with a previous study where the AO functionality caused a decrease in surface
area and pore size in other glassy materials®®

The decrease of FFV exerts a negative effect on gas diffusivity, contributing to a
decrease of gas permeability. Moreover, the formation of intermolecular H-bonding
between the AO structures could also hinder gas diffusion in corresponding areas, leading

to a further decrease of gas permeability. These two combined factors largely contribute to
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the monotonic decrease of both CO2 and N permeability (~4 times for CO. and ~20 times
for N2) in AO-PTMSP membranes. Despite the decrease of gas permeability, the CO2/N;
selectivity demonstrates a five-fold increase. The enhancement of CO; selectivity by AO
incorporation is attributed to the higher CO- affinity'’-?% 24 and it is further examined by

sorption measurements and quantum chemical calculations.

7.3.5 Impact of AO Group Incorporation on Gas Solubility

The sorption isotherms for both CO2 and N2 in AO-PTMSP membranes are
depicted in Figure 7.8. The sorption isotherms are described by the dual-mode model and
the fitting parameters are summarized in Table 7.4.

The N2 sorption of AO-31-PTMSP is much lower than other samples and was very
close to the lower detection limit of the instrument. Thus, the potential error may lead to a
deviated dual-mode model fit. For each polymer, the fitting parameters kp and b (Eq 3)
were constrained to a range which correlated to the critical temperature of permeating gas.*’
The neat PTMSP data (Table 7.4) is consistent with reported values.> 44 A slight
variability of sorption data compared with previously reported values is likely from the
film preparation process and processing history of the sample.>0-5!

The high sorption efficiency in PTMSP polymers is typically attributed to their high
FFV and microporosity.® For AO functionalized membranes, the decrease of gas sorption
capability is expected due to the reduction of FFV. When comparing the Henry’s law

parameter, kp, an increasing trend with higher AO content is observed. More than 70%
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Table 7.4. Summary of dual-mode model parameters, gas solubility and solubility

selectivity for AO-PTMSP membranes.

C'H
Sample Code Cmg(STP) Cmg(STP) [atm_l] Cm3 (STP) a[SA/SB]

cm3 atm cm3 cm3 atm

CO; N2 CO2 N2 CO2 N2 CO2 N2
PTMSP 271 0.01 66 22 0.094 0.050 849 1.07 7.9
AO-8-PTMSP 3.06 0.02 61 20 0.088 0.050 8.09 0.98 8.3
AO-20-PTMSP 3.10 0.01 43 14 0.095 0.050 6.86 0.68 10.0
AO-31-PTMSP 4.64 0.01 5 3 0080 0.050 502 015 324
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increase is achieved from neat PTMSP to AO-31-PTMSP. Typically, kp describes
penetrant dissolution into the densified equilibrium regions of a polymer matrix. For
membranes with no gas-polymer interaction, kp is generally related to the critical
temperature of permeating gas. In our study, the kp values of CO2 and N2 in pure PTMSP
are comparable with previously reported data. However, the AO-PTMSP membranes show
much higher CO2 kp values than that of PTMSP. The high CO: kp values clearly indicate
that the dissolution of CO: into the polymer are significantly enhanced, which should
originate from the strengthened CO2-polymer interaction/philicity by the presence of the
AO moiety. On the other hand, the Langmuir capacity parameter, C’n, represents the
maximum number of penetrant molecules that can be accommodated in the excess free
volume of a glassy polymer. With functionalizing PTMSP to AO-PTMSP membranes in
C’n showed the decreasing trend, clearly reflecting the decreased amount of gas absorbed
via Langmuir sorption. The amidoximation of the PTMSP matrix causes a great reduction
of FFV, therefore it imparts a deleterious effect on Langmuir sorption.

The solubility selectivity could be calculated using the following equation®’:

[(C; = C)/(P, = P14 ()
[(C; = C)/ (P, = Pl

alSa/Sgl =

Where a[S,/Sg] are solubility selectivity, C the penetrant concentrations, p the

pressure. When P»-P1=0, the solubility can be calculated as:

lim
Ap—-0

(CZ — Cl) C}b (6)

= kp 4+ —T
P2 — D1 P (1+ bp)?
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The calculated solubility values for all AO-PTMSP membranes are summarized in
(Table 7.4). When considering the overall CO2 sorption (Henry’s law plus Langmuir), it is
higher (~40%) in the pure PTMSP than in AO-31-PTMSP. However, for N2 sorption, due
to the relative low kp values for all PTMSP samples, the Langmuir sorption becomes the
predominant factor. Thus, the N2 sorption of AO-31-PTMSP show significant (~85%)
decrease compared with pure PTMSP. Overall, when focusing on the sorption capability,
although both CO2 and N2 sorption capacity show decreases to some extent, the decreasing
percentage in N2 is much higher than in CO.. Thus, the overall solubility selectivity shows
a four-fold enhancement after amidoximation. The solubility selectivity value of AO-31-

PTMSP (~32) is comparable with several previously reported CO,-philic materials.>>53

7.3.6 Noncovalent Interactions Between CO2/N2 and AO-PTMSP

DFT calculations were performed to further elucidate the observed IR spectra and
gas-polymer interactions. The broad O-H stretch band of AO-PTMSP was examined.
Analysis of this IR band provides valuable information for the reliable modeling of the
noncovalent interactions between the gas molecules and the AO functional groups.

The AO monomer, dimer and trimer geometries were considered. Two different
conformations were optimized for the AO dimer geometry, and two for the trimer
geometry. For both dimers and trimers, the first conformer includes hydrogen bonds
formed only with the oxygen atoms of the hydroxyl groups (O-H---O mode), while the

second conformer considers a hydrogen bond formed by a nitrogen atom (O-H---N mode).
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The calculated O-H vibration frequency for a free, non-hydrogen bonded H is
~3716 cm™ (Table 7.5). This value was obtained from the monomer and conformer 1 of
the dimer structure. The O-H---O mode is redshifted and ranges between 3315 and 3550
cm™. The O-H---N mode was found at even lower wavenumbers, at 3273 and 2938 cm
for the second conformer of the dimer and trimer geometries, respectively. The broad O-H
peak of the experimental IR spectrum of AO-PTMSP (Figure 7.3 (b)) ranging between
~3100 and 3600 cm™ indicates the presence of both O-H---O mode and O-H---N mode.

The comparison between the computational O-H vibration frequencies and the
broad O-H peak in Figure 7.3 shows that the O-H---N mode is less favorable for the
polymeric material, even if the dimer and trimer structures that are bound via the O-H---N
mode have a stronger interaction (Table 7.5). On the other hand, the peak at 2938 cm™ is
covered by alkyl C-H stretch in Figure 7.3 and does not show apparent variation, while a
shoulder peak at ~2940 cm™* was observed in our previously reported AO-PDMS system,?
which suggests the existence of O-H---N mode in these AO-functionalized membranes.

The noncovalent interactions of CO2 and N2 with the AO functional groups were
further studied by means of DFT. Supersystems between the gas molecules and one, two,
and three AO groups were considered. Based on the IR frequency analysis, the dimer and
trimer geometries without the O-H---N mode were used as initial geometries for the
optimized CO2-AO and N2-AO supersystems. Table 7.6 summarizes the strength of
interaction between the two gas molecules and the AO groups. Comparison of the AH?%

shows that the CO.-AOQ interaction is about four to five times stronger than the N2-AO.
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Table 7.5. IR peaks of the O-H stretch mode (in cm™) with a short description,
dissociation energies (in kJ/mol), and relative energies between the different dimer and

trimer conformers (in kJ/mol).

Dimer Dimer Trimer
Monomer Trimer (Conformer2)

(Conformerl) (Conformer2)  (Conformerl)

O-H stretch 3718 (free O-H) 3714 (free O-H) 3273 (O-H---N) 3550 (O-H---0) 3381 (O-H---0)

3471 (O-H---0) 3484 (O-H---0) 3336 (O-H--0)

3315 (0-H---0) 2938 (O-H---N)

AEbpissociation - -10.3 -25.2 -36.7 -76.9

AEConformer a - 14.9 0 40.2 0

2 Relative energy difference between conformers
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Table 7.6. Electronic energies and enthalpies of adsorption (in kJ/mol) for CO2 and

N2 with one, two, and three AO groups.

CO; N2
Repeating units

AE (kd/mol)  AH®¥(kJ/mol)  AE (kJ/mol)  AH?% (k/mol)

1A0 -25.9 -19.7 -8.4 -4.3
2 AO -30.2 -26.2 -10.3 -6.4
3 A0 -15.1 -12.0 6.6 1.2
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Two AO are involved in cooperative binding of a gas molecule, an effect that further
increases the interaction strength of the AO-PTMSP materials. This effect is larger for CO>
(about 5 kJ/mol) than N2 (about 2 kJ/mol), which can explain the increase of CO selectivity
upon larger AO loading (Table 7.3). Finally, the reason for the less favorable CO; or N2
interaction with the three AO functional groups is due to the hydrogen bond network
formed by the OH groups; the three AO are strongly bonded and it is less favorable to break
the hydrogen bond network in order to cooperatively bind a CO. or N2 molecule, which
suggests that further AO functionalization might impede gas separation performance.
Unfortunately, higher than 31 % AO functionalization could not be prepared due to the
steric hindrance, and this prevents verification of the predicted decrease in the membrane

performance.

7.4 Conclusion

We have successfully incorporated AO functionality into PTMSP membranes via
hydrosilylation, followed by coupling reaction between active Si-Cl-containing chemical
reagent and carbanion. The AO grafting significantly enhances the CO2/N> selectivity,
mainly due to the increase of CO2-polymer interaction, while the gas permeability showed
a decreasing trend due to the reduction of FFV and the formation of H-bonding. Compared
with neat PTMSP, the highest performing membrane AO-31-PTMSP showed a factor of
five increase in CO2/N selectivity, while maintaining high CO. permeability. The achieved

performance was very close to the current Robeson upper bound line. DFT calculations
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indicate that hydrogen bond networks affect the CO2/N: interactions with the AO
functional groups. This combination of experimental and theoretical work provides strong
support that careful tuning of CO2-philicity can strongly impact gas separation
performance. This systematic study of the impact of CO»-philic content provides insights
for fundamental understanding of structure-property relationships for the development of
gas separation membranes. These findings provide important knowledge for CO:
separation materials development and foster fundamental understanding of the gas

transport mechanism in polymer membranes.
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8.1 Conclusions

In this dissertation, we tried to demonstrate various applications of heteroatom-
containing functional polymers. We also want to know: how can we apply heteroatom
containing functional polymers to solve currently challenging problems.

We designed and synthesized novel polymer electrolytes and polymerized ionic
liquids based on soft polydimethylsiloxanes. To investigate the effect of side groups on the
ion transport, we attached cyclic carbonate, sulfonate, and triethylene oxide unit to the soft
PDMS backbone. The PHMS-g-VEC improved the ion dissociation and showed highest
ionic conductivity of 9.58x10® S/cm at room temperature. On the other hand, PHMS-g-
TES exhibits interesting behavior when different lithium salts were added. It was found in
this work there was a significant increase in ion conductivity at ambient temperature of 10°
4 S/cm. Furthermore, we synthesized polymerized ionic liquids using PDMS as a backbone,
in which imidazolium was covalently bonded to the polymer backbone and TFSI anion was
able to move freely. The room temperature ionic conductivity up to 3.3x10° S/cm was
obtained. High pressure dielectric measurements revealed that the PIL was closely packed,
causing the conductivity to be reduced. The results from dielectric measurements provide
insights for better understanding the ion transport mechanism. It also showed that siloxane-
based polymer could be one of the ideal polymer electrolyte matrices.

In this dissertation, we also introduced the synthesis of well-defined poly(2-
isopropenyl-2-oxazoline) homopolymers and block copolymers via living anionic

polymerization. By tuning the compositions and molecular weight of (PIPOx-b-PS-b-
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PIPOx), different morphologies were observed. Inspired by the versatility of 2-
isopropenyl-2-oxazoline, we further prepared AuNPs using PIPOx homopolymer as
template in aqueous medium. TEM results revealed that the size of these AuNPs is in the
range of 3.8£1.0 nm.

In the final chapter, we introduced application of amidoxime modified PTMSP on
CO2/N2 gas separation. Due to strong CO- interaction with the amidoxime moiety, the
modified PTMSP exhibited enhanced CO2/N selectivity while maintaining rather high

permeability.

8.2 Future work

PILs have been becoming the promising candidates for applications in polymer
electrolytes. They show superior ionic conductivity comparing with conventional
ambipolar polymer electrolytes. Our future goal is to prepare single lithium-ion conducting
polymer electrolytes. The fluorosulfonyl imide could facilitate the ion dissociation as
discussed in the introduction (chapter 1.2.4). To further facilitate ion dissociation,
fluorosulfonyl imide will be selected as the anion and covalently bonded the PDMS

backbone (Scheme 8.1).
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Scheme 8.1. Single lithium-ion conducting electrolytes.

Furthermore, due to the versatility of PIPOx and PIPOx containing block
copolymers, advanced architectures such as bottle brush and “dumbbell” shaped brush-

linear-brush could be achieved, as illustrated in Scheme 8.2.

Scheme 8.2. Synthesis of P(IPOx-g-EtOx)-b-PS-b- P(IPOx-g-EtOx) and P(IPOX-

g-EtOx).
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