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ABSTRACT

Anionic polymerization and controlled radical polymerization enabled the
synthesis of novel block copolymers with non-covalent interactions (electrostatic
interaction and/or hydrogen bonding) to examine the relationships between mesoscale
phenomenon and macroscopic physical properties. Non-covalent interactions offer extra
intra- and inter-molecular interactions to achieve stimuli-responsive materials in various
applications, such as artificial muscles, thermoplastic elastomers, and reversible
biomacromolecule binding. The relationship between non-covalent interaction promoted
mesoscale phenomenon (such as morphology) and consequent macroscopic physical
properties is the key to optimize material design and improve end-use performance for
emerging applications.
Pendant hydrogen bonding in ABA block copolymers promoted microphase
separation and delayed the order-disorder transition, resulting in tunable morphologies
(through composition changes) and extended rubbery plateaus. Reversible additionfragmentation chain transfer (RAFT) polymerization afforded a facile synthesis of ABA
triblock copolymers with hydrogen bonding (urea sites) and electrostatic interactions
(pyridinium groups). Pyridine groups facilitated hydrogen bonding through a
preorganization effect, leading to highly ordered, long-range lamellar morphology and a
significant increase of flow temperature (Tf) 80 ºC above the hard block Tg. After

quaternization of pyridine groups, electrostatic interaction, as a second physical
crosslinking mechanism, disrupted ordered lamellar morphology and decreased Tf. Yet,
extra physical crosslinking from electrostatic interactions pertained ordered hydrogen
bonding at high temperature and exhibited improved stress-relaxation properties.
Both conventional free radical polymerization and RAFT polymerization
generated a library of poly(ionic liquid) (PIL) homopolymers with imidazolium groups as
bond charge moieties. A long chain alkyl spacer between imidazolium groups and the
polymer backbones ensured a low glass transition temperature (Tg), which is beneficial to
ion conductivity. Four different counter anions enabled readily tunable Tgs all below
room temperature and showed promising ion conductivities as high as 2.45 × 10-5 S/cm at
30 ºC. For the first time, the influence of counter anions on radical polymerization
kinetics was observed and investigated thoroughly using in situ FTIR, NMR
diffusometry, and simulation. Monomer diffusion and aggregation barely contributed to
the kinetic differences, and the Marcus theory was applied to explain the polymerization
kinetic differences which showed promising simulation results. RAFT polymerization
readily prepared AB diblock, ABA triblock and (AB)3 3-arm diblock copolymers using
the ionic liquid (IL) monomers discussed above and deuterated/hydrogenated styrene. We
demonstrated the first example of in situ morphology studies during an actuation process,
and counter anions with varied electrostatic interactions showed different mesoscale
mechanisms, which accounted for macroscopic actuation. The long chain alkyl spacer
between imidazolium groups and polymer backbones decoupled ion dynamics and
structural relaxation. For the first time, composition changes of block copolymers
achieved tunable viscoelastic properties without altering ion conductivity, which

provided an ideal example for actuation materials, solid electrolytes, and ion exchange
membranes.
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GENERAL AUDIENCE ABSTRACT
My research focuses on the synthesis of novel soft materials with a special
interest in responsive polymers. The incorporation of responsive chemistry, such as
hydrogen bonding and ionic interactions, enables soft materials with complex responsive
behavior were achieved. Polymers with ion pairs promise great potential as solid-state
electrolytes (which transfer ions to generate current) to eliminate potential fire hazard in
batteries, which has been an arising concern for modern cellphone and electric car
industry. The introduction of strong dipoles into polymers allows the fabrication of
actuators, which convert electric signals to physical movement. Under applied voltage,
polymers bend within seconds while holding physical loads. Actuator studies in polymers
paves the way towards artificial muscles as well as soft robotics. Temperature responsive
hydrogen bonding in polymers offers drastically different viscoelastic properties at
different temperature and serves as the key mechanism in holt-melt adhesives, controlled
drug release, and high performance materials.
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Chapter 1: Introduction
1.1

Dissertation overview
This dissertation primarily revolves around macromolecules with pendant non-covalent

interactions (hydrogen bonding and electrostatic interaction), focusing on the influence of
mesoscale phenomenon on macroscopic performances. Chapter 2 reviews the application of free
volume theory in polymeric matrices. This comprehensive review intends to provide an
understanding between structural elements and free volume and the corresponding
thermomechanical and permeation properties. Chapter 3 reviews literature addressing
phosphonium-containing ionic liquids (ILs) and poly(ionic liquid)s (PILs) as conductive
materials. Phosphonium-containing ILs and PILs demonstrate significant advantages over
conventional nitrogen-based counterparts (ammonium, imidazolium, etc.) in terms of ion
conductivity and thermal and chemical stability.
Chapter 4 reports the application of Michael addition chemistry in solvent-free rooftop
adhesives. Facile end-group functionization of hydrogenated polybutene diol allows the
preparation of Michael donors and acceptors. With optimized stoichiometry and additives, the
Michael addition adhesives at least double the performance of solvent-based commercial
adhesive controls at three different interfaces.
Chapter 5 describes the utilization of piperidine functionalized styrene monomer to
increase the 3,4 addition content in polyisoprene block during the synthesis of ABC triblock
copolymers using anionic polymerization. The Tg of polyisoprene blocks varies from -60 ºC -20
ºC due to 3,4 addition change. Due to increased polarity of polyisoprene block from high 3,4
addition content, polyisoprene blocks demonstrate microphase separation or mixing depending
on their molecular weights. Chapter 6 and 7 examines the association of pendant hydrogen
1

bonding groups (urea sites) and its corresponding influence on microscopic morphologies and
macroscopic thermomechanical properties. Specifically, Chapter 6 reports pendant urea
hydrogen bonding sites promoted ordered morphologies and expanded rubbery plateau above the
hard block Tg. Pendant hydrogen bonding remains ordered at high temperatures comparing to
backbone hydrogen bonding, presumably due to the lack of cooperativity. Chapter 7 compares a
library of ABA block copolymers containing either hydrogen bonding (urea sites) and
electrostatic interactions (pyridinium). Hydrogen bonding promotes long-range, ordered lamellar
morphology and shows flow temperature (Tf) 80 ºC above the hard block Tg. The introduction of
electrostatic interaction disrupts the ordered morphology, leading to a reduction in Tf. In return,
the dissociation of hydrogen bonding is severely depressed by extra electrostatic interactions.
Chapter 8 and 9 focus on understanding ion dynamics in PIL homopolymers and block
copolymers. In Chapter 8, novel IL monomers with long alkyl spacers between imidazolium
groups and polymer backbones allow the synthesis of four different PIL homopolymers with
different counter anions. Counter anions show profound impacts on Tg, ion conductivity, and
radical polymerization kinetics. The promising ion conductivity enables further investigation of
this IL monomer in the synthesis of ABA triblock copolymers using styrene as the A blocks in
Chapter 9. The triblock copolymers shows decoupling of ion dynamics (ion conductivity) and
structural relaxation, allowing tunable viscoelastic properties from composition changes without
altering ion conductivity.
Chapter 10 details the synthesis of a new class of polymers: poly(phosphorus ylide). Fast
solid-state charge transfer is observed during the synthesis of phosphorus ylide monomers. The
resulting monomers and homopolymers synthesized from conventional free radical
polymerization exhibited strong visible light absorption and fluorescence, promising their

2

application as photo-sensitized dye. Finally, Chapter 11 and 12 provide overall conclusions and
suggested future work. Some of the future work in Chapter 12 is already in progress, and the rest
are suggested continuous work.

3

Chapter 2: Probing Nothing: A Review of Free Volume and its Role
in Polymer Structure-Property Relationships
(Manuscript in preparation for publication)

Mingtao Chen, Maruti Hedge, Timothy E. Long*

Department of Chemistry, Macromolecules Innovation Institute, Virginia Polytechnic Institute
and State University, Blacksburg, Virginia, 24061
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2.1 Abstract
Fractional free volume in polymers relates closely to structural relaxation and voids
distribution, which proves crucial in understanding and predicting thermomechanical properties
and permeation process, respectively. This review focused on the structure-free volume-property
relationships in a wide range of polymeric matrices: crosslinked polymers, homopolymers,
segmented polymers, block copolymers, polymer blends and additives. The relationships
between common environment elements, such as temperature and pressure, and free volume
changes are also summarized in this review. Different techniques determined free volume
parameters which dictate polymer physical properties, and, in return, contribute to future
material design from a molecular level.
2.2 Introduction
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Researchers in polymer science and engineering commonly invoke the theory of free
volume to rationalize polymer properties and performance, however, these rationalizations are
often the result of confounding factors. Thus, this review is intended to present the progession of
free volume theory, the common techniques employed in the literature, and diverse examples
where free volume was presented to account for structure-property relationships. In simple terms,
the polymer free volume primarily refers to the degree of packing, or more specifically, the
volume unoccupied by the constituent atoms or molecules in a material.1 Due to the relationship
between free volume and the mobility (m) of polymer chains i.e. relaxation behavior of
materials, theories on free volume are pertinent to the fundamental understanding of polymer
physical properties, most notably, thermomechanical properties

2-10

and diffusion properties.11-24

We will discuss the modification of fractional free volume, free volume size and distribution,
through tailoring of polymeric structure,5, 7, 20, 25-27, 28-30, 15, 31-34
16, 19, 37-39

16, 35, 36

use of additive and blends

and nanoscale morphologies.38 We will provide a brief overview on the theoretical

concepts of free volume and the experimental techniques used to measure free volume in a
polymeric material.

In terms of thermomechanical properties, free volume relates to local mobility and affects
segmental motion, thus influencing melt viscosity, glass transition temperature (Tg) and
Young’s modulus.3,

10, 38-41

For barrier and membrane applications, free volume directly

determines the diffusivity and selectivity since free volume typically serves as transportation
pathways for small molecules.12, 21, 24, 37, 42-43 This review on free volume in polymers is geared
towards polymer chemists. We will highlight the important progresses in theoretical concepts
and techniques used to probe free volume. This review will focus on the inter-relationship of
the free volume of a polymer, molecular structure, and physical properties.
5

2.3 Theoretical developments of free volume theory
The first conceptual realization of free volume is credited to van der Waal.44 In 1873, he
postulated that each molecule occupies an intrinsic volume related to its size along with an
associated excluded volume to account for its thermal motion. While many researchers
intuitively recognized that the properties of a fluid were related to its free volume having a length
scale on the order of angstroms, the lack of theoretical models to compute free volume was an
obstacle in further developing this prospect. In 1913, Batchinski published his seminal work
wherein he recognized that viscosity of simple low molecular weight fluids at constant
temperature and pressure scales with density.45 His work was the first to directly link diffusivity
of molecules to free volume. In subsequent years, Hildebrand et al. developed on Batchinski’s
work and showed that the fluid viscosity scales as a function of fractional free volume. 46 Their
theories were applicable for simple fluids at elevated temperatures but not strictly suitable at
temperatures below the melting point of the fluids.

To account for these shortcomings, in 1951, Doolittle defined free-space as the space
arising from the total thermal expansion without a change in phase (Equation 1):

(1)

where νf represents the volume of free-space per gram of substrate at a given temperature, ν0 is
the volume of one gram of substrate extrapolated to absolute zero without a change in phase, and
ν represents the volume of one gram of substrate at the given temperature.
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Using the relative free volume (νf /νo) that he defined in Equation 1, Doolittle calculated
that the melt viscosity of a fluid correlated well with the observed values over a wide
temperature range. Doolittle then successfully correlated melt viscosity (η) with fractional free
volume using Equation 2:

(2)

where A and B are empirical constants for a single molecular species. In effect, Doolittle was the
first to correlate free-space with the temperature-dependence of melt viscosity. However, the
application of Doolittle’s theory was restricted by its poor performance at low temperature and
complex extrapolation approach. Subsequently, there have been important refinements to this
approach.

The relatively successful empirical Doolittle equation resulted in sparse theoretical
developments. The Fox-Flory equation was based on the Doolittle expression and dispelled the
notion that viscosity peaks at the Tg. Their expression (Equation 3) implied a direct link between
the Tg, molecular weight, and free volume:

(3)

where Tg,∞ is the maximum glass transition temperature at infinite molecular weight, Mn is the
molecular weight, and K is an empirical constant related to free volume.

Although the Doolittle equation has no dependence on temperature, it is suitable only at
high temperature where free volume is high. To establish a free volume theory over a wider
temperature range, Williams, Landel and Ferry initially simplified the Doolittle equation by
7

replacing νf/ν0 with the fractional free volume, f (where f =νf/(ν0+νf)) in a supercooled system (νf
is normally negligible), resulting in Equation 4, now known as the WLF equation:47

(4)

Based on the assumption that the fractional free volume scales linearly with temperature,
Equation 5 is obtained:

(5)

where f and fg are the free volumes at temperature T and Tg (T is a temperature greater than Tg)
and α is the thermal expansion coefficient.

By comparing the viscosities at the Tg and at temperature T and substituting for f in
Equation 4, the following expression was derived:

(6)

Here, (B/2.303 fg) and (fg/ ) are the universal constants c1 and c2:

(7)

In most cases, Equation 6 satisfactorily describes the temperature dependence of all
mechanical relaxation processes,47 where αT is the ratio of any mechanical relaxation time at
temperature T to its value at a reference temperature. It should be noted that while the reference
temperature, Ts, is arbitrary, c1 and c2 are experimentally determined constants. Since αT is
8

approximately the ratio of viscosity η/ηg when reduced to Tg, Combining Equations 4 and 5
combined yield a relationship between αT and free volume.47

All of the above-mentioned theories center on the link between melt viscosity and free
volume of fluids. Important contributions towards explaining the link between mobility and
diffusivity of polymer chains and free volume of a material were published in 1957 by Fujita, in
1959 by Cohen and Turnbull, and in 1975 by Vrentras and Duda.

The basis of the Cohen/Turnbull theory is that molecules in a liquid migrate freely due to
a greater degree of freedom than in a solid. This feature is attributed to the existence of holes
through which the molecules move freely. The space associated with these holes is defined as the
free volume. For pure liquids, Cohen and Turnbull derived the link between mobility (m) and the
number of holes (free volume),

(8)

Here m is the molecular mobility, mo is a constant with the same dimensions as m, is a
numerical factor between 0.5 and 1, vc is the minimum volume of a hole that has to exist in the
neighboring molecule, and vf is defined as the free volume per molecule. A major drawback of
this theory is that vf cannot be quantified in known molecular terms. But if free volume is
defined as the volume not occupied by the cores of the constituent molecules, vf can be equated
to vf = v – vc, allowing for the calculation and quantification of vf.

The theories of Vrentas/Duda and Cohen/Turnbull essentially separated the free volume
into two distinct voids: interstitial free volume and hole free volume. The interstitial free volume
is the empty space in polymer crystals. The hole free volume refers to the excess free volume
9

inherent to the structural disorder in amorphous polymers, which appear as small holes. The
energy required for redistribution of interstitial free volume is large whereas the hole free volume
is distributed evenly without an energy increase. The theory was distinct from previous theories
in the sense that they attributed the hole free volume to be solely responsible for transport
properties of an amorphous polymer.48-56

During the 1960s, Bondi investigated the relationship of van der Waals volume (i.e., the
volume of molecules impenetrable to thermal collision) and radii for various groups using
crystallographic analysis.57 The concept of “occupied volume” derived from Bondi’s
interpretation afforded facile calculation over Doolittle’s approach and proved an accurate
method of calculating free volume, thereby eventually supplanting Doolittle’s definition.

Later, Paul and colleagues utilized a modified group contribution method to predict
transport behavior with significant accuracy.58 Yet, with the discovery of high free volume
glassy polymers (up to 35% for siloxane-containing polymers), the modified Doolittle equation
(Equation 3) was no longer appropriate, especially when free volume pores became
interconnected or bi-continuous. Additionally, Hill et al. showed another modified Doolittle
equation with better fitting within a wide range of νf.59 Frisch and Stern published a
comprehensive review of diffusion models in polymers, and will not be covered in this review.60

2.4 Techniques for evaluating free volume in polymers
The length scales of free volume holes in polymers are on the order of angstroms (10-10
m); therefore, it is not possible to directly measure these voids. The experimental techniques rely
on measurement of the surrounding cage enveloping the void and subsequent deduction of the
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void characteristics. The most common techniques utilized for these measurements are discussed
in the following sections.

2.4.1 Melt rheology

Free volume is related to the viscoelastic property of polymers. As described by the
Doolittle equation and the WLF equation, as free volume increases, viscosity decreases. A
common way to determine free volume is to fit rheological data with the modified WLF equation
(Equation 6) in order to determine c1 and c2. The universal constant c1 can be calculated using the
equation below:61-62

(9)

However, the utility of the WLF equation is limited to polymers with relatively low free
volume. This method is particularly useful because any mechanical relaxation ratio αT (such as
conductivity and storage modulus) can be related to free volume, hence providing a convenient
pathway for estimating free volume. Most rheology-dependent free volume studies have utilized
melt viscosity (or similar mechanical relaxation) to calculate fractional free volume.43,63,64
2.4.2 Density study and Bondi’s group contribution theory
Conducting a density study based on Bondi’s theory also represents an effective means
for determining fractional free volume (Vf). Using this method, the density of the material is
determined first, after which the specific volume (Vsp) at a given temperature is calculated based
on a known mass. Equation 10 affords the determination of fractional free volume:63
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(10)

where Vo is the occupied volume of polymer at 0 K, which is estimated as 1.3 times the van der
Waals volume (Vw), according to Bondi’s group contribution theory.57

2.4.3 Fluorescent Probe

Fluorescent probing is a promising technique to indirectly determine local free
volume.64-68 Fluorescent small molecules with the ability to undergo isomerization upon light
stimuli are introduced into polymer matrices. The photoisomerization requires different local
volume, and this specific volume enables the indirect detection of local free volume
distribution.69

Schryver et al. demonstrated the application of fluorescent probing to specify local free
volume distribution.70 Small dye molecules underwent photoisomerization in poly(n-butyl
methacrylate) matrix and the fluorescent intensity of each individual molecule enabled the
mapping of free volume distribution (Figure 2.3-1). 70 % and 30 % of all fluorescent molecules
exhibited steady mean lifetime at 6.2 ns and 3.2 ns, respectively (Figure 2.3-1a and Figure 2.31b), corresponding to two different conformations. Molecules demonstrated a reversible signal
as in Figure 2.3-1c, which was attributed to the isomerization between the two conformations
due to the dynamic structural disorder of the polymer matrix.

This fluorescent approach is highly efficient in determining local free volume and free
volume distribution; however, the free volume is only qualitatively compared to the
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photoisomerization size without absolute value, making it less useful in comparing multiple
systems and predicting properties based on free volume.

Figure 2.4.3-1 Fluorescence lifetime (solid circle, right Y axis) and intensity (open square, left Y
axis) time traces of tetraphenoxy-perylenetetracarboxy diimide (TPDI) molecules embedded in
poly(n-butyl methacrylate) matrix (Copyright (2004) American Chemical Society).70

2.4.4 Positron Annihilation Lifetime Spectroscopy (PALS)

Positron annihilation lifetime spectroscopy (PALS) is one of the most common
techniques for determining polymer free volume.23,

71-76

PALS works on the principle that

positrons (e+), the anti-particle of an electron, are annihilated via interactions with electrons (e),77 releasing detectable gamma rays. By measuring the time span between the generation of
positrons and release of gamma rays, it is possible to correlate the number of voids or amount of
free volume elements in a material. Thus, local electron density, serving as an indicator of local
13

free volume, affects the positron annihilation significantly. Since the ortho triplet state (o-Ps)
annihilation is enhanced by its interactions with other electrons, its lifetime will be reduced
significantly (around 0.5 – 5 ns).
A PALS spectrum will typically consist of three lifetimes, τ1, τ2, and τ3—with
corresponding intensities of I1, I2, and I3. The radius of free volume relates to the o-Ps lifetime τ3
(ns), as indicated in Equation 11,73

(11)

where R is the free volume and ΔR is the empirical electron layer thickness (normally assumed
to be 0.166 nm).78

The free volume fraction (or fractional free volume, Vf) is determined using Equation 12,

(12)

where A is an empirical constant, and

. Shorter τ3 lifetime values correspond to

decreased free volume due to the enhanced o-Ps annihilation in the presence of other electrons.77
The intensity I3 is an indicator of the number of free volume elements. Typically, PALS is more
sensitive to heterogeneities in domain size (in Å) than techniques like DSC and DMA (50 nm),79
but it only indicates bulk average free volume without revealing position-specific free volume
information.

2.4.5 Other approaches
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Various indirect approaches to determine free volume, such as DMA80 and molecular
weight analysis21 will be covered in specific examples, but most are not suitable in a general
way for a wide library of materials. Electron spin resonance (ESR) is a commonly used
technique to determine local mobility.81-84 With a spin label (usually a TEMPO group) attached
at specific sites of a polymer, local mobility studies afford detailed information at different
positions of a single polymer molecule (chain end, middle of chain and chain junction); however,
mobility was not directly correlated to free volume in a typical ESR experiment.81-82 Bartos et al.
showed qualitative correlation between ESR data (mobility) and PALS data (free volume).83-84
Nevertheless, employing ESR as a direct technique to determine free volume requires further
theoretical development.

2.5 Structure-property relationship affected by free volume
2.5.1 Application of free volume: general overview
For most macromolecules, free volume is closely related to two important physical
properties: segmental mobility and local void distribution. Segmental mobility directly
determines the thermomechanical properties of polymeric materials, including the glass
transition temperature. As a result, free volume theory provides an excellent approach to predict
and control thermomechanical properties for both glassy2, 8, 31-32, 85-87 and rubbery materials.7, 10, 35,
88-89

The distribution of local voids, which is crucial for small-molecule diffusion in barrier

applications, is dictated by free volume (both free volume size and distribution); thus, free
volume theory widely contributes to gas barrier performance.12-13, 21, 23-24, 37, 43, 90-92 Thus, free
volume theory is widely employed in CO2 gas separation, hydrogen purification, water
desalination, etc. This review will focus on parameters related to free volume size and the
number of free volume elements. Other free volume parameters, such as free volume element
15

shape as discussed by Dlubeck and coworkers, are beyond the scope of this manuscript.4,
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Furthermore, model simulations also extend beyond the scope of this investigation and will not
be addressed herein.
Thermomechanical properties of macromolecules relate to either thermal or mechanical
relaxation, such as glass transition temperature (Tg), melting temperature (Tm), elastic storage
modulus (E’), elastic loss modulus (E’’) and so on. Therefore, as an indicator of any relaxation
process, free volume enables rational explanation of most thermomechanical property changes.
As an example of free volume’s influence on thermomechanical properties, Dlubeck and his
coworkers reported that the incorporation of -olefin in polyethylene significantly increased free
volume size and number of free volume elements, thereby reducing the Tg, Tm and Xc (Table
2.5.1-1).93 The side chains of -olefin served as a defect to interrupt compact polyethylene chain
packing, which lead to an increase in free volume (both size and number) and promoted local
segmental mobility, which thus lowered Tg and Tm.
Table 2.5.1-1 Thermal properties and free volume parameters of poly(ethylene-co-α-olefin)93
Polymer
backbone

Branching
units

Branching
conc.
(mol%)

Tg
(°C)

Tm
(°C)

Xc
(%)

v
(Å3)

Nf
(1021/g)

N/A

0

-3.4

158

41

115.2

0.55

10

-10

130

26

116.1

0.47

20

-15

109

20

116.5

0.57

1.5

-4

141

36

117.0

0.54

3

-10

131

27

120.6

0.55

6

-10

108

20

126.3

0.59

10

-11

100

17

128.0

0.57
16

11

-12

88

10

130.3

0.65

2

-8

135

33

124.3

0.43

4.5

-12

117

27

129.9

0.53

8

-16

88

18

143.5

0.58

13

-21

60

9

153.6

0.61

20

-27

49

3

165.7

0.66

6

-19

108

14

146.6

0.51

10

-25

83

10

160.0

0.55

15

-32

54

8

172.1

0.56

6

-24

106

16

155.9

0.49

10.5

-32

54, 79

11

165.3

0.51

Tg, Tm and the crystallinity Xc were determined by DSC. Free volume size v and the number of free
volume Nf was determined by PALS.

Both size and number of intermolecular voids are critical for permeation membranes, and
small molecule diffusion usually correlates with free volume.94 For a typical permeability study,
there are two major factors: solubility and diffusivity. While some studies focus on diffusivity
only, the importance of solubility (or sorption) should not be ignored. Fractional free volume
dominantly determines permeability by controlling diffusivity, while free volume size and
solubility both define the selectivity of polymeric membranes.28-29, 95-96 Following Nagai et al.’s
investigation of free volume and its correlation with solubility,97 this review will focus more on
diffusivity. Gas and water separation applications are the most studied topics in this area and will
be our major discussion. For a comprehensive discussion on the physics of diffusion in
polymeric matrix, see the review from Ramesh et al.’s.98
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Polymeric gas separation membranes have attracted increasing attention, especially for
CO2 separation arising from the high demand to recycle CO2 as a greenhouse gas.14 Because of
its high affinity for CO2, crosslinked poly(ethylene glycol) (PEG) is a common research
platform.99 Lin et al. described that higher free volume (lower crosslinking density) induced an
increase of permeability for all four tested gas molecules regardless of the polymer backbone
structures (Figure 2.5.1-1). By varying the crosslink density and copolymer composition, Lin
and coworkers achieved different permeability and selectivity.

Figure 2.5.1-1 Correlation between the mean size of free volume elements (Vf) from PALS and
(a) CO2 and CH4 permeability and (b) H2 and N2 permeability at infinite dilution and 35 °C in
PEGDA/PEGMEA (▾) and PEGDA/PEGA (▵) copolymers (Copyright 2006 Elsevier Ltd.).100
Water purification, especially desalination, represents a major focus of polymeric
membrane applications.101-105 As mentioned above, both diffusivity and solubility are important
in regulating permeation behavior, especially when swelling has a significant influence on
solubility during desalination. For example, in a sulfonated poly(arylene ether sulfone) random
copolymer system, Xie et al. demonstrated that higher sulfonation samples led to lower free
volume as a result of promoted intermolecular interaction.23 Thus, reduced free volume
depressed the diffusivity of both water and NaCl (Figure 2.5.1-2). As NaCl was the larger
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penetrant, the decrease of free volume led to a more prominent decrease of its diffusivity than
water, resulting in higher H2O/NaCl selectivity.

Figure 2.5.1-2 Influence of free volume size from PALS measurements on: (a) water and NaCl
diffusivity and (b) diffusivity selectivity, αD in BPS (● and ○) and BPSH (■ and □) films. The
dashed lines are provided to guide the eye (Copyright (2011) American Chemical Society).23
2.5.2 The variation in free volume with temperature and pressure
Prior to identifying structure-property relationships using free volume theory, it is critical
to understand the inherent nature of free volume—the change of free volume with environmental
factors, such as temperature and pressure. As a direct measurement of molecular kinetic energy,
temperature steers the segmental mobility of polymers and thus plays a critical role in
determining free volume.32, 106-107 A similar argument applies to pressure.32, 90, 107-108 Yet, as the
variation of temperature is conventional and easier to regulate, pressure-driven free volume
change is less studied.
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Figure 2.5.2-1 o-Ps life time (ns) (top) and o-Ps intensity (bottom) for different polyurethanes as
a function of temperature. Open circle: 400 kDa molecular weight; open triangle: 1200 kDa
molecular weight; open square: 2000 kDa molecular weight (Copyright 1998 Elsevier Ltd.).106

Consolati et al. probed the impact of temperature on free volume using PALS, and
investigated free volume distribution above and below Tg in different polyurethanes.106 When the
temperature is higher than Tg, free volume size increased significantly while the number of free
20

volume sites reached a plateau; below Tg, both free volume size and the number of free volume
sites increased at elevated temperature (Figure 2.5.2-1). At high temperature, free volume
favored a narrow size distribution, implying that the expansion of smaller free volume voids was
the main factor for the increasing free volume.

\

Figure 2.5.2-2 Lifetime parameters of o-Ps annihilation in CYTOP at 298 K as a function of the
pressure P: The mean lifetime τ3, the mean dispersion σ3 (standard deviation of the o-Ps lifetime
distribution), and the relative intensity I3. The filled symbols: 1.3–2.6 million counts, and the
open symbols: 3.8–6.3 million counts. The stars show the lifetime parameters of the last
measurement done after finishing the pressure run and decreasing the pressure to the ambient
value. The lines are exponential fits of first (σ3,I3) or second order (τ3) (Copyright (2007) John
Wiley and Sons).107
Researchers have also studied changes of free volume induced by varying pressure levels.
Specifically, Dlubeck et al. confirmed that in the case of an amorphous perfluorinated polymer,
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both free volume size and the number of free volume decreased exponentially with increased
pressure at room temperature (Figure 2.5.2-2).107 It is also worth noting that the free volume size
distribution decreased at high pressure, which may become beneficial in barrier applications as
narrow free volume size distribution normally induces higher selectivity. Kilburn et al. reported
similar conclusions when examining the pressure-volume-temperature relationships and their
impact on free volume and mechanical relaxation.7, 108

2.5.3 Effect of polymer structure on free volume

The chemical composition of a polymer backbone dictates polymer physical properties.
Unlike other structural aspects discussed later in this review (such as branching and additives),
polymer structure defines performance windows for specific properties. While branching,
crosslinking, and additives facilitate fine-tuning of polymer physical properties, the initial
fundamental property platform is based on polymer structure. This discussion on polymer
chemical structure–free volume relationships will primarily focus on the free volume dependence
of backbone packing, interaction between polymer chains, and the potential rearrangement of the
polymer backbone.

The rigidity and bulkiness of the polymer backbone structure influences the efficiency of
polymer chain packing. Inefficient packing generally introduces more free volume as voids
residing between chains. Srithawatpong et al. compared the fractional free volume (Vf) between
high-vinyl, polybutadiene (HVBD) and cis-polyisoprene (CPI) using PALS (Table 2.5.3-1).89
The authors observed higher fractional free volume (0.041) in HVBD than CPI (0.020), as the
high vinyl content disrupted the polymer-chain packing. High fractional free volume of HVBD
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also stimulated a significant increase of Tg. This experimental observation was initially
confusing from a free volume point of view: higher free volume promotes local mobility and
thus should lead to a reduction in Tg. An explanation for this phenomenon suggests a common
competition mechanism between free volume and steric hindrance in steering Tg. High free
volume from bulky functional groups has the tendency to decrease Tg through enhanced
segmental mobility, while bulky functional groups also induce steric hindrance to local
movement. The relationships between free volume and Tg highly depend on the net result of this
competition. If overall mobility increases (free volume dominates) with increasing functional
group concentration, Tg will demonstrate a negative relationship with free volume. However, if
the overall mobility decreases (steric hindrance dominates), Tg will increase at high free volume
values. The net result is highly dependent on the nature and concentration of the functional
groups, and in the case of Srithawatpong’s work, the steric hindrance from the vinyl pendant
groups prevailed over free volume change in terms of determining Tg. More detailed discussion
on this competition will be covered in the polymer branching section (3.5).

Table 2.5.3-1 Glass transition temperature and fractional free volume of high-vinyl
polybutadiene and cis-polyisoprene89
Polymer structure

Tg

Vf

(°C)
-61

0.020

-23

0.041

(CPI)

(HVBD)

23

-54
,

0.024

(50/50)

Tg and fractional free volume (Vf) were determined by DSC and PALS, respectively.

Similarly, Dlubeck et al. investigated the free volume change in poly(styrene-coacrylonitrile) using PALS and concluded that incorporation of acrylonitrile content decreased
free volume size while maintaining a constant number of free volume elements (Table 2.5.3-2).32
Acrylonitrile units decreased free volume size as a result of smaller pendant group size compared
to styrene units. Meanwhile, the smaller size of acrylonitrile units reduced steric hindrance in
comparison to styrene units. In this case, both effects roughly compensated each other, leading to
an insignificant Tg change.

Table 2.5.3-2 Glass transition temperature and free volume parameters in poly(styrene-coacrylonitrile)32
Polymer structure

Acrylonitrile content
( mol%)
0

Tg
(°C)
104

vf
(Å3)
121.0

Nf
(1021/g)
0.53

22.1
104
112.7
0.58
38.4
110
107.7
0.56
50.6
108
102.1
0.56
Tg was determined by DSC. Free volume size (vf) and number of free volume elements (Nf) were
calculated through PALS.

Filiz et al. observed a similar trend in polyisoprene-block-poly(vinyl trimethysilane) (PIb-PVTMS).109 Higher polyisoprene content led to a decrease in fractional free volume and thus a
reduction in gas permeability (Table 2.5.3-3). Both hydrosilylation and hydrogenation of the
polyisoprene block improved gas permeability through introducing more fractional free volume.
When comparing hydrosilylation and hydrogenation, hydrosilylated block copolymers achieved
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higher fractional free volume due to the bulky triethylsilyl groups. As a result, the hydrosilylated
block copolymers exhibited the highest gas permeability. However, the hydrosilylated block
copolymers exhibited a reduction in CO2 gas permeability (155 barrer compared to 164 barrer)
relative to PVTMS homopolymer. The authors ascribed the decrease in free volume and gas
permeability to the longer ethyl groups in the hydrosilylated block copolymers comparing to the
shorter methyl substituents in PVTMS homopolymer.

Table 2.5.3-3 Fractional free volume and CO2 permeability in poly(isoprene-b-vinyl
trimethylsilane)109
Polymer structure

PI content

Vf

P (CO2)

(%)

(%)

(Barrer)

0

21.1

164

10

20.1

126

13

19.7

114

30

18.1

57

10

20.8

139

13

20.6

133

30

19.4

120

10

21.1

155

13

21.0

149

30

19.9

130

Fractional free volume (Vf) was determined by density study and Bondi’s contribution theory.
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In more rigid polymers, Liu et. al studied the effect of backbone geometry on free
volume and its influence on Tg and permeability behavior.25 According to PALS, poly(ethylene
terephthalate) (PET) exhibited larger free volume size (r in Table 2.5.3-4) than poly(ethylene
isophthalate) (PEI). Kinked PEI repeating units served as defect in chain packing to decrease
both Tm and Tg in PET-co-PEI random copolymers. However, in PET-b-PEI block copolymers,
Tg decreased with increasing PEI content while Tm remained unchanged due to their blocky
nature. At similar PEI content level, no significant difference in free volume and Tg appeared
between random copolymers and block copolymers. PEI is well known for its better oxygen
barrier property than PET. The incorporation of PEI in PET, in both random copolymers and
block copolymers, exhibited a decrease in permeability (P) as a result of decreased free volume
size as expected (Table 2.5.3-4). PEI simultaneously depressed Tm and improved gas barrier
properties (as a result of decreased free volume), making it a promising candidate in gas barrier
applications. In contrast, most polymeric materials sacrifice flexibility to gain better barrier
properties.

Table 2.5.3-4 Glass transition temperature and free volume parameter between polyethylene
terephthalate (PET) and polyethylene isophthalate (PEI)25
Polymer structure

PEI content
(mol %)

Tg
(°C)

Tm
(ºC)

r
(Å)

P
(cc cm m day-1 atm-1)

0

76

246

2.56

0.424

10
20
30

72
68
66

233
205
-

2.52
2.49
2.48

0.371
0.294
0.249

10
20
30

72
69
65

245
243
240

2.51
2.48
2.46

0.328
0.278
0.239

-2

25

26

100

55

-

2.41

0.090

Tg was determined by DSC. The difference in specific volume relative to PET (v) was
determined through PALS.

Interaction between polymer chains largely dictates packing through physically varying
the distance between neighboring chains. This change in distance proves to have a profound
influence on fractional free volume. Xie and coworkers investigated the free volume in
disulfonated poly(arylene ether sulfone) random copolymers.23 The researchers observed
competing mechanisms in free volume changes when they varied the degree of sulfonation in
their dry film samples (water uptake was negligible). Owing to high polarity of the ions,
polymers with a higher degree of sulfonated groups exhibited enhanced intermolecular
interaction, resulting in lower fractional free volume. At the same time, bulky sulfonates
interrupted efficient chain packing, leading to an increase in free volume. These two factors
largely canceled in the salt form (BPS, potassium salt), but the polarity effect prevailed in the
acid form (BPSH) (Table 2.5.3-5). Hence, with an increasing concentration of disulfonated
monomer, free volume size (3) decreased in BPSH but remained relatively unchanged in BPS.
BPS exhibited an average larger free volume size than BPSH from PALS because BPS had a
bulkier counter ion than its acid analog. Conversely, hydrated polymer films exhibited different
properties in comparison to dry films as water uptake participated in determining free volume
and became a dominant factor. As a result, free volume size increased at elevated concentrations
of disulfonated monomer in both hydrated BPS and BPSH films. The number of free volume
elements decreased in the hydrated film, however, the inhibition of o-Ps (the signal that PALS
utilized to calculate free volume parameters) might play a significant role.
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Table 2.5.3-5 Free volume parameters and water diffusivity of disulfonated poly(arylene ether
sulfone) random copolymers23
Polymer structure

Disulfonated

3

I3

Water diffusivity

monomer (%)

(ns)

(%)

(10-6 cm2/s)

20

1.853 ± 0.013

19.9 ± 0.4

0.90

M = Na

30

1.881 ± 0.016

16.4 ± 0.2

1.4

BPS

35

1.889 ± 0.020

16.3 ± 0.3

1.3

40

1.899 ± 0.014

15.2 ± 0.2

1.7

20

1.871 ± 0.021

19.5 ± 0.3

1.1

M=H

30

1.895 ± 0.014

17.6 ± 0.2

1.8

BPSH

35

1.924 ± 0.024

16.8 ± 0.6

2.1

40

1.939 ± 0.021

16.7 ± 0.3

2.3

Counter ion

Free volume parameters were determined by PALS.

Hsieh and coworkers conducted a thorough study of the structure-free volume-physical
properties relationship for thermotropic liquid crystalline polymers (TLCPs).86 Entry 1 in Table
2.5.3-6 exhibited a larger free volume size compared to Entry 2, suggesting that a kinked
structure along the polymer backbone introduced more free volume as a result of packing
interference. The amide linkage in Entry 3 demonstrated the potential of hydrogen bonding to
reduce free volume due to efficient and ordered packing of polymer chains. All TLCPs in this
study presented a smaller free volume size than a PC control, indicating the rigid nature of
TLCPs favored a decline in free volume size. No general trend was observed between Tg and
free volume in this work.
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Table 2.5.3-6 Glass transition temperature and free volume size of thermotropic liquid
crystalline polymers86
Thermotropic liquid crystalline polymers

Tg (ºC)

vf (Å)

100

37.97 ± 2.14

99

34.47 ± 4.07

146

31.01 ± 26.89

154

99.52 ± 1.7

Entry 1

Entry 2

Entry 3

PC
Tg and free volume size were determined by DSC and PALS, respectively.

Another interesting approach to alter polymer free volume is thermal rearrangement of
the polymer backbone. Park et al. employed PALS to determine free volume changes in
hydroxyl-containing polyimide (HPI) and its thermally rearranged polybenzoxazoles (TRPBO).110 Table 2.5.3-7 showed that fractional free volume increased from 0.19 to 0.28 after
thermal rearrangement based on Bondi’s group contribution theory. The increased free volume
was presumably due to the disappearance of the hydroxyl group. Without hydroxyl groups in
TR-PBO, hydrogen bonding was severely depressed, causing less dense chain packing
comparing to HPI. As a result, TR-PBO showed higher permeability than HPI due to its larger
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free volume size and/or connected free volume elements. Freeman et al. also studied thermally
rearranged polymers using PALS and concluded that the higher selectivity of thermally
rearranged polymers suggested a favorable free volume distribution.27

Table 2.5.3-7 Fractional free volume and CO2 permeability before and after thermal

rearrangement110
Polymer structure

Vf

Vf

CO2

(simulated)

(calculated)

Permeability
(barrer)

0.214

0.19

12.2

0.252

0.28

29.0

HPI

TR-PBO
Fractional free volume was calculated trough simulation and Bondi’s group contribution theory.

External forces have the capacity to align polymer backbones. In general, oriented
polymer backbones enable efficient packing and thus reduced free volume. Liu et al. studied the
free volume changes and the consequent oxygen permeability when orienting PET films at
various temperature.25 Comparing to non-oriented films, films oriented at Tg as well as 15 ºC
below Tg exhibited a decrease in free volume, leading to a decrease in oxygen permeability
(Table 2.5.3-8). The authors ascribed chain orientation below Tg and amorphous phase
orientation at Tg to the decrease in free volume. In contrast, when orienting PET films at
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temperatures higher than Tg (15 and 30 ºC above Tg), strain-induced and thermal crystallization
occurred and increased free volume. As a result, no oxygen permeability change appeared after
orientation at 30 ºC above Tg. Valic et al. chose PALS to compare free volume changes with
uniaxial deformation of linear low-density polyethylene film (LLDPE) in two different
directions.91 Both parallel and perpendicular deformation appeared to have little influence on
free volume size (slightly increased for parallel deformation and almost constant for
perpendicular deformation). However, the force-induced close packing from both parallel and
perpendicular deformation led to a decrease of the number of free volume. As a result, fractional
free volume decreased with deformation, thus, gas permeability decreased. In this case, the
direction of deformation seemed to have no effect on free volume behavior.
Table 2.5.3-8 Free volume and permeability parameters of oriented PET films25
Polymer structure

Tdraw
(ºC)
-

Vf
(cm3/g)
0.026

P
(cc cm m day-1 atm-1)
0.424

Tg – 15
Tg
Tg +15
Tg +30

0.017
0.024
0.030
0.034

0.203
0.205
0.211
0.401

-2

Tdraw: orientation temperature

2.5.4 Effect of molecular weight and molecular weight distribution on free volume
Molecular weight is often referred as the “size of a molecule” and used interchangeably
with molar mass in polymer synthesis and characterization.111 Both molecular weight and its
distribution dictate polymer physical properties through chain entanglement and chain end
concentration. As a rational deduction, higher molecular weight reduces fractional free volume
by providing more chain entanglement and reducing chain end concentration. Chain
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entanglement leads to compact packing and decreases free volume.112 Polymer chain ends
generally provide more free volume than backbone and are prone to packing imperfection.112
However, at a high enough molecular weight, fractional free volume becomes an increasing
function of molecular weight.
Table 2.5.4-1 Molecular weight, free volume size and spin-spin relaxation time of polystyrene113
Polymer structure

Mn

Mw

2

(kg/mol)

(kg/mol)

(ns)

0.104

0.104

2.42

0.545

0.600

2.23

0.550

0.970

1.96

1.95

2.1

1.94

3.27

3.6

1.95

4.60

5.00

1.86

9.70

10.3

1.87

19.6

19.8

1.91

49.0

51.0

1.90

96.2

98.2

1.89

164

173

1.82

392

411

1.90

773

867

1.90

1780

2145

1.94

Molecular weight data was determined by SEC as relative molecular weight. Free volume parameter (2)
and spin-spin relaxation time (T2) were determined by PALS and NMR, respectively.
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West et al. studied free volume’s dependence on molecular weight over a wide molar
mass range.113 For polystyrene, the free volume size (2) from PALS decreased with increasing
molecular weight as expected (Table 2.5.4-1). However, the free volume size started to increase
again at above 200 kg/mol molecular weight. The authors mentioned the possible influence of
fast motion that is normally out of the detection range of PALS.
He and coworkers explored the high molecular weight region of polystyrene (PS) and
poly(methyl methacrylate) (PMMA) and observed similar free volume increase with increasing
molecular weight.112 In PS, the free volume size (3) remained relatively constant with molecular
weight, while the number of free volume elements (I3) surged from 26.1 % to 30.0 % (Table
2.5.4-2). Similarly, in the case of PMMA, the free volume size stayed at a constant value, and the
number of free elements increased. Nevertheless, the variation of the number of free volume
elements in PMMA was not as significant as in PS. The authors attributed the unorthodox free
volume increase to the retardation of fast local motion that was normally undetectable for PALS.
At high molecular weight, the chain end concentration was negligible, hence the free volume
drop led by the decreasing chain-end concentration was trivial. Meanwhile, high molecular
weight slowed down local motions that otherwise were too fast for PALS to detect. Eventually,
PALS reveals some of the originally undetectable voids and results in an apparent “increase” of
free volume.

Table 2.5.4-2 Molecular weight and free volume parameter of polystyrene and poly(methyl
methacrylate)112
Polymer structure

Mn (kg/mol)

 (ns)

I3 (%)

140

2.030

26.1

190

2.039

27.9

33

500

2.093

30.0

980

1.879

20.4

1470

1.895

20.0

2020

1.885

21.1

Free volume parameters were determined by PALS.

Suvegh et al. specifically addressed the importance of molecular weight distribution in
determining free volume.114 At similar molecular weight, polydisperse poly(methyl
methacrylate) (PMMA) always exhibited larger free volume size (o-Ps lifetime) (Figure 2.5.41). The free volume size in monodisperse PMMA demonstrated little dependence on molecular
weight. But in polydisperse PMMA, the free volume size clearly increased before reaching a
plateau at high molecular weight.

Figure 2.5.4-1 Free volume size (o-Ps lifetime) as a function of molecular weight (left) and
polydispersity (right) in poly(methyl methacrylate) (Copyright (1999) American Chemical
Society).114
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2.5.5 Effect of pendant groups and branching on free volume
Branched polymers are often defined as macromolecules with more than two chain ends
per chain.111 Controlled branching is a common strategy to alter polymer physical properties.
The branching density, the length of branches, and branching chemical structures determine the
physical properties of branched polymers via free volume control. The branching density has a
profound influence on free volume, as the addition of extra chain ends from branching, in
general, increases the free volume. Longer branch length tends to increase the free volume,
thereby greatly influences polymer thermomechanical and barrier properties.115 Different
functional pendant groups provide additional interactions, such as hydrogen bonding, steric
hindrance and ionic interactions, which also exhibit various influence on free volume.
Dlubeck et al.’s study on polyethylene (PE) represents a typical relationship between free
volume and polymer branching (Table 2.5.5-1).93 The α-olefin introduced defects to interrupt
compact poly(ethylene) chain packing, leading to a decrease in the T g, Tm and Xc compared to
the linear analog. In conjunction, a subsequent increase in free volume size (Vf) and the number
of free volume elements (Nf) was observed. For example, the introduction of 1-octene increased
the free volume size from 124.3 Å3 (2 mol% branching) to 165.7 Å3 (20 mol% branching), and
the corresponding free volume concentration increased from 0.43×1021/g to 0.66×1021/g.
Table 2.5.5-1 Thermal properties and free volume results of poly(ethylene-co--olefin)93
Polymer

Branching

Branching

Tg

Tm

Xc

Vf

Nf

backbone

units

conc. (mol%)

(°C)

(°C)

(%)

(Å3)

(1021/g)

N/A

0

-3.4

158

41

115.2

0.55

10

-10

130

26

116.1

0.47

35

20

-15

109

20

116.5

0.57

1.5

-4

141

36

117.0

0.54

3

-10

131

27

120.6

0.55

6

-10

108

20

126.3

0.59

10

-11

100

17

128.0

0.57

11

-12

88

10

130.3

0.65

2

-8

135

33

124.3

0.43

4.5

-12

117

27

129.9

0.53

8

-16

88

18

143.5

0.58

13

-21

60

9

153.6

0.61

20

-27

49

3

165.7

0.66

6

-19

108

14

146.6

0.51

10

-25

83

10

160.0

0.55

15

-32

54

8

172.1

0.56

6

-24

106

16

155.9

0.49

10.5

-32

54, 79

11

165.3

0.51

Tg, Tm and the crystallinity Xc were determined by DSC. Free volume size Vf and the number of free
volume Nf was determined by PALS.

For PE with uniform branch length, the free volume size increased as the branching
density increased, resulting in decreased Tg (Table 2.5.5-1). At a similar incorporation levels (10
mol%), longer alkyl pendant groups lowered Tg further, ranging from -10 °C (1-butene) to 32 °C (1-hexadecene), as a result of increasing free volume. This systematic study represents a
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typical structure-free volume-property relationship: at a similar branching level, longer branches
tend to lower Tg more through the introduction of more free volume.

Figure 2.5.5-1 Tg (a) determined from DSC and o-Ps lifetime τ3 (b) determined from PALS
against α-olefin content (wt%) for ethylene copolymers containing: 1-propene (C3), 1-butene
(C4) and 1-octene (C8). Solid lines are least-squares exponential fit (Copyright (2006) John
Wiley and Sons).5
Dlubeck et al. revealed another general relationship between branching density and free
volume in n-alkyl branched PE using PALS.5, 85 In the low-branching (< 20%) content materials,
Tg decreased linearly as branching increased, while the change of Tg diminished at high
branching density (Figure 2.5.5-1a). The authors attributed the decrease of Tg to higher
segmental mobility through plasticization of branches. Branching led to higher free volume (3)
and thus resulted in higher segmental mobility (Figure 2.5.5-1b). In the case of high branch
content (> 20%), Tg plateaued due to the appearance of diads (two adjacent n-alkyl units), which
enabled highly efficient packing and mitigated the increase in segmental mobility and free
volume.85 As a general relationship between branching density and free volume, free volume
increases rapidly first as branching density increases; but, when the branching density is high
enough (i.e. when diads of the branching repeating units are not negligible any more), the free
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volume plateaus. Mader et al. confirmed this relationship,116 proving that with the increasing
degree of branching, Tg decreased rapidly first at low branching level before it plateaued at
higher branching density. Furthermore, Tg even began to increase at very high branching density
(80% to 100%).

Table 2.5.5-2 Thermomechanical properties and fractional free volume of poly(ethylene-conorbornene) copolymers33
Polymer

Norbornene
content (mol%)

Young’s
modulus (GPa)

Tg

Vf

(°C)

(%)

40

81

6.2

1.94

52

137

11.3

2.06

54

154

11.9

2.15

66

173

12.9

2.20

Tg, Young’s modulus and fractional free volume (Vf) were determined by DSC, Instron 5544 and PALS
respectively.

The two general trends discussed above work best for linear branches. However, the
introduction of bulky branches introduces a steric hindrance factor that usually competes with
free volume. Hu et al. studied the influence of cyclic olefin branching on free volume using
PALS.33 The introduction of bulky norbornene groups led to significant free volume (Vf) change
as expected (Table 2.5.5-2). Fractional free volume doubled (from 6.2% to 12.9%) at 66 mol%
incorporation of norbornene in comparison to 40 mol% incorporation. However, Tg also
increased with higher branching content due to the interference of bulky pendant groups on
segmental motion. In this case, the hindrance of segmental motion from bulky cyclic pendant
groups surpassed the effect of free volume increase, thus higher fractional free volume failed to
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lower the Tg. This behavior is interesting, as high permeation behavior (high free volume) with a
good thermal property (high Tg) coexist in the same matrices. Such properties are critical and
ideal for barrier applications. As shown by the authors, polymers with higher norbornene content
exhibited a higher permeability coefficient with improved mechanical properties.
Table 2.5.5-3 Fractional free volume and gas permeability of triptycene-based polyimides26
Polymer

Vf
(%)

CO2
permeability
(Barrer)

15.6

14.4

18.3

19.7

15.1

9.0

Fractional free volume (Vf) was determined by density study. CO2 permeability was measured at 35 °C
and 130 psig.

Similarly, aromatic branches and pendant groups have a more significant influence on
free volume due to their inherent rigidity. Wiegand et al. characterized triptycene-based
polyimides to elucidate the free volume effect on gas separation.26 Using density studies coupled
with Bondi’s theory, the calculated fractional free volume (Vf) increased with the introduction of
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bulky triptycene in the backbones (Table 2.5.5-3). The addition of bulky –CF3 substituents
further increased the free volume from 15.6 % to 18.3 % by disrupting chain packing. In contrast,
smaller –CH3 groups reduced the free volume to 15.1 %. The authors postulated that the small
methyl groups resided partially in the free volume void provided by the bulky triptycene groups
and thus led to a decrease in free volume. As expected, gas permeability increased with
increasing fractional free volume. The Tgs of these polyimides (ranging from 280 to 300 °C)
demonstrated no general correlation with free volume in this case, as both the molecular weight
and molecular weight distribution were not controlled.
Despite the two general relationships between free volume and polymer branches or
pendant groups, the direct relationship between glass transition temperature and free volume is a
case-by-case study. Branches, in general, act as plasticizers to introduce more free volume and
thus lower Tg.5, 8, 10, 86 However, researchers have argued that pendant groups with secondary
interactions lead to a decrease in free volume and result in a higher Tg.86 Also, for bulky
branches, both free volume and Tg increase with increased branching content.33 In this case,
branches and pendant groups increase free volume, but the additional entanglement from the
bulky pendant groups overcome the free volume effect, leading to a decrease in segmental
mobility. This competition between free volume and local steric hindrance is the key to
understanding and designing polymers. If the disruption of close chain-packing dominates over
the effect of constraint on segmental motion (e.g., linear alkyl pendant group), Tg will decrease
as a result of increasing free volume. In a reversed situation, local mobility will decrease and
result in higher Tg despite increasing free volume. In special cases when the branching density is
too high5 or the pendant groups promote inter-molecular interactions86, the free volume tends to
plateau or even decrease with increasing branching contents. In conclusion, careful consideration
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must be given to the competition between increased free volume and elevated entanglement from
branching when interpreting and designing polymers.

2.5.6 Effect of crosslinking on free volume
Covalently crosslinked polymers refer to materials where covalent bonds connect
multiple chains, and a functionality of a crosslinking agent exceeds 2.0.111 Crosslinking is a
common strategy to improve mechanical and chemical stability of polymers through covalently
or non-covalently linking individual polymer chains.10,

15, 35, 117-118

As a trade-off for the

improved stability, the polymer chain mobility is often restricted, making free volume especially
critical in determining polymer physical properties. While increasing crosslinking density
facilitates mechanical integrity, it significantly reduces free volume as a result. During transport
process, this inherent paradox between mechanical integrity and high free volume (for
permeation) is detrimental. However, variation on the crosslinking agent or pendant groups
elucidate potential resolution for this problem. Pendant group effects include steric hindrance
effect, inherent free volume increase by bulky groups, intra- and inter-chain secondary
interactions, and polymer backbone rigidity. As a result, even though a few general trends of free
volume change in crosslinking matrix stand, the rational design and interpretation of crosslinking
materials based on free volume becomes complicated.

Table 2.5.6-1 Thermal properties and free volume parameter for PEG based crosslinking
system100
Monomer
structure

Crosslinker

Crosslinker

Tg

3



density (wt%)

(°C)

(ns)



1.3

-65

2.54

22.0

30

-57

2.59

21.6
41

(PEGMEA)

(PEGA)

50

-52

2.48

21.6

80

-44

2.41

21.0

100

-40

2.38

22.2

0

-45

2.41

20.6

30

-44

2.37

20.6

50

-42

2.37

21.3

100

-40

2.38

22.2

Tg and 3 were determined by DSC and PALS, respectively.

In general, higher crosslinking density leads to lower free volume. But free volume size
and the number of free volume have different dependence on crosslinking density. Lin et al.
conducted a series of gas permeability studies based on free volume theory in poly(ethylene
glycol diacrylate) based crosslinked matrices (Table 2.5.6-1).100 Different copolymers
PEGDA/PEGMEA and PEGDA/PEGA shows different free volume changes as a function of
crosslinking density and pedant groups. In PEGDA/PEGMEA, free volume size (3) increased
with increasing PEGMEA (-OCH3 terminated) component, while in PEGDA/PEGA, variation in
the PEGA (-OH terminated) component had little effect on free volume radius. This indicated
that –OCH3 terminated pendant groups (from PEDMEA) increased free volume size more
prominently than –OH terminated pendant groups. While both PEGMEA and PEGA introduce
more free volume to the materials, the –OH terminated PEGA has the extra potential of hydrogen
bonding. As a result, the hydrogen bonding in PEGA bridged polymer chains closer to each other
and mitigated the increase in free volume. Accordingly, Tg increased with decreasing free
volume size in PEGDA/PEGMEA crosslinking matrices and remained relatively unchanged in
PEGDA/PEGA due to constant free volume size. The permeability of the investigated gases
(CO2, CH4, H2 and N2) demonstrated strong linear relationship with 1/Vf (fractional free
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volume), as expected. Free volume also affected selectivity: CO2/N2 and CO2/CH4 selectivity
deteriorated with increasing fractional free volume while CO2/H2 selectivity improved with
increasing fractional free volume. Since CO2 has a smaller diameter than N2 and CH4, but a
larger diameter than H2, the experimental selectivity results corresponded well with theory.

Kusuma et al. investigated the influence of crosslinking density on free volume and gas
permeability in similar crosslinked matrices (Table 2.5.6-2).15 Three different monomers, 2hydroxylethyl acrylate (2-HEA), ethylene glycol methyl ether acrylate (EGMEA), and 2-ethoxyl
acrylate (2-EEA) with different pendant groups (hydroxyl, methoxy, and ethoxy group,
respectively) exhibited different thermal and barrier properties in PEGDA crosslinked matrix.15
With increasing crosslink density, PEGDA/EGMEA and PEGDA/2-EEA exhibited a decrease in
fractional free volume (Vf) while PEGDA/2-HEA demonstrated an opposite trend. The methoxy
(EGMEA) and ethoxy groups (2-EEA) weakened internal interactions between ether oxygens in
PEGDA and resulted in more fractional free volume. Meanwhile hydroxyl groups (2-HEA) had
the potential to reduce fractional free volume by promoting intra-chain interactions through
hydrogen bonding. For example, at similar crosslinking density (~80 %), 2-HEA resulted in
lower free volume (0.118) than EGMEA (0.126) and 2-EEA (0.132). The corresponding Tg in
PEGDA/2-HEA (-28 °C) is 10 °C higher than both PEGDA/EGMEA (-35 °C) and PEGDA/EEA
(-38 °C).
Table 2.5.6-2 Thermal properties and free volume parameters in PEG based crosslink system15
Monomer structure

Crosslinker

Crosslink

Tg

Vf

density (wt%)

(°C)

40.3

-9

0.110

59.9

-18

0.113
43

2-HEA

EGMEA

2-EEA

79.9

-28

0.118

89.9

-33

0.117

96

-35

0.119

100

-37

0.120

37.7

-34

0.137

57.4

-35

0.133

78.8

-35

0.126

88.8

-36

0.121

95.5

-36

0.123

100

-37

0.120

35.5

-39

0.150

54.8

-38

0.140

76.5

-38

0.132

88.0

-37

0.125

94.7

-37

0.121

100

-37

0.120

Tg was determined by DSC and Vf was determined by Bondi group contribution theory with
density study.

Gas permeability improved with decreasing PEGDA crosslinker concentration in
PEGDA/EGMEA and PEGDA/2-EEA while lower crosslinking density deteriorated gas
permeability in PEGDA/2-HEA. Increase of the free volume in PEGDA/2-HEA resulted in a
significant Tg drop. However, decrease of the free volume in PEGDA/EGMEA and PEGDA/2EED has little influence on Tg.
Table 2.5.6-3 Thermal properties and free volume parameters in PEG based crosslink system117118

Monomer structure

Crosslinker

Crosslink wt%

Tg (°C)

Vf

29

-46

0.146
44

DEGEEA

DEGPEA

PEGPEA

TRIS-A

48

-44

0.139

71

-41

0.131

85

-39

0.126

94

-38

0.123

100

-37

0.120

0

-12

0.135

25

-17

0.133

43

-23

0.129

66

-29

0.126

82

-32

0.122

92

-35

0.123

100

-37

0.120

0

-28

0.135

35

-31

0.128

59

-33

0.126

77

-35

0.125

90

-37

0.124

100

-37

0.120

0

-7

0.158

10

-22

0.156

20

-42

0.150

40

-43

0.142

50

-40

0.141

60

-40

0.138

70

-39

0.134

80

-38

0.132

90

-38

0.129

100

-39

0.128

Tg was determined by DSC and Vf was determined by Bondi group contribution theory with
density study
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Similar to the situation in branched polymers, bulky groups introduce more free volume
but promote chain entanglement through steric hindrance in crosslinked polymers. Kusuma et al.
studied the influence of phenoxy pendant groups on free volume and their influence on thermal
properties in crosslinked PEGDA.118 Increasing crosslink density led to smaller fractional free
volume (Vf) as expected (Table 2.5.6-3). But larger fractional free volume failed to affect the Tg
in PEGDA/DEGPEA and PEGDA/PEGPEA. The bulky phenoxy groups introduced more free
volume and lowered the Tg, but they encountered more steric hindrance against local segmental
motion. In this case, steric hindrance effect dominated over free volume effect, simultaneously
achieving high Tg and high free volume. Kusuma et al. later investigated bulkier but softer
pendant groups 3-[tris-(trimethylsiloxyl)sily] propyl acrylate monomers (TRIS-A) in the same
PEGDA crosslinking matrices (Table 2.5.6-3).117 TRIS-A significantly increased fractional free
volume (Vf) by interrupting chain packing. In comparison to phenoxy pendant groups, TRIS-A is
bulkier and leads to even higher free volume. At 0 % crosslinking density, TRIS-A possessed
significant higher free volume (0.158) than DEGPEA and PEGPEA (0.135). Yet, in a similar
fashion to the phenoxy example, the bulky TRIS-A group encountered a competition between
higher free volume and the steric hindrance of segmental motion. In this case, Tg remained
relatively unchanged because these two effects roughly balanced each other. Gas permeability
increased sharply with increasing TRIS-A content as a result of more free volume.
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Table 2.5.6-4 Thermal properties and free volume parameters for crosslinked polybutadiene10
Polymer structure

cis 1,4

trans 1,4

1,2 content

Tg

vf

content (%)

content (%)

(%)

(°C)

(Å3)

97

2

1

-106

149.4

38

51

11

-93

159.3

97

2

1

-105

139.5

38

51

11

-92

115.8

(cured)

(uncured)
Tg and vf (free volume size) were determined by DSC and PALS, respectively.

Another interesting aspect of free volume changes in crosslinking matrix is the
isomerization of repeating units. Mansilla et al. reported that the influence of crosslinking
density on free volume depended on the microstructures in crosslinked polybutadiene.10 For
polybutadiene with high cis (97%) stereochemistry, free volume size (vf) remained relatively
unchanged under various crosslinking density (Table 2.5.6-4). While for polybutadiene with
moderate cis (38%) content, free volume size increased sharply initially, then decreased with
higher crosslink density. The authors attributed this phenomena to the interference among
crosslinking, isomerization, and crosslink reversion. Crosslinking-induced isomerization may
account for this unorthodox relationship between free volume and crosslinking density.

Table 2.5.6-5 Thermal properties and free volume parameters
polyisoprene/polybutadiene blend initiated by dicumylperoxide. 89
Polymer structure

Crosslinker

in

crosslinked

Tg (°C)

<Vf>g (103 nm3)

-54

67.8

concentration (1g /
100g)

0

47

1

-54

67.1

3

-46

68.9

5

-40

69.0

,
(50/50)

Tg was determined by DSC and Vf was determined by PALS.

Srithawatpong and coworkers studied free volume changes at different temperatures in
crosslinked polyisoprene/polybutadiene blends (Table 2.5.6-5).89 Free volume size decreased in
the rubbery state, but remained constant in the glassy state with increased crosslinking density.
The authors attributed this finding to the fact that crosslinking restricted the thermal expansion
significantly when polymer chains are above Tg but had less influence in the glassy state.
Increasing crosslinking density introduced more free volume (<Vf>g, free volume at Tg) and led
to a higher Tg. The authors suggested a kinetic explanation that high-Tg polymers require larger
free volume to pass into a liquid-like state (above Tg) from a solid-like state (below Tg).

Table 2.5.6-6 Thermal properties and free volume parameters in crosslinked unsaturated
polymer ester119
Polymer structure

Crosslinker

Crosslink

Tg

Vf

density (%)

(°C)

0.00

-20.8

0.0828

3.17

0.1

0.0704

9.95

48.4

0.0466

12.25

68.3

0.0382

15.52

103.7

0.0269

Tg was determined by TMA and Vf was determined by Simha-Boyer’s equation. Crosslink
density was characterized by FTIR.
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The effects of crosslinking on free volume are even more substantial in a rigid matrix
where mobility is further restricted compared to aliphatic matrices. An early study by Ma et al.
revealed that lower crosslinking density increased the free volume (Vf) and caused a decrease of
the Tg (Table 2.5.6-6).119 At 15% crosslink density, free volume drastically decreased from
0.0828 (non-crosslinked) to 0.0269, causing an increase in Tg from -21 °C to 104 °C.

Table 2.5.6-7 Thermal properties and free volume parameter in epoxy-polyether amine
networks41
Epoxy resin

:
Amine component

T/Tg

l (nm)

3 (ns)

I3 (%)

v

0.82

1.09

1.61

19.45

2.18

0.93

1.25

1.69

20.25

2.53

1.02

1.28

1.81

18.79

2.69

1.12

1.35

1.95

21.00

3.51

Tg was determined by DSC. Free volume parameters and the distance between crosslink (l) were
determined using PALS.

Patil et al. studied the relationship between the degree of crosslinking and free volume in
both glassy and rubbery epoxy-amine networks (Table 2.5.6-7).41 Within the same networks,
both free volume size and the number of free volume increased when crosslinking density
decreased, which was consistent with previous studies. A comparison between the glassy and
49

rubbery networks suggested a decrease of free volume size and an increase of the number of free
volume when changing from the glassy state to the rubbery state. Overall, larger free volume
leads to lower Tg, and glassy networks feature smaller free volume size but more free volume
elements than rubbery matrices.

Table 2.5.6-8 Thermomechanical properties and fractional free volume in epoxy-amine
crosslinking matrices120
Epoxy resin:

(TGDDM)
Amine component

Tg (°C)

G’(1010 dyn/cm2)

Vf (%)

231

2.1

1.74

260

1.8

2.11

(33’DDS)

(44’DDS)
Epoxy resin:

(DGEBA)
Amine component

Tg (°C)
170

G’(1010 dyn/cm2)
1.4

Vf (%)
2.67

(43’DDS)
50

140

1.5

1.82

213

1.5

1.51

230

2.1

1.91

(42’DDS)

(33’DDS)

(44’DDS)
Tg and fractional free volume were determined by DSC and PALS, respectively. Shear modules
(stiffness), G’, was determined by Instron at room temperature.

In other rigid epoxy crosslinking network examples, Jean et al. demonstrated that
configurational isomers had significant impact on free volume and the corresponding
thermomechanical properties (Table 2.5.6-8).120 With identical amine component, TGDDM
exhibited smaller fractional free volume (Vf) in comparison to DGEBA, presumably due to
higher crosslinking density of TGDDM (from higher functionality). When using the same epoxy
resin, different configurational isomers of amines showed significant influence on free volume.
44’DDS allowed more extended chain configuration and afforded more free volume compared to
33’DDS. Asymmetric amines demonstrated complicated effects on free volume: 43’DDS
introduced more free volume than 44’DDS, but 42’DDS reduced free volume in comparison to
44’DDS. Glass transition temperatures increased with increasing free volume when using
symmetric amines, but no clear trend existed between Tg and free volume in asymmetric amine
networks. However, shear modulus (G’) always decreased when free volume increased
regardless of the amine structures.
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In crosslinking networks, free volume normally decreases with increasing crosslinking
density due to restricted segmental motion. However, in the case of crosslinking materials with
isomerization, such as crosslinked polybutadiene or polyisoprene, high free volume and high
crosslinking density are achievable at the same time, likely due to the crosslinking-induced
isomerization. At similar crosslinking level, pendant groups steer the free volume change, and
the common argument of its influence on free volume (section 2.5.5) is valid in crosslinked
materials as well.

2.5.7 Effect of polymer blends and additives on free volume
Additives in polymers and polymer blends are mixtures of polymers with other small
molecules or macromolecules, respectively. They provide facile approaches to alter polymers’
thermomechanical,2, 80, 121 biological,122 electrical123-124 and permeation properties125-127 without
redesigning polymer chemical structures. Additives and blends involve free molecules in
comparison to branching and crosslinked networks, making them generally more efficient to
modify free volume and eventually polymer physical properties.
As mobile small molecules, additives normally tend to introduce more free volume to
polymer networks through plasticization and thus decrease Tg. However, bulky additives also
promote chain entanglement that tends to elevate Tg. Additives with strong interaction to
polymer chains (hydrogen bonding, electrostatic interactions, etc.) reduce free volume by
bridging polymer chains as intermolecular linkers. Naturally, there is a competition between
inter-chain and intra-chain interactions, which has the potential to increase or reduce free volume.
A similar argument applies to polymer blends except that polymer blends are naturally bulkier
and their diffusion is highly restricted in comparison to small-molecule additives.
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Garcia et al. studied the plasticization and anti-plasticization effect of aromatic additives
in a polyamide matrix (Trogamid) and their effect on free volume (Table 2.5.7-1).2 All smallmolecule additives decreased the Tg (plasticization) in comparison to the pure polymer matrix
Trogamid. However, the free volume size (vf) exhibited different trends depending on different
additive structures. Additives with hydroxyl groups (FDPh, Ndiol, and Binaphtol) tended to
decrease free volume size by promoting inter-molecular interactions through hydrogen bonding.
Instead of increasing Tg, smaller free volume size led to a decrease in Tg, presumably due to
increasing number of free volume elements, which the authors did not convey. But for HFBA,
due to the kinked structures between the two aromatic rings and the trifluoromethyl groups, the
free volume size increased despite the presence of hydroxyl groups. PVPh polymers
demonstrated antiplasticization due to decreased free volume. Further studies on additive effect
at different loading level revealed that the Trogamid/HFBA blends gained more free volume
with increasing additive content due to plasticization, and Tg decreased accordingly. In contrast,
the Trogamid/PVPh blends showed a decrease in fractional free volume with increasing levels of
polymer blends (PVPh) and resulted in Tg increase.

Table 2.5.7-1 Thermal properties and free volume parameters of a polyimide matrix with various
additives.2
Polymer structure

Additives
N/A

Tg (°C)
146

vf (Å3)
81.4

136

81.2

144

78.0

Fluorene

FDPh
53

122

73.9

133

77.6

133

84.7

157

79.3

Ndiol
Trogamid

Binaphtol

HFBA

PVPh
All additives were blended in to Trogamid at the concentration of 15 wt%. T g and free volume parameter
were determined by DSC and PALS, respectively.

In a more rigid network, Low et al. employed PALS to study the influence of additives
on free volume and the corresponding gas permeability properties (Table 2.5.7-2).128 By adding
azide to linear polyimides, both free volume size and number of free volume elements decreased
in all the polyimide systems due to the formation of poly(azide) networks within a polyimide
framework. In this rigid polyimide matrix, the number of free volume elements changed more
significantly than free volume size. The overall reduction of free volume resulted in lower Tg.
Between the two different polyimide systems studied, the one with higher free volume showed
lower permeability. The authors attributed these uncommon observations to the fact that when
applying free volume theory to predict gas permeability, only free volume elements with
comparable or larger dimension than the gas molecules are responsible for gas permeation. As
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PALS reliably detects free volume with size as small as 1.6 Å, the cavities with sizes smaller
than gas molecules are meaningless for gas permeation. For an accurate quantitative prediction
of gas permeability from free volume theory, it is necessary to quantitatively determine free
volume size distribution before any quantitative conclusion. 128
Table 2.5.7-2 Thermal properties and free volume parameters of polyimide with azide as
additives.128
Polymer structure

Polyazide

Azide additives

Azide
wt%

Tg
(°C)

I3
(%)

3
(ns)

100

283

N/A

N/A

0

395

5.36

2.94

10

371

2.66

2.57

30

331

1.97

2.59

50

312

1.55

2.58

0

419

6.13

2.70

10

411

4.43

2.60

30

406

3.87

2.47

Tg and free volume parameter were determined by DSC and PALS, respectively.
Liu et al. investigated CO2 permeability in chitosan (CS)/poly(ether-b-amide) (Pebax®)
blends (Table 2.5.7-3).37 Compared to uncrosslinked CS, all crosslinked matrices showed
decreased free volume size. Within crosslinked samples, Pebax® efficiently increased free
volume size (3) and overall fractional free volume by its hard, glassy polyimide segments. This
increase in free volume from Pebax® significantly improved CO2 permeability.
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Table 2.5.7-3 Free volume parameters of CS/Pebax® polymer blends.37
Polymer structures

Pebax® wt%

I3 (%)

3 (ns)

0

14.02

1.87

10.61

1.34

25

9.83

1.60

33

10.84

1.72

50

11.65

1.79

(uncrosslinked CS)
0
(crosslinked CS)

Pebax
All parameters were determined by PALS.

Water is a frequently encountered additive and poses the potential of both intra- and
inter-molecular interactions. Along with a swelling effect, free volume changes become complex
and highly dependent on specific polymer chemical structures. For example, free volume size
increased in poly(vinyl alcohol) but decreased in poly(ethylene oxide) with increasing water
content. The change in free volume is complicated, as discussed below.
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Figure 2.5.7-1 Measured oPs pickoff lifetimes for the PVOH/water system as a function of water
content (Copyright (1996) American Chemical Society).29
An early study from Hodge et al. employed PALS to study the plasticization of water in
poly(vinyl alcohol) films.29 By varying the water content, the authors observed three distinct
regions of the free volume size change: a constant initial region, an increase of τ3 (free volume
size) with increasing water content, and a slow decay of τ3 with increasing water content (Figure
2.5.7-1). Consequently, Tg decreased with increasing water content and reached a plateau at high
water content. Hodge et al. attributed the constant initial region to either the detection limit of τ3
in PALS (0.03 ns) or the absence of o-Ps near the hydroxyl groups. In the second region, water
molecules interrupted inter-molecular hydrogen bonding between the polymer hydroxyl groups,
leading to an increase in free volume and a decrease in Tg determined by DSC. The upper limit
of this region indicated the presence of 30 wt% bound water, which agreed with the theoretical
maximum. Above 30 wt% water incorporation, freezing water (compared to bound non-freezing
water) accumulated and gradually reduced free volume. Only the bound non-freezing water
contributed to the observed plasticizing effects. In contrast, Trotzig’s research on poly(ethylene
oxide) showed different results.28 Without strong inter-molecular hydrogen bonding as in PVA,
the authors reported that the incorporation of water lowered Tg and decreased both free volume
size and number of free volume elements.

Table 2.5.7-4 Free volume parameters of hydrated crosslinked PEG films with water as
additives129
Polymer structure

3 (ns)

I3 (%)

vf (Å3)

0

2.15

18.7

112

20

2.12

19.5

109

Prepolymerization water
content (wt%)

57

Crosslinked

Crosslinked

40

2.10

20.1

106

60

2.03

21.9

100

80

1.95

22.8

92

0

2.10

19.8

107

20

2.07

20.6

104

40

2.05

20.9

102

60

2.03

21.5

100

80

1.97

22.7

95

0

2.06

20.6

103

20

2.06

20.8

103

40

2.04

21.5

101

60

2.01

22.5

98

80

1.96

23.0

93

Crosslinked (50/50 wt/wt)

Free volume parameters were determined by PALS.
Ju et al. characterized sodium chloride and water transport behavior of three different
PEGDA-based hydrogels with varying water content in prepolymerization mixtures (Table
2.5.7-4).129 As the water content of the prepolymerization mixture (wet film) increased, the
permeability of water, NaCl and MgSO4 all increased. PALS results confirmed a linear decrease
of free volume size (vf and 3) and a linear increase of the number of free volume elements (I3)
with increasing water contents. As a net result, overall fractional free volume proportionally
increased with equilibrium water content up to 80%. The hydrogen bonding between water
molecules and two ether oxygen molecules from PEO segments promoted denser packing and
reduced free volume size.130
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Figure 2.5.7-2 o-Ps lifetime (a) and o-Ps intensity (b) plotted as a function of relative humidity
for the aromatic polyamide isolated from SW30 (Copyright (2013) Elsevier Ltd.).131
In a more rigid matrix, Lee et al. investigated the free volume of aromatic polyamide
reverse osmosis membranes under water vapor.131 Free volume size (o-Ps lifetime) initially
decreased rapidly to a plateau then increased continuously when the relative humidity is
sufficiently high (~60%) (Figure 2.5.7-2a). Additionally, the intensity of o-Ps (the number of
free volume elements) gradually dropped with increasing relative humidity (Figure 2.5.7-2b).
An earlier study provides some insight to understand this observation.132 Robertson et al.
investigated hole-filling and pore-swelling mechanisms. Initially, small water molecules filled up
free volume sites, therefore reduced free volume. Once free volume sites became saturated, a
plateau appeared. At high water content, the swelling effect started dominating the free volume
change and led to higher free volume. The increase in free volume led to higher flux of salt
solution and lower salt rejection.

Table 2.5.7-5 Thermal properties and free volume of epoxy resin/polyurethane network and
organophilic montmorillonite (oM) polymer nanocomposites8
Polymer structure

oM content (wt%)

vf (Å3)

Vf

Tg1 (°C)

Tg2 (°C)

Epoxy resin

0

0.282

0.0300

33.9

48.9

59

+

1

0.270

0.0277

35.6

49.0

Polyurethane

3

0.274

0.0291

37.3

49.8

5

0.276

0.0294

40.6

50.6

Tg and free volume parameters were determined by DSC and PALS, respectively.

Clay is a commonly used material in polymer nanocomposites in fundamental research
and industrial studies. Jia et al. employed PALS to investigate the structure-free volumeproperties relationships for organophilic Montmorillonite (oM) in epoxy resin/polyurethane
(EP/PU) networks (Table 2.5.7-5).8 The addition of oM reduced free volume size (vf) and
overall free volume (Vf). The authors attributed the decrease in free volume to the potential
compatibilization effect of Montmorillonite which improved the miscibility between PU and EP.
Additionally, the hydrogen bonding among PU, EP and oM also decreased free volume.
Although the free volume size decreased with increasing oM content, the number of free volume
elements actually increased with higher oM concentration. As a net result, free volume reached a
minimal value at 1 wt% loading of oM. Tg demonstrated an inverse relationship with free volume,
but the corresponding drop in Tg with free volume changes only appeared at polyurethane rich
region (Tg1), indicating more prominent influence of free volume in polyurethane-rich region
than epoxy-rich region.

Table 2.5.7-6 Thermal properties and free volume of poly(m-xylene adipamide)/montmorillonite
nanocomposites71
Polymer structure

Additives

OTR

I3 (%)

3 (ns)

22.07

1.47

(cc/m2d)
N/A

5.6

60

4.0

21.65

1.49

1.9

20.71

1.51

5.8

22.00

1.49

(Cloisite 30B)

(Cloisite 10A)

(Cloisite 93A)
T is tallow, 65% C18; HT is hydrogenated tallow, 65% C18. OTR: Oxygen transmission rate, 23 °C, 0%
RH. Free volume parameters was determined by PALS.

Ammala et al.’s research on poly(m-xylene adipamide)/montmorillonite nanocomposites
shed light on free volume changes upon the introduction of secondary interactions to
nanocomposites (Table 2.5.7-6).71 The free volume size remained relatively the same (3) for all
three additives, but the number of free volume elements (I3) differed. Hydrogen bonding
(Cloisite 30B) and -stacking (Cloisite 10A) promoted the inter-chain interaction and, as a
result, decreased the free volume. Tgs exhibited similar inverse relationships with free volume
and the oxygen transmission rate (OTR) reduced significantly with decreasing free volume.

Table 2.5.7-7 Free volume of phenol-formaldehyde resin using multi-wall carbon nanotubes
(MWCNTs) as nanocomposites133

Polymer structure

MWCNTs
content (w/w %)

3

I3

61

(ns)

(%)

0

1.38

18.3

2

1.52

16.4

5

1.52

14.5

10

1.60

14.3

20

1.70

16.0

phenol-formaldehyde resin
Free volume parameters were determined by PALS.

Carbon nanotubes are also widely studied as mechanical reinforcing additives in
polymers. Sharma et al. studied the free volume change in phenol-formaldehyde (PF) resin using
multi-wall carbon nanotubes (MWCNTs) as additives (Table 2.5.7-7).133 The free volume size
(increased with increasing MWCNTs content, while the number of free volume elements
decreased. As a result, the overall free volume increased at higher loading of MWCNTs.
Montazeri et al. used dynamic mechanical thermal analysis (DMTA) to calculate free volume in
MWNT/epoxy nanocomposites.39 The fractional free volume decreased with increased nanotube
content and resulted in an increase in Tg. In this instance, the nanotubes functioned as fillers to
reduce free volume, thereby enhancing thermomechanical properties.

Polymer blends and additives also serve as a qualitative way to compare free volume
when applying additives as filling materials to probe free volume size. When used as a polymer
blends, poly(ethylene oxide)-b-poly(propylene oxide)-b-poly(ethylene oxide) (PEO-PPO-PEO)
block copolymers improved flexural modulus (bending deformation) of epoxy-resin and diamine
(DGEBA/DDM) networks. PEO-PPO-PEO block copolymers with shorter PEO chains exhibited
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greater modulus improvement than PEO-PPE-PEO block copolymers with longer PEO chains.80
While incorporating only PEO enhanced flexural modulus, the addition of PPO had the opposite
effect. Larranaga et al. hypothesized that PEO segments migrated into the free volume of
DGEBA/DDM to improve mechanical performance. Above a certain length, however, the PEO
segments become too bulky to fill into the free volume voids and demonstrated no improvement
in flexural modulus.
Car et al. also applied an indirect approach to study fractional free volume for a polymer
blend of Pebax®MH 1657 and PEG.14 Pebax®MH consisted of an aliphatic polyamide “hard”
block and a PEO polyether block to provide gas transport properties. The authors used the
additive model to calculate the theoretical density of the polymer blends with various PEO
contents. Since the additive model doesn’t take the free volume change into account, the
difference between experimental and theoretical density represents the change of free volume.134
Density of the blended membranes was lower than the predicted value when PEG component
exceeded 30 vol%, suggesting an increase in fractional free volume with increasing PEG content.
As polymer additives and blends are free-moving molecules, free volume has more
profound influence on polymer physical properties than in crosslinking polymers. The intra- and
inter-molecular interactions are the key to understanding and predicting free volume change in
polymer additives and blends. The diffusion of additives and blends makes free volume change
more complicated when they have a comparable size with free volume voids. The swelling effect
from additives is also critical and sometimes dominates the free volume change.
2.6 Conclusions
Free volume theory provides insight into understanding structural relaxation (such as Tg)
and small molecule mass transfer (such as permeation process). Current techniques allow the
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determination of global free volume size and the number of free volume elements. Yet, no
technique is capableof pinpointing local free volume information, which is a promising direction
for future development of free volume determination techniques. Local free volume information
is of great importance in understanding materials with hierarchical structures, such as
microphase separated morphologies or 3D printed complex objects.
When considering the change of fractional free volume, several common conclusions are
valid in most polymeric materials: (1) free volume increases with increasing size of pendant
groups, branches and backbone repeating units; (2) inter-molecular interaction decreases free
volume while intra-molecular interaction increases free volume; (3) additives and blends have
the potential to either increase or decrease free volume depending their sizes compared to
individual free volume size. However, when applying free volume theory to predict polymer
physical properties, competing mechanisms should not be ignored. For example, the steric
hindrance effect in bulky pendant groups are able to cancel or even overcome free volume
increase and led to an increase of Tg despite free volume increase. Nevertheless, free volume
theory is an efficient means to bridge sub-nano scale structural variation and macroscopic
polymer physical properties.
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3.1 Abstract
Ionic liquids (ILs) and poly(ionic liquid)s (PILs) are attracting increasing research
interest as safe and efficient electrolytes. Most research efforts focus on nitrogen based
ILs and PILs (ammonium, imidazolium, pyridinium, etc.), while phosphorus based ILs
and PILs have received less attention despite exhibiting higher ion conductivity over their
nitrogen-based counterparts. In this review, we provide an overview of the structural
elements in phosphorus based ILs and PILs that alter ion conductivity, such as size of
ions, polarizability of ions, counterion identity, and backbone flexibility. We also
highlight dominant physical parameters dictating ion conductivity including viscosity and
glass transition temperature. A fundamental understanding of this structure-ion
conductivity relationship will benefit the future rational design of phosphorus based ILs
and PILs as electrolytes.
3.2 Introduction
Ionic liquids (ILs) and poly(ionic liquid)s ( PILs) are standing on the verge of a great
breakthrough in battery design as neoteric electrolytes. An obvious question to ask is:
Why study ILs and PILs as electrolytes when commonly used solvent-based electrolytes
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seem to work fine? The answer is that solvent-based electrolytes are no longer safe as
industry pursues batteries with low volume and higher power density. Two urgent safety
concerns for today’s battery fabrication are dendrite formation from electrodes (in lithium
batteries) and flammability of organic solvent in electrolytes. ILs and PILs promise great
potential to resolve both safety concerns and pave the way towards next generation
electrolytes.
Historically, ILs are defined as molten salts with a melting temperature below the boiling
point of water.1 Typical attributes of ILs include high stability (thermally, chemically,
and electrochemically), negligible volatility, and high concentration of ions. 1-2 The
combination of high stability and negligible volatility grant ILs two important advantages
over solvent-based electrolytes: safety towards fire hazards and wide liquid-phase
windows. High density of ions impart high ion conductivities, which is also important
when employing ILs as electrolytes.
However, ILs still encounter safety concerns stemming from uncontrolled dendritic
lithium formation, which results in continuous electrolyte decomposition. A simple
solution is to introduce mechanical integrity to the electrolytes to avoid electric short
caused by dendrite penetration.3 Hence, PILs (macromolecular forms of polymerizable
ILs) have continually drawn more attention, as PILs and crosslinked ILs normally show
greater mechanical integrity than their ILs analogs. However, the tradeoff is lower ion
conductivities. As shown in Figure 3.1, various PILs architectures are under
investigation in the current literature, such as singly-charged polymers, zwitterionic
polymers, polyelectrolyte blends, and ion-containing block copolymers. While PILs give
tunable mechanical integrity as well as superb morphology control, the decreased ion
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mobility in polymeric matrices is detrimental to ion conductivity. During the endeavor to
solve this paradox between mechanical integrity and ion conductivities, researchers have
chosen two quite different, but equally effective approaches: 1) Increase the mechanical
integrity of ILs; 2) Increase the ion conductivities of PILs.

Figure 3.1 Comparison between ILs and PILs in mechanical integrity and ion
conductivity.
Lodge et al. have pioneered the work on enhancing the mechanical integrity of ILs, and
promised the potential of ion gels as solid electrolytes with excellent ion conductivities.2,
4-6

Ion gels consist of block copolymers swollen in ILs, which serve as solvents for block

copolymer. Block copolymers provide physical crosslinks as one of the blocks is
insoluble in the ILs chosen and self-assembles into aggregates. The resulting soft ion gels
showed good elasticity (up to 350% strain and 103 to 105 Pa elastic storage modulus) as
well as high ion conductivities. Another attempt focuses on increasing ion mobility in
PILs.2,

5

To improve ion conductivity of polymeric matrices, Drockenmuller and

coworkers synthesized 1,2,3-trizolium-based PILs with siloxane backbones.7 The
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siloxane backbone decreased glass transition temperature (Tg) to as low as -100 ºC, and
led to promising ion conductivity even at room temperature (0.63 mS/cm). Long et al.
studied a series of imidazolium-based PILs, and achieved more than an order of
magnitude increase in ion conductivities when switching counter ions from
trifluoromethane sulfonate (TfO-) to bis(trifluoromethane sulfonyl)imide (Tf2N-).8
Current research of novel ILs and PILs electrolytes have primarily involved nitrogenbased (N-based) salts, such as imidazolium,5,

8-11

pyridinium,12 1,2,3-trizolium,7,

13

ammonium,14 etc. In contrast, quaternary phosphonium-based (P-based) ILs and PILs
received much less research attention despite their advantages compared to N-based
counterparts. P-based ILs and PILs show improved thermal stability,15-17 base stability,18
and ion conductivities15-16 compared to their N-based analogs. For instance, Long et al.
compared poly(4-vinylbenzyl ammonium) and poly(4-vinylbenzyl phosphonium)
homopolymers with various alkyl substitutes, and P-based PILs showed an over 100 ºC
increase of thermal degradation temperatures.15 Ammonium salts undergo Hoffman
elimination and/or reverse Menschutkin degradation (for benzylic protons). In contrast,
phosphonium salts are less vulnerable to both degradation pathways, leading to higher
thermal stability.19 Phosphonium PILs also exhibited higher ion conductivities
(normalized with Tg) compared to their ammonium counterparts. Coates and coworkers
reported the synthesis of polyethylene functionalized with phosphonium pendant groups
as alkaline anion exchange membranes.18 When comparing the base stability of N-based
and P-based ILs, P-based ILs showed no backbone degradation in 1 M NaOD/CD3OD at
80 ºC after 20 d while N-based ILs reported a 66% degradation.
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In summary, P-based ILs and PILs exhibits great potential as novel electrolytes materials,
but remain underexploited compared to their ammonium analogs. Although ILs and PILs
have found various application in gas separation,20-26 antimicrobial coating,27-29 and gene
delivery,30-31 this review intends to address the structure-property relationship of P-based
ILs and PILs as electrolytes and conductive materials only. For this purpose, we will not
address the synthesis methods of P-based ILs32 and the study of ionic liquid solutions.33

3.3 Phosphonium-based ionic liquids
Ionic liquids (ILs) are superior electrolytes materials compared to solvent-based
electrolytes in most aspects, such as volatility, thermal stability, and ion concentration.
However, one critical drawback of ILs is their high viscosity, normally 1 ~ 3 orders of
magnitude higher than organic solvent-based electrolytes.34 High viscosity restricts mass
transfer and significantly decreases ion conductivities. Hence, research has focused on
altering the viscosity of ILs through rational design of cations and anions to eventually
achieve tunable ion conductivities.
Inter- and intra-molecular interactions are the key factors to lower viscosity and increased
ion conductivities. The size, shape and symmetry of ions dominate the characteristic
physical properties of ILs. For instance, hexafluorophosphate anions (PF6) exhibited high
viscosity, while bulkier and less symmetric bis(trifluoromethane sulfonyl)imide anions
(Tf2N) showed much lower viscosity.35 A similar argument can be applied to cations.
Longer alkyl substituents lead to an increase in viscosity due to increased van der Waals
interactions between cations.36-37 Branching of alkyl substituents, on the other hand,
reduces viscosity as a result of decreased van der Waals interactions.38 P-based ILs
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almost always showed lower viscosity compared to their N-based counterparts, granting
them higher ion conductivity.
Tsunashima et al. synthesized a series of P-based ILs, PRR’3, with various R groups (R’
was fixed), and studied their viscosity-conductivity relationship (structure shown in
Figure 3.2a).16, 39-40 Figure 3.2a described the change of ion conductivities and viscosity
of P-based IL when varying substituents. For n-alkyl substituents, P-based ILs with
longer alkyl substituents showed significantly higher viscosity than those with shorter
alkyl substituents, ascribed to increased van der Waals interactions as a result of
increased molecular weight. Ion conductivities of ILs follow an inverse relationship with
viscosity. Hence, P-based ILs with shortest alkyl substituents demonstrated the highest
ion conductivities (1.73 mS/cm). This trend has been confirm by various P-based ILs
with various counter anions.17, 41-43 Aromatic substituents introduced more van der Waals
interaction, which lead to high viscosity (248 mPa•S) and low ion conductivities (0.74
mS/cm).16 The introduction of carbon-carbon double bonds lowered the viscosity from 88
mPa•S (pentyl) to 71 mPa•S (pentenyl), leading to an increase of ion conductivity from
1.73 mS/cm to 2.10 mS/cm (Figure 3.2a).39 The authors attributed the decreased
viscosity to the weakening of hydrogen bonding. Further enhancement of ion
conductivities was achieved when introducing methoxy end groups. A possible
explanation involved electron donation form the methoxy groups to the cationic centers
which reduces the positive charge on the cation. As a result, the weakened electrostatic
interaction between ions leads to a decrease of viscosity, and consequently an increase of
ion conductivities.44
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Figure 3.2 Ion conductivities and viscosity of phosphonium-based and ammonium based
ILs with different substituents. T = 25 ºC, counter ions = Tf2N-.39-40
Comparing the ion conductivities of P-based ILs and their N-based ILs counter parts, Pbased ILs improved ion conductivity regardless of the substituents (Figure 3.2b).40 Pbased ILs showed a larger deviation from the ideal Walden line (the ion conductivity of
0.01 M KCl aqueous solution as a function of viscosity to represent full ionization) than
N-based ILs in the non-ionic region, indicating weaker electrostatic interactions due to a
decrease in viscosity and enhances ion conductivity. P-based ILs with methoxy end
groups showed even further deviation from the ideal Walden line, further supporting
above argument on methoxy groups weakening electrostatic interactions. Similarly, when
varying R’ group in PRR’3 type ILs, P-based ILs showed higher ion conductivity (0.42
mS/cm) than its N-based analogs (0.31 mS/cm) due to lower viscosity.45 Interestingly,
even P-based ILs with aromatic substituents exhibited much lower viscosity than N-based
ILs with alkyl substituents at any given temperature.46 Colby and coworkers provided a
rationale for the supreme ion conductivity of P-based PILs based on electron negativity
argument, which will be covered in a later section.47-48
Branching of substituents efficiently decreases viscosity and increases ion conductivities.
Tri(methyl) n-propylphosphonium Tf2N is a crystalline solid at room temperature,49
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while tri(methyl) i-butylphosphonium Tf2N is a room temperature ionic liquid (RTIL)
with 7.3 mS/cm ion conductivity.50 Sanchez et al. studied the electrical and physical
properties of quaternary P-based ILs with iodide (I) as counter anions.51-53 As depicted in
Table 3.1, P-based IL with i-butyl substituents (0.38 × 10-3 mS/cm) nearly doubled the
ion conductivities of that with n-butyl substituents (0.21 × 10-3 mS/cm) at 25 ºC. The
authors attributed the increase of ion conductivities to reduced van der Waals interaction.

Table 3.1 Ion conductivity of P-based ILs with various alkyl substituents (T = 25 ºC)51
σ (mS/cm)

0.21 × 10-3
0.38 × 10-3

Instead of designing and synthesizing novel ILs, counter ion exchange of already existing
ILs provides a facile approach to alter IL viscosity and its consequent ion conductivity.
Tsunashima evaluated two series of quaternary P-based ILs with two different counter
anions: Tf2N and bis(fluorosulfonyl)amide (FSA) as potential electrolytes (structures
shown in Figure 3.3a).40,
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ILs with Tf2N counter anions exhibited excellent ion

conductivities (within mS/cm range) at 25 ºC, as Tf2N only provides weak electrostatic
interactions due to its bulkiness and delocalized charge. Ion exchange from Tf2N to FSA
further decreased the viscosity of ILs (Figure 3.3b). As a result, ILs with FSA counter
anions showed even higher ion conductivities at various test temperatures. Furthermore,
the methoxy groups increased ion conductivities as a result of lower viscosity. However,
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the increase of ion conductivities from FSA counter anions came at a cost of thermal
stability. ILs with FSA anions were thermally stable up to approximately 300 ºC while
those with Tf2N anions showed no degradation until 380 ºC. Tsunashima et al. also
demonstrated, in another study, that tri(methyl) methoxyphosphonium Tf2N (4.1 mS/cm)
showed half the conductivity of tri(methyl) methoxylphosphonium FSA (8.9 mS/cm).49

Figure 3.3 Comparison of P-based ILs with different counter anions (T = 25 ºC).40, 54
Howlett et al. observed similar enhancement of ion conductivities when replacing Tf2N
counter anions with FSA anions.55 As depicted in Table 3.2, both quaternary P-based ILs
with FSA counter anions showed significantly higher ion conductivities than their
counterparts with Tf2N anions. Viscosity of ILs exhibited an inverse relationship with ion
conductivities as expected. When comparing different cations, molecular weight
controlled both viscosity and ion conductivities. Lower molecular weight P111i4 exhibited
lower viscosity and higher ion conductivity compared to PCN. Other researchers have also
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shown the influence of a wide variety of counter ions on ion conductivities through
viscosity control.56-57
Table 3.2 Ion conductivities of P-based ILs with different counter ions (T = 50 ºC)55
Cations

Anions

σ (mS/cm)
5.1

P111i4

Tf2N
13.8

P111i4

FSA
1.9

PCN

Tf2N
5.0

PCN

FSA

Battez et al. probed the possibility of employing phosphate counter anions, and studied
the influence of counter ions on the conductivities of P-based ILs.58 Phosphate anions
demonstrated significantly higher viscosity than Tf2N counter anions, resulting in a
drastic decrease of ion conductivities from 0.14 mS/cm to 0.97 × 10-3 mS/cm as shown in
Table 3.3. Although the ion conductivities of phosphate anions are not promising
compared to traditional counter ions, this study promises a potential application of Pbased ILs in bio-related fields, where phosphates are widely employed. Zhang et al. also
showed an interesting approach of utilizing amino acid-based phosphonium ILs in
biological applications.20
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Table 3.3 Viscosity and ion conductivities of P-based ILs with different counter ions (T
= 25 ºC)58
η
(mPa•S)

σ
(mS/cm)

1064

0.97 × 10-3

1050

0.19 × 10-3 (27 ºC)

296

0.14

The effect of counter ions on ion conductivities is more profound and complicated when
strong electrostatic interaction are present. Table 3.4 showed that the ion conductivities
of symmetric quaternary P-based ILs with halide counter anions followed the order of
(FH)2.3F (3.7 mS/cm) > Cl (2.4 × 10-6 mS/cm) > Br (not detectable).41, 59 Unlike ILs with
relatively weak electrostatic interactions, smaller halide counter anions are advantageous
for ion conductivities. The distribution of charge (or polarizability) is not a significant
factor for halide counter anions. Instead, smaller ion size affords higher mobility, leading
to higher ion conductivities. Another important phenomena of P-based ILs with halide
counter ions is the effective shielding of electrostatic interactions.59 As halide-containing
ILs have strong electrostatic interactions, the alkyl substituents of the phosphonium
cation requires a specific length to achieve effective shielding of electrostatic
interactions. Otherwise, extra electrostatic interactions from incomplete shielding will
cause an increase of viscosity and thus an increase of ion conductivities. For instance,
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PR4Br ILs exhibited a decrease in ion conductivity from 2.0 × 10-7 mS/cm (hexyl
substituents) to 1.9 × 10-8 mS/cm (octyl substituents) and 6.2 × 10-10 mS/cm (decanyl
substituents) as expected.59 However, PR4Br with butyl substituents showed significantly
lower ion conductivities, which is comparable to PR4Br with dodecyl substituents.
Table 3.4 Ion conductivities of P-based ILs with halide counter anions (T = 25 ºC)41, 59
σ
(mS/cm)

3.7
2.4 × 10-6
N/A

Addition of salts is normally detrimental to ion conductivities. The increase of ion
concentration from salt addition is insignificant in ILs as ILs already have high ion
concentration. Instead, the addition of salts causes an increase of viscosity due to ion
aggregates, resulting in lower ion conductivity.50 Howlett et al. studied the effect of
lithium Tf2N salts (LiTf2N) on the viscosity and ion conductivities of P-based ILs
(structure shown in Figure 3.4a).50 The addition of lithium salt lowered both melting
temperatures (Tm) and crystallization temperatures (Tc) while increasing Tg indicative of
less mobility. Figure 3.4a demonstrated the changes of viscosity and ion conductivity as
a function of salt concentration. Neat ILs showed the highest ion conductivities of 7.3
mS/cm at 50 ºC, and increasing salt concentration led to a decrease in ion conductivity.
Ion conductivity exhibited an inverse relationship with viscosity, suggesting viscosity is
the dominant factor of conductivity changes. Howlett and coworkers further extended
their investigation to three different quaternary P-based ILs with FSA as counter anions,
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and observed a similar increase of Tg due to salt addition (structure shown in Figure
3.4b).55

Higher Tg imparted restricted mobility and higher viscosity causing ion

conductivity to decrease at higher salt concentrations (Figure 3.4b). The Walden plots of
both neat ILs and ILs with salts are similar, indicating salt addition has limited impact on
ion association, and the decrease of ion conductivity through salt addition is
predominantly due to increased viscosity.

Figure 3.4 Influence of lithium salt concentration on (a) viscosity and ion conductivities
of P-based ILs;50 (b) ion conductivities of various P-based ILs (T = 50 ºC). 55
Torresi et al. synthesized methoxy substituted P-based ILs, and studied the influence of
LiTf2N salt addition on viscosity and ion conductivity.60 Similar to alkyl substituted ILs,
salt addition increased viscosity and decreased the diffusion of both cations and anions
significantly at low temperature while the viscosity change diminished at high
temperature (Figure 3.5a). Correspondently, ion conductivities were significantly
different between neat ILs and ILs with salt at elevated temperature, but the difference
diminished at low temperature (Figure 3.5b). Amine and coworkers observed the same
reverse relationship between salt concentration and ion conductivities for siloxane
functionalized P-based ILs.61
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Figure 3.5 Temperature dependence of (a) viscosity and (b) ion conductivities in P-based
ILs with different salt concentration.60
Another attempt to further increase charge density in ILs is multi-charged systems, such
as divalent anions62 and zwitterions.63 Similar to the discussion on salt addition, multicharged ILs intensify electrostatic interactions significantly, which dictates viscosity
changes. Grinstaff et al. compared P-based ILs with mono- and di-phosphonium cations,
and observed a five orders of magnitude increase in viscosity and approximately five
times decrease in ion conductivities when replacing monophosphonium cations with
diphosphonium cations.64 Runde and coworkers showed that tetra-alkyl P-based IL with
oxalate (divalent anion) was a semi-solid at room temperature while its counterpart with
carboxyformate (monovalent anion) was a RTIL.62 Ohno synthesized zwitterion ILs with
phosphonium cations and sulfonate anions, and studied their potential as electrolytes with
high transfer number of selective ions.63 The ion conductivity of ILs with equimolar
addition of HTf2N showed strong dependence on humidity and morphology. 20 wt%
water increased ion conductivity to 2.0 mS/cm at 25 ºC, approximately 50 times higher
than dry ILs mixture. The authors ascribed the enhancement of ion conductivities to the
formation of

hydrogen bonding networks through water molecules, which leads to

improved proton transfer. Transformation from polydomain to monodomain liquid87

crystalline state further increased the ion conductivity to 79 mS/cm at 25 ºC. On heating,
ion conductivities showed minimal variation until the isotropic temperatures, which led to
a significant reduction of ion conductivities. Seki et al. reported a similar counterintuitive
conductivity dependence on temperatures as a result of phase transitions.65
A few studies also addressed the possibility of P-based ILs in an organic-inorganic hybrid
system. Phosphonium cations coupled with polyoxometalate (POM) afforded ILs with
high viscosity at low temperature.66 However, the viscosity of POM-IL hybrid decreased
faster than its analog with bromide anions, suggesting its use as high temperature
electrolytes or semiconductors. Other counter anions under investigation in P-based ILs
includes borate anions,67 pyrazolide,42 and indazolide.42

3.4 Phosphonium-based poly(ionic liquid)s

Poly(ionic liquid)s (PILs) are macromolecular forms of polymerizable ionic liquids. PILs
provide great mechanical integrity in addition to ion conductivities, paving the way
towards more compact and safer solid electrolytes. Rational design of the chemical
structures and architectures of PILs affords a variety of additional features, such as
tunable mechanical properties, morphologies, and multi-responsive behaviors.5-6,

15, 48

However, PILs generally suffer from low ion conductivities compared to ILs due to
restricted segmental mobility.
One important thing to clarify in PILs is that the contribution of bounded ions to ion
conductivity is normally negligible, and “free” counter ions determine ion conductivity to
a large degree. In PILs, glass transition temperature (Tg) normally has an inverse
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relationship with ion conductivities, similar to viscosity in ILs.15, 48 Lower Tg corresponds
to more mobile matrices for counter ions, leading to higher ion conductivities. Two major
mechanisms contributes to the reduction of Tg. From a free volume point of view, bulkier
ions introduce more free volume to decrease Tg. In this case, ions function as pendant
groups, and various studies have showed larger pendant groups tend to decrease Tg via
introduction of more free volume.68-70 Another consideration focuses on electrostatic
interactions, which act as physical crosslinks in polymer matrices to restrict mass
transfer. Hence, weak electrostatic interactions lead to weak physical crosslinks and low
Tg.48
However, low Tg is not the only condition required for higher conductivities. Subtle
structural variation can improve ion conductivity through reducing electrostatic
interaction but cause minimal Tg change. In this regard, P-based PILs promised great
potential in improving ion conductivity compared to their N-based analogs without
compromising mechanical properties (decreased Tg).15 In this section, we will compare
N-based PILs and P-based PILs and highlight chemical designs to further improve ion
conductivity for P-based PILs, such as substituent size, counterion identity, ion
concentration and swelling.
As discussed in the ILs section, P-based PILs showed improved thermal stability over
their N-based counterparts as a result of negligible degradation from Hoffman
elimination and reverse Menschutkin degradation. As depicted in Figure 3.6a, Long et
al. synthesized two series of styrenic PILs with either quaternary ammonium or
phosphonium cations and reported significantly higher thermal degradation temperatures
of P-based PILs.15 P-based PILs exhibited similar Tgs (Figure 3.6b) but much higher ion
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conductivities (Figure 3.6c) compared to their N-based analogs, promising P-based PILs
as ideal electrolytes or ion exchange membranes with good mechanical integrity and high
ion conductivities. The size difference between nitrogen and phosphorus is not substantial
enough to cause prominent Tg change; however, P-based PILs have weaker electrostatic
interactions than N-based PILs resulting in increased ion conductivities. The difference of
electrostatic interactions between N-based PILs and P-based PILs originates from the
electronegativities of nitrogen, phosphorus and carbon.48 In ammonium cations, nitrogen
has a partial negative charge as its electronegativity is higher than the α-carbon. In
contrast, phosphorus has a partial positive charged in phosphonium cations as a result of
its lower electronegativity than carbon, which leads to slightly negatively charged αcarbon. This negatively charged α-carbon effectively shields the positive charge on
phosphorus and weakened the electrostatic interactions. Other researchers have reported a
similar increase in ion conductivities when replacing nitrogen with phosphorus.48
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Figure 3.6 Comparison of (a) thermal stability, (b) Tg, (c) temperature dependent ion
conductivities and (d) ion conductivities normalized with Tg of P-based PILs and N-based
PILs (Copyright (2013) John Wiley and Sons).15
Unlike replacing nitrogen with phosphorus, varying alkyl substituent length cause
substantial change in Tg. Figure 3.6b demonstrated a decrease of Tg from 91 ºC to 68 ºC
when replacing methyl R groups (PTMP) with ethyl R groups (PTEP). Further elongation
of alkyl substituents only results in limited decrease of Tg. At the same temperature,
shorter alkyl substituents showed higher ion conductivities (Figure 3.6c) with the
exception of methyl substituents, which has 20 ºC higher Tg than other PILs. The ion
conductivities after normalizing with Tg showed the expected trend without exception:
methyl > ethyl > propyl > butyl (Figure 3.6d). This trend corresponds well with ILs,
ascribing to higher mobility and ion content from smaller size and less non-ionic content,
respectively. Gin, Noble and coworkers studied the same P-based PILs with even longer
alkyl substituents (hexyl and octyl), and observed a continuous decrease of Tg with longer
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alkyl substituents.71 Between hexyl and octyl substituents, their ion conductivities
followed the same trend at high temperature: short substituents exhibited higher
conductivity. However, the change in ion conductivity was less prominent between long
alkyl substituents. The fact that P-based PILs exhibited higher ion conductivities than Nbased counterparts even after Tg normalization further showing the superiority of P-based
PILs in conductivity.
Counter ion exchange is an efficient way to alter PIL ion conductivity through both
plasticization effect and electrostatic interaction control. Bulky counter ions introduce
more free volume (to plasticize polymer networks) and achieved lower Tg to facilitate
mass transfer (ion conductivity). Meanwhile, counter ions with more delocalized charged
density show high ion conductivities due to weakened electrostatic interaction. The
influence of Tg and electrostatic interaction can either be constructive or destructive.
Colby et al. studied the influence of counter cations on Tg and ion conductivity in
polyurethane-carboxylate ionomers (structures shown in Figure 3.7a).48 Figure 3.7a
revealed a 30 ºC Tg reduction from Na+ (strong electrostatic interaction) to quaternary
cations, which led to significant improvement of ion conductivities shown in Figure
3.7b. Comparing quaternary ammonium cation (Bu4N+ in Figure 3.7a) and phosphonium
cation (Bu4P+ in Figure 3.7a) with similar size and chemical structure, P-based PIL
demonstrated a substantial reduction of Tg from 16 ºC to 0 ºC. Weaker electrostatic
interaction in P-based PILs allows higher mobility (lower Tg) as a result of reduced
physical crosslinking strength. As discussed above, Long et al reported no Tg change
between N-based PILs and P-based PILs, which seems to contradict Colby and
coworkers’ finding. The molar volume of pendant groups sheds light on this
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“contradictory” phenomena.47, 72 Colby, Winey and coworkers have demonstrated that
increased side group volume (including counter ions) leads to lower Tg until the larger
molar volume limit.47 After that, Tg becomes insensitive to the molar volume of side
groups. In Long et al.’s study,15 Tf2N counter anions were bulky enough to reach the
larger molar volume limit, making polymers insensitive to any further size change. While
in Coby et al.’ study,

48

both quaternary cations and carboxylate anions are not as bulky

as Tf2N counter anions. Hence, variation in ion size causes more substantial Tg changes.
Long et al. showed over 100 ºC Tg reduction of phosphonium containing copolymers
after ion exchange from Cl to Tf2N counter anions.73

Figure 3.7 The influence of different counter cations on (a) Tg and (b) ion conductivity
(purple x is Na+, dark red solid diamond is Bu4N+, blue solid triangle is Bu4P+, olive
green triangle is Me3(MOE)P+, red open circle is (MOEOE)3MeN+) (Copyright (2011)
American Chemical Society).48
Ether substituents have an opposite influence on the Tg and ion conductivity of N-based
PILs compared to P-based PILs.48 As illustrated in Figure 3.7a, ether substituents
increased the Tg of P-based PILs, but decreased the Tg of N-based PILs. In P-based PILs,
carbon atoms bear a partial negative charge. Ether oxygens reduce their partial negative
charge through electron withdrawing effect. As a result, the negatively charged
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“shielding” of positively charged phosphonium weakens, and Tg increased due to
stronger electrostatic interaction. In N-based PILs, where carbon atoms are already
positively charged, ether oxygens provide shielding from anions and decrease Tg. Ion
conductivities followed opposite trend of Tg as expected. Ether containing P-based PILs
(Me4(MOE)P+ (olive green triangle in Figure 3.7b) exhibited lower ion conductivities
than alkyl substituted P-based PILs (Bu4P+, blue solid triangle in Figure
3.7b).(MOEOE)3MeN+ (red open circle in Figure 3.7b), on the other hand, demonstrated
improved ion conductivity compared to Bu4P+ (dark red solid diamond in Figure 3.7b).
In more mobile polymeric matrices, such as polysiloxane, Tg becomes insensitive to ion
exchange.47 As depicted in Figure 3.8a, ion exchange from Br and F counter ions to Tf2N
counter anions exhibited no statistical change of Tg, which contradicts other studies
where the Tg of the polymer backbones are higher than polysiloxane.15, 73 Nevertheless,
Tf2N counter anions reduced electrostatic interaction, and increased ion conductivity
substantially as shown in Figure 3.8b. When discussing ion concentration (or ion
content), two competing mechanisms determine its net result on Tg and ion
conductivities. Ion conductivity benefits from high ion concentration and potential
plasticization effect from bulky ions. However, high physical crosslink density due to
high ion concentration tends to elevate Tg which is detrimental to ion conductivity. In this
particular case, the polysiloxane backbone provides enough mobility that the influence of
ion concentration on Tg and ion conductivity becomes less effective.47 Long et al.
demonstrated that high ion concentrations resulted in high ion conductivity in crosslinked
PEG matrices, where the segmental motion of the polymer backbone has been severely
restricted.74-75 The plasticization effect from bulky Tf2N counter ions and tri(octyl)phenyl
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phosphonium cations dominantly determined Tg, and higher ion concentration actually
caused a reduction of Tg. As a result, the ion conductivity increased with higher ion
concentration.

Figure 3.8 The influence of counter ions and ion concentration on (a)Tg and (b) ion
conductivity (at 30 ºC).47
Swelling of PILs represents another common approach to increase ion conductivity.76-80
Yan

and

coworkers

investigated

the

hydroxide

conductivity

of

tris(2,4,6-

trimethyloxyphenyl) phosphonium functionalized polysulfone films after swelling in
water.78-80 As shown in Table 3.4, at water uptake levels under 137%, hydroxide
conductivity increased with increasing water uptake due to increased mobility of both
polymer matrices and hydroxide counter anions. However, excessive water uptake
(798%) caused a reduction of hydroxide conductivity. Phosphonium polymers exhibited
high ion conductivity (45 mS/cm) at low ion exchange capacity (1.17 mmol/g), indicative
of achieving high conductivity and good mechanical properties simultaneously.79 To
further improve the dimensional stability and solvent resistance, Yan et al. studied the
crosslinked phosphonium containing polysulfone (Structure shown in Table 3.5).80
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Through Friedel-Crafts electrophilic substitution between the chloromethyl group and
electron-rich aromatic ring, phosphonium-containing polysulfone self-crosslinked and
showed a significant reduction of swelling ratio (15 %) compared to uncrosslinked
counterparts (157 %). In addition to improved solvent resistance and thermal stability,
crosslinked polysulfone retained high ion conductivity (38 S/cm). Other studies have
investigated the usage of tris(2,4,6-trimethyloxyphenyl) phosphonium pendant groups in
poly(2,6-dimethyl-1,4-phenylene oxide),81 poly(ether ether ketone),82 and block
copolymers of isoprene and chloromethyl styrene.83

Xu, Wu and coworkers studied a

similar polysulfone with bromomethyl substituents on the aromatic groups in
phosphonium cations instead of methyloxy substituents.84 The water uptake increased
with higher degree of bromomethyl substitution as expected, and a similar conductivity
(above 30 mS/cm) plateau appeared when water uptake reached a threshold (circa 65%).
Table 3.5 Hydroxide conductivity and water uptake of swelled phosphonium polymer
films at different chloromethylation level. T = 20 ºC78-80

Chloromethylation (%)

Water uptake (%)

Hydroxide

conductivity

(mS/cm)
99

41

11

124

70

27

96

152

137

45

178

798

38

Crosslinked

N/A

38

3.5 Future perspectives
To date, most efforts in novel electrolytes, either ILs or PILs, still focus on N-based
materials,7, 9, 13-14, 85 and the application of P-based ILs and PILs as conductive materials
are under developed. However, the above examples have showed their superior stability
(both thermally and chemically) and conductivity compared to their N-based analogs.
These findings have raised a significant impetus to employ P-based ILs as alternatives of
N-based ILs for conductive and safe electrolyte materials. In addition, previous limited
commercial supply of P-based ILs has been alleviated recently.86 Meanwhile, most Pbased PILs have served as ion exchange membranes instead of electrolytes until now.87-88
Nevertheless, P-based PILs exhibit great potential as solid/gel state electrolytes, such as
ion gels.2,

4-6, 89-93

Microphase separated morphologies, tunable and responsive

mechanical properties, and continual improvement of ion conductivity distinguishes Pbased PILs as strong competitors in novel electrolyte applications. However, the
synthesis of various P-based PILs and their structure-property relationship are still
underexploited. Further endeavors to access new phosphonium containing polymers94 and
in depth understanding of their structure-property relationship at both meso- and macroscale are the keys for their success in energy-related topics.
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4.1 Abstract
This manuscript presents a novel adhesive network based on Michael addition click
chemistry using diacrylates as Michael donors, and bisacetoacetate as Michael acceptors.
Two one-pot, one-step nucleophilic reactions of hydrogenated polybutadiene diol (hPB)
enabled facile preparation of the Michael donors and acceptors. The described Michael
networks crosslinked over a wide temperature range (-10 ºC to 50 ºC) and showed fast
and tunable gel time. Rheology revealed that catalyst concentrations, molecular weight,
and additives readily dictated crosslinking kinetics. In situ FTIR confirmed the kinetic
differences depended on the molecular weights of diacrylates. In both 90° and 180° peel
tests, Michael networks demonstrated comparable adhesion strength on various
commercial substrates compared to adhesive controls. The introduction of tackifiers
further improved adhesive properties and doubled the maximum load between substrates
in comparison to commercial adhesive controls. Additional pre-cure time before adhering
also benefited adhesive performance on certain substrates.

4.2 Introduction
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Chemically crosslinked polymeric networks offer a myriad of opportunities for emerging
technologies. Extensive research has investigated the synthetic design and physical
characteristics of various crosslinked networks including adhesives, sealants, and
synthetic rubbers.1-3 Recent impetus on improving efficiency and environmental impact
provides a strong demand for novel crosslinking chemistries under ambient conditions.
Next generation crosslinkers must eliminate the use of volatile organic compounds
(VOCs) and provide successful adhesion at different temperatures with a special
emphasis on room temperature crosslinking.

Next generation crosslinked networks

should also offer versatility, provide good adhesion properties on various substrates, and
act as universal adhesives for various applications over a range of temperatures.
The elimination of VOCs is a resonating trend and long-desired goal throughout the
history of adhesive productions because VOCs are not environmentally friendly and are
harmful to human health.4-6 Typical adhesive application requires efficient wetting on a
substrate area, hardening, and active load transmission between interfaces, which VOCs
readily facilitate.7 Although solvents help to wet surface substrates, additional time is
required during the hardening process for solvent evaporation, which is detrimental
during fast curing applications. Recent EPA regulations restrict the solvent choice to a
narrow supply of approved low VOC solvents. For example, solvents such as toluene,
heptane, and xylene enabled high performance bonding adhesives for several decades but
no longer suit EPA low VOC standards. Substitution with approved low VOCs including
acetone, tert-butyl acetate, parachlorobenzotrifluoride, and methyl ethyl ketone achieves
compatibility with EPA regulations yet fails to provide comparable adhesive performance
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to conventional formulations. Therefore, high demand exists for solvent-free adhesives
with comparable adhesive properties to traditional solvent-based adhesives.
Previous studies have addressed solvent-free adhesives from various approaches, such as
melt adhesives and suspension adhesives.4,

6

However, melt adhesives suffer from a

narrow pool of available chemistries due to thermal stability constraints and suspensiontype formulations introduce complexity in manufacture and application of adhesives.
Bulk crosslinked networks based on oligomers or polymers provide an ideal alternative
approach towards solvent-free adhesives while maintaining reasonable mobility (for
surface wettability) and fast hardening.
Common room-temperature, bulk crosslinking systems include epoxy/diamine,8-10
carbodiimides,11 peroxide chemistry,12-15 and Michael addition reactions.2 Our research
group has conducted extensive studies on oligomer-based Michael addition reactions
between bisacetoacetate (bisAcAc) and diacrylate (DA) at room temperature and
highlighted their unique advantages stemmed from readily tunable physical properties.1,
16-18

We have demonstrated that PEG-based bisAcAc and DA crosslinked within minutes

at room-temperature.1 The crosslinking kinetics were tunable through the molecular
weights of PEG precursors, where 1000 g/mol and 8000 g/mol PEG showed 2 min and 7
min gel time, respectively. Further, within the same bisAcAc-DA Michael addition
network scope, different synthetic strategies are available for specific applications. For
example, our group realized bio-degradable, room-temperature crosslinked networks
based on poly(caprolactone) bisAcAc and neopentyl glycol diacrylate.17 The utilization
of acid-cleavable diacrylate in bisAcAc-DA networks generated crosslinked materials
that degraded in less than 1 min under acidic conditions.
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Herein, we propose the synthesis of hydrogenated polybutadiene diacrylate (hPBDA) and
bisAcAc (hPBbisAcAc) as Michael acceptor and donor, respectively, through one-step
nucleophilic reaction. 1H NMR spectroscopy confirmed the successful synthesis of
Michael acceptor and donor after minimal purification. Michael acceptor and donor
crosslinked readily after the introduction of catalytic amount of base. The resulting
Michael networks highlighted tunable crosslinking kinetics with gel time varied from
minutes to hours via molecular weight and chemical structures control. Michael networks
showed consistent performance over a wide temperature range. Peel tests revealed
comparable adhesive properties of Michael networks compared to commercial adhesive
products. The introduction of tackifiers further improved the adhesive properties,
promising Michael networks as solvent-free adhesive for the replacement of traditional
solvent-based adhesives.
4.3 Experimental
4.3.1 Materials
Hydrogenated polybutadiene diol (hPB, 2000 g/mol), commercial adhesive control,
ethylene propylene diene monomer rubber (EPDM), polyvinyl chloride rubber (PVC),
thermoplastic olefin ( TPO), and plywood samples were provided by Carlisle
Construction

Materials.

Acryloyl

chloride,

t-butyl

acetoacetate

(tBuAcAc),

dichloromethane (DCM), toluene, 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU), potassium
carbonate, and aluminum oxide (neutral) were purchased from Sigma-Aldrich and used
without further purification.
4.3.2 Synthesis of hydrogenated polybutadiene diacrylate (hPBDA)
A two-necked, 500-mL round-bottomed flask equipped with a 50-mL addition funnel
containing acryloyl chloride (5.2 g, 0.055 mol) in anhydrous DCM (20 mL), was charged
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with 2,000 g/mol hPB (50 g, 0.025 mol) and anhydrous K2CO3 (10.4 g, 0.075 mol) and
was sealed with a rubber septum. Anhydrous DCM (110 mL) was cannulated into the
reaction flask and an ice bath was assembled to cool the reaction contents to 0 ºC.
Acryloyl chloride was added dropwise overnight and the reaction was allowed to warm to
23 ºC. Reaction mixture was stirred with Al2O3 overnight. DCM was removed under
reduced pressure after filtration and the product was isolated as a viscous, clear liquid and
dried in vacuum at 23 ºC (48.23 g, 96 % yield). 1H NMR (400 MHz, CDCl3): 6.47 (d,
2H), 6.22 (dd, 2H), 5.77 (d, 2H), 4.13 (m, 4H), 0.75-1.5 (polymer back-bone).
4.3.3 Synthesis of hydrogenated polybutadiene bisacetoace-tate (hPBbisAcAc)
In a typical procedure, 2,000 g/mol hPB (10.0 g, 10 mmol), tBuAcAc (6.3 g, 40 mmol, 4
equiv.), and toluene (50 mL) were charged to a two-necked, 100-ml flask equipped with a
short-path distillation head, receiving flask, and magnetic stirrer. The mixture was kept at
110 ºC for 4 h and vacuum (0.1 mmHg) was applied to remove the t-butanol by-product
and excess tBuAcAc. An additional 6.3 g tBuAcAc was added and heating continued for
3 h at 130 ºC in order to ensure quantitative functionalization. Vacuum (0.1 mmHg) at
130 ºC was applied to remove volatile starting reagents and reaction by-products. 1H
NMR (400MHz, CDCl3): 0.75-1.5 (polymer backbone), 1.24 ppm (dd, 6H), 2.26 ppm (s,
6H), 5.08 ppm (m, 4H), 5.29 ppm (s, 1H).
4.3.4 Preparation of adhesive samples
Equal weight of hPB and hPBbisAcAc (5 g) was mixed in a 50-ml beaker. A specific
amount of DBU catalysts (50 mg, 1 wt% to DA) was added all at once, and mixed
thoroughly using brushes. The mixture was quickly transfer to either rheometer plates or
peel test substrates without further stirring.
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4.3.5 Sample preparation for peel tests
The preparation of peel test substrates followed the description in Scheme 4.1. In 180º
peel tests, both rubber membranes were cleaned with hexane to remove dust (Scheme
4.1a). After deswelling (30 min), freshly made adhesives were applied on both surfaces
using brushes. Two surfaces were adhered immediately, and a 10-pound roller was
employed to ensure good contact between adhesives and substrates. Then the samples
were given 24 h at ambient condition to allow complete crosslinking before the test. The
test samples were cut into 6 inches × 1 inches pieces, and adhesives were only applied in
a 3 inches × 1 inches area (Figure S4.1a). As depicted in Scheme 4.1b, the sample
preparation of 90º peel tests was similar to 180º peel tests except the wood substrates
were directly utilized without any pretreatment. The rubber substrates were 10 inches × 3
inches and adhesives were applied in a 5 inches × 3 inches area (Figure S4.1b).
To prepare the Michael adhesives, equal weight of hPB and hPBbisAcAc (5 g) mixed in a
50-ml flask. A specific amount of DBU catalyst (50 mg, 1 wt% to DA) was added all at
once, and mixed thoroughly. The mixture was immediately transfer to 10 tested
substrates without further stirring.

Scheme 4.1 Sample preparation for peel tests: (a) 180º peel tests between two identical
rubber substrates; (b) 90º peel tests at the interfaces between rubber substrates and wood.
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4.3.6 Analytic methods
1

H nuclear magnetic resonance (1H NMR) spectroscopy was performed on a Varian Unit

400 MHz with CDCl3 as solvent (23 ºC). The crosslinking kinetic study was conducted
using a TA AR-G2 rheometer where a time sweep was performed at 0 ºC, 25 ºC, and 50
ºC, respectively (25 mm disposable parallel plates, 1 Hz, 1.25 % strain, and 1000 μm
gap). Adhesive properties were investigated through a Instron 5500 at 50 mm/min rates
for both 90 º and 180 º tests. The 90 º peeling tests employed a special geometry that was
provided by Carlisle Construction Materials (Figure S1b). All reported values were
average of 5 samples. In situ FTIR was performed on a Mettlor Toledo ReactIR 45M
with DiComp Probe, and the C=C vinyl peaks at 890 cm-1 were employed to monitor the
disappearance of diacrylates. Each FTIR spectrum was an average of 64 scans within 50
sec, and the area under peak determined chemical concentrations.
4.4 Results and Discussion
Scheme 4.2 depicts the base-catalyzed synthesis of hydrogenated poly-butadiene
diacrylate (hPBDA) and bisAcAc (hPBbisAcAc) and their crosslinking reaction.
Telechelic hydrogenated polybutadiene diol (hPB) reacted with acryloyl chloride and tbutyl acetoacetate respectively to produce Michael acceptor hPBDA and Michael donor
hPBbisAcAc, respectively.

Scheme 4.2a shows the formation of hPBDA through

nucleophilic attack of acryloyl chloride where Scheme 4.2b similarly shows the
formation of hPBbisAcAc through nucleophilic attack of t-butyl acetoacetate. Both
reactions completed in 24 h, and afforded quantitative yield with minimum purification.
Hydrogenated polybutadiene was chosen for this study because it exhibits excellent
thermal stability, good weatherability, hydrophobicity, low color, high clarity, and low
glass transition temperatures (Tg = -55 ºC), affording their compatibility for applications
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involving acid and base resistance, adhesion, asphalt miscibility, electrical insulation, and
low temperature flexibility. Each bisAcAc molecule had four acid protons accessible for
deprotonation, allowing chemical crosslinking with two acrylate groups per AcAc
moiety. The synthesis is applicable for different telechelic oligomer backbones, affording
tunable thermomechanical properties and hydrophobicity.

Scheme 4.2 The synthesis of hPBDA (Michael acceptor) and hPBbisAcAc (Michael
donor).
Figure 4.1 illustrated the change of gel time as a function of catalyst concentrations and
temperature. Gel time represents the crossover point of storage modulus (G’) and loss
modulus (G’’), symbolizing a transformation from viscous liquids towards solids. Figure
1a described the modulus change over time in a typical time sweep experiment of
hPBDA and hPBbisAcAc Michael networks. At the initial state of the Michael addition
reactions, G’’ was higher than G’, indicating primarily viscous liquid-like behavior. As
the crosslinking proceeded, chemically crosslinked sites restricted the segmental motion
of oligomer chains, causing a more solid-like behavior as evidenced by the evolution of
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G’ over time. Eventually, G’ surpassed G’’ to form a gel. As shown in Figure 1b, catalyst
concentrations altered crosslinking kinetics significantly at 25 ºC. Higher catalyst
concentrations accelerated crosslinking kinetics, causing a decrease of gel time from 80
min (1 wt%) to 16 min (3 wt%). Hence, catalyst concentrations provided a facile
approach to control crosslinking kinetics. Figure 1c and 1d demonstrated fast gel time at
25 ºC (16 min) and 50 ºC (10 min). At lower temperature (-10 ºC), the mobility of both
DA and bisAcAc decreased significantly, resulting in a much longer gel time (300 min).

Figure 4.1 Influence of catalyst concentrations (a & b) and temperatures (c & d) on
crosslinking kinetics through rheology at 25 ºC for a and b while catalyst concentration
was set to 3 wt% (to bisAcAc) in c & d.
Molecular weights represent another commonly utilized parameter to control crosslinking
kinetics. To investigate the influence of molecular weight on crosslinking kinetics, we
employed three different DAs with a constant molecular weight hPBbisAcAc species.
Three DAs covered a wide molecular weight range while maintaining low enough
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viscosity as adhesive precursors: 2000 g/mol (hPBDA), 296 g/mol (trimethylolpropane
triacrylate, TMPATA), and 198 g/mol (1,4-butanediol diacrylate, 1,4-BDA) (chemical
structures shown as inset in Figure 4.2c). Figure 4.2a represents the typical Michael
addition crosslinking behavior between DA and bisAcAc. Parallel plate rheology
measured both G’ and G’’, which followed a similar pattern as described in the catalyst
concentration study (Figure 4.1a). The temperature and catalyst concentration were set to
25 ºC and 1 wt% for all rheological measurements. Michael networks with hPBDA
exhibited the longest gel time (80 min), and lower molecular weight DAs demonstrated
much faster crosslinking kinetics with circa 10 min gel time (Figure 4.2b). The molar
ratios between acrylate and bisAcAc groups were constant to exclude functional group
concentration differences. Hence we attributed the longer gel time from high molecular
weight hPBDA to its higher viscosity and lower endgroup mobility.
In situ Fourier-transform infrared spectroscopy (FTIR) showed faster crosslinking
kinetics with decreasing molecular weight of DAs, further supporting the conclusions
from above rheology study (Figure 4.2c). The area under C=C vinyl peaks at 890 cm-1
represents diacrylate concentration. Both TMPTA and 1,4-BDA revealed a complete
consumption of acrylate groups within 10 min. However, the Michael addition between
hPBDA and hPBbisAcAc extended to 90 min before 100% conversion. The time at 100%
conversion correlated well with the gel times from rheological study, indicative of a
complete consumption of acrylate groups before gel points. After gel points, both G’ and
G’’ started to plateau.
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Figure 4.2 Influence of diacrylate molecular weight on crosslinking kinetics using
rheology (a & b) and in situ FTIR (c). Rheology: T = 25 ºC; catalyst concentration = 3
wt% (to the weight of bisAcAc).
Another common strategy to fine tune the viscosity of adhesives, improve surface
wetting, and enhance load transition between substrates is the addition of additives. For
example, the addition of tackifiers improves adhesive properties, but also alters viscosity
leading to variations in crosslinking kinetics. Hence, it is important to study the influence
of tackifiers on crosslinking kinetics as well as adhesive properties. We conducted similar
rheological studies in hPBDA/hPBbisAcAc matrices with 10 wt% of two commercial
tackifiers: Indopole H-100 and Wingtack 10 (chemical structures shown in Figure 4.3a).
Figure 4.3b showed the evolution of G’ and G’’ as a function of reaction time after
adding 10 wt% Indopole H-100. As illustrated in Figure 4.3c, we ascribed the increase of
gel time (from 80 min to 120 min) to both diluted function group concentrations and
increased viscosity compared to neat Michael networks. The gel time increased with the
addition of 10 wt% Wingtack 10 as well due to the same reasons.
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Figure 4.3 Michael network crosslinking kinetics with the addition of tackifiers.
Rheology: T = 25 ºC; catalyst concentration = 1 wt%.
To evaluate the adhesive properties of Michael network over a wide range of substrates,
we conducted 180º peel tests on three different rubber substrates for roofing applications:
EPDM (ethylene propylene diene monomer), PVC (polyvinyl chloride), and TPO
(thermoplastic polyolefin). Water contact angle study in Figure S4.2 showed that EPDM
was hydrophobic, while TPO and PVC were more hydrophilic. Figure 4.4a showed the
load between two EPDM membranes as a function of peel time. Michael network with
hPBDA/hPBbisAcAc demonstrated improved adhesive properties (Loadmax = 3.6 N in
Table 1) compared to commercial adhesive control (Loadmax = 1.5 N in Table 1).
Replacing hPBDA with 1,4-BDA yielded similar adhesive properties (Loadmax = 3.6 N
and 3.1 N) although their gel time was drastically different (80 min to 10 min), promising
a facile approach to significantly alter crosslinking kinetics while maintaining similar
adhesive properties (Figure 4.4a and Table 4.1). However, on PVC substrates, hPBDA
and 1,4-BDA demonstrated different adhesion performance (Figure 4.4b and Table 4.1)
where hPBDA showed lower maximum load (1.3 N) compared to adhesive control (3.5
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N), presumably due to wettability differences. Interestingly, at TPO interfaces, the
maximum load of Michael network decreased with decreasing molecular weight of DAs
(10.0 N for hPBDA, and 4.6 N for 1,4-BDA) and both DAs showed improved adhesive
properties than adhesive control. In summary, most Michael networks exhibited
comparable or improved adhesive properties in comparison to low VOC adhesive
controls, suggesting Michael networks as promising solvent-free adhesives.

Figure 4.4 180º Peel test results: influence of diacrylate molecular weight (a & b) and
tackifier addition (c & d) on adhesive properties. Rheology: T = 25 ºC; catalyst
concentration = 1 wt%.
Table 4.1 Tensile results of 180º peel tests on EPDM, PVC, and TPO membranes.
Adhesive/substrates

Failure mode

Loadmax (N)

hPBDA/EPDM
1,4-BDA/EPDM
Control/EPDM

Cohesive
Cohesive
Cohesive

3.6 ± 1.0
3.1 ± 0.9
1.5 ± 0.6

hPBDA/PVC

Cohesive

1.3 ± 0.6
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1,4-BDA/PVC
Control/PVC

Cohesive
Cohesive

3.7 ± 0.4
3.5 ± 0.7

hPBDA/TPO
1,4-BDA/TPO
Control/TPO

Cohesive
Cohesive
Cohesive

10.0 ± 2.1
4.6 ± 1.3
3.5 ± 1.8

To further improve the adhesive properties, we introduced two different tackifiers (10
wt%) into the formula: Indopole H-100 and Wingtack 10. As Figure 4.4c and Figure
4.4d demonstrated, the adhesive properties further improved. Both Indopole H-100 and
Wingtack 10 increased the maximum load from 3.6 N to 6.0 N at the EPDM interfaces.
According to previous rheology study, the introduction of tackifiers slowed down the
crosslinking kinetics but still reached the gel point within 2 h. Hence tackifiers
successfully improved the adhesive performance of Michael networks at the minimal
expense of slower crosslinking kinetics.

Figure 4.5 90º Peel test results on three different substrates (a) with different pre-cure
time (b).
118

We further explore the potential of Michael networks as adhesives on other substrates,
such as plywood. With the aid of tackifiers, Michael networks at least doubled the
performance of adhesive control on all three rubber substrates as illustrated in Figure
4.5a. The fact that Michael networks generated excellent and similar adhesive properties
across three different membranes demonstrated great potential for their use as universal
adhesives. The adhesive properties of Michael networks between rubber membranes and
plywood substrates further improved when allowing extra curing time before adhering
two substrates together. Figure 4.5b featured the maximum loads from 90º peel tests on
all three membranes (EPDM, PVC, and TPO). For EPDM/wood surfaces, 15 min extra
curing time before adhering EPDM and plywood resulted in no improvement on the
adhesive properties. However, at the PVC/wood and TPO/wood interfaces, 15 min
additional curing time before adhering induced a significant enhancement of the
maximum loads.
4.5 Conclusion
We successfully synthesized a novel pair of Michael donors and acceptor based on
hydrogenated polybutadiene diol. The resulting Michael network exhibited tunable and
facile crosslinking kinetics over a wide temperature range. Catalyst concentrations,
molecular weight variation, and additives provided facile approaches to alter crosslinking
kinetics. The peel tests revealed the Michael network afforded comparable adhesive
properties at rubber/rubber interfaces and improved adhesive properties at rubber/wood
interfaces compared to a commercial adhesive control. The fact that Michael networks
yielded comparable or better adhesive properties at various interfaces compared to
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commercial adhesive controls, promising their great potential as next-generation, solventfree universal adhesives.
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5.1 Abstract
Anionic polymerization of 4-vinylbenzyl piperidine, isoprene, and styrene in
nonpolar solvent produced ABC triblock copolymers containing polystyrene and poly(4vinylbenzyl piperidine) (poly4VBP) outer blocks separated by a polyisoprene central
block. The microstructure of the polyisoprene repeat units was controllable through the
order of monomer addition. For synthesis beginning with the 4VBP monomer, the
presence of the polar poly4VBP segment led to high 3,4-addition polyisoprene (38 ~
49%). However the addition of monomers in the sequence of styrene, isoprene, then
4VBP yielded poly(styrene-b-isoprene-b-4-vinylbenzyl piperidine), poly(S-I-4VBP),
triblock copolymers with polyisoprene blocks containing significantly lower 3,4 addition
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content (8%) and trans/cis-1,4 addition ratio. To the best of our knowledge, this is the
first report of high 3,4-addition polyisoprene block synthesis without polar additives in
nonpolar solvent. In situ Fourier transfer infrared spectroscopy (FTIR) monitored the
anionic polymerization process and confirmed the quantitative polymerization within 2
hours. Dynamic mechanical analysis (DMA) and differential scanning calorimetry (DSC)
demonstrated either microphase mixing or separation depending on the polymer
molecular weights and 3,4 addition content of isoprene. Facile alkylation of 4VBP in
4VB-I-S provided a charged polymer mimic of SIS rubber for future study.
5.2 Introduction
Block copolymers have been the subject of sustained research focus for decades
due to their ability to synergize different properties of its constituent blocks. Block
copolymers widely serve as thermoplastic elastomers,1-5 barrier membranes,6-10 sensing
agents,11-14 electroactive devices15-19 and lithographic patterning materials.20-23 To further
fine tune block copolymer properties, synthetic design focuses on either new monomer
structures24-27 or control of repeat unit microstructures. Microstructure such as tacticity,2829

chirality30-32 , 1,4/1,2/3,4 addition ratio33-35 and cis/trans ratio33-42 provides significant

tunability in polymer properties.
Tenhu et al. demonstrated that ABA triblock copolymers composed of inner
atactic and outer isotactic poly(N-isopropylacrylamide) (PNIPAM) blocks exhibited two
distinct glass transition temperatures (Tg).29 Chen et al. studied the solubility of
glycosylated antibiotic nocathiacin I in methoxyl-poly(ethylene glycol)-b-polylactate
micelles (MPEG-PLA).30 The authors demonstrated that both L- and D- block
copolymers enhanced the aqueous solubility of nocathiacin I, but the degree of
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enhancement was dependent on the chirality of the PLA block. D-polylactate-based
micelles promoted the solubility of D-sugar-containing nocathiacin I more than L-sugarcontaining nocathiacin I.
Similar to tacticity and chirality, 1,4/1,2/3,4 addition ratio in polydienes affords
drastic changes in polymer properties. Hadjichristidis and Thomas et al. showed
significant Tg shift from high 1,4 addition polyisoprene (-80 °C) to high 3,4 addition
polyisoprene (-30 °C).39 Cui et al. studied polyisoprene with remarkably high 3,4
addition (> 95 %) using a rare earth metal carbene complex.33 High 3,4 addition
polyisoprene exhibited Tgs between 40-50 °C.
The strong influence of 1,4/1,2 addition ratio on polymer physical properties
stimulates ongoing investigation into the synthesis of stereo-specific diene polymers. The
majority of

successful stereo-controls in diene polymers involve metal complex

catalysts.35-38, 43-45 However polar additives, such as tetrahydrofuran (THF), are also used
to increase polymerization rate and thus favor the formation of kinetic products, namely
1,2 or 3,4 addition.39, 46 Interestingly, Bini et al. also probed the possibility of controlling
3,4-polyisoprene content through pressure.47
Herein we proposed the synthesis of diblock (AB) and triblock (ABC)
copolymers with high 3,4 addition polyisoprene blocks through anionic polymerization in
nonpolar solvent and without any polar additives. Formed first in the polymerization, a
polar hard block served as internal polar additives to promote 3,4 addition in the
subsequent polyisoprene block. Long et al. demonstrated 4-vinylbenzyl piperidine
(4VBP) was suitable for anionic polymerization, and readily alkylated to afford a charged
segment.48 This study investigates the incorporation of this polymer into block
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copolymers and the effects of the polar repeat units on the polymerization conditions. In
situ FTIR monitored the synthesis of poly(4-vinylbenzyl piperidine-b-isoprene-bstyrene), poly(4VBP-I-S), and elucidated the rapid conversion of both 4VBP and styrene
monomers in cyclohexane. 1H NMR spectroscopy revealed that both poly(4VBP-I) and
poly(4VBP-I-S) block copolymers contained high 3,4 addition content in the
polyisoprene segments (38 ~ 49%). Moreover, quantitative

13

C NMR spectroscopy

showed significant reduction of cis-1,4 addition for polyisoprene blocks polymerized in
the presence of the polar poly4VBP segment. Conversely, when introducing polystyrene
as the first block in poly(S-I-4VBP), the polyisoprene blocks exhibited low 3,4 addition
values in nonpolar environment and preferred cis-1,4 addition (72%). In most AB and
ABC block copolymers, dynamic mechanical analysis (DMA) and differential scanning
calorimetry (DSC) suggested the presence of microphase separation. However, low
molecular-weight polyisoprene with high 3,4 addition exhibited microphase mixing with
poly4VBP segments. We attribute the phase mixing to a combined effect of increased
polarity from high 3,4 addition content and decreased molecular weight.
5.3 Experimental
5.3.1 Materials
Piperidine (> 99.5 %, purified by redistillation), 4-vinylbenzyl chloride (≥ 90 %),
calcium hydride (95 %), di-n-butylmagnesium solution (DBM, 1.0 M in heptane), and
sec-butyllithium solution (1.4 M in cyclohexane) were purchased from Sigma Aldrich
and used as received. N-methyl piperidine was purchased from Sigma Aldrich and
freshly distilled from CaH2 prior to use. Cyclohexane was purchased from Sigma Aldrich
and passed through an activated alumina column to remove moisture and oxygen. Styrene
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(stabilized by 4-tert-butylcatechol, ≥ 99 %) and isoprene (99 %) were purchased from
Sigma Aldrich and distilled twice from calcium hydride and DBM and degassed via
freeze-pump-thaw prior to use. 4-vinylbenzyl piperidine (4VBP) was synthesized based
on previous literature, and distilled twice from calcium hydride and DBM and degassed
through freeze-pump-thaw prior to use.49
5.3.2 Instrumentation
1

H nuclear magnetic resonance (NMR) spectroscopy was performed on an Agilent

Technologies 400 MR (400 MHz) NMR spectrometer in deuterated chloroform (256
scans).

13

C NMR was conducted on a Varian 400-MR (400 MHz) NMR spectrometer

with 5 s relaxation delay and 3400 scans in decouple – NOS mode. Thermal stability
under nitrogen atmosphere was determined using TA Instruments thermogravimetric
analysis (TGA) Q500 with 10 °C/min heating rate. Differential scanning calorimetry
(DSC) was performed through a TA instruments Q2000. Tg values were reported from
the middle point of second heat in a heat/cool/heat cycle (10 °C/min heating rate and
quench cool under nitrogen). A TA Instruments Q800 dynamic mechanical analysis
(DMA) was applied in film tension mode at a heating rate of 3 °C/min (1 Hz). In situ
FTIR analysis was conducted using a Mettler Toledo ReactIR 45M attenuated total
reflectance reaction apparatus connected with a light conduit and DiComp 9diamond
composite insertion probe.
5.3.3 Monitoring of poly(4VBP-I-S) anionic polymerization through in situ FTIR
Synthesis of poly(4VBP-I-S) through anionic polymerization was monitored
using in situ FTIR. A typical procedure of poly(4VBP-I-S) (10-10-10 kg/mol) synthesis
was performed as follows: the IR reference signals of 4-vinylbenzyl piperidine, styrene,
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isoprene and cyclohexane were collected prior to the reaction. A two-neck, 25-mL roundbottomed flask with a magnetic stir bar was flame-dried with nitrogen purge and sealed
with rubber septum and copper wire. Cyclohexane (10 mL) was added via gas-tight
syringe to the reaction flask under nitrogen. With continued nitrogen purge, a DiComp
probe was inserted and sealed tightly via a Teflon adapter. The probe tip was submerged
below the solvent surface, and the experiment was set to collect one spectrum per minute
for 12 h. 4VBP (1.0 g, 1.01 mL) was added to the reaction flask via gas-tight syringe
under nitrogen with strong stirring. The initiator, sec-butyllithium (0.07 mL), was added
to the reaction via gas-tight syringe under nitrogen and the data collection started at the
same time. Red color appeared in the solution immediately upon initiator addition
corresponding to the living 4VBP anions. The vinyl peak at 907 cm-1 was monitored to
determine the monomer conversion over time. After the vinyl peak stabilized at the
baseline, isoprene (1g, 1.47 mL) was added via gas-tight syringe under nitrogen. The red
color faded gradually due to crossover and propagation of the polyisoprene segments.
Then styrene (1g, 1.1 mL) was injected to the reaction flask under nitrogen after the
second baseline was reached, and an orange color appeared from styrenic anions.
Degassed methanol was added via gas-tight syringe to terminate the polymerization after
full depletion of the styrene vinyl peak.
5.3.4 Anionic polymerization of 4VBP containing block copolymers
Anionic polymerization was conducted under dry nitrogen in round-bottomed
flask and the monomers were introduced to the system sequentially as designed. A typical
synthesis of poly(4VBP-I-S) 10-10-10 kg/mol was demonstrated as follows: A flamedried, one-neck, 100 mL round-bottomed flask was sealed tightly with rubber septum and
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copper wire, then the reaction flask was charged with ~35 mL cyclohexane and 3 g 4vinylbenzyl piperidine (3.03 mL) via gas-tight syringe. The round-bottomed flask was
further sealed with Teflon® tape and parafilm®. Under strong stirring, sec-butyllithium
(0.21 mL) was injected rapidly to the reaction flask via gas-tight syringe. Instant red color
indicated the successful initiation of 4-vinylbenzyl piperidine. After 1 h, isoprene (3 g,
4.4 mL) was added to the reaction flask. The red color gradually faded and became pale
yellow. After 2 h, styrene (3 g, 3.1 mL) was injected to the reaction flask and allowed to
propagate for 1 h. The reemergence of light red color indicated the successful crossover
from isoprene to styrene. Finally, the polymerization was terminated using degassed
methanol (1 mL) and polymers were recovered by precipitating into excess methanol
twice. Obtained polymers were dried at 23 °C under reduced pressure for 48 h to yield a
white powder (~ 90 % isolation yield). All block copolymers were stored in dry
desiccator under vacuum. Composition of block copolymers and polymer structures were
further confirmed by 1H NMR spectroscopy (Figure 1). All the control homopolymers
were synthesized and purified in the same fashion.
5.3.5 Film casting
All block copolymers were casted from 25 wt% solution in THF. The films were
allowed to dry under ambient conditions for 24 then in active fume hood for 24 h. The
films were then further dried in vacuo for 12 h. The films were annealed at 120 °C for 6 h
and cooled down to 23 °C slowly in vacuo to avoid isoprene oxidation. 1H NMR
spectroscopy of the annealed film showed negligible oxidation.
5.4 Results and discussion
5.4.1 Anionic polymerization of 4VBP-containing block copolymers
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Owing to the thermal autopolymerization of 4VBP, typical controlled radical
polymerizations (CRP) which employ thermal initiator at elevated reaction temperature
are not suitable for the synthesis of 4VBP-containing block copolymers.48 Instead,
anionic polymerization of 4VBP allows fast synthesis of 4VBP-containing block
copolymers at room temperature. In order to prepare well-defined block copolymers,
rapid and quantitative consumption of all monomers added in sequence is necessary. In
situ FTIR provides a facile approach to monitor the reaction rate and helps determine the
reaction time for each block.

Scheme 5.1 The synthesis of poly(4VBP-b-I-b-S) block copolymers using living anionic
polymerization.

Therefore we applied in situ FTIR to probe the kinetics of anionic polymerization
for the synthesis of poly(4VBP-I-S) triblock copolymers (Scheme 5.1) with a target
number average molecular weight Mn of 10-10-10 kg/mol. Recorded FTIR waterfall plots
showed the decrease of monomer concentration with time, as monitored by the
disappearance of the peak intensity at 907 cm-1 corresponding to the vinyl vibration of the
monomers (Figure 5.1). As shown in Figure 5.1, the completion of 4VBP occurred
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within 5 min after the initiation. After 10 min equilibration, the intensity of the vinyl peak
spiked as a result of the introduction of isoprene monomers, and the propagation of
isoprene block proceeded much slower compared to 4VBP. The intensity of the vinyl
peak reached the baseline after 60 min. The new baseline was higher than the baseline
after 4VBP injection as a result of residual double bonds in isoprene repeating units.
After the addition of styrene monomers, the double bond intensity increased rapidly again
and then decreased to baseline within 10 min. The successful, sequential addition of
isoprene and styrene further supported the “living” nature of this polymerization.

Figure 5.1. In situ Fourier transform infrared spectroscopy of poly(4VBP-b-I-b-S) block
copolymers synthesized through living anionic polymerization.
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Figure 5.2. 1H NMR spectroscopy allowed the calculation of the Mn of poly(4VBP-I-S)
(10-10-9 kg/mol shown). The existence of 4VBP segment leaded to higher 3, 4 addition
percent in the isoprene block.

Previous work from our lab employed SEC with THF mobile phase to determine
the molecular weight of 4VBP-containing styrenic based block copolymers.48 However,
with the introduction of polyisoprene, the block copolymers potentially interact with the
SEC columns and fail to yield meaningful data. Therefore, 1H NMR spectroscopy served
as the sole method for molecular weight determination, through comparison of the repeat
unit peak integrations (Figure 5.2 peak d) to that of the methyl groups on the initiator
(Figure 5.2 peak j). The calculated molecular weight of a series of 4-VBP containing
diblock and triblock copolymers agreed well with the target molecular weights (Table
S5.1). Due to lack of SEC characterization, the target molecular weights remained
between 10 to 25 kg/mol to avoid significant calculation errors from

1

H NMR

spectroscopy.
5.4.2 Polyisoprene microstructure study
The polyisoprene homopolymer prepared in nonpolar solvent showed only 5 % 3,4
addition in

1

H NMR spectroscopy (Table 5.1). However, diblock and triblock

copolymers beginning with the poly4VBP block showed significantly higher 3,4 addition
38 ~ 49 %. In contrast,

the poly(S-I-4VBP) triblock copolymer, where the

polymerization of isoprene occurred prior to the introduction of poly4VBP, exhibited
significantly lower 3,4 content (8 %), similar to that of the polyisoprene homopolymer
(Figure S5.1). To further confirm the influence of poly4VBP segments on polyisoprene
microstructure, poly4VBP homopolymer (21 kg/mol) and N-methylpiperidine were used
as free additives in the synthesis of polyisoprene homopolymer. Table 5.1 shows that
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both polar additives (poly4VBP and N-methylpiperidine) resulted in polyisoprene
homopolymers with high 3,4 addition (21% and 37%) as expected. Meanwhile, poly(I4VBP-I) (9-10-9 kg/mol) triblock copolymers demonstrated 30 % 3,4 addition,
suggesting an isoprene block with low 3,4 addition content prior to poly4VBP block and
final isoprene block with high 3,4 addition. When comparing the two poly(4VBP-I-S)
triblock copolymers or the two poly(4VBP-I) diblock copolymers, the 3,4 addition
increased with higher 4VBP/I ratio, further supporting 4VBP’s polarity effect on the
polyisoprene microstructures (Table 5.1). Whereas, for poly(S-I-4VBP) triblock
copolymers, such effect was absent and resulted in the polyisoprene blocks with lower
3,4 addition repeating units. Thus, the microstructures of polyisoprene blocks were
controlled through a polar segment (poly4VBP) either prior or after the polymerization of
isoprene monomers.
Table 5.1 Isoprene microstructure study using 1H NMR spectroscopy. Mn and isoprene
3,4 addition percent calculated from 1H NMR: a. isoprene (3g) + poly4VBP
homopolymers (1g); b. isoprene (3g) + N-methylpiperidine (3g)
Polymers
Mn (kg/mol)
3,4 addition in isoprene
1H NMR
block (%)
Polyisoprene

14

5

Poly4VBP

21

N/A

25 + 21

21

20

37

Poly(4VBP-b-I)

25-13

43

Poly(4VBP-b-I)

25-23

38

Poly(4VBP-b-I-b-S)

25-10-10

39

Poly(4VBP-b-I-b-S)

10-10-9

49

Polyisoprene + poly4VBPa
Polyisoprene + N-methylpiperidine

b
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Poly(S-b-I-b-4VBP)

25-28-11

8

Poly(S-b-I-b-4VBP)

10-10-10

8

Poly(I-b-4VBP-b-I)

9-10-9

30

Due to

peak overlap in the 4VBP-containing block copolymers, 1H NMR

spectroscopy was not suitable to study the trans/cis ratio. Instead, quantitative 13C NMR
enabled a detailed study on the trans/cis ratio (Figure S5.2). Due to the interference of
other carbon peaks in poly4VBP and polystyrene blocks, only the methyl groups in
isoprene repeating units allowed for calculation of both 3,4 addition content and the
trans/cis ratio in 1,4 addition through quantitative 13C NMR spectroscopy.50 As shown in
Table 5.2, the 3,4 addition value from

13

C NMR spectroscopy closely aligned with 1H

NMR spectroscopy. While the trans-1,4 addition content remained relatively constant for
all the samples, the cis-1,4 addition decreased when 4VBP was polymerized before
isoprene. Poly(4VBP-I-S) 10-10-9 kg/mol and poly(S-I-4VBP) 10-10-10 kg/mol showed
similar trans-1,4 addition content (18% and 23%). However, poly(4VBP-I-S) triblock
copolymers demonstrated significantly lower cis-1,4 addition content (30%) than poly(SI-4VBP) (68%). Within two poly(4VB-I-S) samples, increased 4VBP content (10-10-9
kg/mol) further increased 3,4 addition and decreased cis-1,4 addition. The rationale
behind these phenomena was the polar poly4VBP blocks promoted 3,4 addition by
depressing the formation of the other kinetic product cis-1,4 addition. However, as a
thermodynamically favored product, trans-1,4 addition content remained relatively
constant since the reaction temperatures were similar.
Table 5.2 The results of quantitative 13C NMR spectroscopy of 4VBP-containing triblock
copolymers
Polymers

Mn

3,4 addition

1,4 addition (%)
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(kg/mol)

(%)

cis

trans

Polyisoprene + poly4VBP

25 + 21

22

53

25

poly(4VBP-I-S)

25-10-10

33

49

18

poly(4VBP-I-S)

10-10-9

46

30

24

poly(S-I-4VBP)

25-28-11

9

72

19

poly(S-I-4VBP)

10-10-10

9

68

23

5.4.3 Thermal and thermomechanical analysis
TGA of 4VBP-containing block copolymers showed similar thermal stability and
exhibited 5 wt% loss degradation temperature (Td, 5%) above 340 °C. The homopolymers
of 4VBP and styrene had a Tg at 70 °C and 100 °C from DSC, respectively. Whereas, the
Tg of polyisoprene homopolymer depends on 3,4 addition percent. Polyisoprene with 3,4
addition values of 5 %, 21 % and 37 % had a Tg of -60, -52 and -46 °C, respectively
(Figure 5.3 & Table 5.3).

Figure 5.3. DSC suggested micro-phase mixing of isoprene block with low molecular
weight 4VBP block and micro-phase separation of isoprene block with high molecular
weight 4VBP.
Blends of low and high 3,4 addition polyisoprene homopolymers (5 % and 21 %)
with poly4VBP (21 kg/mol) exhibited two distinct Tgs indicating the immiscible nature of
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the two blocks. However, for both poly(4VBP-I) and poly(4VBP-I-S) block copolymers,
samples with low molecular weight polyisoprene (25-13 and 10-10-9 kg/mol) yielded a
Tg at 0 °C suggesting microphase mixing between poly4VBP and polyisoprene segments
(Figure 5.3 & Table 5.3). For block copolymers with higher molecular weight of
polyisoprene and poly4VBP, the Tg decreased to -21 °C and -30 °C, indicating a better
microphase separation. According to Flory-Huggins theory, high molecular weight
facilitates microphase separation.51-53 The Tgs of polyisoprene with different 3,4 addition
levels correspond with previous reports.54 In general, polyisoprene tends to undergo
microphase separation from poly4VBP segments. However, low-molecular weight, high
3,4 addition polyisoprene block demonstrated microphase mixing with poly4VBP,
suggested by DSC. We ascribe this phenomena to both high polarity from 3,4 addition
content and low molecular weight. The lower Tgs in microphase separated block
copolymers were still higher than the Tg (-46 °C) of the polyisoprene homopolymer with
similar 3,4 addition content as expected. Similar to most block copolymers, the Tg’s of
the soft segments tend to increase due to the restricted mobility of hard segments.55
In contrast, poly(S-I-4VBP) block copolymers with low molecular weight (10-1010 kg/mol) exhibited similar low Tg as high molecular weight analogs (25-28-11 kg/mol)
suggested microphase separation between polyisoprene and poly4VBP blocks was
independent of the molecular weights. In this case, the polyisoprene segment with only 8
% 3,4 repeating units was less polar than those in poly(4VBP-I-S) making them
immiscible with poly4VBP even at low molecular weight. As a result of controllable
polyisoprene

microstructures,

the

microphase

morphology

and

corresponding
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thermomechanical properties were tunable depending on the monomer sequence and the
molecular weights of each block.
Table 5.3 Thermomechanical study of 4VBP containing block copolymers and control
polymers. Mn, number average molecule weight, calculated from 1H NMR. Tg, glass
transition temperature, obtained from DSC middle point and DMA tan δ.
Polymers

Tg (°C)
DSC

3,4 addition% in
isoprene block

Polyisoprene

Mn
(kg/mol)
1
H NMR
14

-60

5%

Poly4VBP

21

70

N/A

Polyisoprene + poly4VBP

14 + 21

-56, 68

5%

Polyisoprene + poly4VBP

25 + 21

-52, 69

21 %

Polyisoprene + Nmethylpiperidine

20

-46

37 %

Poly(4VBP-b-I)

25-13

6 (broad)

43 %

Poly(4VBP-b-I)

25-23

-21

38 %

Poly(4VBP-b-I-b-S)

25-10-10

-30, 103

39 %

Poly(4VBP-b-I-b-S)

10-10-9

0, 98

49 %

Poly(S-b-I-b-4VBP)

25-28-11

-54, 88

8%

Poly(S-b-I-b-4VBP)

10-10-10

-51, 62

8%

Poly(I-b-4VBP-b-I)

9-10-9

-44

30 %

The absence of the poly4VBP Tg in the highly microphase-separated 4VBPcontaining block copolymers were presumably due to the low sensitivity of DSC. In order
to further study microphase separation, we employed DMA to probe the
thermomechanical properties of these block copolymers (Figure 5.4). All block
copolymers showed comparable glassy modulus at low temperature, and reached a
plateau prior to yield. All three microphase-separated samples exhibited a low Tg (-21 ~ 36 °C) consistent with DSC (Table 5.4 entry a, c, d). The shoulder peak at around 70 °C
proved the existence of microphase separated poly4VBP block. However, for the
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microphase mixed poly(4VBP-I-S) 10-10-9 kg/mol block copolymer (Table 5.4 entry b),
only two Tg’s appeared. The lower Tg agreed with the value from DSC and increased by
more than 20 ºC comparing the lower Tg of the other compositions, further supporting the
micro-phase mixing conclusion from DSC.

Figure 5.4 Dynamic mechanical analysis demonstrated similar Tgs to DSC from 4VBP
containing block copolymers: solid line, storage modulus; dash line, tan δ.
Owing to the stability of polyisoprene block, polymer thin films underwent no
thermal annealing prior to the DMA tests. However, a short (6 h) thermal annealing at
120 °C under vacuum were applied to a few samples to probe the possible influence of
annealing, especially for the microphase mixed samples. 1H NMR spectroscopy after
short annealing exhibited no obvious oxidation of the polyisoprene blocks. The resolution
of microphase-separated block copolymer films improved upon 6 h annealing (Figure
S5.3), but poly(4VBP-I-S) 10-10-9 kg/mol remained microphase mixed without any shift
in Tg.
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Table 5.4 DMA exhibited one extra Tg corresponding to 4VBP block compared to DSC,
and further supported micro-phase behavior concluded from DSC data.
Polymers
Mn
Tg (°C)
Tg (°C)
3,4
(kg/mol)
DSC
DMA
addition%
a. Poly(4VBP-I-S)
25-10-10
-30, 103
-21, 72,
37 %
103
b. Poly(4VBP-I-S)
10-10-9
0, 98
0, 67
49 %
c. Poly(S-I-4VBP)
d. Poly(S-I-4VBP)

25-28-11
10-10-10

-54, 88
-51,62

-36, 68, 93
-35,55

8%
8%

5.5 Conclusions
We successfully synthesized a novel series of 4VBP-containing diblock and
triblock copolymers through anionic polymerization. In situ FTIR spectroscopy
demonstrated the successful sequential addition 4VBP monomer with isoprene and
styrene. 1H NMR spectroscopy revealed that the presence of the poly4VBP block
increased the polarity of the reaction solution and thus promoted increased 3,4 addition in
the polyisoprene block providing a facile strategy to synthesize high 3,4-polyisoprene
containing block copolymers without polar additives in non-polar solvent. While most
4VBP-containing diblock and triblock copolymers demonstrated microphase separation
in polymer films, low-molecular weight, high-3,4 addition block copolymers exhibited
microphase mixing instead. This difference in morphological behavior through
microstructural control provides a unique approach to direct polymer physical properties.
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5.7 Supporting information
Table S5.1 Polymers synthesized through anionic polymerization. Molecular weights
were confirmed by 1H NMR spectroscopy
1H NMR
Polymers
Target
Mn (kg/mol)
Mn (kg/mol)
Polyisoprene

15

14

Poly4VBP

20

21

Polyisoprene + poly4VBP

20 + 21

25 + 21

Polyisoprene + N-methylpiperidine

20

20
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Poly(4VBP-b-I)

25-12

25-13

Poly(4VBP-b-I)
Poly(4VBP-b-I-b-S)
Poly(4VBP-b-I-b-S)

25-25
25-12-12
10-10-10

25-23
25-10-10
10-10-9

Poly(S-b-I-b-4VBP)
Poly(S-b-I-b-4VBP)
Poly(I-b-4VBP-b-I)

25-25-10
10-10-10
10-10-10

25-28-11
10-10-10
9-10-9

Figure S5.1 1H NMR spectroscopy demonstrated high 3, 4 addition isoprene blocks in
poly(4VBP-b-I-b-S) triblock copolymers in comparison to control polymers.
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Figure S5.2 Quantitative 13C NMR for the polymer blends of polyisoprene (25 kg/mol)
and poly4VBP (21 kg/mol).

Figure S5.3 Thermal annealing further promoted phase separation. Polymers shown:
poly(4VBP-b-I-b-S) 25-10-10 kg/mol. Solid line: Storage modulus; Dash line: tan δ.
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6.1 Abstract
Reversible addition-fragmentation chain transfer (RAFT) polymerization produced novel
ABA triblock copolymers with associative urea sites within pendant groups in the
external hard blocks. The ABA triblock copolymers served as models to study the
influence of pendant hydrogen bonding on polymer physical properties and morphology.
The triblock copolymers consisted of a soft central block of poly(di(ethylene glycol)
methyl ether methacrylate) (polyDEGMEMA, 58 kg/mol) and hard copolymer external
blocks

of

methacrylate)

poly(2-(3-hexylureido)ethyl
(polyUrMA,

18

to

116

methacrylate-co-2-(3-phenylureido)ethyl
kg/mol).

Copolymerization

of

2-(3-

hexylureido)ethyl methacrylate (HUrMA) and 2-(3-phenylureido)ethyl methacrylate
145

(PhUrMA) imparted tunable hard block Tgs from 69 ºC to 134 ºC. Dynamic mechanical
analysis (DMA) of the triblock copolymers exhibited high modulus plateau regions (~100
MPa) over a wide temperature range (-10 - 90 °C), which was indicative of microphase
separation. Atomic force microscopy (AFM) and small angle x-ray scattering (SAXS)
further confirmed short-range microphase separation with various morphologies.
Variable temperature FTIR (VT-FTIR) revealed the presence of both monodentate and
bidentate hydrogen bonding, and pendant hydrogen bonding remained as an ordered
structure to higher than expected temperatures. This study presents a fundamental
understanding of the influence of hydrogen bonding on polymer physical properties and
reveals the response of pendant urea hydrogen bonding as a function of temperature as
compared to main chain polyureas.
6.2 Introduction
Researchers continue to address the potential synergy between non-covalent interactions
and macromolecular architecture. Non-covalent interactions offer significant impact on
the physical properties of polymers, such as thermomechanical properties,1-5
morphology,6-10 and electromagnetic perfomance.11-14 A commonly utilized non-covalent
interaction is hydrogen bonding due to its potential for specificity, directionality, and
reversibility. Thus, researchers invoke thermo-reversible hydrogen bonding as a means to
improve mechanical properties,1-2 induce microphase separation,6, 10 impart self-healing
performance,15-18 and facilitate liquid crystal formation.19-22
Hydrogen bonding within the polymer main chain leads to compact intermolecular
packing and provides significant improvement to thermomechanical properties.1

In

contrast, pendant hydrogen bonding sites retain higher mobility, suggesting less ordered
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hydrogen bonding networks. Previous work in our laboratories demonstrated the ability
of quadruple pendant hydrogen bonding moieties to promote long range, ordered
microphase morphology despite increased mobility.

10

However, for more weakly

associated hydrogen bonds, the enhanced mobility of pendant sites may result in less
ordered microstructures, imparting a different influence on polymer physical properties
compared to main chain hydrogen bonding. The lack of cooperativity in the organization
of pendant hydrogen bonding is a potential obstacle for the “unzipping” of hydrogen
bonding at elevated temperature, thus providing a desirable, broader temperature range
for the retention of ordered, hydrogen bonded structures.
Urea sites associate through relatively weak hydrogen bonding compared to multiple
hydrogen bonding containing nucleobases, serving as an ideal hydrogen bonding site to
study pendant hydrogen bonding.10 Earlier literature widely describes urea sites within
the polymer backbone, which generally demonstrates obvious shifts from ordered
structures to disordered structures with increasing temperatures.1-2 Kuo and coworkers
studied hydrogen bonding dissociation of poly(urethane urea)s using Fourier transform
infrared spectroscopy (FTIR) at various temperatures.23 The intensity of hydrogen
bonded carbonyl stretching peaks decreased as temperature increased, leading to a
simultaneous increase of free carbonyl intensity. Similarly, Painter et al. showed a
complete transition from ordered hydrogen bonding to disordered and dissociated
hydrogen bonding in polyureas when temperatures exceeded 160 ºC.24 Long et al. used
step-growth polymerizations to study the influence of main chain urea sites on the
physical properties of polymers2 where they showed the ordered and compact hydrogen
bonding extended the modulus plateau above 120 °C. In addition, study of poly(dimethyl
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siloxane) containing oxamide units demonstrated a complete transition from ordered
hydrogen bonding to disordered hydrogen bonding at 170 °C, according to variable
temperature FTIR (VT-FTIR).1 However, to our best knowledge, the earlier literature has
not described the temperature response of pendant urea sites, which will influence
thermomechanical properties and morphologies.
Controlled radical polymerization (CRP) allows for the precise synthesis of well-defined
block polymers with various pendant functionalities.25-28 Frequently used CRP techniques
include nitroxide-mediated polymerization (NMP), atom transfer radical polymerization
(ATRP), and reversible addition-fragmentation chain transfer (RAFT) polymerization.
NMP is suitable for a relatively narrow monomer selection and less control of the
molecular weight distribution, and ATRP is limited in this current study due to potential
interactions of urea groups with metallic catalysts. Thus, RAFT polymerization remains a
popular CRP method to synthesize various well-defined, functional block copolymers.25,
29-30

However, only a few studies address the synthesis and characterization of polymers

with pendant urea sites using RAFT, and only Long et al. successfully synthesized block
copolymers with pendant urea sites through RAFT polymerization.7
Molecular weight distribution strongly influences polymer physical properties and
morphologies. Narrow molecular weight distribution (low polydispersity) facilitates welldefined morphologies and associated mechanical properties.31 In RAFT polymerization,
the synthesis of block copolymers typically involves isolation and re-initiation of each
block. The molecular weight distribution tends to increase during the re-initiation
process, which becomes significant in multi-block copolymer synthesis.32 For symmetric
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ABA block copolymers, a difunctional chain transfer agent (CTA) is a common strategy
to reduce re-initiation and thus lower polydispersity index (PDI).6
In this manuscript, we demonstrate the synthesis of well-defined pendant urea-containing
ABA triblock copolymers through RAFT polymerization, and we report the influence of
hydrogen bond association on polymer physical properties and morphologies. A
difunctional RAFT CTA facilitated the synthesis of symmetric ABA type block
copolymers, poly(UrMA-b-DEGMEMA-b-UrMA), through a divergent mechanism.6
Different compositions of random copolymers, poly(UrMA), allowed the variation of the
Tg for the external blocks. Dynamic mechanical analysis (DMA) and differential
scanning calorimetry (DSC) of the triblock copolymers collectively displayed two
distinct Tgs attributed to soft and hard blocks. Poly(UrMA-b-DEGMEMA-b-UrMA)
exhibited a high plateau modulus (~100 MPa) over a wide temperature range. Atomic
force microscopy (AFM) and small angle x-ray scattering (SAXS) demonstrated
microphase-separated morphologies, which agreed with thermomechanical analysis. VTFTIR revealed the retention of ordered hydrogen bonding at 160 °C, suggesting a
retardation of hydrogen bond dissociation due to less cooperativity relative to main chain
hydrogen bonding. This work describes the role of pendant hydrogen bonding on
polymer physical properties and morphologies, and we propose the use of pendant
hydrogen bonding to delay dissociation temperatures while maintaining microphase
separated morphologies.
6.3 Experimental
6.3.1 Materials
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N,N-dimethylformamide (DMF, anhydrous, 99.8%), dichloromethane (DCM, anhydrous,
≥ 99.8%), dimethyl sulfoxide (DMSO, anhydrous, ≥ 99.9%), hexane, ethyl acetate,
unstabilized tetrahydrofuran (THF), methanol, hexamethylenediamine (98%), N,N’dicyclohexylcarbodiimide (DCC, 99%), 4-(dimethylamino)pyridine (DMAP, ≥99.0%),
and lithium bromide were purchased from Sigma-Aldrich and used without further
purification. 2-Isocyanatoethyl methacrylate (2-ICMA, > 98%) was purchased from TCI
America and used as received. Hexylamine (99%) and aniline (99%) were purchased
from Sigma-Aldrich and distilled before use. Di(ethylene glycol) methyl ether
methacrylate (DEGMEMA) was purchased from Sigma-Aldrich and passed through
neutral aluminum oxide (activated) immediately prior to use. 4,4’-Azobis(4-cyanovaleric
acid) (V-501) and 4-cyano-4-[(dodecylsulfanylthiocarbonyl)sulfanyl]pentanoic acid
(CDP) were purchased from Sigma-Aldrich and recrystallized from methanol prior to
use.
6.3.2 Analytical methods
1

H and

13

C nuclear magnetic resonance (NMR) spectroscopies were performed on a

Varian Unity 400 MHz NMR spectrometer (128 scans). NMR samples were dissolved in
deuterated chloroform or DMSO. Mass spectrometry was conducted on an Agilent 6220
Accurate Mass TOF LC-MS system. Size exclusion chromatography determined
molecular weight distributions using a Waters 515 HPLC pump equipped with a Waters
717 plus autosampler. Absolute molecular weight was determined through a Wyatt
Technology miniDawn MALLS detector operating at 690 nm and a Waters 2414
refractive index detector operating at 880 nm with a flow rate of 0.8 mL/min in either
DMF with 0.05 M LiBr or aqueous solution (54/23/23 v/v/v% water/methanol/acetic acid
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with 0.1 M sodium acetate). Specific refractive index value (dn/dc) was determined
offline using an Optilab T-rEX refractometer (λ = 658 nm) and was used to calculate
weight–average molecular weight (Mw) from SEC. Thermal stability was determined
using thermogravimetric analysis (TGA) on a TA Instruments Q500 under nitrogen purge
with a heating rate of 10 °C/min. TA Instruments Q2000 differential scanning
calorimetry (DSC) determined glass transition temperatures and reported as the midpoint
of the transition (heat flow vs. temperature plot). The second heat of a heat/cool/heat
procedure determined reported values with 10 °C/min heating rate and quench cool under
nitrogen. Dynamic mechanical analysis (DMA) was conducted using a TA Instruments
Q800 in film tension mode (3 °C/min heating ramp and 1 Hz frequency). Variable
temperature Fourier transform infrared spectroscopy (VT-FTIR) was used to evaluate the
effect of temperatures on hydrogen bonding. The instrument consists of a Varian 670-IR
with a PIKE GladiATR attachment with a scan range 4000-400 cm-1 and resolution of 4
cm-1. Spectra were collected every 5 °C as an average of 32 scans during a temperature
ramp from 25 °C to 165 °C (1 °C/min). Surface morphology was determined with atomic
force microscopy (AFM) on a Veeco Multimode AFM in the tapping mode using a set
point ratio of 0.7 and 42 N/m high spin constant cantilevers. Bulk morphology was
characterized with Rigaku S-Max 3000 3 pinhole two-dimensional small angle x-ray
scattering(SAXS). Wavelength was 1.54 Å. 2D multiwire gas-filled detector determined
scattering intensity with an exposure time of 2 h. SAXSGUI software package analyzed
all SAXS data to obtain intensity versus scattering vector q plot (q = 4πsin(θ)/λ, 2θ is the
scattering angle).
6.3.3 Synthesis of urea methacrylate monomers

151

2-Isocyanatoethyl methacrylate (2-ICMA) readily reacts with primary amines to give
urea methacrylate monomers in quantitative yield. A modified procedure for the synthesis
of urea methacrylate monomers is as follows:7 1 equiv. of aniline 10 g (20 wt% in
chloroform) was added to a 100-mL, two-necked, round-bottomed flask equipped with a
magnetic stir bar, and an addition funnel under nitrogen. The addition funnel was charged
with 1 equiv. of 2-ICMA (15.15 mL). After purging with nitrogen for 15 min, the
reaction flask was cooled to 0 °C in an ice bath and 2-ICMA was added dropwise. After
stirring for 4 h, the ice bath was removed, and the flask was slowly warmed to room
temperature and stirred for 20 h. The solution was diluted to 10 wt% with chloroform.
The diluted solution was passed through aluminum oxide column to remove inhibitors,
and solvent was removed under reduced pressure to yield a white solid product, which
was further dried in vacuo at 25 °C for 24 h (yield ≥ 98 %). 1H and

13

C NMR

spectroscopy confirmed the purity and structure of monomer. 1H NMR (DMSO-d6, 25
°C, δ): 1.8 (-CH3, vinyl methyl protons), 3.3 (-CH2-N, methylene protons), 4.1 (-CH2-O,
methylene protons), 5.7 (-CH2-NH-, amine protons), 6.0 (=CH2, vinyl proton), 6.2
(=CH2, vinyl proton), 6.9-7.3 (aromatic protons), 8.5 (-NH-Ar, amine proton). The
synthesis of HUrMA followed the same procedure with quantitative yield (> 98%). 1H
NMR (DMSO-d6, 25 °C, δ): 0.8 (-CH3, methyl protons), 1.3 (-CH2-, methylene protons),
1.8 (-CH3, vinyl methyl protons), 3.1 (-CH2-N, methylene protons), 3.5 (-CH2-N,
methylene protons), 4.2 (-CH2-O, methylene protons), 4.4 (-CH2-NH-, amine protons),
4.6 (-CH2-NH-, amine protons), 5.6 (=CH2, vinyl proton), 6.1 (=CH2, vinyl proton).
6.3.4 Free radical polymerization for poly(HUrMA-co-PhUrMA)
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Free radical copolymerization of HUrMA and PhUrMA with different feed ratios yielded
poly(HUrMA-co-PhUrMA). As an example, 80/20 (wt/wt%) HUrMA/PhUrMA was
synthesized as follows: A 50-mL, one necked, round-bottomed flask was charged with
0.4 g of HUrMA, 0.1 g of PhUrMA and 0.33 mg AIBN (0.1 mol% to monomers) in 10
mL anhydrous DMF. The solution was sparged with nitrogen for 25 min before
polymerization. The polymerization was performed at 65 °C for 24 h with vigorous
stirring. The solution was precipitated into 4/1 (v/v) methanol/water and the resulting
white solid was dried in vacuo at 65 °C for 12 h. The compositions of copolymers
matched closely to the feed ratio according to 1H NMR spectroscopy. 1H NMR (DMSOd6, 25 °C, δ): 8.52 (-NH-Ar, amine proton in PhUrMA), 7.32, 7.17, 6.85 (aromatic
protons), 6.25 (-NH-C=O, amine proton in PhUrMA), 5.98 (-NH-C=O, amine protons in
HUrMA), 3.82 (-CH2-O-C=O, methylene protons), 3.22 (-CH2-NH-, methylene protons),
2.92 (-CH2-NH-, methylene protons), 1.85 (backbone methylene protons), 1.32 (-CH2-,
methylene protons in HUrMA), 0.81 (-CH3, methyl protons).
6.3.5 Difunctional CTA synthesis
The synthesis of a difunctional CTA was adapted from a previously reported procedure.6
A 25-mL, one-necked, round-bottomed, flask was charged with 3 equiv. of CDP (1g) in
11 mL anhydrous dichloromethane in an ice bath. Catalytic amount of DMAP (40 mg)
and 1 equiv. of hexamethylenediamine (96 mg) were dissolved in 4 mL anhydrous
dichloromethane in a second round-bottomed flask. Both flasks were cooled to 0 °C and
purged for 5 min with nitrogen. The DMAP and hexamethylenediamine solution were
added at once, followed immediately by 3.3 equiv. of DCC (0.57 g). After stirring under
inert atmosphere at 0 °C for 4 h, the solution was slowly warmed to room temperature
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and allowed to react for 20 h. After the filtration of solid dicyclohexylurea byproducts,
the filtrate was washed with saturated sodium bicarbonate solution three times and then
dried over magnesium sulfate. Removal of solvent concentrated the washed filtrate. The
concentrated solution was further purified using silica column chromatography. The
impurity was first removed using 80/20 (v/v%) hexane/ethyl acetate as eluent, then the
desired product was eluted with 50/50 (v/v%) ethyl acetate/methanol. Removal of solvent
yielded a yellow solid product which was further dried at 23 °C in vacuo for 12 h (~60%
yield). 1H NMR (DMSO-d6, 25 °C, δ): 0.81 (-CH3, methyl protons), 1.20 (-CH2-,
methylene protons), 1.32 (-CH2-, methylene protons), 1.60 (-CH2-, methylene protons),
1.81 (-CH3, methyl protons), 2.30 (O=C-CH2-, CN-C-CH2-, methylene protons), 2.99
(NH-CH2-, methylene protons), 3.24 (S-CH2-, methylene protons), 7.93 (-NH-, amine
protons). 13C NMR (DMSO-d6, 25 °C, δ): 218.8 (S-C=S, trithiocarbonate carbon), 170.0
(NH-C=O, amide carbonyl), 119.6 (-CN), 47.5 (-C-NH-), 38.9 – 22.6 (alkyl carbon), 14.4
(-CH3, methyl carbon). MS-TOF: m/z calculated for [M + H+] 888.502 g/mol; found 888.
455 g/mol.
6.3.6 Kinetic analysis of poly(DEGMEMA) macroCTA synthesis
A master solution of CTA, monomers and initiator was prepared as described above,
then it was separated equally into six 25 mL round-bottomed flasks equipped with
magnetic stir bars. After sparging with nitrogen for 25 min, all six flasks were stirred at
65 °C. At different time intervals, one 25 mL round-bottomed flask was quenched and
labelled. After purification by dialysis against unstabilized THF, the solvent was removed
and then the polymers were dried in vacuo at 25 °C for 24 h.
6.3.7 Synthesis of polyDEGMEMA macroCTA using RAFT polymerization
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A 100-mL, one-necked, round-bottomed flask was equipped with a magnetic stir bar and
charged with 7 g of monomer (DEGMEMA), 94.1 mg CTA (dCDP) and 14.9 mg initiator
(V-501) in DMSO (74.4 mL) at 0.5 M monomer concentration. The [dCDP]/[V-501]
ratio of 2:1 ([CTA]/[I] ratio of 4:1) was used and the degree of polymerization at 100%
monomer conversion was set to 350. The solution was sparged with nitrogen for 30 min
and stirred at 65 °C for a given time to obtain macroCTA with desired molecular weights.
Exposure to air quenched and quenching to 0 ºC quenched the reaction. Polymers were
dialyzed against unstabilized THF three times for 24 h. The dialysis solvent was replaced
every 8 h. After removal of solvent under reduced pressure and drying in vacuo at 25 °C
for 12 h and 50 °C for 12 h, sticky yellow products were obtained. The reaction time for
macroCTA synthesis was determined through a kinetic study of PDEGMEMA
macroCTA in a similar fashion (S.I.). Aqueous SEC and DMF SEC light scattering with
dn/dc values 0.1267 mL/g and 0.0515 mL/g, respectively, determined absolute weightaverage molecular weight.
6.3.8 Synthesis of poly(UrMA-b-DEGMEMA-b-UrMA) using RAFT polymerization
The synthesis of poly(UrMA-b-DEGMEMA-b-UrMA) was similar to the synthesis of
polyDEGMEMA macroCTA. For a typical ABA triblock synthesis: a 100-mL, onenecked, round-bottomed flask was charged with 3.6 g of HUrMA, 0.9 g of PhUrMA, 1.62
g of poly(DEGMEMA) macroCTA (58 kg/mol), and 3.12 mg of V-501 in 36.3 mL
anhydrous DMSO at 0.5 M monomer concentration. The feed weight ratio (w/w) of
HUrMA/PhUrMA was set to 4:1 as an arbitrary composition, and [dCDP]/[V-501] ratio
was set to 2.5 to retain control of molecular weight distribution. The solution was sparged
with nitrogen for 40 min. Then the solution was stirred at 65 °C for a given time interval.
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The reaction was quenched by exposure to air and cooling to 0 ºC. The resulting
polymers were purified through dialysis against THF three times for 24 h (solvent
replaced every 8 h). Removal of dialysis solvent resulted in a pale yellow solid, which
was further dried in vacuo at 25 °C for 24 h and 50 °C for 12 h. A kinetic study of
triblock copolymer formation was conducted using a similar procedure to
poly(DEGMEMA). Absolute molecular weight was determined by DMF SEC light
scattering signal with dn/dc values of 0.0705 mL/g.
6.3.9 Film casting
All triblock copolymers were cast from 25 wt% solution in THF onto Mylar®. Polymer
films were slowly dried under ambient conditions for 2 d. The films were further dried in
vacuo for 12 h and annealed in vacuo at 100 °C for 24 h prior to analysis.

6.4 Results and Discussion
The reaction between a primary amine and an isocyanate of 2-ICMA afforded ureacontaining methacrylate monomers (hexyl urea methacrylate, HUrMA, and phenyl urea
methacrylate, PhUrMA) in quantitative yield (Scheme 6.1). Free radically polymerized
poly(HUrMA) and poly(PhUrMA) homopolymers yielded Tgs of 69 °C and 134 °C,
respectively. Copolymerization of HUrMA and PhUrMA provided a facile approach to
tailor the Tg of the hard segment, affording tunable physical properties. 1H NMR
spectroscopy confirmed copolymer compositions, and final compositions agreed well
with the feed ratios.
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Scheme 6.1 Urea-containing methacrylate monomer synthesis and free radical
polymerization.
Figure 6.1a shows the thermal properties of poly(HUrMA-co-PhUrMA) copolymers
using differential scanning calorimetry (DSC). Copolymers with higher weight fractions
of PhUrMA led to an increase in Tg due to the presence of a rigid phenyl substituent in
PhUrMA. Figure 6.1b demonstrated good agreement of the measured Tg and predicted
value from the Fox equation, suggesting poly(HUrMA-co-PhUrMA) was a statistical
copolymer. Yet, direct validation of the random copolymerization of HUrMA and
PhUrMA will require in situ FTIR measurement to investigate the reactive ratios in the
future. The Tg of poly(HUrMA) homopolymer was too low to produce free-standing
films in the triblock copolymer synthesis, and a high content of PhUrMA led to brittle
films. Therefore, the copolymer with a low amount of PhUrMA (20 wt%) as the external
hard block was chosen. Due to the brittle nature of poly(HUrMA-co-PhUrMA), a soft
segment was necessary. PolyDEGMEMA has a low Tg of -40 °C and serves as a soft,
central segment to provide flexibility and improve overall solubility.
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Figure 6.1. a) Thermal transitions of poly(HUrMA-co-PhUrMA) statistical copolymers.
b) Tg of poly(HUrMA-co-PhUrMA) agreed with the Fox Equation: measured data (blue
dots) and theoretical values from Fox Equation (red line). Tg values determined at the
midpoint of the transition on the second heat at 10 °C/min.
In this study, a difunctional chain transfer agent (CTA) enabled the preparation of ABA
triblock copolymers in a two-step synthesis (Scheme 6.2). In the first step, a
polyDEGMEMA soft central block was synthesized using V-501/dCDP as an
initiator/CTA pair. Both V-501 and dCDP fragmented into identical reactive radicals
during initiation. As a result, the kinetic difference between initiator and CTA was
negligible, which attributed to improved control over molecular weight distribution.32
Aqueous size exclusion chromatography (SEC) with a light scattering detector yielded
absolute molecular weights with well-controlled PDI (< 1.10) and a linear relationship
between weight-average molecular weight and time. PolyDEGMEMA macroCTAs (58
kg/mol) allowed for further chain growth with UrMA monomers to produce well-defined
ABA triblock copolymers with hard block composition varying from 25 wt% to 67 wt%.
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Scheme 6.2. Synthesis of poly(UrMA-b-DEGMEMA-b-UrMA) triblock in a divergent
fashion using RAFT polymerization.
Figure 6.2 demonstrates shifts of SEC retention times from polyDEGMEMA macroCTA
to poly(UrMA-b-DEGMEMA-b-UrMA) triblock copolymers. The shifts of peak
positions toward shorter retention time indicated the successful chain growth of the
external blocks. Higher content of polyUrMA led to better signal-to-noise ratio due to
low dn/dc values of polyDEGMEMA macroCTAs in DMF + 0.05 M LiBr mobile phase.
Monomodal peaks in Figure 6.2 and low polydisperse index (PDI) in Table 6.1 prove the
RAFT polymerization was well-controlled. The nomenclature, poly(UrMAx-b-
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DEGMEMAy-b-UrMAx), represented the molecular weights (x and y) of each block.
Initially, poly(UrMA-b-DEGMEMA-b-UrMA) showed a linear increase of molecular
weight with increasing polymerization time. After 6 h, the molecular weight plateaued at
Mn of 174 kg/mol due to the high viscosity and low monomer concentration (85 %
monomer conversion).

Figure 6.2. SEC light scattering chromatograms exhibited an increase in molecular
weight with time in poly(UrMA-b-DEGMEMA-b-UrMA) triblock synthesis. (Molecular
weight of DEGMEMA macroCTA was determined using aqueous SEC, but shown for
comparison in DMF + 0.05 M LiBr SEC)
Thermogravimetric analysis demonstrated one-step thermal degradation for all the
triblock copolymers, and the temperatures at 5 wt% weight loss (Td, 5%) varied from 180
°C to 220 °C. The thermal degradation profile was consistent with earlier urea-containing
polymers.7 DSC highlighted two distinct Tgs associated with the soft central and hard
external blocks, respectively (Table 6.1). The lower Tg at -25 °C corresponded to the Tg
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of the soft central polyDEGMEMA block with an elevation of 15 ºC from
polyDEGMEMA macroCTA (Tg -40 ºC). This deviation was consistent with previous
literature and was attributed to either more restricted segmental mobility near adjacent
hard blocks6 or phase mixing due to strong ether-urea interaction.33 The second higher Tg
agreed with the Tg of hard external block at 78 ºC. The hard block Tg for poly(UrMA10-bDEGMEMA58-b-UrMA10), 25 wt% hard blocks, was more than 10 ºC lower than other
triblock copolymers. It was presumed that the lower second T g was due to a combination
of short hard block length and microscopic phase-mixing. As described in the FloryHuggins theory, long block lengths and high parameters promote microphase
separation.34-36 In poly(UrMA10-b-DEGMEMA58-b-UrMA10), the molecular weight of
the UrMA hard segment was short relative to other triblock copolymers in this study. As
a result, the external hard block presumably partially phase-mixed with small amount of
DEGMEMA segments, leading to a lower Tg. Nevertheless, two distinct Tgs in all
triblock copolymers suggested microphase separation in all cases.
Table 6.1 Molecular weight analysis of urea-containing ABA triblock copolymers
Polymer

Mn (kg/mol)

Weight

PDI

Tg

SEC

percent

Mw/Mn

(°C)

(%)
PDEGMEMA macroCTA

58

N/A

1.06

-40

Poly(UrMA10-b-DEGMEMA58-b-

78

25

1.08

-25, 65

118

50

1.12

-27, 78

164

64

1.13

-24, 76

UrMA10)
Poly(UrMA30-b-DEGMEMA58-bUrMA30)
Poly(UrMA53-b-DEGMEMA58-bUrMA53)

161

Poly(UrMA58-b-DEGMEMA58-b-

174

67

1.16

-24, 78

UrMA58)

DMA elucidated the mechanical response of poly(UrMA-b-DEGMEMA-b-UrMA)
triblock copolymers as a function of temperature. DMA in Figure 6.3 supported the Tg
values from DSC and indicated microphase separation of poly(UrMA-b-DEGMEMA-bUrMA). For the triblock copolymer with 25 wt% hard blocks, the storage modulus (E’)
was approximately 3 GPa at -40 ºC, which was expected for polymers in the glassy state.
E’ drastically decreased below 1 MPa at 30 ºC. No modulus plateau appeared presumably
due to phase mixing as supported by DSC measurement discussed above. In contrast,
poly(UrMA-b-DEGMEMA-b-UrMA) containing 50 wt% hard segments demonstrated a
modulus plateau from -10 °C to 90 °C before flow temperatures (Tf) as the hard block
molecular weight increased and resulted in better phase separation. Tgs in DMA were
both slightly higher than those from DSC. As glass transition is a kinetic driven
phenomena, DMA introduced additional frequency dependence and thermal gradient
comparing to DSC, leading to a shift in Tg between two instruments. Triblock
copolymers films with hard segments higher than 50 wt% were too brittle to yield
reproducible data.

162

Figure 6.3. Dynamic mechanical analysis of poly(UrMA-b-DEGMEMA-b-UrMA) with
25 and 50 wt% urea segment.
Thermomechanical analysis suggested microphase separation in the triblock copolymer
films, and surface and bulk morphologies were investigated to elucidate the
compositional dependence on microphase separated morphologies. Atomic force
microscopy (AFM) revealed the influence of block compositions on surface morphology.
As shown in Figure 6.4, increasing hard block length led to a transition of surface
morphology from spherical/cylindrical morphologies to lamellar morphologies. At low
hard block content (25 and 50 wt%), surface morphologies were less defined, and
spherical/cylindrical features dominated with minimal long-range order. When the hard
segment content increased to 64 wt%, a well-defined lamellar surface morphology
appeared. The lamellar thickness was approximately 50 nm. The microphase separated
lamellar morphology showed limited long-range order, owing to the lack of long-range
parallel lamellar domains.10 Upon increasing the hard segment (67 wt% UrMA), the
triblock copolymer films showed a less defined lamellar thickness, and the potential
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beginning of phase reversal. Further increases in the hard segment content also led to
discontinuities in the observed lamellar structures.

Figure 6.4. AFM revealed microphase-separated surface morphology: tapping mode, 42
N m-1 high spin constant cantilever.
Small angle X-ray scattering further characterized the bulk morphologies of poly(UrMAb-DEGMEMA-b-UrMA) triblock copolymer films. Figure 6.5 shows only one scattering
peak without higher order peaks for both triblock copolymer films with lamellar surface
morphologies in AFM. Table 6.2 displayed similar Bragg spacing (D = /q) in both
samples between 50 to 60 nm. The Bragg spacing corresponded well with the lamellar
thickness in AFM. The absence of higher order SAXS peaks is indicative of the lack of
long-range order,37 corresponding well with AFM images. Since triblock copolymers
with lamellar surface morphology (64 wt% and 67 wt% hard segment in AFM) did not
exhibit higher order scattering peaks, triblock copolymers with less defined morphologies
in AFM (25 wt% and 50 wt%) were not subjected to SAXS measurements. Attempts of
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transmission electron microscopy (TEM) did not convey meaningful data due to the
difficulty of properly staining microtomed samples.

Figure 6.5. SAXS of cast films exhibited distinct first-order interference peaks without
higher order peaks.
Table 6.2. SAXS q values and Bragg spacing for triblock copolymers with lamellar
morphology in AFM
Polymer

Weight

q

Distance

percent (%)

(nm-1)

(nm)

Poly(UrMA53-b-DEGMEMA58-b-UrMA53)

64

0.110

57.1

Poly(UrMA58-b-DEGMEMA58-b-UrMA58)

67

0.117

53.7

Variable temperature FTIR revealed the evolution of hydrogen bonding structure as a
function of temperature. Figure 6.6 depicts a typical VT-FTIR spectrum of triblock
copolymers containing 64 wt% hard segments, poly(UrMA53-b-DEGMEMA58-bUrMA53). Monitoring the shifts of carbonyl stretching vibrating peaks using VT-FTIR
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provided an insight of ordered-disordered hydrogen-bonding transition At 25 °C, an
ordered hydrogen-bonded carbonyl stretching peak appeared at 1640 cm-1, corresponding
to a bidentate hydrogen bond (structure a in Figure 6.6). A secondary carbonyl stretching
peak also appeared at 1648 cm-1, corresponding to monodentate hydrogen bond (structure
b in Figure 6.6).38 Monodentate hydrogen bonding has only one hydrogen bond for each
urea site compared to two hydrogen bonds in bidentate hydrogen bonding. As a result, the
carbonyl bonds in monodentate hydrogen bonding are less stretched and stronger than
those in bidentate hydrogen bonding, leading to a blue shift in FTIR from 1640 cm-1 to
1648 cm-1. At 75 °C, both ordered hydrogen-bonded carbonyl peaks (1640 and 1648 cm1

) started to shift to higher wavenumbers, i.e. 1656 and 1680 cm-1, respectively. We

attributed this transition to the increase of segmental mobility as temperature approaching
the hard domain Tg (78 °C). Dissociation of hydrogen bonds leads to stronger carbonyl
double bonds. Therefore, the FTIR peaks further moved towards high wavenumber (blue
shift). Further increase of temperature led to a higher population of disordered hydrogenbonded carbonyls and free carbonyls (1692 cm-1). However, at 165 °C, the intensity of
ordered carbonyl stretching peaks (1640 and 1648 cm-1) remained significant compared
to the disordered carbonyl peaks, indicating the retention of ordered hydrogen bonding.
In summary, upon increasing temperature, only a limited amount of hydrogen bonds
transited from ordered structures (1640 cm-1) to disordered structures (1656 cm-1) and
eventually fully dissociated (1692 cm-1).
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Figure 6.6 Variable temperature Fourier transform infrared spectroscopy illustrated the
transition from ordered hydrogen bonding to disordered hydrogen bonding with
increasing temperature in (a) poly(UrMA50-b-DEGMEMA58-b-UrMA50), 64 wt% hard
block and (b) poly(UrMA30-b-DEGMEMA58-b-UrMA30), 50 wt% hard block. Hydrogen
bonding structure: a, bidentate hydrogen bonding; b, mono-dentate hydrogen bonding.
Figure 6.6b depicted the dissociation of hydrogen bonding in triblock copolymers with
50 wt% urea content, poly(UrMA30-b-DEGMEMA58-b-UrMA30). Triblock copolymers
with 50 wt% urea content showed both monodentate and bidentate hydrogen bonding and
demonstrated similar temperature response compared to the triblock copolymer with 64
wt% urea content. Yet, the intensity of ordered hydrogen bonding experienced a more
prominent decrease starting at 85 ºC, which corresponded with the Tf in DMA (90 ºC).
The different dissociation profiles of triblock copolymers with 50 wt% and 64 wt% urea
content was ascribed to morphological changes. As shown in Figure 6.4, triblock
copolymers with 64 wt% urea content demonstrated ordered lamellar morphology while
triblock copolymers with 50 wt% urea content showed less ordered phase separation.
Well aligned hydrogen bonds in ordered lamellar morphology required higher
temperature to dissociate. Nevertheless, block copolymers with 50 wt% still retained ~
70% ordered structure at 195 ºC.
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The presence of monodentate hydrogen bonding and the retention of the majority of
ordered hydrogen bonds at high temperature are unique for the pendant urea sites
compared to backbone urea sites, which demonstrated almost complete disappearance of
ordered hydrogen bonding at 120 to 160 ºC depending on specific backbone structures1-2
As proposed in Figure 6.7, the main chain hydrogen bonds dissociate more readily at
high temperature due to the cooperative effect.1-2 Yet, the absence of cooperativity in
pendant hydrogen bonds may lead to more ordered hydrogen bonds at high temperatures.
It was assumed that the lack of cooperativity competes with increased mobility from
pendant hydrogen bonding. In our case, pendant urea hydrogen bonding is strong enough
to overcome increased mobility and maintains more ordered hydrogen bonds at high
temperatures. Future studies will include the synthesis of backbone urea block
copolymers with similar molecular weight and molecular weight distribution to further
validate our hypothesis on the origin of monodentate hydrogen bonding and the retention
of ordered hydrogen bonding at high temperature.
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Figure 6.7. Schematic illustration of the dissociation of main chain urea sites and
pendant urea side sites.
6.5 Conclusions
RAFT polymerization allowed the successful synthesis of ABA triblock copolymers with
pendant urea sites. Random copolymerization of two urea-containing monomers afforded
a hard, external block with tunable Tgs. A kinetic study and molecular weight
characterization demonstrated well-controlled chain growth throughout the entire
polymerization. Two distinct Tgs in DSC and DMA suggested the microphase separated
morphologies of the triblock copolymers with pendant urea sites. AFM further supported
the microphase separation conclusion from thermomechanical analysis and showed
compositional dependence on surface morphologies.

Poly(UrMA-b-DEGMEMA-b-

UrMA) triblock copolymers achieved various surface morphologies with limited longrange order. SAXS further supported the lack of long-range orders in microphase
separated morphologies, where only one scattering peak appeared.
From VT-FTIR, the presence of monodentate hydrogen bonding confirmed pendant
hydrogen bonding exhibited less ordered structure compared to main chain hydrogen
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bonding. At elevated temperatures, the majority of pendant hydrogen bonds still retained
ordered structures in contrast to an obvious shift from ordered to less ordered structures
in main chain hydrogen bonds. We attribute this difference at high temperatures to the
cooperativity that is unique for main chain hydrogen bonding. This study advanced the
understanding in temperature response of pendant hydrogen bonding and demonstrated
the potential of pendant hydrogen bonding to retain ordered morphologies at elevated
temperatures.
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7.1 Abstract
Reversible addition-fragmentation chain transfer (RAFT) polymerization afforded novel
ABA block copolymers containing both urea and pyridine groups in the external hard
blocks as the first example to study the interaction between hydrogen bonding and
electrostatic interaction in polymers. Before quaternization, pyridine enhanced the
hydrogen bonding of urea sites to form highly ordered morphology in small angle X-ray
scattering (SAXS) extending rubbery plateau 80 ºC above hard block Tg in dynamic
mechanical analysis (DMA). With the introduction of electrostatic interaction after
quaternization of pyridine groups, the diminish of higher order scattering peaks in SAXS
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indicated that extra physical crosslinking disrupted ordered morphology, leading to a
decrease of flow temperature (Tf) from ~180 ºC to ~100 ºC. Variable temperature FTIR
(VT-FTIR) compared the temperature response of hydrogen bonding before and after
quaternization and demonstrated extra electrostatic interactions delayed the disorder
transition of hydrogen bonding. As a result, quaternized block copolymers showed
improved stress-relaxation behavior.
7.2 Introduction
Common strategies to enhance inter- or intra-chain interactions in macromolecules
includes the incorporation of non-covalent functionalities including H-bonding, ionic
interactions, - stacking, etc. Corresponding properties gained from non-covalent
interactions include ion conductivity,1-6 selective gas permeability,7-12 enhanced
mechanical

properties,13-15

anti-bacterial

barrier,16

specific

binding

to

biomacromolecules,17 electro-response,18-20 and luminescence.21-22 Current research
primarily focuses on further improving these properties through incorporating multiple
complimentary non-covalent interactions. For example, multiple hydrogen-bonding sites
improve material mechanical properties,23 facilitate exceptionally ordered micro-phase
separation,13 and allows strong supra-molecular assembly24 compared to single hydrogenbonding sites. Similarly, polymers with high charge density, such as zwitter-ionic
polymers and doubly-charged polymers, exhibited promising improvement in mechanical
performance,25 ion conductivities,3-4 and anti-fouling properties.26 Our group has
extensively studied polymers with multiple hydrogen bonding and ionic interactions, and
demonstrated unique benefits from multiple non-covalent interactions. For instance,
nucleobase pendant groups with multiple hydrogen bonds improved promoted micro-
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phase separation including ordered lamellar morphology up to μm.13 Similarly, polymers
with doubly charged pendant groups extended rubbery plateau 50 ºC compared to their
single-ion counterparts.27
However, the study of macromolecules that combine different types of non-covalent
interactions remains limited due to synthetic challenges and analytical obstacles to
deconvolute the influence of different non-covalent interactions. Different types of noncovalent interactions do not necessarily synergistically enhance properties, but the right
combination of functionality produces polymers with complex stimuli responses, i.e.
multi-responsive materials. Previous research on multi-responsive materials normally
involve polymer solutions with pH and temperature response. Sumerlin et al. achieved
pH and temperature responsive polymers through incorporating boronic acid to poly(Nisopropylarylamide) (NIPAM), which underwent self-assembly upon heating.18 Boronic
acid functionality allowed tunable cloud points depending on the pH. Lodge and
coworkers’ investigation on thermally reversible and conductive ion gels showcased the
synergistic effect of thermal and electric stimuli response.28-29 NIPAM-containing
triblock copolymers aggregated to form gels within ionic liquid solvent while
maintaining high ion conductivities. Upon heating the gels above the upper critical
solution temperature (UCST), the ion gels transformed to a liquid. However, the limited
mechanical integrity at high temperature severely restricted the applications of those
materials, such as transducer or ion exchange membranes (at high temperatures). To
design mechanically robust, multi-responsive materials, we envisaged that polymers with
both hydrogen bonding and ionic interactions could serve as the first example to
understand the interactive effect from different non-covalent interactions at meso-scale,
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and further research endeavor towards mechanically robust materials with both thermal
and electro response. In this case, hydrogen bonding will impart thermal response and
mechanical properties to polymers, while ionic interactions offer electric stimuli
response.
Herein, we describe the synthesis of ABA triblock copolymers (BCPs) with a low glass
transition temperature (Tg) and soluble middle block and pyridine-/pyridinium- urea
functionalized outer blocks. Reversible addition-fragmentation chain transfer (RAFT)
polymerization afforded controlled molecular weights and molecular weight distribution.
Morphological and physical property analysis enabled structure-property-morphology
relationships of urea hydrogen-bonding polymers with and without the synergistic
neighboring ionic functionality.
7.3 Results and Discussion
Reaction between 4-amino pyridine (4-AP) and 2-isocyanatoethyl methacrylate (2ICMA) quantitatively produced methacrylate monomers with pyridine and urea pendant
sites (PyUrMA).30 Pyridine groups in PyUrMA served as a function site to impart ionic
interaction via post-polymerization quaternization. As seen in Scheme 7.1, sequential
RAFT polymerization of di(ethylene glycol) methyl ether methacrylate (DEGMEMA)
and PyUrMA produced a series of triblock copolymers, poly(PyUrMA-b-DEGMEMA-bPyUrMA). The synthesis of difunctional poly(DEGMEMA) macromolecular chain
transfer agent (macroCTA) exhibited a well-controlled polymerization, evident by the
low PDI (1.07) and targeted number average molecular weight (Mn) of 63 kg/mol
according to size exclusion chromatography (SEC) (Figure S7.1). Poly(DEGMEMA)
macroCTA featured flexibility and good solubility as the middle soft block. Reinitiation
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of poly(DEGMEMA) macroCTA and addition of PyUrMA monomer afforded ABA
symmetric triblock copolymers with varying block lengths dependent on the propagation
time.

Scheme 7.1 Synthesis of PyUrMA triblock copolymers and corresponding quaternization.
The resulting BCPs demonstrated low signal-to-noise ratio in both RI and LS detectors
during SEC measurements with common eluent solvents. Instead, 1H NMR spectroscopy
determined the relative molar ratio of DEGMEMA and PyUrMA (Figure S2). Based on
the absolute Mn of poly(DEGMEMA), the molecular weight of triblock copolymers,
shown in Table 1, ranged from 95 kg/mol to 165 kg/mol. The nomenclature, PyUr# (# =

178

1/2/3/4), represented the synthesized neutral triblock copolymers with an increasing
PyUrMA block length. Post-polymerization quaternization of PyUr triblock copolymers
produced their charged counterparts with bromide (Br) counter anions (PyUrBr #), as
seen in Scheme 7.1 and Table 7.1. 1H NMR spectroscopy confirmed quantitative
quaternization (Figure S7.3).
Table 7.1 Molecular weight and thermal analysis of triblock copolymers. Mn was
determined by aqueous SEC and 1H NMR spectroscopy. Td,5% was calculated using TGA.
Tg, endothermic transition, and exothermic transition were measured by DSC.
Triblock
copolymers

Mn
(kg/mol)

Td,5%
(°C)

Tg (°C)

Endothermic
transition
(°C)

Exothermic
transition
(°C)

PyUr1

16-63-16

187

-32, 99

ND

ND

PyUr2

30-63-30

186

-29, 91

ND

ND

PyUr3

45-63-45

205

-31, 95

ND

ND

PyUr4

51-63-51

208

-34, 96

ND

ND

PyUrBr1

16-63-16

254

-20

ND

ND

PyUrBr2

30-63-30

214

-20

81

123

PyUrBr3

45-63-45

230

-20

103

123

PyUrBr4

51-63-51

239

-20, 88

ND

ND

Thermogravimetric analysis (TGA) demonstrated an increase in onset of thermal weight
loss upon quaternization. The temperature at 5 wt% loss (Td,5%) increased 20 to 70 ºC
after quaternization, contradictory to previous literature.31 Ammonium salts typically
undergo Hofmann elimination around 180 ºC, which is detrimental to the thermal
stability of PyUrBr considering their Td,5% are higher than 180 ºC. We attribute the
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improved thermal stability to additional physical crosslinking arising from ionic
interactions, discussed in greater detail later.

Figure 7.1 Thermomechanical performance of PyUr and PyUrBr triblock copolymers: (a)
DSC and (b) DMA of PyUr triblock copolymers; (c) DSC and (d) DMA of PyUrBr
triblock copolymers. Homopolymer: poly(PyUrMA) homopolymer; Copolymer:
poly(PyUrMA-co-DEGMEMA), 55 wt % of PyUrMA). Exo up for DSC.
Differential scanning calorimetry (DSC) showed two distinct Tgs for PyUr, suggesting
microphase separation. The lower Tg corresponded to poly(DEGMEMA), while the
higher Tg agreed with that of a poly(PyUrMA) homopolymer control as seen in Figure
7.1a. The statistic copolymer of DEGMEMA and PyUrMA (55 wt % PyUrMA)
demonstrated a Tg in between the Tgs of two corresponding homopolymers as expected.
Dynamic mechanical analysis (DMA) revealed a similar lower Tg at -25 ºC (the peak
temperature of tan δ) in all PyUr polymers. (free-standing films thermally annealed at
150 ºC), as shown in Figure 7.1b. All PyUrBr polymers demonstrated a well-defined
elastic modulus (E’) plateau from 0 ºC to 180 ºC, further supporting microphase
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separation. The plateau modulus increased with longer hard block length as expected.
The flow temperature (Tflow) of PyUr polymers exceeded the Tg of hard segments by 70
ºC, from 91-99 ºC to 170-200 ºC, indicating strong hydrogen bonding association. We
ascribed this exceptionally strong hydrogen bonding to the preorganization effect from
pyridine ring, where the pyridine ring stacked periodically to align the urea groups for
tight hydrogen bonding.32 Another possible explanation originated from direct
participation of pyridine in hydrogen bonding. Mattei et al. showed pyridine was a better
hydrogen bonding acceptor than a carbonyl in carboxylic acid groups.33 However, this
phenomena is most efficient when the pyridine nitrogen is well-aligned with hydrogen
bonding groups, which normally requires ortho-substituents of the hydrogen bonding
sites.34-35 Considering the fact that pyridine nitrogen in PyUr is para to urea sites, the
direct participation of pyridine ring is most likely limited.
The quaternization of PyUr generated new thermal transitions in DSC thermograms, as
seen in Figure 7.1c. The lower Tg of PyUrBr (-20 ºC) increased due to slight phase
mixing caused by the ethylene oxide units in DEGMEMA interacting with the
pyridinium. The higher Tg diminished, and was only determinable in PyUrBr4. Both
PyUrBr2 and PyUrBr3 showed an extra endothermic and exothermic transition compared
to their neutral counterparts regardless of the cooling rate (Figure S7.4). Isotherm test
during cooling cycles demonstrated strong crystallization transitions indicative of
possible crystalline structure, as shown in Figure S7.5a. Further wide angle X-ray
scattering (WAXS) studies in Figure S7.5b. revealed a sharp crystalline peak in PyUr2
besides a broad scattering peak attributing to

-

stacking, which further validated the

presence of crystalline regions. The Tflow of PyUrBr in DMA decreased significantly
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compared to their neutral counterparts as a result of additional physical crosslinks
disrupting hydrogen bonding, which agreed with later variable temperature FTIR (VTFTIR). The flow temperatures were also close to the hard segment Tg, which is consistent
with typical thermoplastic elastomer behavior indicating the loss of ordered hydrogen
bonding.
To further compare PyUr and PyUrBr at meso-scale, we employed small angle X-ray
scattering (SAXS) and wide angle X-ray scattering (WAXS) to probe the morphologies
of their free-standing films. Figure 7.2 showed the SAXS and WAXS profiles of
thermally annealed PyUr and PyUrBr films with various compositions. As depicted in
Figure 7.2a, PyUr polymers self-assembled into ordered lamellar morphology with
distinct higher order scattering peaks. The Bragg spacing (d = 2π/q) of PyUr polymers
showed lamellar thickness to be between 30 and 40 nm (Table 7.2). PyUr2 had one
distinct high order scattering peak (3q*), and another peak with lower intensity at 5 q*
(Table 2). PyUr3 and PyUr4 both featured three distinct high order scattering peaks (2q*,
3q*, and 4q*). Increasing the hydrogen bonding content resulted in well-defined high
order scattering patterns, demonstrating enhanced microphase separation. The block
structures were necessary to achieve ordered morphologies as the statistic copolymer
showed no distinct scattering peaks in SAXS. While SAXS identified long range order,
WAXS explored local chain packing. Illustrated in Figure 7.2b, PyUr2, PyUr4, and the
statistic copolymer control exhibited a primary peak around 14º 2θ, and two smaller
shoulders around 24º 2θ and 35º 2θ. The primary peaks represented 0.57 to 0.60 nm in
real space, and we ascribed this spacing to the distance between two adjacent pyridine
rings. The interdigitated spacing between polymer backbone and urea hydrogen bonding
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would be longer than 0.60 nm.36 The fact that the statistical copolymer control exhibited
similar WAXS profile as PyUr block copolymers revealed that the peaks in WAXS
correlated to short-range packing.

Figure 7.2 Bulk morphologies of PyUr and PyUrBr triblock copolymer films: (a) SAXS
and (b) WAXS of PyUr triblock copolymers; (c) SAXS and (d) WAXS of PyUrBr
triblock copolymers. Copolymer: poly(PyUrMA-co-DEGMEMA), 55 wt% PyUrMA.
The quaternized PyUrBr block copolymers received significant loss in long-range order,
as evidenced by the diminished high order scattering peaks in SAXS, illustrated in
Figure 7.2c. Distinct high order peaks disappeared in SAXS for all PyUrBr block
copolymers compared to PyUr. The diminished high order scattering peaks indicated
disrupted hydrogen bonding in PyUrBr polymers, corresponding well with their inferior
mechanical properties shown in DMA. The Bragg spacing of the primary scattering peak
of the PyUrBr specimens (43 to 60 nm) also expanded compared to their neutral
counterparts. For short-range packing, PyUrBr demonstrated an obvious broadening of
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primary peaks in WAXS, suggesting a disruption of ordered packing, as seen in Figure
7.2d. PyUrBr demonstrated a slight shift of primary peaks to smaller scattering angle,
which correspond to a looser packing of 0.53 nm in real space, as seen in Figure 7.2d.
However this shift is insignificant considering the peaks are broad.
Table 7.2 Bragg spacing and higher order peaks of triblock copolymers in SAXS
Triblock
copolymers

Bragg spacing of q*
(nm)

SAXS
peaks

SAXS
morphology

PyUr2

34.4

q⃰, 3q⃰, 5q⃰

Lamellae

PyUr3

40.7

q⃰, 2q⃰, 3q⃰, 4q⃰

Lamellae

PyUr4

36.2

q⃰, 2q⃰, 3q⃰, 4q⃰

Lamellae

Copolymer

N/A

N/A

N/A

PyUrBr2

59.9

q⃰, 3q⃰

Lamellae

PyUrBr3

58.6

q⃰, 3q⃰
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Figure 7.3 depicted the direct imaging of bulk morphologies in PyUr2 and PyUrBr2
through transmission electron microscopy. The urea sites in PyUr2 adopted long-range
ordered lamellar morphology through ordered hydrogen bonding enhanced by the

-

stacking of pyridine ring. As a result, PyUr showed exceptional high Tflow in DMA and
prominent higher order scattering peaks in SAXS. After quaternization, PyUrBr2 showed
no distinct morphologies. Ionic interaction introduced additional physical crosslinking in
PyUrBr2, disrupting ordered packing as evidenced by the loss of higher order scattering
peaks in SAXS and the peak broadening in WAXS. As a result, the corresponding Tflow in
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DMA

decreased

substantially

from

170

ºC

to

100

ºC.

Figure 7.3 TEM images of PyUr2 and PyUrBr2 (scale bar: 500 nm).

As seen in Figure 7.4, variable temperature Fourier transfer infrared spectroscopy (VTFTIR) revealed identical carbonyl peaks for PyUr2 and PyUrBr2 at circa 1640 cm -1 at 30
ºC, corresponding well with hydrogen bonded carbonyl groups.37 Figure 7.4a and 7.4b
showed the absorbance of hydrogen bonded carbonyl as a function of elevating
temperature. Illustrated in Figure 7.4a and 7.4b, PyUr hydrogen bonding underwent
three major stages: 1) hydrogen bonding became more ordered with increasing
temperature from 30 ºC to 90 ºC as increased thermal energy facilitated better pendant
group packing through urea sites reorganization; 2) after the reorganization in stage 1
completed, ordered hydrogen bonding remained unchanged, and its intensity reached a
plateau between 100 ºC and 150 ºC; 3) starting at 160 ºC, the hydrogen bonds started to
dissociate, evidenced by the decreased absorbance of the peak at 1640 cm-1 and the
emergence of less associated carbonyl stretching peak at 1652 cm -1.37 The onset
temperature of hydrogen bonding dissociation correlated well with the Tflow of PyUr2
(170 ºC).
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For charged PyUrBr2, reorganization of hydrogen bonding happened between 30 ºC and
90 ºC, similar to the stage 1 in PyUr, as seen in Figure 7.4b. However, as shown in
Figure 7.4c, the ordered hydrogen bonding intensity retained its plateau peak absorbance
value even at 190 ºC. Ionic interaction endowed additional physical crosslinks, and
prevented the dissociation of hydrogen bonding.
Stress relaxation in DMA also recognized a similar hydrogen bonding dissociation
difference between PyUr and PyUrBr. Figure 7.4d illustrated the relaxation modulus of
PyUr2 and PyUrBr2 as a function of time at 35 ºC. In PyUr2, the relaxation of soft
internal block poly(DEGMEMA) was responsible for the instantaneous decrease in
relaxation modulus, E’(t), before 5 min. Then E’(t) further decreased as the cooperative
“unzipping” effect of well-aligned hydrogen bonding caused a continuous relaxation.14-15
However, additional ionic interaction in PyUrBr2 imparted extra physical crosslinking,
permitting no stress relaxation during the course of DMA measurements after the initial
relaxation from poly(DEGMEMA) soft block. The neutral homopolymers and statistic
copolymers showed no stress relaxation after 1 h in Figure 7.4d, indicating segmented
poly(DEGMEMA) block is responsible for the initial relaxation before 5 min and
microphase separated morphology is necessary for the continuous decrease of E’(t) in
PyUr2. Quaternized homopolymer and statistic copolymer controls were too brittle for
stress relaxation tests due to additional physical crosslinks from electrostatic interaction.
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Figure 7.4 VT-FTIR of PyUr2 (a), PyUrBr (b), and the peak absorbance of carbonyl
stretching at various temperature (c) coupled with corresponding stress-relaxation of
PyUr2 and PyUrBr2 (d).
7.4 Conclusions
In summary, we successfully synthesized methacrylate monomers with urea and pyridine
sites in the pendant groups. RAFT polymerization readily afforded ABA triblock
copolymers (PyUr) with pyridine urea pendant sites on the external hard block. Postpolymerization quaternization produced their charged counterparts (PyUrBr) with
quantitatively efficiency.
PyUr exhibited exceptionally ordered lamellar morphology and extended the elastic
modulus plateau 70 ºC above the hard block Tg. The strong hydrogen bonding in PyUr
started to dissociate at 160 ºC, and relaxed under stress within 30 min at 35 ºC.
Alternatively, PyUrBr showed limited long-range order at the mesoscale, and lost
mechanical integrity at the hard block Tg. However, the introduction of ionic interactions
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introduced a second physical crosslinking mechanism, and led to no stress relaxation and
higher dissociation temperature of hydrogen bonding.
To the best of our knowledge, this work addressed the first example of polymers with
both hydrogen bonding and ionic interaction, and demonstrated the cooperative and
disruptive properties by incorporating two different non-covalent interaction. It is our
goal to further the development of polymers with multiple non-covalent interactions, and
eventually impart multiple functionality to stimuli-responsive materials.
7.5 Experimental
7.5.1 Materials
N,N-dimethylformamide (DMF, anhydrous, 99.8%), chloroform (anhydrous), dimethyl
sulfoxide (DMSO, anhydrous, ≥ 99.9%), bromoethane (reagent grade, 98%),
tetrahydrofuran (unstabilized), 4-aminopyridine (4-AP) and methanol were purchased
from

Sigma-Aldrich

and

used

without

further

purification.

2,2’-Azobis(2-

methylpropionitrile) (AIBN), 4,4’-Azobis(4-cyanovaleric acid) (V-501) and 4-cyano-4[(dodecylsulfanylthiocarbonyl)sulfanyl]pentanoic acid (CDP) were purchased from
Sigma-Aldrich and recrystallized from methanol prior to use. Di(ethylene glycol) methyl
ether methacrylate (DEGMEMA) was purchased from Sigma-Aldrich and passed through
neutral aluminum oxide (activated) prior to use. 2-Isocyanatoethyl methacrylate (2ICMA, > 98%) was purchased from TCI America and used as received. Difunctional
CTA were synthesized based on previous literature using CDP as starting reagents.38
7.5.2 Instruments
1

H nuclear magnetic resonance (NMR) spectroscopy samples were prepared in deuterated

DMSO, and measured on a Varian Unity 400 MHz NMR spectrometer (128 scans) at 23
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°C. Molecular weight and molecular weight distribution of poly(DEGMEMA)
macroCTA were determined by size exclusion chromatography (SEC) using a Waters
515 HPLC pump equipped with a Waters 717 plus auto sampler. Absolute molecular
weight was determined through a Wyatt Technology miniDawn MALLS detector
operating at 690 nm coupled with a Waters 2414 refractive index detector operating at
880 nm with a flow rate of 1 mL/min in aqueous solution (54/23/23 v/v/v%
water/methanol/acetic acid with 0.1 M sodium acetate). Specific refractive index value
(dn/dc) was determined offline using an Optilab T-rEX refractometer (λ = 658 nm) and
was employed to calculate weight–average molecular weight (Mw) from SEC. Thermal
degradation was determined using thermogravimetric analyzer (TGA) using a TA
Instruments Q500 with a heating rate of 10 °C/min under N2 atmosphere. Glass transition
temperatures were measured by a TA Instruments Q2000 differential scanning
calorimeter (DSC), and reported as the middle point of the thermal transition in the
second heat during a heat/cool/heat procedure (10 °C/min heating rate and quench cool,
N2 purge). Dynamic mechanical analysis (DMA) was performed using a TA Instruments
Q800 in film tension mode (3 °C/min heating ramp and 1 Hz frequency). Stress
relaxation was also conducted on a TA Instruments Q800 DMA through a stress
relaxation process with 0.5% strain. The temperature was set to 35 ºC, and the relaxation
time was 60 min. Variable temperature Fourier transfer infrared spectroscopy (VT-FTIR)
was employed to evaluate the temperature response of hydrogen bonding. The
instruments are consisted of a Varian 670-IR with a PIKE GladiATR attachment with a
scan range 4000-400 cm-1 and resolution of 4 cm-1. Spectra were collected every 5 °C as
an average of 32 scans with a temperature ramp from 25 °C to 165 °C (1 °C/min).
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Small angle X-ray scattering (SAXS) and wide-angle X-ray diffraction (WAXS)
experiments were performed using a Rigaku S-Max 3000 3 pinhole SAXS system,
equipped with a rotating anode emitting X-ray with a wavelength of 0.154 nm (Cu Kα).
The sample-to-detector distance was 1603 mm for SAXS and 110 mm for WAXS, and
the q-range was calibrated using a silver behenate standard. Two-dimensional SAXS
patterns were obtained using a fully integrated 2D multiwire, proportional counting, gasfilled detector, with an exposure time of 2 h. WAXS two-dimensional diffraction patterns
were obtained using an image plate with an exposure time of 1 h. The SAXS data were
corrected for sample thickness, sample transmission and background scattering. All of the
SAXS and WAXS data were analyzed using the SAXSGUI software package to obtain
radially integrated SAXS and WAXS intensity versus the scattering vector q (SAXS) or
2θ (WAXS), where q=(4π/λ)sin(θ), θ is one half of the scattering angle and λ is the
wavelength of X-ray.
7.5.3 Synthesis of PyUrMA monomer
4-Amino pyridine (10.0 g, 0.107 mol) and anhydrous chloroform (40.0 g) were charged
in a two-necked, round-bottomed flask. The solution was purged with N2 for 15 min, and
cooled in an ice bath. 2-Isocyanatoethyl methacrylate (16.5 g, 0.107 mol) was added
dropwise through an additional funnel with strong stirring. The reaction proceeded at 0
ºC for 4 h, and was allowed to warm up to 23 ºC for 20 h. White solid crashed out of
solution. After filtration, the white solid was further washed with chloroform twice. After
drying under vacuum for 12 h at 23 ºC, the final product was a white solid with
quantitative yield (95%). 1H NMR (DMSO-d6, 25 °C, δ): 1.85 (3H, -CH3, vinyl methyl
protons), 3.35 (2H, -CH2-N, methylene protons), 4.11 (2H, -CH2-O, methylene protons),
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5.65 (1H, =CH2, vinyl proton), 6.04 (1H, =CH2, vinyl proton), 6.48 (1H, -CH2-NH-,
amine protons), 7.34 & 8.24 (4H, aromatic protons), 8.99 (1H, -NH-Ar, amine proton).
7.5.4 Synthesis of poly(DEGMEMA) macroCTA
DEGMEMA monomer (7 g), dCDP difunctional CTA (94.1 mg) and initiator V-510
(14.9 mg) was dissolved in DMSO (74.4 mL) at 0.5 M monomer concentration. The
[dCDP]/[V-501] ratio was set to 2:1 (the actual CTA/initiator ratio was 4:1) and the
degree of polymerization at 100% monomer conversion was 350. The solution was
sparged with nitrogen for 45 min and stirred at 65 °C for a given time to obtain
macroCTA with specific molecular weights. The polymerization was quenched by
exposing to air. Polymers were dialyzed against unstabilized THF three times. The
dialysis solvent was replaced every 8 h. After removal of solvent and drying in vacuo (25
°C for 12 h and 50 °C for 12 h), the product was sticky yellow glue-like materials.
7.5.5 Synthesis of PyUr triblock copolymers
A 100-mL, one-necked, round-bottomed, flask was charged with PyUrMA monomer (6
g), poly(DEGMEMA) macroCTA (2.33 g, 63 kg/mol), and V-501 initiator (3.46 mg) in
48.1 mL DMF at 0.5 M monomer concentration. The CTA/initiator ratio ([dCDP]/[V501]) was set to 2.5. The solution was sparged with nitrogen for 40 min, and then stirred
at 65 °C for a given time interval. The polymerization was quenched by exposing to air
and cooling to 0 °C. The polymers were purified by dialysis against methanol three times
with solvent change every 8 h. After removal of solvent, the pale yellow polymers were
further dried in vacuo at 25 °C for 24 h and 50 °C for 12 h.
7.5.6 Synthesis of PyUrBr triblock copolymers
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PyUr triblock copolymer (0.34 g, 0.46 mmol of PyUrMA repeating units, 16-63-16
kg/mol) was dissolved in 5 mL DMF, and purged with Ar for 5 min. Bromoethane
(0.104 mL, 1.38 mmol) was injected into the solution all at once. The reaction was
performed at 85 ºC for 3 d with strong stirring. The resulting PyUrBr was purified
through dialysis against methanol. The dialysis solvent was switched three times with 8 h
interval. After drying under vaccum at 50 ºC for 24 h, the resulting product was a brown
solid.
7.5.7 Film casting
Both PyUr and PyUrBr polymers were dissolved in DMF at circa 15 wt%. The polymer
solution was cast onto Mylar® films with slow drying process (24 h at ambient condition,
24 h at 50 ºC, and 24 h at 50 ºC under vaccum). Then the films were thermally annealed
at 150 ºC for 48 h in vacuo, and peeled off Mylar® as free-standing films.
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7.7 Supporting information

Figure S7.1 Size exclusion chromatography (SEC) trace of poly(DEGMEMA)
macrCTA. Elution solvent: DMF + 0.05 M LiBr at 60 ºC.
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Figure S7.2 Molecular weight determination of poly(PyUrMA) block through 1H NMR
spectroscopy.

Figure S7.3 Comparison of 1H NMR spectroscopies before and after quaternization.
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Figure S7.4 Second heat of differential scanning calorimetry (DSC) at different cooling
rate: slow cool: 5 ºC/min; quench cool: 100 ºC/min.

Figure S7.2 (a) Cooling trances of PyUr2 in DSC isotherming at 92 ºC for 10, 30, and 60
min; (b) WAXS profiles of PyUr2 when annealed at 92 ºC.
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8.1 Abstract
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A novel imidazolium-containing monomer, 1-[ω-methacryloyloxydecyl]-3-(n-butyl)imidazolium (1BDIMA), was synthesized and polymerized using free radical and
controlled free radical polymerization followed by post-polymerization ion exchange
with

bromine

(Br),

tetrafluoroborate

(BF4),

hexafluorophosphate

(PF6),

or

bis(trifluoromethylsulfonyl)imide (Tf2N). The thermal properties and ionic conductivity
of the polymers showed a strong dependence on the counter-ions and had glass transition
temperatures (Tg) and ion conductivities at room temperature ranging from 10 °C to -42
°C and 2.09 × 10-7 S cm-1 to 2.45 × 10-5 S cm-1. In particular, PILs with Tf2N counterions showed excellent ion conductivity of 2.45 × 10-5 S cm-1 at room temperature without
additional ionic liquids (ILs) being added to the system, making them suitable for further
study as electro-responsive materials. In addition to the counter-ions, solvent was found
to have a significant effect on the reversible addition-fragmentation chain-transfer
polymerization (RAFT) for 1BDIMA with different counter-ions. For example,
1BDIMATf2N would not polymerize in acetonitrile (MeCN) at 65 °C and only achieved
low monomer conversion (< 5%) at 75 °C. However, 1BDIMATf2N proceeded to high
conversion in dimethylformamide (DMF) at 65 °C and 1BDIMABr polymerized
significantly faster in DMF compared to MeCN.

NMR diffusometry was used to

investigate the kinetic differences by probing the diffusion coefficients for each monomer
and counter-ion in MeCN and DMF. These results indicate that the reaction rates are not
diffusion limited, and point to a need for deeper understanding of the role electrostatics
plays in the kinetics of free radical polymerizations.
8.2 Introduction
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Ionic liquids (ILs) have attracted significant attention both as solvents1-3 and as materials4
due to their unique properties, such as negligible vapor pressure, excellent
electrochemical stability, and high ion conductivity. Poly(ionic liquid)s (PILs), the
macromolecular form of ILs, provide a path to coupling the advantages of ILs with
polymeric materials. By introducing mechanically reinforcing components (either
through the synthesis of block copolymers or via blending with other polymers), PILs
have several potential applications in a wide range of areas including actuation devices,5-6
separation membranes,7-13 supercapacitors,14-16 sea water and biomass remediation,17
nanoscale lithography18 and as flocculants for oil recovery.19 Typical synthesis of PILs
involves either conventional free radical polymerization or controlled radical
polymerization (CRP). While conventional free radical polymerization finds most
applications in crosslinked polymer matrices, CRP affords defined block copolymer
structures, which is critical for applications that require control over morphology.
Coulombic interactions among ions undoubtedly direct the physical properties of PILs.
To manipulate the Coulombic interactions, researchers routinely capitalize on monomer
design and counter-ion effect. For example, spatial separation between ions and polymer
backbones is a common strategy to achieve lower glass transition temperatures (Tg) and
faster ionic conduction at room temperature.20-21 Counter-ion identity also affects the
mobility of segments, which has a profound influence on material properties. Wang et al.
synthesized imidazolium-containing hyperbranched PILs for polymer electrolytes
through reversible addition-fragmentation chain-transfer polymerization (RAFT).22 PILs
with bromine (Br) counter-ions demonstrated a Tg significantly higher than
bis(trifluoromethylsulfonyl)imide (Tf2N) counter-ions (79 ºC and -6 ºC, respectively).
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After swelling with an optimized amount of LiTf2N salts, the ion conductivity of the PIL
with Tf2N counter-ion reached 4.76 x 10-5 S cm-1 at 30 ºC. Lee and coworkers extended
the distance between the imidazolium moiety and the polymer backbone with an ethylene
glycol linker to achieve PILs with even lower Tgs and higher ion conductivity.20-21 PILs
with hexafluorophosphate (PF6) and Tf2N counter-ions exhibited Tgs at -18 ºC and -50
ºC, respectively. Without any addition of lithium salts, the ion conductivity of PILs with
Tf2N counter-ions reached 1.8 × 10-5 S cm-1 at 25 ºC. Additionally, PILs with PF6
counter-ions showed lower ion conductivity than Tf2N due to differences in polymer
chain mobility arising from the variation in Tgs and ion association differences derived
from specific molecular interactions.23 Jangu et al. also reported the Tg and effects of
counter-ion identity in styrenic PILs.24 Those findings showed that Tgs decreased in the
order: Br > BF4 > TfO (trifluoromethanesulfonate) > Tf2N, probably due to counter-ion
size effects and weakened Columbic interactions, while thermal degradation exhibited the
reverse order.
Despite a large number of literature reports focused on correlating the counter-ion and
properties of PILs, a relatively less studied aspect is the role that counter-ion identity
plays during polymerization. A few studies have focused on the influence of IL on
polymerization kinetics as a solvent.25-29 Mori et al. demonstrated that the choice of ILs
as solvent affected the kinetics of ring opening polymerization (ROP) due to the
interaction between IL molecules and amine additives. While the propagation rates were
different for the three ILs studied, the molecular weight distribution did not change
significantly. Additionally, ILs led to slower polymerization rates and lower final
monomer conversion, but experienced shorter induction times.26 Conversely, Zhang et al.
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showed that the use of ILs as solvent media led to accelerated polymerization rates of
methyl methacrylate compared to acetonitrile (MeCN) during atom transfer radical
polymerization (ATRP).29 In RAFT polymerization, Hou et al. compared the
polymerization kinetics of acrylonitrile in IL solvent and in bulk (solvent-free).27 When
ILs were used as the solvent, both the polymerization rate and molecular weight
distribution increased. He et al. studied the influence of salt addition during the
homopolymerization of an imidazolium-containing IL monomer using ATRP.30 Starting
from the same IL monomer (imidazolium-Tf2N), the addition of various lithium salts
showed limited influence on ATRP kinetics. This study was a preliminary effort to
understand the role of counter-ions on polymerization kinetics. However, the lack of
control over the degree of ion exchange during the polymerization made it hard for the
authors to make any general conclusions.
The role of charged species (either as solvents or monomers) in polymerization kinetics
has been attributed to “protected radicals” and/or “propagation with aggregation”
mechanisms. For example, Thurecht and coworkers claimed the accelerated
polymerization rate of methyl methacrylate (MMA) in ionic liquids compared to organic
solvents was due to “protected radicals”.31 Their hypothesis is that radicals are
“protected” by the ionic liquids from termination, which results in faster polymerization
rates and higher monomer conversions. The “propagation with aggregation” mechanism
proposed by Biela et al. investigated the aggregation behavior of caprolactone during ring
opening polymerization (ROP), and suggested that an equilibrium between active
propagating chains and inactive aggregates of propagating chains existed. The
polymerization rate strongly depended on deaggregation equilibrium constants, which
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varied among solvents. These previous studies are notable in that the effect of counterion, the use of ILs, and solvent choice are all variables capable of impacting
polymerization kinetics. Therefore, ionic-liquid monomers with different counter-ions
will be of great interest for understanding the influence of Coulombic interactions on
polymerization kinetics.
Herein, we describe the synthesis of imidazolium-containing IL monomers with identical
cations but different counter-ions, and the use of either conventional free radical
polymerization

or

reversible

addition-fragmentation

chain-transfer

(RAFT)

polymerization to synthesize PIL homopolymers. This study aimed (1) to synthesize PILs
with low glass transition temperatures and high ion conductivity, (2) to confirm the
influence of counter-ions on thermomechanical properties and ion conduction, and (3) to
investigate the effect of counter-ions on polymerization rates. Novel PILs were
successfully designed and synthesized with Tgs as low as -40 ºC, and these PILs
demonstrated excellent ion conductivity (2.45 × 10-5 S cm-1) at room temperature without
adding additional ionic liquid salts. As expected, both Tg and ion conductivity showed a
strong dependence on counter-ion identity; polymers with lower Tgs had higher ionic
conductivities at the room temperature. In situ FTIR results indicated that the counterions of ionic-liquid monomers have a significant impact on the kinetics of RAFT
polymerization. NMR diffusometry studies indicated that neither the monomer diffusion
coefficient nor degree of aggregation could account for differences in the kinetic behavior
of these systems. The monomer under study here (1BDIMA, see Scheme 1) reaches high
monomer conversion with Br, BF4, and Tf2N counter-ions via conventional free radical
polymerization in MeCN but no monomer conversion is seen for 1BDIMATF2N in
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MeCN using RAFT polymerization. The differences in polymerization kinetics resulting
from solvent and counter-ion choice may lie in electron transfer processes such as free
radical generation and propagation that were described by Marcus32-35. The preliminary
investigations into the factors that dictate polymerization kinetics demonstrate not only
the complexity of these systems, but also uncover a rich area of research that has yet to be
fully explored.
8.3 Experimental
8.3.1 Materials
10-Bromo-1-decanol (technical grade, 90%), 1-butylimidazole, lithium tetrafluoroborate
(98%), lithium hexafluorophosphate (98%), and bis(trifluoromethane)sulfonimide lithium
salt were ordered from Sigma-Aldrich and used without further purification. N,Ndimethylformamide (DMF, anhydrous, 99.8%), acetonitrile (MeCN, anhydrous, ≥
99.8%), ethyl acetate, triethylamine,

and unstabilized tetrahydrofuran (THF) were

purchased from Sigma-Aldrich and used as received. Aluminum oxide (neutral,
activated) was purchased from Sigma-Aldrich and used as received. 4-Cyano-4[(dodecylsulfanylthiocarbonyl)sulfanyl]pentanoic acid (CDP, 97%, HPLC) from SigmaAldrich was stored at -20 ºC and used without purification. 2,2’-Azobis(2methylpropionitrile) (AIBN, 98%) was purchased from Sigma-Aldrich and recrystallized
once from methanol prior to use. All imidazolium-containing IL monomers were
synthesized and passed through aluminum oxide columns before use. Methacryloyl
chloride (≥97.0%, GC, contains ~0.02% 2,6-di-tert-butyl-4-methylphenol as stabilizer)
was ordered from Sigma-Aldrich, and stored under inert atmosphere at 2 ºC.
8.3.2 Instrumentation
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1

H and

19

F nuclear magnetic resonance (NMR) spectroscopy measurements were

conducted on a 400 MHz Bruker Advance III WB NMR spectrometer. Samples were
prepared in deuterated MeCN and data was collected from 128 scans. In situ Fourier
transform infrared spectroscopy (FTIR) experiments were performed on a Bruker MatrixMF FTIR equipped with a diamond probe. Both peak intensity and integrated area of the
vinyl methyl group stretching were monitored in the range of 1289 - 1308 cm-1 to track
monomer concentration over time. The peak resolution was set to 4 cm-1, and each
spectra was an average of 64 scans within 50 S. Pure solvent background was collected
every time before the tests. Thermal degradation was determined by a TA Q500
thermogravimetric analyzer (TGA) under N2 at 10 ºC/min ramp rate. Thermal transition
was measured by a TA Q2000 differential scanning calorimeter (DSC) under N2.
Reported values (middle point) were from the second heating cycle of a heat/cool/heat
procedure: (1) 10 ºC/min ramp from 23 ºC to 120 ºC, isotherm at 120 ºC for 30 min, (2)
100 ºC/min quench cool to -80 ºC, and (3) 10 ºC/min ramp to 50 ºC. Molecular weight
and molecular weight distribution were determined via size exclusion chromatography
(SEC) in DMF (with 0.05 mol LiBr) at 60 °C and a flowrate of 1 mL min -1. The SEC
system consisted of a Waters 1515 Isocratic HPLC pump equipped with 2414 Refractive
Index (RI) detector. Poly(ethylene oxide)/poly(ethylene glycol) standards were used with
Styragel HR 3 and HR 4 columns maintained in a column heater compartment.
Broadband dielectric spectroscopy (BDS) measurements of the polymerized ILs were
performed with an Alpha-A analyzer, a ZGS active sample cell interface, and a Quatro
Cryosystem temperature control unit (Novocontrol), in the frequency range of 0.1 – 107
Hz. Prior to the dielectric tests, the samples were heated to 120 °C under vacuum to

205

completely remove volatile impurities. In each experiment, the sample was sandwiched
between two gold-plated round electrodes and a thin PTFE ring spacer was used to
maintain the gap (76 μm). The sample thickness (gap) was 76 m and the sample area
was 38.5 mm2. DC conductivity was defined as the value at the middle point of the
plateau in the Bode plots at low frequency. Samples were equilibrated at each
temperature for 20 mins prior to the test. BDS was repeated twice for all the samples
from two different batches, and the results showed excellent agreement (within 5%).
8.3.3 Synthesis of 1-butyl-3-(10’-hydroxydecyl)-1H-imidazolium bromide (1BDIBr)
This procedure was modified based on previous literature.20 A solution of 1-butyl
imidazole (5.5 mL, 0.042 mol) and 10-bromo-1-decanol (10.0g, 0.042 mol) in 45 mL
THF was refluxed for three days at 65 ºC with vigorous stirring (two-neck, roundbottomed, flask with condenser). Upon cooling to room temperature, the product formed
a separate layer from the THF. THF was decanted and the product was washed with THF
(45 mL) three times. The bromide salt was further dried under vacuum at 50 ºC for 24 h,
and appeared as a light-yellow wax at room temperature. The isolation yield was 68%
(10.39 g) and 1H NMR spectroscopy (400 MHz Bruker Advance III WB NMR
spectrometer, MeCN-d3) results were as follows: δ 9.21 (t, 1H, imidazolium proton), 7.51
(d, 2H, imidazolium protons), 4.22 (d, 4H, CH2-N), 3.49 (d, 2H, CH2-OH), 2.97 (d, 1H,
CH2-OH), 1.93-1.79 (m, 4H, CH2-CH2-N), 1.49 (m, 2H, CH2-CH2-OH), 1.34 (m, 14H,
methylene protons in alkyl chains), 0.97 (t, 3H, -CH3).
8.3.4 Synthesis of 1-butyl-3-(10’-hydroxydecyl)-1H-imidazolium tetrafluoroborate
(1BDIBF4),

1-butyl-3-(10’-hydroxydecyl)-1H-imidazolium

hexafluorophosphate
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(1BDIPF6),

and

1-butyl-3-(10’-hydroxydecyl)-1H-imidazolium

bis(trifluoromethane)sulfonimide (1BDITf2N)
For 1BDIBF4 synthesis, 1BDIBr (10.39 g, 0.029 mol) was dissolved in 100 mL DI water
(one-neck, round-bottomed, flask) and lithium tetrafluoroborate (LiBF4) (3.23 g, 0.035
mol) was added to the aqueous solution all at once with vigorous stirring for 24 h. The
precipitated salt was washed with DI water three times and dried under vacuum at 50 ºC
for 24 h. The product was a yellow viscous oil, and the isolation yield was 75% (7.94 g).
1

H NMR spectroscopy (400 MHz Bruker Advance III WB NMR spectrometer, MeCN-

d3): δ 8.51 (t, 1H, imidazolium proton), 7.40 (d, 2H, imidazolium protons), 4.12 (q, 4H,
CH2-N), 3.47 (q, 2H, CH2-OH), 2.50 (t, 1H, CH2-OH), 1.87-1.77 (m, 4H, CH2-CH2-N),
1.46 (p, 2H, CH2-CH2-OH), 1.37-1.24 (m, 14H, methylene protons in alkyl chains), 0.94
(t, 3H, -CH3).
The synthesis of 1BDIPF6 and 1BDITf2N followed the same procedure as 1BDIBF4, and
both chemical structures were confirmed by 1H NMR spectroscopy with similar chemical
shifts (except imidazolium protons, see Figure 1). The isolation yields for 1BDIPF6 and
1BDITf2N were 76% and 83%, respectively.
8.3.5 Synthesis of 1-[ω-methacryloyloxydecyl]-3-(n-butyl)-imidazolium bromide
(1BDIMABr),
tetrafluoroborate

1-[ω-methacryloyloxydecyl]-3-(n-butyl)-imidazolium
(1BDIMABF4),

1-[ω-methacryloyloxydecyl]-3-(n-butyl)-

imidazolium hexafluorophosphate (1BDIMAPF6), and 1-[ω-methacryloyloxydecyl]3-(n-butyl)-imidazolium bis(trifluoromethane)sulfonimide (1BDIMATf2N)
For 1BDIMABr preparation, 1BDIBr (11.60 g, 0.032 mol) and triethylamine (TEA) (8.95
mL, 0.064 mol) were charged in a two-neck, round-bottomed, flask with 90 mL
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acetonitrile (MeCN, anhydrous). The system was purged with nitrogen gas for 15 min
and cooled down to 0 ºC using an ice bath. An addition funnel was charged with
methacryloyl chloride (0.37 mL,0.038 mol) and MeCN (40 mL, anhydrous. Next, the
methacryloyl chloride solution was added to the reaction flask dropwise under strong
stirring. The reaction was kept at 0 ºC for 4 h, and then warmed back to 23 ºC for 20 h.
The reaction was quenched with 30 mL deionized water, and MeCN was removed under
reduced pressure. The product was extracted three times from aqueous solution using
ethyl acetate (EA), and dried over MgSO4 for 1 h. After filtration, the EA solution was
passed through an Al2O3 column to remove potential inhibitors. Finally, EA was removed
under reduced pressure and the product was dried under vacuum at 23 ºC for 48 h. The
resulting product was a yellow liquid and the isolation yield was 49% (6.78 g) with the
following 1H NMR spectroscopy (400 MHz Bruker Advance III WB NMR spectrometer,
MeCN-d3) chemical shifts: δ 9.32 (t, 1H, imidazolium proton), 7.47 (p, 2 H, imidazolium
protons), 6.02 (p, 1H, CH2=C), 5.58 (p, 1H, CH2=C), 4.19 (q, 4H, CH2-N), 4.09 (t, 2H,
CH2-OH), 1.89 (t, 3H, CH2=C-CH3), 1.87-1.79 (m, 4H, CH2-CH2-N), 1.67-1.59 (m, 2H,
CH2-CH2-OH), 1.39-1.23 (m, 14H, methylene protons in alkyl chains), 0.93 (t, 3H, CH3).
The synthesis of 1BDIMABF4, 1BDIMAPF6, and 1BDIMATf2N followed the same
procedure as 1BDIMABr, and their chemical structures were confirmed by 1H NMR
spectroscopy with similar chemical shifts (except imidazolium protons, see Figure 1).
The isolation yields were 78% on average for all three monomers (red to pink liquid). 19H
NMR spectroscopy (400 MHz Bruker Advance III WB NMR spectrometer, MeCN-d3)
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chemical shifts: 1BDIPF6: 72.17 and 73.82 ppm; 1BDIBF4: -151.57 ppm; 1BDITf2N: 80.18 ppm.
8.3.6 Conventional free radical polymerization of 1BDIMA IL monomers (in situ
FTIR)
1BDIMABr (1.28 g, 3.0 mmol) and corresponding amount of AIBN initiator (1 or 3
mol%) were charged in a 25-mL two-neck, round-bottomed, flask. The initial monomer
concentration was kept at 0.5 M (5.98 mL MeCN). The in situ FTIR probe was
submerged into pure solvent (MeCN) first to collect a background spectrum. The probe
was then inserted into the reaction flask with a Teflon adapter and the diamond probe
head below the solution surface. The joint between the Teflon adapter and reaction flask
was further sealed by Teflon tape and parafilm. The third neck of the reaction flask was
capped with a rubber stopper, and sealed by Teflon tape and parafilm. The reaction flask
was then sparged for 20 min using Argon and a static argon pressure was maintained
throughout the reaction. The reaction temperature was set to 65 ºC at the beginning of
data collection. Due to the overlap of the IR peak for the carbon double bond stretching
modes, the vibration mode of vinyl methyl groups (C=C-CH3) was used to track
monomer consumption. The peak intensity and integrated area showed good correlation
(1289 to 1308 cm-1) throughout the experiment. The integrated peak area was used to
calculate conversion due to its superior signal-to-noise ratio. The reaction was quenched
by exposure to air and the resulting homopolymer, poly(1BDIMABr), was precipitated
into EA (ethyl acetate), and washed with EA three times before being dried under
vacuum at 50 ºC. The pure homopolymer appeared as a yellow viscous oil with
quantitative isolation yield and the following 1H NMR spectroscopy (400 MHz, MeCN-
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d3) shifts: δ 10.08 (1H), 7.86 and 7.77 (2 H), 4.34 (4H), 3.94 (2H), 4.19 (q, 4H), 1.931.87 (4H), 1.34 (2H), 1.38-1.25 (17H), 0.95 (3H).
The conventional free radical polymerization of 1BDIMABF4, 1BDIMAPF6, and
1BDIMATf2N followed the same procedure as 1BDIMABr, and their chemical structures
were confirmed by 1H NMR spectroscopy with similar chemical shifts with the exception
of imidazolium protons (Figure 1).
8.3.7 RAFT polymerization of 1BDIMA IL monomers (in situ FTIR)
The RAFT polymerization of 1BDIMA IL monomers shared the same in situ FTIR set-up
and purification procedure as above, but had slightly different polymerization conditions
– the addition of the RAFT CTA: a solution of 1BDIMABr (2.02 g, 4.7 mmol), CDP
(12.7 mg, 0.03 mmol), and AIBN (1.7 mg, 0.01 mmol) in 4.7 mL MeCN or DMF was
sparged with Argon for 20 min prior to the polymerization. The polymerization was
performed at 65 ºC for 24 or 48 h and all chemical structures were confirmed by 1H NMR
spectroscopy.
8.3.8 Conventional free radical polymerization of 1BDIMABr (thermal properties
and conductivity)
A solution of 1BDIMABr (4.83 g, 0.011 mol) and a corresponding amount of AIBN (1 or
3 mol%) in MeCN (22.50 mL, 0.5 M) was sparged for 40 min using argon (50-mL, oneneck, round-bottomed flask). The polymerization was then performed at 65 ºC for 24 h.
The resulting polymer was precipitated into EA and washed with EA three times. The EA
was removed under reduced pressure and the sample was dried under vaccum at 50 ºC.
The pure homopolymer appeared as yellow viscous oil with quantitative isolation yield.
For characterization of thermal properties and conductivity, homopolymers with different
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counter-ions were synthesized from the same batch of poly(1BDIMABr) to achieve
identical repeating units number.
8.3.9 Post-polymerization ion exchange of poly(1BDIMABr)
The post-polymerization ion exchange of poly(1BDIMABr) with LiBF4, LiPF6 and
LiTf2N shared the same procedure. For the example of LiBF4 ion-exchange:
poly(1BDIMABr) (0.31 g, 0.72 mmol repeating unit) was dissolved in 8 mL DI water
with vigorous stirring. LiBF4 (96.5 mg, 1.03 mmol) was added to the reaction all at once.
The reaction was performed at 23 ºC for 24 h and the resulting poly(1BDIMABF4) was
washed with DI water three times and dried under vaccum at 50 ºC for 24 h. The isolation
yield was 95% (yellow viscous oil). The chemical structure of poly(1BDIMABF4) was
confirmed by 1H NMR spectroscopy with similar chemical shifts with the exception of
imidazolium protons (Figure 1).
8.3.10 NMR Diffusometry
The self-diffusion coefficients of monomer and solvent in solutions were determined
using a 400 MHz Bruker Advance III WB NMR spectrometer equipped with a MIC
probe, a Micro5 triple-axis gradient, and a 5 mm 1H/19F detection coil. In the NMR
diffusometry experiment, signal amplitude I was measured as a function of gradient
strength (g) and was fit using the Stejskal-Tanner equation (Equation 1),23, 36-37
I  I 0 exp[ 2 2 g 2 (   3) D] ,

(1)

where I0 is the signal amplitude at g = 0, γ is the gyromagnetic ratio, δ is the gradient
pulse length, Δ is the diffusion time between gradient pulses, and D is the self-diffusion
coefficient. By varying the known NMR-specific parameters, diffusion coefficients were
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quantified by the simple and robust pulsed-gradient stimulated echo (PGSTE) sequence.38
A 90° RF pulse length of 4.5 μs, a half sinusoid gradient pulse length (δ) of 3.14 ms
(effective rectangular pulse length of 2 ms), diffusion time (Δ) of 25 ms, and postgradient delay of 1 ms were used for diffusometry measurements. Maximum gradient
strengths were in the range 45 – 240 G·cm-1 to attenuate signals to 90 – 99% in 16
gradient steps. Sufficient signal-to-noise ratio (SNR) for each data point was achieved
with 4 – 8 scans. Acquisition times and relaxation delay times were each 1 s, and 0.3 Hz
line broadening was applied during data processing. Deuterated solvents (MeCNd3 and
DMFd7) were used to reduce 1H solvent signal interference. All NMR tubes were flame
sealed to prevent solvent evaporation. The NMR measurements were performed at 21 and
62 (± 1) °C, where the samples were equilibrated at each temperature for > 5 min. Four
capillary tubes (1.2 mm in diameter) were added into the 5 mm NMR tube to suppress
thermal convection at higher temperature. The diffusion coefficients reported were the
average of x and y axes instead of z axis to minimize experimental errors caused by
convective flow. The monomer diffusion coefficient was determined by the imidazolium
proton peak at 8.0 ppm for both 1BDIMABr and 1BIDMATf2N.
8.4 Results and Discussion
8.4.1 Synthesis of IL monomer
We designed the PIL homopolymers discussed below as soft, conductive blocks for
future studies on electro-responsive materials. Thus, a low glass transition temperature
(Tg) was an essential property in the design of the PILs in order to maintain some degree
of polymer chain mobility at room temperature. A common strategy to achieve low Tg
involves separation between charged moieties and polymer backbones. Lee et al.
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demonstrated an approach to insert an ethylene oxide linker between an imidazolium ring
and acrylate polymer backbone.21 However, this method required multi-step synthesis
and relatively harsh reaction conditions. Hence, we proposed a new scheme with a twostep synthesis (Scheme 8.1).

Scheme 8.1 Synthesis of imidazolium-containing monomer with different counter-ions.
The monomers contained three major parts: A N-substituted imidazolium salt with four
different counter-ions (Br, BF4, PF6, and Tf2N), polymerizable methacrylate groups, and
long alkyl linkers between the imidazolium salts and methacrylate groups. A simple
reflux reaction between 1-butylimidazole and 10-bromo-1-decanol was employed to yield
the imidazolium salt 1BDIBr. The Br counter-ion of 1BDIBr was exchanged with various
lithium salts to yield similar charged precursors with different counter-ions. Only the
imidazolium salt with Br counter-ion was soluble in aqueous solution, therefore the ion
exchange was performed in deionized water. As the reaction proceeded, imidazolium
salts with BF4, PF6, and Tf2N counter-ions precipitated out of the aqueous solution. The
resulting salts were washed with copious amounts of deionized water and dried at 50 ºC
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under vacuum. 1H and

19

F NMR spectroscopy confirmed the successful synthesis of the

four IL precursors and corresponding monomers (Figure 8.1, S8.1, and S8.2). As shown
in Figure 8.1, proton a shifted from δ 9.2 (Br) to δ 8.5-8.4 (BF4, PF6, and Tf2N) in 1H
NMR spectroscopy suggesting complete ion exchange. Proton b also shifted due to
resonance of the aromatic ring, but these shifts were less significant compared to proton
a, due to the longer distance between the counter-ion and proton b. As expected,

19

F

NMR spectroscopy showed no fluorine peak for 1BDIBr, but had characteristic fluorine
peaks for 1BDIBF4, 1BIDPF6, and 1BIDTf2N, further confirming successful ion
exchange (Figure S8.2).
The polymerizable methacrylate units were introduced by a nucleophilic attack from the
terminal alcohol of the IL to methacryloyl chloride. After the removal of solvent, MeCN,
ethyl acetate (EA) extraction yielded the polymerizable IL monomers (1BDIMABr,
1BDIMABF4, 1BIDMAPF6, and 1BDIMATf2N), and 1H and

19

F NMR spectroscopy

confirmed their structures.

Figure 8.1 1H NMR of imidazolium-containing precursors (1BDIBr) demonstrated
complete ion-exchange from Br anion to Tf2N, BF4 and PF6 anions (500 MHz).
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8.4.2 Thermal properties and ion conductivity
The counter-ion effect on the physical properties of PILs is a well-known phenomenon.24,
39

However, to compare the thermal properties and ion conductivity performance of PILs

with four different counter-ions, the molecular weight should ideally be similar. Instead
of pre-polymerization ion exchange, we applied a different synthetic strategy to eliminate
any molecular weight differences from the discussion of thermal properties and ion
conductivity (Scheme 8.2). The post-polymerization ion exchange approach is shown in
Scheme 2 and results in identical polymer backbones for all four PILs.

Scheme 8.2 Synthesis of poly(1BIDMABr) and post-polymerization ion-exchange.
For ionic polymers, the molecular weight characterization from SEC is difficult and not
generally accurate due to strong Columbic interactions. Nevertheless, we applied SEC to
qualitatively compare the molecular weight and molecular weight distribution between
samples without considering absolute values. Using SEC analysis the relative molecular
weights of the two homopolymers with Br- counter-ions synthesized through
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conventional free radical polymerization were determined to be 26.8 kg/mol (PDI = 2.9)
and 32.1 kg/mol (PDI = 2.6) (Figure S3). The targeted number average molecular weights
were 14 kg/mol and 40 kg/mol, respectively; however, due to the Columbic interactions,
the molecular weight data appears skewed. Additionally, the absolute molecular weight
could not be determined because no peaks were observed from the light scattering
detector. After ion exchange, the effects of counter-ion on the physical properties for two
sets of PILs with different molecular weights were examined (Table 8.1).
Table 8.1 Thermal properties and conductivity of PIL homopolymers with different
counter-ions. Td,5%, Tg and σdc were determined by TGA, DSC, and BDS, respectively.
Samples were dried in a vacuum oven at 120 ºC overnight before the DSC and BDS tests.
Td, 5%

Tg (°C)

Tg (°C)

σdc

σdc

(°C)

1 mol%

3 mol%

(30 °C)

(80 °C)

[AIBN]

[AIBN]

(S/cm)

(S/cm)

Poly(1BDIMABr)

249

10

-3

2.09 × 10-7

2.19 × 10-5

Poly(1BDIMAPF6)

300

-8

-10

1.32 × 10-7

2.57 × 10-5

Poly(1BDIMABF4)

325

-30

-24

9.77 × 10-7

6.61 × 10-5

Poly(1BDIMATf2N)

372

-42

-39

2.45 × 10-5

4.17 × 10-4

TGA results (Figure S8.4) yielded 5 wt% degradation temperatures (Td,5%) of 372, 325,
300, and 249 ºC for poly(1BDIMATf2N), poly(1BDIMABF4), poly(1BDIMAPF6), and
poly(1BDIMABr), respectively (Table 8.1). As expected, the less nucleophilic and less
basic counter-ions had higher degradation temperatures.24,

40-42

Only 1BDIMABr

demonstrated an obvious water weight loss (~ 2 wt%) during the 120 ºC isotherm step, as
the other three ion pairs were hydrophobic. Since the water content had the potential to
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affect thermal transition and ion conductivity data through plasticization, the preparation
of DSC and conductivity samples went through an additional drying process at 120 ºC
under vacuum overnight.
DSC data shown in Table 8.1 and Figure S8.5 confirms the Tgs were dependent on the
counter-ion and varied from 10 ºC (1BDIMABr) to -42 ºC (1BDIMATf2N), where larger
counter-ion size facilitated long range segmental motion and led to weaker ion
associations, resulting in a lower Tg.24, 40-45 Previous works have attributed the counterion effect on Tg to size, where larger counter-ions (Tf2N) tended to plasticize the polymer
matrices more than smaller, tightly-bound ions (Br), leading to a decrease in Tg.24 When
comparing PILs with the same counter-ions but different molecular weights, the Tg
showed no significant variation. This result wasn’t surprising when one considers the
Flory-Fox equation since the molecular weight for both series of polymers was large
enough (above 25 kg/mol) to exhibit any molecular weight dependence and only differ by
approximately 5 kg/mol.46
The ion conductivity of PILs varied significantly depending on the counter-ions especially at low temperatures (Figure 8.2). To determine the dc conductivity

, the

measured dielectric spectra were presented in the form of complex conductivity:
, where
of vacuum.

is the complex permittivity and

was taken as the plateau value of

is the permittivity

, before the effect of electrode

polarization sets in at low frequencies.
At 30 ºC, 1BDIMATf2N demonstrated superior conductivity compared to the other three
PILs (Figure 8.2 and Table 8.1). The high conductivity of 1BIDMATf2N at low
temperatures was likely due to its low Tg and weaker ion associations, which facilitated
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faster ion migration. Typical ILs and polymeric materials with low molecular weight IL
additives reach conductivities as high as 10-3 S/cm at room temperature but can suffer
from leaching issues as the ILs are not covalently bond to the polymeric matrices. 2, 47
However, PILs with no additives normally suffer from decreased conductivity. In this
study, the conductivity of 1BDIMATf2N (2.45 × 10-5 S/cm) approached the highest
reported literature value (6.7 × 10-5 S/cm) at room temperature for bulk PILs without any
low molecular weight ILs and/or lithium salt additives.48 Differences in conductivities
due to counter-ion identity diminished with increasing temperature as thermal energy
activated molecular motion, and thus reduced the molecular motion differences among
PILs, leading to a convergence of conductivities. After normalizing the conductivity to Tg
to account for mobility differences, the conductivity followed the order: 1BDIMABr ~
1BDIMATf2N > 1BDIMAPF6 ~ 1BDIMABF4 (Figure S8.6). We attributed the
remaining conductivity difference after normalization of mobility to the additional effects
such as decoupling of segmental dynamics from the counter-ion dynamics.49-50 This trend
agrees well with PILs in which ionic groups are separated from the polymer backbone.21
However, when ionic groups are closer to the polymer backbone, this trend may
reverse.51 Detailed BDS studies are planned to investigate the origin of these trend
differences and their dependence on the spacing between ionic moiety and polymer
backbone.
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Figure 8.2 Temperature dependent dc ionic conductivity of PIL homopolymers.
8.4.3 Polymerization kinetics of ILs
Post-polymerization ion exchange provided a facile approach to deconvolute the effect of
counter-ion identity and molecular weight. However, ion exchange of polymers is
challenging in some cases due to polymers’ complicated solubility before and after ion
exchange. A common synthetic approach to circumvent this challenge is to perform ion
exchange before polymerization. During the process of synthesizing the 1BDIMA ionicliquid blocks, it was noticed that the counter-ion identity significantly influenced the
polymerization kinetics. During RAFT polymerization, 1BDIMATf2N failed to
polymerize after 24 h even when aggressive conditions were employed (CTA/I (chain
transfer agent/initiator) = 1, [IBDIMA] = 2M), while 1BDIMABr was able to reach a
reasonable monomer conversion. In situ FTIR was used to provide insight into the
differences in radical polymerization kinetics resulting from the use of different counterion species. The kinetic study of both conventional free radical polymerization and
reversible addition-fragmentation chain-transfer polymerization (RAFT) covered a wide
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range of polymerization rates. As conventional free radical polymerization is fast and
uncontrolled, the kinetic differences due to counter-ion identity were expected to be
subtle. As a controlled radical polymerization technique, RAFT polymerization was
expected to slow down the polymerization rate enough to observe kinetic differences due
to counter-ion identity.
We observed no significant kinetic differences during the conventional free radical
polymerization of the imidazolium-containing monomer with different counter-ions even
at low initiator concentrations. Figure 3a depicts representative spectra of experiments
that were repeated at least two times. For the conventional free radical polymerization of
IL monomers at 3 mol% initiator concentration, the kinetic differences were negligible
(Figure S8.7). The time required for each monomer to reach half its initial concentration
(t1/2) had a maximum difference of 1 h. However, the relative error in the t1/2
determination was 0.5 h, indicating that the free radical polymerization kinetics did not
exhibit a significant difference in polymerization kinetics. It is possible that the fast and
uncontrolled nature of free radical polymerization diminished the kinetic differences that
might arise from counter-ion identity, and thus, another series of free radical
polymerizations with lower initiator concentrations (1 mol%) was conducted in order to
slow down the polymerization kinetics. As shown in Figure 8.3a & 8.3b, 1BDIMAPF6
and 1BDIMABF4 exhibit the fastest propagation rates, followed by 1BDIMATf2N, while
1BDIMABr was the slowest. A typical in situ FTIR waterfall spectrum and plot of the
normalized IR intensity as a function of time are show in Figure 3a. Figure 3b
demonstrated the change of monomer concentration over time assuming a direct
proportional relationship between normalized intensity and monomer concentration. The

220

normalized intensity (proportional to monomers left in solution) was calculated as the
ratio of the integral for the peak area between 1289 - 1308 cm-1 at time t, and at time t0 =
5 min (after the temperature stabilized at 65 ºC) [M]0 and [M], which represents the
monomer concentration at time t0 = 5 min and time t, were calculated from the integral
between 1289 - 1308 cm-1 at time t0 = 5 min and time t, respectively. The largest t1/2
difference for these experiments was 1.7 h - 1BDIMAPF6 to 1BDIMABr. While these
results were promising, the differences due to counter-ion identity were still within the
relative error of the experiment. Comparing PILs synthesized from pre-polymerization
and post-polymerization ion exchanges, their Tg and ion conductivities showed no
statistical difference.

Figure 8.3 Polymerization kinetics through in situ FTIR: (a) & (b)Free radical
polymerization of IL monomer that shows similar polymerization kinetics. In situ FTIR:
Matrix-MF, [1BDIMA] = 0.5 M, AIBN = 1 mol%, T = 65 °C, MeCN, 1289 - 1308 cm-1 ;
(c) & (d) RAFT polymerization of IL monomers that show obvious differences in
polymerization kinetics. In situ FTIR: Matrix-MF, [1BDIMA] = 1 M, [CTA]/[I] = 3, T =
65 °C, MeCN, 1289 - 1308 cm-1.
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To circumvent the fast and uncontrolled nature of free radical polymerization, RAFT
polymerization was employed.

These studies showed significant kinetic differences

based on the counter-ions (Figure 8.3c & 8.3d). The CTA/I ratio and monomer
concentration were set to be 3 and 1 M, respectively, to guarantee a reasonable amount of
monomer conversion in 24 h. 1BDIMATf2N exhibited no obvious polymerization after
24 h, while 1BDIMABr reached 70% monomer conversion in 20 h. 1BDIMABF4
monomer conversion was apparent, but much slower than 1BDIMABr, and 1BDIMAPF6
failed to produce meaningful results due to reproducibility issues. Both 1BDIMABr and
1BDIMABF4 demonstrated pseudo-first order kinetics as a characteristic behavior in
CRPs. To promote the polymerization of 1BDIMATf2N, the RAFT polymerization was
performed at elevated temperature (75 °C). However, as depicted in Figure S7, only a
small amount of monomer was consumed (< 5%). Due to the boiling point of MeCN (82
°C), a further increase in temperature was not feasible. Even when a polymeric
1BDIMATf2N CTA (macroCTA) was employed, no monomer conversion was observed,
indicating that the lack of polymerization could not be attributed solely to induction.
Hence, we opted to switch to DMF as the polymerization media due to its similar polarity
and higher boiling point (152 °C). Variation of the CTA/I ratio caused either slow
polymerization (less than 20% monomer conversion in DMF after 48 h when CTA/I
changed

to

5)

or

introduced

difficulties

in
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reproducibility.

Figure 8.4 DMF accelerated RAFT polymerization of 1BIDMABr and 1BIDMATf2N
compared to MeCN as solvent. In situ FTIR: [M] = 1 M, [CTA]/[I] = 3, T = 65 °C, 1289 1308 cm-1.
Surprisingly, 1BDIMATf2N not only polymerized in DMF at 65 °C but was faster than
1BDIMABr in MeCN and DMF. The in situ FTIR experiments for 1BIDMABr and
1BDIMATf2N in DMF and MeCN are shown in Figure 8.4a & 8.4b. While
1BDIMATf2N does not polymerize in MeCN, it reaches 100% monomer conversion in
17 h in DMF. The use of DMF also resulted in a rate increase for 1BDIMABr compared
to MeCN. Biela and coworkers’ saw a similar trend for the polymerization of
caprolactone and concluded that the kinetic differences were a result of the propagating
chains aggregating and hindering propagation.52 The RAFT polymerizations showed
pseudo-first order kinetics (Figure 8.4b); however, the polymerization of 1BDIMATf2N
in DMF deviated slightly at high monomer conversion. The faster polymerization rates in
DMF also led to a higher degree of monomer conversion before the reaction plateaued.
Efforts to find additional polymerization solvents were not successful as only DMF,
MeCN and DMSO were determined to be universal solvents that would dissolve both
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monomers and polymers. Because DMSO is very similar to DMF in terms of polarity and
polarizability, additional polymerizations in DMSO were not performed.53
Initially, it was suspected that the observed kinetic differences were related to Columbic
interactions in the system impacting 1) the diffusion rate of monomers and/or 2)
monomer aggregation hindering polymerization/propagation. 1H NMR diffusometry was
used to probe the solvent and counter-ion effects on the diffusive behavior of ionic-liquid
monomers (Figure 8.5) and to determine if monomer aggregation was occurring. To
mimic the RAFT polymerization conditions, the monomer concentration and temperature
were set to 1 M and 62 ºC. The monomer diffusion for both 1BDIMA-Br and 1BDIMATf2N in MeCN was more than twice as fast compared to DMF due to MeCN’s lower
viscosity (0.343 mPa·s, 25 °C for MeCN, and 0.802 mPa·s, 25 °C for DMF).
Additionally, the monomers with Tf2N counter-ions diffused faster than monomers with
Br counter-ions in both solvents.

The faster diffusion was attributed to the weak

interactions between imidazolium and Tf2N, resulting from the delocalization of negative
charge on Tf2N. Notably, the ionic monomers with Tf2N in MeCN diffuse at the fastest
rate; however, the in situ FTIR results showed no monomer conversion taking place
(Figure 8.4), suggesting that the RAFT polymerization rate of ionic-liquid monomers is
not simply diffusion-controlled.
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Figure 8.5 Diffusion coefficients of IL monomers with different counter-anions and in
different solvents. NMR diffusometry measurements were done at 21 °C and 62 °C,
respectively. Errors in D values are ±5 %.
Eliminating differences in monomer diffusion as the underlying cause of the
polymerization rate differences, we then investigated the monomer aggregation behavior
in solution. The Stokes-Einstein equation (Equation 2)54-55 was used to assess how
counter-ion and solvent affected the relative sizes of the monomers:

(2)
where D is the diffusion coefficient, k is the Boltzmann constant, T is the temperature, η
is the solution viscosity, Rh is the hydrodynamic radius of a diffusing species, and c is a
correction factor (2π – 6π). It is well known that the Stokes-Einstein equation shows nonideal behavior for charged species.23, 56-59 However, the Stokes-Einstein equation was still
employed to provide a qualitative comparison. A small difference in the effective Rh of
the monomer as a function of counter-ion was observed, but no large self-assembled
aggregates were detected under the measured conditions (Table 8.2). The calculated
monomer sizes were all approximately 1 nm, which is roughly the hydrodynamic size of
a typical monomer. This indicates a lack of monomer aggregation in the samples and
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excludes aggregate formation as a major factor in the kinetic differences seen in the
1BDIMA monomer studies presented here. Dynamic light scattering studies revealed
similar hydrodynamic sizes in dilute conditions (10 mg/ml). However, the polymerization
concentration (1M) exceeded the limit of DLS, and so it is difficult to draw meaningful
conclusions from this data. Future studies will include Raman spectroscopy and wide
angle X-ray scattering (WAXS) to further substantiate the conclusions from NMR
diffusometry. Additionally, in situ NMR diffusometry can be used to elucidate size and
diffusion coefficient changes during polymerization.
Table 8.2 Diffusion coefficients of solvents and sizes of monomers in different solutions
at 62 °C.
1BIDMABr

1BIDMABr

1BIDMATf2N

1BIDMATf2N

(MeCN)

(DMF)

(MeCN)

(DMF)

4.57 × 10-9

1.94 × 10-9

4.44 × 10-9

1.87 × 10-9

1.15

1.18

1.05

0.97

Dsolvent (m2·s-1)
2Rh monomer (nm)

Note: Rh monomer = Dsolvent × Rh solvent/ Dmonomer based on Equation 2 (Dsolvent and Dmonomer
were experimentally determined using diffusion NMR by following the proton peaks at
1.9 ppm (MeCN), 2.8 ppm (DMF) and 8.0 ppm (monomers) associated with the solvent
and monomer). A hydrodynamic diameter of 1.2 Å for MeCN and 1.4 Å for DMF were
used in the calculations.
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NMR experiments showed that variations in neither monomer diffusion coefficients nor
aggregation could adequately explain the observed differences in polymerization rates.
This led us to propose that electron transfer differences originating from solvent and
counter-ion choice, as described in theoretical work by Marcus, could provide a
reasonable explanation for the kinetic differences.32-35 Marcus discusses the influence of
solvent on the rate of electron transfer, leading to changes in reaction rates. In our free
radical polymerization study, monomers with all four counter-ions polymerized readily in
MeCN. Hence the electron transfer to initiator (to form active radicals) and the electron
transfer between propagating radicals and monomers (propagation) proceeded as
expected for an uncontrolled free radical process. However, in RAFT polymerization,
radicals are in a dormant state for the majority of the time, causing a competition between
electron transfer from active radicals to either monomers (propagation) or to CTAs (back
to dormant state). Based on our observed in situ FTIR data, 1BDIMATf2N in MeCN
apparently has a much slower electron transfer rate from active radicals to monomers
compared to the electron transfer rate from active radicals to CTAs, resulting in an
equilibrium between active radicals and dormant states with negligible monomer
insertion. Calculations based on Marcus theory are explained in the supporting
information suggest that polymerization rates in DMF and MeCN could differ by several
orders of magnitude, depending on the radii of reacting species and the distance between
an electron donor and acceptor (Figure S8.9). Although the time scale for electron
transfer processes calculated from Marcus theory is in picoseconds, it would still have a
significant impact on the polymerization if the active radicals strongly favored
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recombination with CTA, which would result in little to no monomer insertion for
1BDIMATf2N in MeCN.
Marcus theory explains the effects of solvent polarity on the rate of electron transfer from
an electron donor to an acceptor. The solvent polarity appears via its high frequency
dielectric response, which is related to its refractive index. It should be noted that DMF is
a more polarizable solvent than MeCN based on their refractive indices (1.34 for MeCN,
1.43 for DMF at T= 20o C),53 and in DMF the electron transfer from active radicals to
monomers would be accelerated, making it comparable to the electron transfer rate
between active radicals and CTAs, which would lead to propagation. Furthermore, the
degree of ionization of monomers tends to have a significant effect on their
polymerization.

For example, it has been reported that increasing the degree of

ionization can lead to an order of magnitude enhancement in the rate of free radical
polymerization for methacrylic acid (MAA).60 Similarly, Tf2N counter-ions are more
polarizable than Br counter-ions due to their larger size and the polymers bearing Tf2N
counter-ions would have a larger degree of ionization (cation-anion dissociation) in the
same solvent. Thus, the difference in polymerization kinetics for 1BDIMATf2N in MeCN
versus DMF is more dramatic than for 1BDIMABr. To better understand the impact of
electron transfer processes on the polymerization kinetics of 1BDIMA, additional
experiments including cyclic voltammetry (CV) studies are currently under
development.34
8.5 Conclusion
This work demonstrates the successful synthesis of four novel PILs through two different
approaches: pre- and post-polymerization ion-exchange. The thermal degradation and
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glass transition temperature of 1BDIMA homopolymers was shown to be strongly
dependent on the choice of counter-ion. Notably, 1BDIMATf2N has a conductivity of
2.45 x 10-5 S cm-1 at room temperature and a Tg of -42 °C. The conductivity differences
due to counter-ions decreased with increasing temperature as thermal energy facilitated
molecular motion and diminished the mobility differences due to counter-ion size. These
conductivity measurements establish a foundation for further electro-responsive studies
of block copolymers containing these PILs as the soft, conducting segments.
In situ FTIR showed that the influence of counter-ions on polymerization kinetics was
insignificant in conventional free radical polymerization, but showed an obvious
dependence on counter-ion identity for RAFT polymerizations. To our knowledge, this is
the first report of a counter-ion effect on controlled radical polymerization rates. In situ
FTIR measurements in DMF had faster polymerization rates compared to MeCN. NMR
diffusometry ruled out monomer diffusion and/or aggregation as major contributors to the
differences in polymerization kinetics. A possible explanation lies in Marcus theory,
where the influence of solvent and counter-ions on the electron transfer process may be
critical for polymerization, especially in a controlled process like RAFT. Future
experiments are under development to better elucidate the differences in polymerization
kinetics for these systems.
This work extends efforts to investigate the impact counter-ions have on the physical
properties of polymerized ionic liquid based materials. Conductivity results suggest
1BDIMA-based polymers could have a role in various energy-related applications, such
as transducers, barrier membranes, and batteries. The Tg and hydrophilicity of
poly(1BDIMA) is tunable through post-polymerization counter-ion exchange. While
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more experiments are necessary in order to understand the delicate nature of how
counter-ions and solvents influence the controlled radical polymerization kinetics of ionic
monomers, this work helps guide future research into this relatively unexplored area.
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8.7 Supporting information

Figure S8.1 Full 1H NMR spectrum of 1BDIMABr (500 MHz).
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Figure S8.2 19F NMR spectra of the four IL precursors (470 MHz).

Figure S8.3 SEC trace (dRI) of poly(1BIDMABr) homopolymers in DMF + 0.05 M
LiBr. Blue solid line: 3 mol% AIBN; Red dash line: 1 mol% AIBN.
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Figure S8.4 Thermal degradation of PIL homopolymers. TGA: 10 ºC/min heating rate,
N2, isotherm at 120 ºC for 30 min.

Figure S8.5 Tgs of PILs with different counter-ions. Solid line: 32.1 kg/mol (SEC,
relative molecular weight); Dash line: 26.8 kg/mol (SEC, relative molecular weight).
Blue: 1BIDMABr; Red: 1BDIMAPF6; Green: 1BIDMABF4; Purple: 1BIDMATf2N. Exo
down.
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Figure S8.6 Conductivities of PIL homopolymers at similar chain mobility.

Figure S8.7 Free radical polymerization showed similar kinetics regardless of the
counter-ion species. Definition of t1/2: Time for the system to consume half of the initial
monomers (50% of initial monomer intensity in in situ FTIR). In situ FTIR: [IBDIMA] =
0.5 M.
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Figure S8.8 In situ FTIR at 75 °C exhibited no monomer conversion during RAFT
polymerization. In situ FTIR: [CTA]/[I] = 3, [M] = 1M. MacroCTA: poly(IBDIMATf2N)
macro CTA.
Electron Transfer Rates in Ionic Fluids and Figure S8.9:
The rate of electron transfer61-63 (i.e., number of electron transfers per unit time) in
solutions can be estimated by assuming that it is a two-step process.64-65 In the first step,
the electron donor and the acceptor has to approach each other within a certain distance
range. In the second step, bimolecular electron transfer takes place within a range of
separation distances. The net rate of electron transfer can be obtained by integrating over
the distribution of separation distances among the donors and the acceptors. The standard
procedure64-65 is to fix one reactant of a given size (either the donor or the acceptor) at the
origin and then find the number density of the other type of reactants (c(r)) as a
function of radial distance (r) from the origin. If kel(r) is the rate of electron transfer at
that radial distance then the number of electron transfers occurring per unit time can
be written as
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(1)

where we have introduced w(r) as the work required or the energy barrier to bring the
reactants to a separation distance r and co is the concentration far from the reactant
centered at the origin.
If the electron transfer processes are occurring predominately at r =

in a range δr

then
(2)
(3)
where we have defined ncomplex( ) as number of the so-called “complexes” of two
reactants (electron donor and acceptor) at a distance ( ) from the reactant centered at the
origin. It is to be noted that w ( ) depends on the size of the reactants, degree of ionization,
solvent properties etc. Various approximate expressions for w ( ) can be taken from the
literature.4-5 Physically, Eq. 2 means that the rate constant for an electron transfer depends on
number of complexes/precursors and the rate of electron transfer when the donor and the
acceptor are located at

with a separation distance of δr

Marcus derived an expression for the rate of electron transfer[1–3], which reads as
(4)

so that h is the Planck’s constant, λ is the reorganization energy, given by
(5)
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and ∆G = Eacceptor − Edonor is the change in the energy of an electron of charge e
in going from a donor to an acceptor. Also, |V| is the magnitude of the interaction
energy, which characterizes tunneling of electron between the two states, in going
from a donor to an acceptor. rd and ra are the radii of the donor and the acceptor,
respectively, involved in the electron transfer process. (∞) and  (0) are the high
frequency and the low frequency dielectric of the solvent, respectively. High
frequency response of the solvent is related to its optical properties and in particular,
(∞) = n2, n being the refractive index. Low frequency response of the solvent
characterizes the static dielectric constant of the solvent. k and T are the Boltzmann
constant and the temperature, respectively. For dimethyl formamide (DMF) and
acetonitrile (MeCN), ratio of the rates of the electro transfer as functions of ∆G/kT
and

are plotted in Figure S8 at T=293K.
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Figure S8.9

obtained using Eq. 4 for the electron transfer occurring in

DMF and MeCN. nDMF = 1.43, nMeCN = 1.34, T = 293K, εDMF (0) = εMeCN = 37, ra = rd = 0.3nm
were used. The top panel shows the ratio for

and the bottom panel shows

the ratio for various values of r on a semi-logarithmic plot to highlight changes in the ratio by
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orders of magnitude.
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9.1 Abstract
Ion dynamics and mechanical properties in a series of imidazolium-based ABA
ionic triblock copolymers were investigated using broadband dielectric spectroscopy
(BDS), dynamic mechanical analysis (DMA), rheology and differential scanning
calorimetry (DSC). Two glass transition temperatures (Tgs) were observed corresponding
to the charged poly(ionic liquid) (PIL) block and the polystyrene block. Exchanging PIL
block’s counter-anion from Br to Tf2N led to an over 50 ºC decrease in the Tg of the
charged block and resulted in an increase in the room temperature ionic conductivity by
over 6 orders of magnitude and an increase in viscosity. Increasing the molecular weight
of the polystyrene block from 3kg/mol to 15kg/mol also led to an increase in viscosity by
one order of magnitude and improved the elastic modulus plateau from 8 MPa to 60 MPa,
with little impact on the ionic conductivity of the triblock copolymer. This work
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demonstrates that it is possible to tune ion dynamics and mechanical properties
independent of each other in ionic triblock copolymers, an aspect that to our knowledge
has – so far – not been reported for PIL homopolymers.
9.2 Introduction
The interplay between ion conduction and mechanical strength has challenged
researchers for decades in efforts to develop robust and efficient solid electrolytes1-6, ion
exchange membranes (IEMs)7-8, actuators9-11, and gas separation membranes12-14. Ionic
liquids (ILs) – molten salts with a melting temperature below 100 ºC – continue to
receive significant research interest because of their potential uses in energy storage
devices, especially batteries.1,

5

Besides their high ionic conductivity (in the mS/cm

range), ILs’ negligible volatility and high thermal- and electro-stability present
significant advantages compared to conventional solvent-based electrolytes. However, if
ILs are to be successfully used in IEMs and actuators, ion conduction and mechanical
integrity must be properly balanced. Typically, efforts to improved mechanical integrity
have almost always come at the cost of ionic conductivity.
A popular approach is to utilize the macromolecular form of ILs, i.e., poly(ionic
liquid)s (PILs), to achieve high ionic conductivity and mechanical integrity
simultaneously. PIL homopolymers or segmented copolymers have demonstrated
reasonable mechanical integrity and ionic conductivity in the semi-conductor range at
temperatures above glass transition temperature (Tg). Long et al. synthesized ammoniumand phosphonium-containing PIL homopolymers with Tg ranging from 62 to 91 ºC.15 The
polymers exhibited ionic conductivities from 10-7 to 10-5 S/cm at 100 ºC. Colby et al.
studied segmented polyurethanes and reported tunable Tgs depending on the counter ion
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identity.16 Similarly, the segmented polymers only reached ionic conductivities ~ 10 -6
S/cm at high temperatures. By contrast, Drockenmuller et al. achieved high ionic
conductivity (7 × 10-5 S/cm) at room temperature using siloxane-based PILs but the
mechanical integrity (Tg = -62 ºC) was poor.17 In the cases of homopolymers and
segmented copolymers, ion dynamics and structural relaxation are strongly correlated,
leading to significant tradeoff between ionic conductivity and mechanical integrity.
Block copolymers with PIL segments allow ionic conductivity and mechanical
integrity to be tuned separately, offering a potential solution to this problem. A PIL block
with low Tg is used to achieve sufficient ionic conductivity while the uncharged block
provides the necessary mechanical integrity to form free-standing films. Additionally,
microphase separation in block copolymers offers ordered morphologies with welldefined ion conduction pathways. Park and coworkers reported an improvement in ionic
conductivity when desired microphase morphologies were achieved.6 For example, in PSb-PEO diblock copolymers, PS blocks provided mechanical integrity while PEO
segments swollen with Li salts increased the ionic conductivity. When comparing the
different microphase morphologies, the ionic conductivity increased when comparing
disordered systems to gyroid and lamellar morphologies, with lamellar films having ionic
conductivities as high as 10-2 S/cm at 100 ºC.
While block copolymers with PILs offer the potential to tune ion dynamics and
structural relaxation “separately”, a certain tradeoff between the two is still inevitable.
However, we hypothesize that a long spacer between the ionic moiety and polymer
backbone would improve the decoupling of ion dynamics and structural relaxation
providing the ability to independently tune mechanical and viscoelastic properties with
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limited impact on ionic conductivity. We previously reported the synthesis of a novel
poly(ionic liquid)s (PILs) comprised of methacrylate backbones and imidazolium
pendant groups spaced by a decyl linkage. The PILs showed promising ionic
conductivities as high as 2.45 × 10-5 S/cm.18
In this work, we combine, dynamic mechanical analysis (DMA), rheology and
differential scanning calorimetry (DSC) with broadband dielectric spectroscopy (BDS) to
study ABA triblock copolymers synthesized by reversible addition-fragmentation chain
transfer (RAFT) polymerization. The ABA triblock copolymers contain a polystyrene
(S) block and an ionic liquid block, 1-[ω-methacryloyloxydecyl]-3-(n-butyl)-imidazolium
bromide (1BDIMABr) as the B block. In this manuscript, we investigate the influence of
counter-ion identity and polymer composition on ionic conductivity; the effect of long
spacer between ionic moieties and polymer backbones on decoupling the ion dynamics
from structural relaxation; in a concerted effort to design materials with tunable
viscoelastic properties and good ionic conductivity.
9.3 Experimental
9.3.1 Materials
Lithium tetrafluoroborate (98%), bis(trifluoromethane)sulfonimide lithium salt, 10bromo-1-decanol (technical grade, 90%), 1-butylimidazole, triethylamine, and all
common organic solvents were purchased from Sigma-Aldrich and used as received.
Anhydrous solvents, N,N-dimethylformamide (DMF, anhydrous, 99.8%) and acetonitrile
(MeCN, anhydrous, ≥ 99.8%), were purchased from Sigma-Aldrich and used without
further purification. 4-Cyano-4-[(dodecylsulfanylthiocarbonyl)sulfanyl]pentanoic acid
(CDP, 97%, HPLC) and 2,2’-Azobis(2-methylpropionitrile) (AIBN, 98%) from Sigma-
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Aldrich were stored at -20 ºC and recrystallized once from methanol prior to use.
Methacryloyl chloride (≥97.0%, GC, contains ~0.02% 2,6-di-tert-butyl-4-methylphenol
as stabilizer) was purchased from Sigma-Aldrich and stored under inert atmosphere at 2
ºC. Styrene were purchased from Sigma-Aldrich and passed through aluminum oxide
column to remove inhibitor before use. The 1BDIMABr monomer synthesis was
described elsewhere. The difunctional chain transfer agent (CTA, dCDP) synthesis was
reported in a previous literature.19
9.3.2 Instrumentation
1

H and

19

F nuclear magnetic resonance (NMR) spectroscopy measurements were

conducted on a Varian Unity 400 MHz NMR spectrometer (deuterated MeCN or DMSO,
128 scans). Thermal degradation under N2 environment was determined by a TA Q500
thermogravimetric analyzer (TGA) at 10 ºC/min ramp rate (25 to 600 ºC). A TA Q2000
differential scanning calorimeter (DSC) was applied to invesitgate thermal transitions.
Reported values (midpoint) were determined from the second heat cycle of a
heat/cool/heat procedure: (1) 10 ºC/min ramp from 23 ºC to 150 ºC, isotherm at 150 ºC
for 30 min, (2) 100 ºC/min quench cool to -80 ºC, and (3) 10 ºC/min ramp to 150 ºC.
Dynamic mechanical analysis (DMA) were conducted on a TA Q800 instrument in multifrequency (strain) module. The thermal mechanical response of polymer films were
measured in a temperature ramp experiment with 3 ºC/min heating rate from -60 to 150
ºC (10 m amplitude). Viscoelastic properties were studied via a TA AR-G2 rheometer
using disposable parallel plates (8 mm). Before time-temperature superposition (TTS)
experiments, both strain sweep and frequency sweep were conducted at 100 ºC and 180
ºC. Strain sweep were performed from 0.1% to 10% strain at 1 Hz, and frequency sweep
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were carried out from 0.01 Hz to 1 Hz. TTS experiments were performed from 100 ºC to
180 ºC with frequencies ranging from 0.1 Hz to 10 Hz (0.1% strain). TTS master curves
were generated through TA Trios software using WLF fitting. Total molecular weight
and molecular weight distribution of triblock copolymers were determined through size
exclusion chromatography (SEC) in DMF (with 0.05 mol LiBr) at 60 °C at a flowrate of
1 mL/min. The SEC system consisted of a Waters 515 HPLC pump equipped with a
Waters 717 plus autosampler. Absolute molecular weight was determined through a
Wyatt Technology miniDawn MALLS detector operating at 690 nm and a Waters 2414
refractive index detector operating at 880 nm. Specific refractive index values (dn/dc)
were investigated via an offline Optilab T-rEX refractometer (λ = 658 nm) and were used
to calculate weight–average molecular weight (Mw) from SEC. The molecular weight of
individual blocks were determined by comparing the peak integral of aromatic peaks in
styrene repeating units (6.5 to 7.5 ppm) and imidazolium peaks in ionic liquid repeating
units (8.1 to 8.4 ppm) through 1H NMR spectroscopy.
Broadband dielectric spectroscopy (BDS) measurements were conducted on a
Novocontrol Alpha analyzer. The sample was pressed between cylindrical brass
electrodes to a thickness of 100 m. In order to insure consistent sample thickness, two
silica spacer rods (100 m diameter) were inserted into the sample before pressing. To
erase thermal history, the samples were thermally equilibrated at 150 ºC after pressing
and prior to the BDS measurement. The temperature was controlled by a Quatro cryostat
with accuracy of ±0.1 ºC. Frequency sweeps over a range from 0.1Hz to 10MHz were
measured between 430K to 230K in 5K increments on a cooling-heating-cooling cycle in
order to check for thermal stability and reproducibility.
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9.3.3 Synthesis of poly(1BDIMABr) macroCTA
A

solution

of

1-[ω-methacryloyloxydecyl]-3-(n-butyl)-imidazolium

bromide

(1BDIMABr) monomer (10.5 g, 24.5 mmol), dCDP (0.144 g, 0.16 mmol), and AIBN
(13.4 mg, 0.08 mmol) in 24.5 mL MeCN ([1BDIMABr] = 1M) was sparged with Argon
for 20 min prior to the polymerization. The polymerization was performed at 65 ºC for a
given time to target specific molecular weights. The resulting polymers were precipitated
into ethyl acetate and washed with ethyl acetate twice to yield brown, glue-like product.
The product was further dried under vacuum at 50 ºC to yield a brown sticky solid. 1H
NMR spectroscopy (DMF-d7, 400 Hz): 0.8 – 2.2 ppm (polymer backbone and
methylenes in pendant groups), 4.0 ppm (2H, CH2-O-C=0), 4.5 ppm (4H, CH2-N=C), 8.2
ppm (2H, CH=CH-N), 10.3 ppm (1H, N-CH=N).
9.3.4 Synthesis of poly(S-b-1BDIMABr-b-S) triblock copolymers
Styrene monomer (9.8 g), poly(1BDIMABr) macroCTA (5.9 g), and AIBN (12.9 mg)
were dissolved in 47.05 mL DMF. The CTA/I ratio was set to 3/1, and monomer
concentration [M] = 2 M. The reaction solution was sparged with Argon for 40 min prior
to polymerization. The polymerization was conducted at 65 ºC and quenched by exposing
the reaction to air. The resulting polymers were precipitated into ethyl acetate and washed
with ethyl acetate three times before drying under vacuum at 50 ºC for 24 h. The final
product was a light-brown solid. The ion exchange of block copolymers is described
elsewhere.18 1H NMR spectroscopy (DMF-d7, 400 Hz): 0.8 – 2.2 ppm (polymer
backbone and methylene protons in pendant groups), 4.0 ppm (2H, CH2-O-C=0), 4.5
ppm (4H, CH2-N=C), 6.5 -7.5 ppm (aromatic protons, integral depends on composition),
8.2 ppm (2H, CH=CH-N), 10.3 ppm (1H, N-CH=N).
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9.3.5 Film casting
All triblock copolymers were dissolved in DMF (~20 wt%) and cast into Teflon mode
placed on a heat plate at 50 ºC to allow slow evaporation of DMF for 2 d. The resulting
polymers films were further dried under vacuum at 25 ºC and 150 ºC for 1 d,
respectively. All polymer films were annealed under vacuum at 150 ºC for 1 d before
tests.
9.4 Results and Discussion
The synthesis of poly(S-b-1BDIMABr-b-S) triblock copolymers involved a twostep RAFT polymerization using a difunctional chain transfer agent (CTA). As illustrated
in Figure 9.1, AIBN thermally initiated the polymerization of 1BDIMABr monomers
resulting in a poly(1BDIMABr) macroCTA. The poly(1BDIMABr) macroCTA was
chain extended from both the alpha and omega chain ends with styrene to form a poly(Sb-1BDIMABr-b-S) triblock copolymer. The targeted MW of the styrene blocks was
varied to produce three ABA triblock copolymers with identical PIL B blocks and
different PS A blocks. The Mw and dispersity of each polymer is listed in Table 1. The
use of difunctional CTA allows minimal reinitiation times which is necessary to achieve
narrow molecular weight distributions.20 Post-polymerization ion exchange in DMF
resulted in triblock copolymers with different counter anions but identical polymer
backbones. Block copolymers with bromide (Br), tetrafluoroborate (BF4), and
bis(trifluoromethane)sulfonimide (Tf2N) anions provided a wide range of ionic block Tgs.
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Figure 9.1 Synthesis of poly(S-b-1BDIMABr-b-S) triblock copolymers through RAFT
polymerization.
Figure 9.2a shows the shift of triblock copolymer elution time in size exclusion
chromatography (SEC). Increasing polymerization time of styrene monomers lead to a
shift to lower elution time (higher molecular weight) as well as an improvement in signalto-noise ratios. Poly(1BDIMABr) macroCTA exhibited a lower refractive index value
(dn/dc) than mobile phase (DMF + 0.05 M LiBr), and the incorporation of styrene blocks
increased the refractive index value resulting in a better signal-to-noise ratios. The
triblock copolymers were not soluble in any other common SEC solvents (i.e.
chloroform, THF, and water). The absolute molecular weights of three different triblock
copolymers were determined using dn/dc values measured offline, and the relative ratios
between two blocks were calculated using 1H NMR spectroscopy. Table 9.1 summarizes
the molecular weights of three block copolymers: 3-34-3 kg/mol, 9-34-9 kg/mol, and 15250

34-15 kg/mol. Polydispersity index (PDI) of block copolymers decreased with increasing
polymerization time which is typical of RAFT polymerizations. In order to achieve
reasonable conversions during chain extension with styrene, a relatively low chain
transfer agent/initiator (CTA/I) ratio of 3 was employed, leading to higher overall
dispersity.

Figure 9.2 (a) SEC traces of poly(S-b-1BDIMABr-b-S) triblock copolymers with
different polymerization time; (b) thermal transitions monitored via DSC (15-34-15
kg/mol samples shown).

The thermal transitions of poly(S-b-1BDIMABr-b-S) with molecular weight of
15-34-15 kg/mol is shown in Figure 9.2b. Tg1 (from -30 to 20 ºC) is assigned as the Tg
of the PIL block as the long alkyl spacer linkages between polymer backbones and
imidazolium groups offered extra mobility, decreasing Tg. Tg2 at around 100 ºC
corresponds well with the Tg of polystyrene. When comparing the effect of counter
anions, bulkier anions tend to plasticize polymer matrices and induce weaker electrostatic
interactions which corresponds to the DSC measurements. Tg1 decreased from 22 ºC
(Br) to -10 ºC (BF4) and -31 ºC (Tf2N). Exchanging the counter anions exhibited no
appreciable effect on the Tg of polystyrene block (Tg2). Of note is that for block
copolymers with the same counter anion but different polystyrene block lengths, only
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minimal changes for both Tg1 and Tg2 were observed (See Table 9.1). In the lowest
molecular weight block copolymers, 3-34-3 kg/mol, the polystyrene blocks were too
short to show a prominent Tg2 in DSC. Both 9-34-9 amd 15-34-15 showed two distinct
Tgs indicative of microphase separation.

Table 9.1 Molecular weights and Tgs of triblock copolymers with different counter
anions
Mn (kg/mol)

3-34-4

9-34-9

15-34-15

PDI

1.55

1.35

1.35

Counter ions

Br

BF4

Tf2N

Br

BF4

Tf2N

Br

BF4

Tf2N

Tg1 (ºC)

21

-12

-33

22

-9

-35

22

-10

-31

Tg2 (ºC)

N

N

N

100

98

91

103

101

101

N: not observed
Broadband dielectric spectroscopy was used to determine the real and imaginary
parts of the complex conductivity,

. As shown in Figure 9.3a, ionic

conductivity in polymerized ionic liquids typically exhibit three key frequency regions in
: frequency dependence in the high frequency regime, an intermediate DC-ionic
conductivity plateau, and low frequency interfacial/electrode polarization. This is
typically described well by the random barrier model, in which the counter ion is thought
to travel through a random landscape of potential energy barriers. In order to contribute
to DC-ionic conductivity,

, the counter ion has to overcome the highest energy barrier

and participate in long range ion conduction. The rate at which this occurs is the
characteristic ion hopping rate, which marks the transition from frequency dependent to
independent

. Aggregation of charges at the electrodes causes a shielding effect at
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sufficiently long time scales through Coulombic repulsion, which decreases ionic
conductivity at low frequencies.

Figure 9.3 Real part (a) of complex conductivity
as a function of
frequency for triblock copolymers with bromide (Br), tetrafluoroborate (BF4), and
bis(trifluoromethyl sulfonyl)imide (Tf2N) anions at 310 K. Figure b) shows and the
dielectric loss modulus
as a function of frequency. Red square mark the magnitude of
the DC-ionic conductivity, , corresponding to the peak frequency of
.
Due to interfacial polarization effects between charged and non-charged blocks in
these ionic block copolymers, the DC-plateau was not clearly visible in all compositions
studied. Therefore, an alternative analysis involving the dielectric loss modulus
was used, in which the characteristic ion hopping rate appears as a
peak. The DC-ionic conductivity,

, is then extracted from

characteristic ion hopping rate corresponding to the peak in

, at the time scale of the
, indicated by red squares

in Figure 9.3b.
Comparing the temperature dependence of

for samples with different anions

and polystyrene (PS) block molecular weight, as done in Figure 9.4, reveals several
interesting aspects of charge transport. At room temperature (blue dashed line) ionic
conductivity increased by over 6 orders of magnitude by substituting the Br anion with
NTf2. It is known that size and charge distribution of the anion has a large impact on
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charge transport and Tg in PILs 21. Generally, small counter ions, such as Br, are known
to have stronger coulombic interactions with the cations, resulting in a higher Tg and
lower ionic conductivity than larger counter ions such as Tf2N. However, to our
knowledge, an increase by as high as 6 orders of magnitude in the conductivity spectrum
has not been reported before. The possibility is therefore presented here to tune the
conductivity curve with respect to temperature, i.e., achieving a desired conductivity
value over a temperature span of nearly 100 K by merely changing the anion.

T=Tg
-6

-8

-8

-10

-10

NTf2
BF4
Br

-12
-14 Tg(PS)
2.5

-12

PS-PolyIL-PS (15k-35k-15k)
PS-PolyIL-PS (9k-35k-9k)
PS-PolyIL-PS (3k-35k-3k)

3.0
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1000/T [K-1]

4.0
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log(0 [S/cm])
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T=300K
-6

-14
1.0

Tg/T

Figure 9.4 DC-ionic conductivity as a function of inverse temperature and Tg-normalized
temperature (ionic block Tg). Blue and red lines indicate room temperature and the
calorimetric glass transition temperature, respectively. An orange bar marks the range of
Tgs of polystyrene.
Secondly, the presence of the non-charged block does not play a significant role
in ion transport properties. The temperature dependence of ionic conductivity in PIL
homopolymers typically follows a Vogel-Fulcher-Tammann (VFT)-like temperature
dependence above Tg where the motion of ions is aided by the structural relaxation of the
polymer. Below Tg, molecular motion of the polymer is frozen and ion transport becomes
a thermally activated process with Arrhenius temperature dependence. Interestingly, for
these ionic block copolymers, there is only a weak change of temperature dependence
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across the glass transition of the PS block. Samples with the Br anion are the only ones in
the measured temperature range which display a slight change in temperature dependence
above and below the Tg of the polystyrene block. Increasing the molecular weight of the
non-charged block, while keeping the anion consistent, does not have a significant impact
on ionic conductivity, indicating that ion transport only occurs through the PIL block and
is generally unaffected by the non-charged segments.
Plotting ionic conductivity as a function of normalized temperature reveals the
Tg-independent ionic conductivity (Figure 9.4b). This representation compares
conductivity in terms of the structural relaxation of the polymer matrix, and so excludes
parameters such as Tg differences, molecular weight differences, and other material
aspects and allows for a direct comparison of ion transport with respect to the structural
relaxation. Tg-independent ionic conductivity does not show the decoupling of ion
dynamics from the structural relaxation, characteristic for polymerized ionic liquids,
which typically exhibit

values of 10-7 to 10-8 S/cm.21 Instead, the Tg-independent

values of these systems rather resemble those of low molecular weight ionic liquid
systems with

values of 10-12 to 10-13 S/cm (at Tg).

22

This is due to the long spacer

length separating the bound cationic groups from the structural relaxation of the polymer
backbone, giving the imidazolium cation enough space to diffuse, just as it would in a
low molecular weight ionic liquid system, while still being remotely connected, as
recently been demonstrated. 18
Considering Tg-independent ionic conductivity reveals an interesting – albeit
subtle - trend: samples with the Tf2N anion appear to have higher Tg-independent ionic
conductivity compared to the other anions. It is worth noting that in low-molecular
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weight ionic liquids and PIL homopolymers, smaller ions exhibit higher Tg-independent
ionic conductivity when the effects of Tg changes are taken into account; a phenomenon
that is attributed to the fact that it is easier for small anions to diffuse. Therefore, large
ions such as Tf2N usually have the lowest Tg-independent ionic conductivity. Since the
differences in ionic conductivity observed in the current work are minimal, this aspect
will require further studies for ionic block copolymers, with a focus on considerably
varying the size of the anion and probing the resulting transport characteristics.
The composition independent ion conduction promised a facile approach to alter
polymer viscoelastic properties through compositional changes without deteriorating
ionic conductivity. Dynamic mechanical analysis (DMA) in Figure 9.5a showed the
elastic storage modulus (E’) as a function of increasing temperature. The block
copolymers with BF4 counter anions showed different rubbery plateau depending on
styrene content. Higher styrene content increased the plateau modulus from ~8 MPa (934-9 kg/mol) to ~60 MPa (15-34-15 kg/mol). Block copolymers with Tf2N counter
anions formed no free standing films, and block copolymers with Br counter anions
experienced severe water sorption during the DMA tests and exhibited no repeatable
data.
Due to the difficulty of thermomechanical tests on free-standing films, we
employed rheometer to investigate the rheological behaviors of the block copolymers.
Figure 9.5b showed the changes of shear storage modulus (G’) with increasing
frequency in block copolymers with BF4 counter anions at 180 ºC. G’ exhibited over a
decade difference between 3-34-3 kg/mol and 9-34-9 kg/mol samples while their ionic
conductivities were similar. The G’ at a given frequency followed the following trend: 3-
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34-3 > 15-34-15 > 9-34-9 kg/mol. This trend is presumably due to the competition
between ion concentration dilution and the hard block content increase. Incorporation of
more styrene monomers effectively dilutes the ion concentration of polymer matrices,
reducing the electrostatic interactions. As a result, inter-molecular interaction decreases,
and so does G’. In contrast, longer polystyrene block increases G’ as the rigid domains
elongate. Hence, a minimal value of G’ appears in Figure 9.5b. The ion concentration
dilution effect was responsible for the decrease of G’ between 3-34-3 kg/mol and 9-34-9
kg/mol block copolymers. However, further increase of styrene content led to significant
G’ increase which overcame ion concentration dilution when increasing polystyrene
block length from 9 kg/mol to 15 kg/mol.

Figure 9.5 (a)Thermomechanical property of block copolymers with BF4 counter anions
in DMA; (b) shear storage modulus (G') as a function of frequency in block copolymers
with BF4 counter anions; (c) & (d) complex viscosity (*) as a function of frequency at
180 ºC (c) and 100 ºC (d).
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Figure 9.5c and 9.5d showed the changes of the complex viscosity (*) of
triblock copolymers with BF4 counter anions as a function of frequency at 180 ºC and
100 ºC, respectively. At both temperature, polymers demonstrated shear thinning at low
frequency, which corresponded with previous literature report.23 At 180 ºC, * followed
similar trend as in Figure 9.5b for the same reason. At 100 ºC, all * increased
significantly compared to 180 ºC as expected. Low temperature significantly restricted
the ion mobility and thus diminished the ion concentration dilution effect. As a result,
incorporation of more styrene units led to a prominent increase of * from ~400 kPa•S to
~3000 kPa•S.
To further investigate the viscoelastic property differences due to composition
changes, time temperature superposition (TTS) allowed the calculation of Vogel
temperature (T0), fragility (m) and fractional free volume at Tg (fg). Figure 9.6a showed
the TTS traces of all three block copolymers with BF4 counter anions. Due to extra
electrostatic interactions, the TTS shift was not as smooth as common polymeric matrices
without secondary interactions. Nevertheless, Figure 9.6b demonstrated excellent
agreement between Williams–Landel–Ferry (WLF) equation24 (Equation 1) and the
experimental superposition parameter (T, the ratio of any mechanical relaxation time at
temperature T and reference temperature Tref),
1
where c1 and c2 are experimentally determined constants. We chose Tg (100 ºC) as Tref
for the rest of the discussion. Based on the original Doolittle equation25 and the
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assumption that the fractional free volume scales linearly with temperature24, Equation 2
enabled the calculation of fractional free volume at Tg (fg):
2
where B’ is a constant which often equals to unity.

Figure 9.6 Time temperature superposition (TTS) of block copolymers with BF4 counter
anions (a) as a function of frequency and the WLF fitting (b) of TTS data (shown only
15-34-15 samples).
Liu et al. demonstrated that WLF equation and Vogel-Fulcher-Tammann (VFT)
equation26 (Equation 3) were mathematically equivalent.27 Comparing WLF equation
and VFT equation allows the calculation of Vogel temperature (T0) and eventually
fragility (m)28 through Equation 3 to Equation 6.
3
4
5
6

where (T) and 0 are zero-shear viscosity at temperature T and T0, respectively. B is an
experimentally determined constant.
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Table 9.2 summarized the viscoelastic properties from WLF equation (Equation
2) and VFT equation (Equation 3). T0, m and fg all demonstrated minimal values in 934-9 kg/mol samples similar to the results in the frequency sweep (Figure 9.5) due to the
competition between ion concentration dilution and the hard block content. With
increasing styrene content, fragility decreased first from 91.0 to 85.6 and increased to
102.9. Similarly, fractional free volume decreased from 0.122 to 0.058 then increased
back to 0.067 with increasing polystyrene block length.
Table 9.2 WLF fitting parameters and calculated viscoelastic properties from WLF
equation and VFT equation of block copolymers with BF4 counter anions. (Tref = Tg =
100 ºC)
Mn
(kg/mol)

C1

C2
(K)

T0
(K)

B

m

fg

3-34-3

3.55

14.55

359

119.0

91.0

0.122

9-34-9

7.52

32.80

340

568.0

85.6

0.058

15-34-15

6.45

23.40

350

347.6

102.9

0.067

9.5 Conclusions
Novel triblock PIL copolymers were synthesized by RAFT polymerization in
order to investigate if ion dynamics and mechanical integrity could be independently. The
IL monomer was designed with a long alkyl spacer to separate the charged imidazolium
moiety from the polymer, which resulted in the ionic conductivity of the PIL block
copolymer to span 6 orders of magnitude through facile counter ion exchange. The long
alkyl linkage also led to Tg-independent ionic conductivities in the block copolymer that
more closely resembled that of small ILs. For PIL triblock copolymers with the same
counter anions, the ionic conductivity was not dependent on the length of the polystyrene
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block while viscoelastic properties was dominated by the polystyrene content. These
results suggest a significant advancement in the use of PILs. Collectively, these results
represent a significant advancement in the use of PILs for applications where
conductivity typically comes at the expense of mechanical integrity and establishes a
prominent path forward for this exciting class of materials.
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10.1 Abstract
In this work, we report the first synthesis of polymerized phosphonium ylide
monomers. A facile reaction between 4-(diphenylphsophino)styrene (DPPS) and maleic
anhydride (MA) exhibited fast charge transfer, even in the solid state, as evidenced
through a color change upon blending. Different stoichiometry of DPPS and MA controls
the final phosphonium ylide monomer structures, which showed drastically different
solution colors. Conventional free radical polymerization afforded phosphonium ylide
homopolymers with no glass transition temperature (Tg) before degradation. Solution of
both monomers and polymers showed prominent light absorption within the range of
visible light and strong fluorescence after excitation. Both excitation and emission
maxima of the monomer and polymer solutions fell within the range of commonly
studied fluorescent dyes, whose synthesis was complicated compared to phosphonium
ylides. Due to the lack of a long-conjugated system, the fluorescence lifetime of
phosphonium ylide monomers and polymers were relatively short and required further
optimization. Nevertheless, poly(phosphonium ylide)s demonstrated great potential as
fluorescent dyes with easy synthesis and storage.
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10.2 Introduction
In the present study, a facile reaction between 4-(diphenylphsophino)styrene
(DPPS) and maleic anhydride (MA) enabled the synthesis of unprecedented
polymerizable phosphonium ylide (PY) monomers (where a carbanion is directly bonded
to a phosphonium cation) and their corresponding homopolymers. The synthesis of PY
monomers involved fast solid-state charge transfer, and the resulting poly(phosphonium
ylide) (PPY) demonstrated promising fluorescence within visible light range.
Phosphonium ionic liquids (ILs) and poly(ionic liquid)s (PILs) possess
advantageous attributes, such as improved thermal stability1-3 and ion conductivity,3-4
compared to ammonium analogs, due to the difference in electronegativity.5 The
applications of phosphonium ILs and PILs ranges from biomolecule binding,6
antimicrobial coatings,7-8 gas molecule capture,9 to conductive materials.10-15 Yet, the
understanding of phosphonium ILs and PILs are still underdeveloped compared to
commonly used nitrogen-based (ammonium,16 imidazolium,17-19 triazolium,20 etc.)
counterparts.
Current research of phosphonium PILs primarily focus on cation-containing
polymers and zwitter-ion polymers. Colby et al. achieved ion conductivity as high as 2 ×
10-5 S/cm at 30 ºC using siloxane based phosphonium-containing polymers5. Siloxane
based polymer backbones provided mobile matrices (Tg = -80 ºC) while phosphonium
cations and Tf2N counter anions (bis(trifluoromethylsulfonyl)imide) demonstrated weak
electrostatic interaction compared to ammonium analogs due to the difference in
electronegativity. Both attributes contributed to the high ion conductivity at 30 ºC. Long
et al. demonstrated the first example of 3D printing IL monomers due to the relatively
low viscosity of phosphonium IL monomers comparing to nitrogen-based ILs.21 3D
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printing of phosphonium IL monomers enabled complex three-dimensional objects with
high thermal stability, ion conductivity, and optical clarity. In phosphonium zwitter-ion
polymers, Ohno and coworkers reported anisotropic proton conduction using liquid
crystal materials.22 Aligned samples improved ion conductivity at least an order of
magnitude than isotropic samples. For the best of the authors’ knowledge, this manuscript
is the first investigation of polymerizable phosphonium ylide monomers and their
fluorescent properties.
10.3 Experimental
10.3.1 Materials
4-(diphenylphosphino)styrene (DPPS) and maleic anhydride (MA) were
purchased from Sigma-Aldrich and stored under argon in an anhydrous condition prior to
use.

Azobisisobutyronitrile

(AIBN)

was

purchased

from

Sigma-Aldrich

and

recrystallized from methanol before use. All organic solvents were purchased from
Sigma-Aldrich and used without further purification.
10.3.2 Instrumentation
1

H,

13

C,
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P nuclear magnetic resonance (NMR) spectroscopies were conducted

on a Varian Unity NMR spectrometer (400 Hz). Mass spectrometry was performed on an
Agilent 6220 Accurate Mass-TOF. Thermal degradation temperature was determined
using a Q500 thermogravimetric analysis (TGA) from TA Instruments (nitrogen purge,
10 ºC/min heating rate). Thermal transitions were investigated through a TA Q2000
differential scanning calorimetry (DSC) from TA Instruments. The glass transition
temperatures were reported as the midpoint of the thermal transition in the second heat
cycle of a heat/cool/heat procedure (10 ºC/min heat rate and quench cool). Light
absorption properties were tested through an Agilent Technologies Cary Series UV-Vis266

NIR spectrophotometer. The spectra range was set to 200 to 800 nm with baseline
correction using blank solvent. Fluorescence study was carried out using an ASOC-10
fluorometer from Photon Technology International Inc. Before performing the lifetime
study, sealed sample solutions were sparged with argon for 15 min.
10.3.3 Solid-state charge transfer
DPPS and MA (both white solids) were directly blended together using a plastic
spatula. No strict stoichiometry was required. An orange color started to appeared after ~
5 S. The color became darker with time and eventually appeared as a dark brown solid
after a week.
10.3.4 Synthesis of PY monomers
All PY monomer synthesis followed the same procedures but different DPPS/MA
ratios. For instance, the synthesis of PY monomer (DPPS/MA = 1/2) were performed as
follows: DPPS (2.98 g, 0.01 mol), MA (2.02g, 0.02 mol), and dimethylformamide (DMF,
5 g) were charged in a 25 mL, round-bottomed flask. Black color appeared instantly. The
reaction was performed overnight at 23 ºC with stirring after purging with Argon for 5
min. The resulting PY monomers were precipitated into diethyl ether and washed with
diethyl ether once. The precipitated product was further dried under vacuum at 23 ºC for
24 h, yielding a black solid (~80% isolation yield). 1H NMR spectroscopy (400Hz,
DMSO-d6): 3.32 ppm (P=C-CH2-C=0, s), 5.45 ppm (H-CH=CH-, dd), 6.01 ppm (HCH=CH-, dt), 6.81 ppm (-CH2=CH-, dd), 7.52-7.87 ppm (aromatic protons, m). MS-TOF
(ESI+, (M+H)+): Theoretical value = 387.1072 g/mol; Experimental value = 387.1080
g/mol.
10.3.5 Free radical polymerization of PY monomers
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PY monomers (1 g, 2.6 mmol, DPPS/MA = 1/2) and AIBN (2.12 mg, 0.013
mmol) were dissolved in 5.18 mL DMSO. The solution were sparged with Argon for 10
min to remove oxygen. Polymerization was performed at 65 ºC for 24 h with stirring. The
reaction was quenched with air, and the product was purified through dialysis against
tetrahydrofuran (THF). The final product was a black solid after drying under vacuum at
23 ºC for 24 h. 1H NMR spectroscopy (400Hz, DMSO-d6): 3.38 ppm ((P=C-CH2-C=0
and polymer backbone, m), 7.69 (aromatic protons, m).
10.4 Results and Discussions
A simple physical blending of solid reactants DPPS and MA using a laboratory
spatula led to fast color change from white to orange (Figure 10.1). Both DPPS and MA
started as white solids, and within 10 s after physical blending orange color appeared
(Supplementary video). Tohamy et al. reported the charge transfer between MA and
triphenylphosphine (TPP) in chloroform solution evidenced by the fast color change as
well23. The authors claimed the formation of a phosphonium ylide (PY) between one MA
and one TPP molecule. Hence we proposed the products of DPPS and MA as a
polymerizable PY monomers depicted in Figure 10.1. PY monomers tautomerized
between P=C and ylide formation, which is well known as Wittig reagents.
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Figure 10.1 Fast solid-state charge transfer between DPPS and MA.
To ensure complete reaction, reactions between MA and DPPS were further
carried out in chloroform solution. The solution of individual reactants started colorless,
and instant color appeared when combining two solutions together. Different molar ratios
of MA and DPPS demonstrated different colors in solution, as shown in Figure 10.2.
Increasing equivalents of MA progressively deepened solution color from orange to dark
purple. The purified products appeared as solids with similar color to the corresponding
reaction solution. 1H NMR spectroscopy confirmed the structures of PY monomers with
different feed ratios (Figure S10.1). The integral of MA protons (c in Figure S10.1) and
styrenic protons (a or b in Figure S10.1) allowed the calculation of actual DPPS/MA
ratio in the products. Stoichiometry readily controlled the product DPPS/MA ratios. For
DPPS/MA > 0.5 (PY2 and PY3 in Figure 10.2), a complex between two DPPS
molecules and one MA molecule was formed23. In contrast, when MA was in excess
(DPPS/MA = 0.5, PY1 in Figure 10.2), the conversion of DPPS to PY monomers was
quantitative. This finding corresponded with Tohamy et al,’s conclusion that an
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intermediate with two MA molecules and one TPP molecule was responsible for the
formation of one PY molecule.

13

C NMR spectroscopy further confirmed the successful

synthesis of PY monomers (Figure S10.2). As expected, the presence of the phosphorus
atom splitted all carbon signals into doublets.

Figure 10.2 Synthesis of PY monomers with different DPPS/MA feed ratios.
Phosphine species are prone to oxidation. Hence, to evaluate the degree of
oxidation during the synthesis of PY monomers, we employed
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P NMR spectroscopy.

We intentionally oxidized DPPS following the procedure adapted from a previous
literature24. Comparing the phosphorus signals of PY monomers and both DPPS and
oxidized DPPS, PY monomers showed negligible oxidation and residual unreacted DPPS
(Figure 10.3). All three PY monomers showed limited DPPS residual signal, indicating
that no unreacted DPPS even in PY2 and PY3 remained after purification.
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Figure 10.3 Comparison of DPPS, ylide, and oxidized DPPS in 31P NMR spectroscopy.
Conventional free radical polymerization afforded poly(phosphonium ylide)s
(PPYs). Scheme 10.1 described the synthesis of PPYs through either direct
polymerization of PY monomers or post-polymerization functionalization of poly(DPPS).
Route A applied the homopolymerization of DPPS first, and post-polymerization
functionalization between poly(DPPS) and MA presumably generated PPYs; however, no
common solvent or solvent mixture dissolved the obtained PPYs. We ascribed the
potential crosslinking between two DPPS units and one MA molecule to the poor solvent
solubility. Route B featured direct polymerization of pre-made PY monomers and
afforded polymers readily soluble in dimethyl formamide (DMF). Yet, the isolation yield
after dialysis was low (< 20%), presumably due to low monomer conversion under
current polymerization conditions. Nevertheless, further thermal characterization and
fluorescence studies were carried out using polymers synthesized from Route B.
271

Scheme 10.1 Polymerization of PPYs through different synthetic strategies.
Free radical polymerization of PY1 and PY3 afforded black poly(phosphonium
ylide) (PPY1 and PPY3), respectively. 1H NMR spectroscopy confirmed the successful
polymerization and the retention of DPPS/MA ratios (Figure S10.3). PPY1 and PPY3
were only soluble in dimethylformamide (DMF) for molecular weight characterization.
Size exclusion chromatography (SEC) revealed severe binding between PPY polymers
and SEC columns evidenced by the polymer elution peak after solvent front. Attempt to
employ lithium bromide (LiBr) in DMF to screen polymer-column interaction exhibited
no detectable polymer elution peaks. Thermogravimetric calorimetry (TGA) showed
continuous thermal degradation starting at ~ 180 ºC, which we attributed to the release of
MA from phosphonium ylide sites. Differential scanning calorimetry (DSC) revealed no
glass transition temperature (Tg) before degradation, preventing the utilization of melt
viscosity to characterize molecular weights.
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Figure 10.4 Light absorption (a) and fluorescence (b) of PPY1 and PPY3.
Both phosphonium ylide monomers and homopolymers demonstrated promising
visible light absorption and fluorescence. Figure 10.4a depicted the visible light
absorption as a function of incident light wavelength. PY1 and PY3 monomers exhibited
absorption maximum at 420 and 360 nm in methanol (0.5 mg/mL), respectively (Table
10.1). PPY1 and PPY3 homopolymers absorbed more light than corresponding
monomers at only half of the concentration (0.25 mg/mL in DMSO) and showed no
prominent absorption maximum. Instead, shoulder peaks at 362 nm (PPY1) and 398 nm
(PPY3) served as the excitation wavelength for the following fluorescence study (Table
10.1). Both blank methanol and DMSO solvent demonstrated no absorption within tested
wavelength range. Fluorescence study was carried out using monochromic UV lamp with
the closest wavelength to the absorption maximum: 340 nm for PY3 and PPY1; 415 nm
for PY1 and PPY3. Figure 10.4b showed strong fluorescence for all four solutions with
maximum emission between 510 nm and 545 nm. Similar to absorption spectrum,
homopolymers (PPY1 and PPY3) exhibited higher emission intensity than their
corresponding monomers even at half of the concentration. Using the ExpDecay1 curve
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fitting in Origin software, phosphonium ylide monomers and polymers showed short
fluorescence lifetime () ranging from 0.65 ns to 3.02 ns due to the lack of long
conjugated system in the styrenic backbones. Commonly studied fluorescent dyes
demonstrate excitation maximum ranging from 354 to 434 nm and emission maximum
ranging from 445 to 551 nm.25 Both PYs and PPYs fell within this range, promising great
potential as organic photo-sensitized dyes.
Table 10.1 Excitation and emission properties of phosphonium ylide monomers and
polymers
Materials
(DPPS/MA)
(mol/mol)

Absorption
max
(nm)

Emission
max
(nm)

Emission
lifetime
(ns)

PY1 (1/0.5)

420

510

0.65

PY2 (1/1)

360

510

2.80

PPY1 (1/0.5)

362

545

2.88

PPY (1/1)

398

535

3.02

PY1 and PY3: 0.5 mg/mL in methanol; PPY1 and PPY3: 0.25 mg/mL in DMSO.
10.5 Conclusions
DPPS and MA demonstrated fast charge transfer in both solid state and solution.
Different stoichiometry of DPPS and MA altered the solution color and the structure of
phosphonium ylide monomer (PY). Direct free radical polymerization of PY monomers
generated poly(phosphonium ylide)s (PPY) homopolymers. PPYs showed no prominent
Tg before degradation. The solution of PYs and PPYs exhibited fluorescence using
visible light excitation and matched the performance of commonly studied organic
fluorescent dyes; however, the fluorescence lifetime was relatively short due to the lack
of long-conjugated systems. With further improvement of the fluorescence lifetime, PPYs
will serve as promising fluorescent dyes that are easy to synthesize and store.
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10.7 Supplementary information

Figure S10.1 1H NMR spectroscopy of PY3 monomer.

Figure S10.2 13C NMR spectroscopy of PY3 monomer.
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Figure S10.3 1H NMR spectroscopy of PPY3 homopolymers.
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Chapter 11: Overall Conclusions
The oligomer-based Michael addition chemistry between DA and bisAcAc
generated solvent-free, reactive rooftop adhesives (Chapter 4). The variation in catalyst
concentration, temperature, molecular weight, and oligomer chemical structure readily
controlled the crosslinking kinetics, achieving G’/G’’ crossover time ranging from 8 min
to > 300 min. Comparing to solvent-based adhesives, the Michael networks showed
comparable or better adhesive properties at the interfaces of three different commercial
rubber membranes (EPDM, PVC, and TPO). The addition of 10 wt% tackifiers further
improved the adhesive performance while increasing G’/G’’ crossover time from ~80
min to ~120 min. At the interfaces of rubber membranes and plywood, the Michael
networks at least doubled the maximum adhesive load compared to commercial adhesive
control. These Michael networks promised good and consistent adhesive properties
across different interfaces and represented a successful example as next-generation
environment-friendly adhesives.
Anionic polymerization of 4VBP, isoprene, and styrene synthesized novel ABC
triblock copolymers using poly4VBP as internal polar additives to control polyisoprene
microstructures (Chapter 5). The presence of poly4VBP segment promoted the 3,4
addition in polyisoprene from 8% to > 35%. In contrast, when polymerizing 4VBP after
the isoprene monomers, the 3,4 addition remained at low level (8%). As a result, the
monomer addition sequence enabled different polyisoprene microstructures without polar
additives for the first time. High 3,4 addition increased the Tg of polyisoprene from -60
ºC to -20 ºC due to promoted chain entanglement. Increased 3,4 addition content also led
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to an increase of polyisoprene polarity allowing microphase mixing instead of
microphase separation according to DSC.
Reversible addition-fragmentation

chain

transfer (RAFT)

polymerization

produced ABA triblock copolymers with pendant urea sites to investigate the temperature
response of pendant hydrogen bonding and its corresponding influence on polymer
physical properties (Chapter 6). Random copolymerization of HUrMA and PhUrMA
generated external hard blocks with tunable Tgs through compositional control. The
pendant hydrogen bonding promoted microphase separation forming short-range ordered
morphologies. As a result, ABA triblock copolymers demonstrated extended modulus
plateaus above the Tg of the hard blocks. However, unlike backbone hydrogen bonding,
most pendant hydrogen bonding retained ordered structure at temperatures as high as 165
ºC according to VT-FTIR, presumable due to the lack of cooperativity when “unzipping”
hydrogen bonding. Further investigation employed pyridine substituents on urea groups
to preorganized hydrogen bonding, achieving exceptionally ordered microphase
separated lamella morphology according to SAXS (Chapter 7). The modulus plateau in
DMA exhibited 80 ºC extension above the hard block Tg due to strong and ordered
hydrogen bonding. Quaternization of pyridine groups allowed the introduction of
electrostatic interaction serving as a second physical crosslinking mechanism besides
hydrogen bonding. Electrostatic interactions disrupted the ordered, long range hydrogen
bonding, adopting local compact packing. As a result, higher order scattering peaks
disappeared in SAXS and flow temperature (Tf) in DMA decreased from 180 ºC to 100
ºC. Yet, extra physical crosslinking from electrostatic interaction delayed the dissociation
of hydrogen bonding at high temperatures and showed no stress relaxation after 60 min.
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Ion-containing polymers were readily synthesized through conventional free
radical polymerization and RAFT polymerization. A novel ionic liquid monomers with a
long alkyl spacer between imidazolium moieties and polymerizable methacrylate groups
enabled the synthesis of poly(ionic liquid)s (PILs) homopolymers (Chapter 8). After ion
exchange, PILs with four different counter anions showed decreasing Tgs with increasing
anion size, and the ion conductivity exhibited strong dependence on Tg. PILs with Tf2N
counter anions showed conductivity as high as 2.45 × 10-5 S/cm at 30 ºC. The counter
anions also demonstrated strong influence on polymerization kinetics during RAFT
polymerization. Monomers with Br counter anions polymerized readily while monomers
with Tf2N counter anions showed no monomer conversion after 24 h. We proposed
Marcus theory to explain the kinetic differences resulting from counter ion identity and
solvent polarizability. RAFT polymerization produced AB and ABA block copolymers
using the ionic liquid monomer discussed above (Chapter 9). When using deuterated
styrene as the second monomer, neutron reflectometry enabled the first ever investigation
of in situ morphology changes during an actuation process. BDS study of ABA triblock
copolymers with polystyrene as a mechanical reinforcement block concluded over 8
decades of ion conductivity change through counter ion exchange. In ABA triblock
copolymers with the same counter ions, the polystyrene content had limited influence on
ion conductivity. The insensitivity of ion conduction to the composition of block
copolymers promised a facile approach to achieve tunable viscoelastic properties without
altering ion conductivity. TTS study confirmed the different viscoelastic properties
(viscosity, fragility, Vogel temperature, and fractional free volume) of block copolymers
with different composition but same counter ions.

281

A facile reaction between 4-(diphenylphosphino)styrene (DPPS) and maleic
anhydride (MA) generated a new class of monomers: phosphorus ylide monomers (PY).
The reaction showed fast charge transfer in solid state at ambient condition evidenced by
the instant coloring upon physical blending of two solid reactants. Direct polymerization
of PY monomers or post-polymerization functionalization of poly(DPPS) produced
poly(phosphorus ylide)s (PPYs). Both PY monomers and PPYs showed strong visible
light absorption and fluorescence in solution, promising their application as dyes in solar
cells. Further investigation required improvement of the fluorescence lifetime.
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Chapter 12 Suggested Future Work
12.1 Ion-Containing 3-Arm (AB)3 Diblock Copolymers Synthesis
Ion-containing block copolymers represent ideal materials for electric actuation,
which is crucial for artificial muscles and soft robots. ABA triblock copolymers provide
good mechanical properties required for actuators while AB diblock copolymers offer
better microphase separation, which is beneficial for the actuation process. To resolve
this dilemma between ABA triblock copolymers and AB diblock copolymers, RAFT
polymerization of ionic liquid monomers and deuterated styrene monomers generated
(AB)3 diblock copolymers, aiming to achieve ordered morphologies and mechanical
integrity simultaneously. Trifunctional RAFT CTA successfully synthesized (AB)3
diblock copolymers with low molecular weight distribution (Scheme 12.1). Future
investigation will include BDS measurement of ion conductivity as a function of
temperature and frequency and neutron reflectometry study to elucidate in situ
morphological changes under external field.

Scheme 12.1 Synthesis of (AB)3 diblock copolymers using RAFT polymerization.
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12.2 Synthesis of Radical Block Copolymers

Scheme 12.2 Synthesis of radical-containing block copolymers through anionic
polymerization and RAFT polymerization.
Radical polymers, non-conjugated macromolecules with stable radicals presented
in the pendant groups, represent great advantages, such as high conductivity and facile
preparation, compared to conjugated conductive polymers and poly(ionic liquid)s (PILs).
Most radical polymer research focuses on homopolymers, which form percolating
domains to conduct electrons after annealing.1 The percolating domains promoted
electron conductivity for around 7 orders of magnitude. Yet, radical-containing block
copolymers remains underexploited, even though they potentially provide mechanical
integrity and ordered morphology. The latter showed efficient mass transfer as ordered
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percolating domains.2 Various commercially available radical-containing monomers1,

3

will enable the synthesis of radical-containing block copolymers through either anionic
polymerization or RAFT polymerization (Scheme 12.2). The resulting polymer films
should form free standing films while maintaining fast and high electron conduction.
12.3 UV-Assisted Direct Writing of Ion Conduction Pathways
Directional control of anisotropic ion conduction to achieve complex current
pathways is of great importance in areas such as solid-state batteries4, soft robotics5, and
high throughput barriers6. Current industrial application relies on surface lithography of
inorganic materials to offer feature resolution down to 12 nm. Researchers have
investigated the surface-directed self-assembly of block copolymers to access resolution
below 10 nm.7 However, block copolymer self-assembly requires an annealing step, is
prone to defects, and only provides limited choices of morphologies. Herein, we propose
the synthesis of poly(ionic liquid)s (PILs) embedded into photo-degradable poly(ethylene
glycol) (PEG) crosslinked matrices. Using ultra-violet (UV) light to selectively degrade
the crosslinked PEG networks enables the fabrication of complex conductive pathways.
This method will provide a facile means to achieve complex and conductive patterns
otherwise inaccessible through both surface lithography and surface-directed selfassembly mentioned above.

285

Figure 12.1 Schematic description of UV assisted direct writing of ion conduction
pathways.
Figure 12.1 depicted the fabrication of UV responsive crosslinked materials
embedded with isolated, conductive pillars. Binding of chain transfer agents (CTAs) to
the gold pillar surfaces enables the reversible addition-fragmentation chain transfer
(RAFT) polymerization of conductive PIL homopolymers from these surfaces, yielding
isolated, conductive pillars (red region).8 The rest of the matrices were filled with a
combination of PEG monoacrylates and photo-degradable PEG diacrylates (crosslinkers)
and crosslinked through upon heating (green matrix).9 The ion conduction of the
crosslinked materials will be limited as PIL pillars were isolated by immobile PEG
networks. Use of a focused UV beam enables the selective degradation of the crosslinked
PEG networks to connect isolated PIL pillars (purple line). The degraded PEG matrices
will promote ion migration between pillars due to increased mobility. As a result, this
strategy achieves various complex conductive pathways in a mechanically robust film.
We will focus on the optimization of PIL chemical structures, crosslink density of PEG
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matrices, and the wavelength and intensity of UV light. Further investigation will involve
different crosslinked matrices other than PEG to achieve even more drastic conductivity
changes before and after degradation.
12.4 Tunable Anisotropy in Ion Conduction: Electro- and Light-Responsive Block
Copolymers
Ion-containing polymers are at the verge of a major breakthrough in energyrelated applications. Particularly, materials with anisotropic ion conduction upon external
stimulus is of great interest due to their potential to recognize and convert external signals
to electric signals. However, modern research focuses primarily on macroscopic
properties with limited interest in understanding the microscopic phenomena that dictates
bulk properties. Our study will focus on connecting the “dots” in stimuli-responsive
electro-processes: from rational design of molecular structure and mesoscale morphology
to macroscopic performance, facilitating the development of tailored ion-containing
materials across all length scales.

Figure 12.2 Fabrication of electro-switchable anisotropic conductive device.
Figure 12.2 depicts a self-assembled block copolymer with tunable anisotropic ion
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conduction. To provide microphase separated morphology, the block copolymers consist
of two immiscible blocks: an ion-containing block with lower Tg to facilitate mass
transfer (ion conduction) and a neutral block to provide mechanical integrity. In order to
control the orientation of the lamellar morphology, incorporation of “metal-philic”
groups, such as urea linkage, imparts preferential binding of ionic blocks to patterned
gold surfaces.10 The favored binding between ionic blocks and gold surface will direct the
orientation of lamellar morphology. Under working voltage E (Figure 12.2), block
copolymers may exhibit higher conductivity when the orientation of lamellar aligns with
current direction. In contrast, after applying strong perpendicular voltage E0, block
polymers will experience a change of lamellar orientation with respect to the insulation
substrate from normal to parallel. The anisotropy of ion conduction remains, but the
highly conductive direction alters by 90º. E0 is significantly higher than E, guaranteeing
no morphological changes under working voltage E. The scope of this proposal will
cover material optimization (Tg, ion conductivity, and molecular weight), E0/E ratios, and
the durability of the system. Eventually, this system will serve as a model study to
develop soft diodes with switchable conductive direction.
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Figure 12.3 Schematic description of light-responsive polyampholytes.
Instead of using an external field as a stimuli, light provides a safer, more energy
efficient, and more readily available approach to trigger in situ ion conduction changes.
Figure 12.3 demonstrates the application of a polyampholyte as a light-responsive
conductive materials. Depending on specific chemical structures, polyampholytes will
either undergo microphase mixing or separation. In the case of microphase-separated
systems (Figure 12.3a), cationic and anionic domains will adopt microphase separated
morphologies (preferably lamellar morphology), affording anisotropic ion conduction at
the direction of lamellar orientation. As the polyampholytes exhibited both positive and
negative charges, H+ and OH- conduction will benefit from their affinity to the
polyampholytes. When exposing to visible light (Figure 12.3b), the cationic domains
will undergo heterolytic cleavage and produce anionic polymer backbones.11 Due to ionic
repulsion, the lamellar morphology will only undergo limited morphology. However, the
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polymer backbones bear mostly negative charges, preventing the ion conduction of OH -.
Similarly, in a microphase-mixed matrices (Figure 12.3c), polyampholytes will exhibit
both H+ and OH- ion conduction with no preferential conduction direction. Upon light
exposure (Figure 12.4d), OH- conduction decreases significantly. Selection of charged
moieties, optimization of the morphology, and electro-stability will be the keys to the
successful construction of such system, which will serve as a prototype of both ion
selective and directional specific ion exchange membranes.
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