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Abstract 

Design of High-Capacitance Polymers: Side Chain Length and Polarity Effects on 

Permittivity 

 

Anneliese Schmidt, PhD 

 

University of Pittsburgh, 2024 

 

 

 

Dielectric polymers (DPs) are attracting attention for applications in energy storage devices 

and potential as greener materials. This work serves to expand and explore a variation of side chain 

(SC) DPs, which addresses one major challenge, inherently low permittivity. This design of 

SCDPs combines a long aliphatic backbone, having low permittivity and loss, with conjugated 

SCs, having high permittivity and loss, and is expected to demonstrate these characteristics. Cast 

films, subjected to a dipole-aligning external field, achieved high permittivities. Effective dipole 

orientation, facilitated by backbone flexibility and SC conjugation for electron mobility, increased 

the induced dipole. 

A series of polymers with an alkyl backbone and variable length phenylene ethynylene 

(PhE) SCs were prepared. Diolefin macromonomers, containing a halogenated phenyl, were 

polymerized via ADMET. Sonogashira coupling of PhE units gave SCs that were 1, 2, and 3 units 

long, and post-polymerization coupling gave polymers termed: poly-dimer, with two phenyls; 

poly-trimer, with three phenyls; poly-tetramer, with four phenyls. PhE units were of 2 types: a 2,5-

alkoxy functionalized phenyl, for improved solubility, and a 4-nitrile functionalized phenyl, to 

enhance polarity.  

The effects of conjugation length, polarity, and poling the polymers’ permittivities were 

studied. Sample films, prepared by solution deposition between brass electrodes, were 

characterized by broadband dielectric spectroscopy at 20 °C and 1 kHz. The type of solvent used 
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showed little effect, whereas the amount of solvent present changed the materials’ response 

significantly. All unpoled polymers exhibited high permittivities: backbone and poly-tetramer ~4.3; 

poly-dimer ~4.6; poly-trimer ~4.9. Poling at a 15-volt potential increased their permittivities:  

backbone ~4.9; poly-dimer ~12.4; poly-trimer ~7.1; poly-tetramer ~5.9. This increase over the 

unpoled samples demonstrated their potential as high-performance DPs. After poling, the 

backbone’s small increase, Δε'=0.6, was expected. Surprisingly, as the SC length increased, the Δε' 

decreased, showing a maximum of:  poly-dimer Δε'=7.8; poly-trimer Δε'=2.2; poly-tetramer Δε'=1.6. 

Alignment of increasingly longer SCs was expected to yield incrementally higher permittivities. 

One explanation, since permittivities were highly dependent on mobility, longer SCs may remain 

partially hindered to rotation, despite plasticization. The correlation between SC length and poled 

permittivity indicates hinderance may increase with SC length and prevent maximum alignment. 
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1.0 Introduction 

1.1 Significance 

Dielectric materials are of great importance in a variety of electrical and energy storage 

applications, including film capacitors, renewable energy, artificial muscles, and electric/hybrid 

vehicles. Traditionally, ceramics are used as dielectrics due to their extremely high permittivities 

(εr) and excellent thermal stability1, however they tend to have high dielectric losses (tan δ), low 

breakdown strengths (Eb) and are inflexible.  

As an alternative, polymers are being explored because they are light weight, easily 

processable, and have high breakdown strengths making them ideal candidates for many 

applications2-4. High permittivity and low energy loss polymers, an imperative for the continued 

miniaturization of electronic components, would enable high power density and energy density, 

while maintaining dielectric strength.5-8 Typical polymers exhibit low permittivities (εr = 2-4) and, 

while aliphatic polymers have desirably low losses, they also have low glass transition 

temperatures (Tg) which limits their range of applications. On the other hand, conjugated polymers, 

which have increased permittivities, have higher Tgs but also have higher losses due to a reduction 

in the band gap. The current industry standard, biaxially oriented polypropylene (BOPP), has very 

low dielectric losses (tan δ ≈ 0.0002 9, 10) at relatively high operating temperatures (up to 85 °C), 

however its low permittivity (εr = 2.2) imparts low energy density thereby limiting its energy 

storage capacity, and high losses above 85 °C, due to conduction, limits its range of applications.  
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Though there is a breadth of knowledge regarding the effect of backbone monomer 

composition on the bulk properties of polymers, the effect of side chain composition, length and 

spacing on a polymer’s dielectric properties is limited. The work described herein, along with the 

founding work of Wei et al. and Ha et al., describes a method to prepare side chain dielectric 

polymers that are functionalized by a post-polymerization coupling procedure with high fidelity. 

This method provides a pathway to easily change the moiety utilized as the side chain. This work 

will contribute to the diversification of the classes of polymers suitable for dielectric applications. 

 

1.1.1  Project Overview  

The goal of this project is to establish a new class of tunable high-capacitance dielectric 

polymers, through implementation of rational design principles and varying side chain lengths. 

This project will investigate influential monomer parameters, through manipulations of the side 

chain lengths, to develop a process for rationally tuning the dielectric properties of this new class 

of polymers. The monomer design incorporates phenylene ethynylene (PhE) moieties for 

increased polarizability and a polar end group to increase the side chain’s dipole (Figure 1). By 

utilizing the PhEs as substituents for side chains and employing an aliphatic backbone, a strategy 

that has not been fully explored, we hypothesize that the resulting flexibility of the polymer will 

allow the side chains to be aligned, thereby reinforcing the polymer’s overall dipole moment. 
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Figure 1: Side chain dielectric polymers with varying side chains lengths and a polar end group. 

1.2 Theory of Dielectric Materials 

A dielectric is a material that supports electric charge11 by polarizing under the influence 

of an applied electric field (E). Due to the lack of freely moving electrons, these materials generally 

cannot conduct charge hence they are commonly referred to as insulators. 

A dipole, the basic element of electrical structures12-16, is formed when there is a separation 

of charges (q) and is permanent or induced by an applied field. Dipoles are inherently directional, 

the positive charge is displaced by some distance (r), in the x, y, z direction, from the negative 

charge, and to fully encapsulate these parameters, a variable known as the dipole moment (μ) is 

used (1.1).  

𝝁 = 𝑞𝒓 (1. 1) 

Polarizing, which can be thought of as the absorption of energy, is the alignment of a dipole 

with the field, and the sum of all of the dipole moments in a system per unit volume (v), is the 

macroscopic property a material known as its polarization (P) (1.2).  
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𝑷 =
1

𝑉
∑𝝁𝒊 (1. 2) 

The measure used for the amount of polarization occurring in a given material is termed its 

permittivity (ε), but a material’s permittivity can be described by its dielectric constant (κ or εr), 

which is relative to the permittivity of a vacuum (ε0 = 8.8542 x10-12 F/m) (1.3). (Note that the 

relative permittivity of air is ~ 1 and all other materials have permittivities > 1) 

𝜅 = 𝜀𝑟 =
𝜀

𝜀0
(1. 3) 

When the permittivity of the material is increased, it becomes a more effective dielectric, therefore 

it can absorb more energy. 

 

Figure 2: Dipoles a) natural state b) in the presence of a static applied field.  

The natural state of a system of dipoles is to be randomly oriented and, as a result, the 

material’s bulk polarization will generally be negligible. The application of an electric field will 

increase alignment and cause the dipoles to exhibit a bulk polarization that aligns with the field 

(Figure 2). In a direct current (DC) system, a static field is applied and there is ‘infinite’ time for 

the dipoles to align (εrs: static/maximum permittivity). In this case, the maximum polarization 
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(Pmax) at a given field strength can be expressed in terms of the static permittivity and the field 

applied (1.4). 

𝑷𝑚𝑎𝑥 = 𝜀0(𝜀𝑟𝑠 − 1)𝑬 (1. 4) 

However, in an alternating current (AC) system, there is a finite amount of time before the field 

direction is switched, causing the dipoles to begin to align in the opposite direction. Due to the 

nature of dipoles, they may not fully align with the field before they begin to flip their alignment, 

and this results in a lower permittivity for the system. 

 

Figure 3: Frequency dependence of polarization modes and losses, reproduced from ref.9, 17   

In order to design a polymeric system with an enhanced permittivity, it is important to 

understand the various mechanisms, also referred to as modes or types, of polarization through 

which induced dipoles act (Figure 3), namely: electronic (Pelect), atomic/vibrational (Pvib), 

orientational/dipolar (Pdip), ionic (Pion), and interfacial (Pint). 
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Figure 4: Diagram of the different modes of polarization. Figure reproduced from ref. 18 

As the frequency of an applied field increases various modes of polarization become 

inactive, whereas at the lowest frequencies all modes of polarization are active. Electronic, the 

displacement of the electron cloud with respect to the nucleus inducing a dipole (Figure 4), and 

vibrational polarization, the stretching of bonds between atoms increasing the inherent dipole 

created by those two atoms, are active in the ultraviolet (UV, 7.5 x 1014 - 3 x 1016 Hz) , optical 

(VIS, 4 x 1014 – 7.5 x 1014 Hz)) and near-infrared (NIR, 2 x 1014 - 4 x 1014 Hz)) frequencies.19 

Orientational/dipolar polarization is the reorientation, including rotation and translation, of small 

covalently bonded atoms and molecules or polar components of a larger system (e.g. dipoles within 

or on a polymer), in the presence of an electric field and is active over a broad range of frequencies, 

radio (< 3 x 109 Hz), microwave (3 x 109 - 3 x 1011 Hz), and far-infrared (FIR, 3 x 1011 - 2 x 1013 

Hz). Ionic polarization is the migration of positively and negatively charged atoms over long 

distances (>10 nm9) through the material in opposing directions, and is active in the lower range 
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of power frequencies, below 1 Hz. Interfacial polarization is the buildup of charge at the interface 

of two materials, usually in heterogenous systems, often causing a secondary polarization at that 

interface (electric double layer, EDL), and occurs at such slow timescales as to make it not useful 

for applications. 

While Pelect and Pvib are active throughout the frequencies of interest, they are 

fundamentally limited due to the nature of molecular bonding (εr = 2-520) and do not contribute 

much to the total polarization of a system nor to the losses (Figure 3). Pion has a very limited useful 

frequency range and can lead to losses due to conduction. This leaves Pdip as the mode through 

which the largest increases in permittivity can be gained. However, by incorporating multiple 

modes of polarization into a system greater permittivities can be achieved. 

When designing a system, it is usually a balancing act between various, frequently 

conflicting, properties. Real systems are not simple/ideal, but instead experience losses and their 

properties are expressed as complex quantities, where a single prime denotes the real part of the 

complex equation, and a double prime denotes the imaginary part. Dielectric materials inherently 

dissipate some of the EM energy applied as heat to the system and this loss often increases with 

increasing polarizability (1.5).  

𝜀∗ = 𝜀′ − 𝑗𝜀′′ (1. 5) 

There are two main processes through which losses occur:  1. conduction occurs when 

some charge is able to flow through the system and 2. dielectric loss is due to the lag of dipole 

alignment above its active frequency range. Minimization of dielectric loss (tan δ) is of the utmost 

importance, as heating a material can not only increase the rate of degradation, thereby reducing 

its useful lifetime, but also increase the probability of conduction through the material possibly 

leading to breakdown (1.6).  
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tan 𝛿 =
𝜀′′

𝜀′
(1.6) 

Dielectric breakdown (Eb) (Figure 5), also referred to as dielectric strength, is the voltage (V) at 

which the material conducts substantial current and becomes damaged and permanently 

conducting (1.7). 

𝐸𝑏 =
𝑉

𝑑
(1. 7) 

 

Figure 5: Treelike pattern showing dielectric breakdown in a block of plexiglas, which stems from the root 

of the breakdown. Figure reporduced from ref.21 

1.2.1 Capacitors 

A dielectric material’s capacitance is a measure of its ability to store electric charge. The 

most used setup for measuring capacitance is a parallel plate capacitor, consisting of a dielectric 

material between two electrodes connected to a voltage source (Figure 6). 
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Figure 6: Diagram of a capacitor connected to a voltage source. Figure reporduced from ref22 

The potential (V) applied to a circuit is equivalent to the product of the flow of current (I) 

through the circuit and the resistance (R) the circuit presents to the current, which is also equivalent 

to the product of the applied electric field (E) and the thickness of the sample (d) (1.8). 

𝑉 = 𝐼𝑅 = 𝑬𝑑 (1. 8) 

The capacitance (C) of said capacitor is a ratio of the charge (q) on the plates to the voltage applied 

(1.9).  

𝐶 =
𝑞

𝑉
(1.9) 

This shows that if a larger potential is applied, there must be more charge stored for the inherent 

capacitance of the material of interest, which in turn means the material is capable of a larger 

polarization. 

When the dielectric is polarized it creates a field of its own, opposing that of the applied 

field. This local field is related to the displacement field (D) (1.10), which amounts to the 

magnitude of charge per area (A), that of the plate. 

𝑫 =
𝑞

𝐴
=
𝐶𝑉

𝐴
(1.10) 

Given that polarization is proportional to the applied field, it follows that the displacement field is 

as well, and both are governed by the dielectric’s permittivity (1.11).  
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𝑫 = 𝜀0𝜀𝑟𝑬 + 𝑷 (1.11) 

Therefore, D can also be related to the complex dielectric function as the ratio of the imaginary 

permittivity to the real permittivity (Figure 7) (1.12). 

𝑫 = tan 𝛿 =
𝜀′′

𝜀′
(1.12) 

 

 

Figure 7: Relationship between an applied electric field and the response of a material. (a) Phase shift 

between the applied electric field and the displacement field. (b) relationship between the complex dielectric 

function and the phase angle. Figure reproduced from reference.23 

Capacitance, being a function of the dielectric’s response to an applied field, can also be calculated 

from the measured displacement field (1.13).  

𝐶 =
(𝜀0𝜀𝑟𝑬 + 𝑷)𝐴

𝑉
(1.13) 

This relationship can be simplified to 

𝐶 = 𝜅
𝜀0𝐴

𝑑
(1.14) 

In the case where there is no dielectric present, meaning there is an air gap between the plates with 

an equivalent separation to that of the sample/dielectric thickness (d), the capacitance (C0) is quite 

small (1.15).  
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𝐶0 =
𝜀0𝐴

𝑑
(1.15) 

When a dielectric material is inserted between the plates the capacitance (C) is increased by the 

factor of its dielectric constant. For a given volume (v), when this space is occupied by air, there 

is a small number of molecules present that can align with the field. However, when a dielectric 

material is placed in that same volume, with the same applied potential, there is a significantly 

larger number of molecules that can polarize. When the polarization in the capacitor is increased, 

so is the displacement field, and since the potential and area are constant, the capacitance must 

also increase. From equations 1.14 and 1.15 we can see that the dielectric constant is also 

equivalent to the ratio of the capacitance of the capacitor with the dielectric present to the capacitor 

without the dielectric (1.16). 

𝜅 =
𝐶

𝐶0
(1.16) 

How does a capacitor store energy? When the source is turned on, the circuit is closed, a 

potential difference is applied across the electrodes and electrons flow from the source to one of 

the two electrodes causing an accumulation of negative charge on the outside of that electrode. 

The charge on that plate causes (electrons to migrate) dipoles within the dielectric material to rotate 

such that the positive charge is oriented toward the negatively charged plate (Figure 8), which in 

turn causes charge to accumulate on the inside of the second electrode. 

 



 12 

 

Figure 8: Diagram of a capacitor showing the effect an electric field has on the dipoles within a dielectric 

material. (a) parallel plate capacitor in a circuit; (b) before application of an electric field (E) the dipoles 

are randomly oriented; (c) after application of E the dipoles are aligned. Figure adapted from.24  

As negative charge builds up on the inside of this second electrode, it begins to repel electrons on 

the outside of the second plate, giving an apparent ‘flow of electrons through’ the capacitor back 

to the source. Once the charge on the electrodes matches that of the source, the flow of electrons 

stops and the displacement field produced by the dielectric material exactly matches that of the 

applied field but is oppositely directed therefore the field within the capacitor becomes zero (1.17). 

𝑫−
𝐶𝑬𝑑

𝐴
= 0 (1.17) 

At this point the maximum capacitance of the dielectric material is obtained. By 

disconnecting the capacitor from the circuit before turning off the source, the polarization of the 

dielectric is maintained thereby storing the energy consumed in producing the polarization. 
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1.2.2 Dipolar Glass Polymers 

 

Figure 9: Dipole and domain structures with increasing interactions from left to right (blue arrows indicate 

individual atomic/molecular dipoles). Reproduced from reference.1 

Polymers can be organized into two main categories, ferroelectric and nonferroelectric 

(Figure 9), based on their dielectric response20. Ferroelectric materials contain regions of 

permanent (natural) polarization, known as ferroelectric domains (FE), in which there are large 

numbers of aligned dipoles. These regions spontaneously polarize in the presence of an applied 

electric field, and the interactions of these domains result in remnant polarization when the field 

is removed thereby causing dielectric losses. Relaxor-ferroelectric (RFE) materials contain smaller 

ferroelectric regions, i.e., nanodomains, which results in lower losses when the field is removed. 

Antiferroelectric, not to be confused with nonferroelectric, materials contain large FE domains, 

but they are oriented in opposing directions effectively cancelling out and the systems total 

polarization is zero. 

In contrast, nonferroelectrics contain isolated and weakly interacting dipoles, but no 

domains. A linear dielectric, as the name implies, is a nonferroelectric in which the dielectric 

response has a linear relationship with, and is proportional to the strength of, the applied field (E). 

Paraelectric polymers (PE) tend to have an increased number of dipoles that respond quickly, but 
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are often molten polymers, used above Tg, and plagued by high electronic conduction which 

translates into higher losses.  

 

Figure 10: Schematic of the strucrural design of dipolar glass polymers. Reproduced from reference.25 

One of the more recently studied dielectrics is dipolar glass polymers (DGP), in which 

there are fewer dipoles present allowing them to be isolated and have weak dipolar interactions, 

thereby reducing the losses from the system.5, 25-27 DGPs incorporate small molecules and 

functional groups with large dipoles into the backbone or the sidechain of the polymers (Figure 

10) because they are not subject to significant steric hindrance. 

 Lie Zhu defined DGPs as amorphous polymers having a high Tg, substantial orientational 

polarization, sub-Tg transition and a broad range between the temperatures for sub-Tg and Tg.
9, 28 

A large difference between sub-Tg and Tg increases the range of applications for the polymer, since 

the polymer will exhibit the desired properties at higher operating temperatures. Because DGPs 

are utilized below Tg chain dynamics are essentially frozen, reducing translational and frictional 

losses, and a kind of trap is formed that prevents conduction therefore reduces ionic losses.20, 29 30  

Ideally frequency independent polarizability is desired and would increase the suitability 

of the polymer to a wider range of applications. Frequency independence also endows the polymer 

with a very broad loss peak, ensuring that loss is not a restricting factor for its applications. DGPs 
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are proving to be a step toward materials with high permittivity and frequency independent 

polarization. 

1.3 Approaches to Improve Dielectric Polymers 

The greatest improvements in the bulk dielectric constant can be achieved by enhancing 

the material’s polarizability, increasing its packing density and dielectric strength, while reducing 

its energy losses.2, 9, 31, 32 The magnitude of energy stored is proportional to the degree of 

polarization and can be ascertained by measuring the materials capacitance. However, when the 

force of the applied field becomes too large the dielectric will break down and begin to conduct 

electricity. The strength of the field just before breakdown occurs is defined as the dielectric 

strength (Eb) of the material, for example biaxially oriented polypropylene (BOPP) has a 

breakdown strength of 730 MV m-1 .28, 33  

Polarization is dependent not only on the strength of the applied field, but also if the field’s 

source is a direct current (DC), creating a static field, or an alternating current (AC), generating an 

oscillating field. A static field induces electronic polarization (Pelect) resulting in a redistribution of 

the dielectric’s electron density, opposite the direction of the applied field, and over time, charge 

accumulation reaches saturation. In contrast, an oscillating field induces regular inversions of 

polarization corresponding to the frequency (Figure 3).34 As the response may lag behind the 

switching rate, however, dielectric losses can result in dissipation of energy in the form of heat 

(Figure 7).34 At lower frequencies molecular dipoles can be aligned, and for effective increases in 

orientational polarization (Pdip), it is necessary to orient the polar constituents within the electric 

field, as well as the constituents’ alignment with respect to each other.11  
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Commonly used inorganic dielectric materials suffer from a variety of limitations, such as 

failure at high frequencies, poor processability, and limited applicability. Ceramic materials tend 

to exhibit high energy densities and high dielectric constants at low frequencies, due to strong ionic 

polarizability (Pion). In contrast, exposure to higher frequencies can induce conduction, resulting 

in lower dielectric strengths and greater dielectric losses.3 Despite having a low dielectric constant,  

silicon dioxide has increased capacitance as its thickness is decreased (Table 1). However, it is 

reaching its theoretical limit, approximately 2 nm, for small scale applications, due to exponential 

increases in leakage current.11  

Table 1:  Dielectric constants of commonly used materials.35, 36 

Material k Material k 

Inert Gasses 1 

Biaxially Oriented 

Polypropylene 

(BOPP) 

2.2 

Oils 2 - 5 
Polyphenylene 

Sulfide (PPS) 
3.5 

Water ~80 Polycarbonate (PC) 3 

Kraft Paper 4 - 7.5 
Polyvinylidene 

Fluoride (PVDF) 
10 - 12 

Silicon 

Dioxide 
3.9 

Ceramics (e.g. 

BaTiO3) 
4 - 1235 

 

 

Since polymers perform reliably over their intended lifetime, exhibit high breakdown 

strength, and are easily processable, scalable, and lightweight, they have great potential as 

dielectrics.6, 34, 37 However, current organic polymer dielectrics have their own limitations, namely 

relatively low dielectric constants, 2-4, a value that provides insufficient energy density for most 

capacitance applications.3, 4, 38 For instance, biaxially oriented polypropylene (BOPP) has 

improved strength and optical clarity however, due to its low dielectric constant, ε = 2.2, it has a 

low energy density, Ue = 1-3 J/cm3,34, 37, 39, 40 and a high dielectric loss at T > 85 °C.9 
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Polyvinylidene fluoride (PVDF), a semicrystalline polymer that has been widely studied as a 

dielectric material, can achieve a large permittivity, ε = 12,9 and a high energy density, Ue = 13.1 

J/cm3.40 However, due to its ferroelectric nature it is susceptible to high dielectric loss, and its 

dielectric constant is highly dependent upon the crystalline structure, which requires mechanical 

stretching to induce.12, 21, 22 

Many approaches to improving key figures of merit for dielectric polymers have been 

investigated. One of the most common and highly investigated areas is the layering of polymers 

with differing permittivities, referred to as multilayer films (Figure 11).41 This method utilizes the 

interfacial polarization mechanism to increase permittivity by alternating layers of low k/high Eb 

and high k/low Eb, but requires that the distance between interfaces be large enough.9 Multilayer 

films effectively reduce migration of impurity ions.42, 43 

 

Figure 11: Diagram of interfacial polarization from impurity ions and free electrons in a multilayer 

PVDF/polysulfone (PSF) film. Reproduced from ref.5 

Another well-established method is the doping of low ε polymers with high ε small 

molecules or inorganic nanomaterials, creating composites or nanodielectrics.1, 10, 44 Small 

molecules tend to want to aggregate creating microphase separated regions that can begin to act as 
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ferroelectric materials, which increases the dielectric loss. Inorganic materials also suffer from 

non-uniform dispersion and require high loadings to achieve meaningful increases in permittivity, 

which makes processing difficult. However, at high loadings the percolation threshold, which is 

when particles essentially behave as if they are connected, provides a pathway for conduction. 

When there is a large Δε the Eb decreases, because the field between highly conductive particles 

increases the local field in the polymer which allows for tunneling. 

1.4  Design of Side Chain Dielectric Polymers (SDPs) 

Our proposed use of polymers with varying length side chains builds on the extensive 

knowledge the Marks’ group has contributed to the field, which has centered largely on the 

development of self-assembled nanodielectrics (SANDs), a class of self-assembled monolayers 

(SAMs) that employ inorganic and organic materials into a hybrid (multi)layered system.11, 38, 44-

49 More recent designs have explored the incorporation of an alkyl layer, resulting in similar 

capacitances, but aromatic layers have large impact on breakdown strength (Figure 12, right). 

 

Figure 12: Multilayered self-assembled nanodielectric (SAND) developed by the Marks’ group using a 

phosphonic acid-based π-electron, PAE, layer. (a) fabrication procedure for zirconium-SANDs (b) SANDs 

incorporating aliphatic and aromatic layers. Figure reproduced from ref47, 50 

In an integral effort with the Ratner group, key components to enhance the dielectric 

constant of any rationally designed dielectric material were elucidated through computational 



 19 

analysis.11, 38, 45, 46, 48, 51 They report the maximum dielectric constant can be achieved when: 1) 

molecular geometry is controlled, and planarity is maintained, i.e. the π-orbitals remain oriented 

such that the greatest orbital overlap can occur; 2) the π-system is aligned parallel to the electric 

field; 3) the substrates can achieve high packing density; and 4) polarizable substituents are 

incorporated. Implementation of these design aspects have resulted in several effective organic 

macromolecules (Figure 13), whose dielectric constants range from k = 9-13.7, 8, 52  

 

 

Figure 13: Conjugated substrates for self-assembled nanodielectrics (SANDs) designed by the Marks’ 

group. Figure adapted from ref 50, 53 

Although much has been learned through these studies, this surface-based approach is not 

practical for most applications. SAM deposition can take up to 18 h, for a single layer, due to the 

slow reorganization process during film growth, rendering SAMs and SANDs impractical for mass 

production of electrical components.52 Moreover, in the case of in situ siloxane formation, the 

packing and ordering of the chemisorbed substrates, determined by the amorphous structure of the 

siloxane network, affords inconsistent mediation of the dielectric constant. Finally, for layered 

nanodielectrics, the combined dielectric constant is dominated by the behavior of the material with 

the lowest dielectric constant, therefore introducing a low k layer significantly reduces the overall 

dielectric constant.11  



 20 

This work integrates the foundation laid by the Marks’ group into a more practical 

polymeric design. A polymer’s polar nature is largely determined by the chain geometry, thus an 

inherently flexible aliphatic backbone has been chosen to allow the polymer’s conformation to be 

optimized.11, 34 Unlike fully conjugated polymers, an aliphatic backbone only requires small 

segmental motion to adjust its arrangement, due to free rotation about the single bonds.9 This 

mobility should allow for orientation of the side chains by an applied electric field while casting 

the film, a process known as poling, thereby increasing the overall dipole moment of the polymer. 

After deposition, a polymer sample’s chains will inherently be tangled, its side chains will be 

randomly aligned, and the total dipole moment of a film is reduced by the misalignment of the 

individual dipoles (Figure 14, left). Once the film has been exposed to a static electric field for an 

extended period of time, it is expected that the side chains will have reorganized and aligned, to 

some extent, with the field effectively increasing the samples total polarization (right). 

 

Figure 14: Alignment of polymer chains and side chains and the effect of poling on their orientation. After 

depostion onto an electrode, the polymer side chains are in random orientations (left) and the total dipole 

moment of the material is reduced. After poling for an extended period of time the polymer side chains are 

partially aligned (right) and the total dipole moment of the material is increased. 

Conjugation is known to increase a substrate’s electronic polarizability, but as the 

conjugation length increases the band gap decreases, leading to low-breakdown voltages and 

conduction.9, 54, 55 By employing conjugation in the side chains, the conjugation length is restricted 

while still increasing the electronic polarization of the monomers. Since phenylene vinylene 



 21 

systems have been studied extensively and are well characterized, the unsubstituted and dialkoxy-

substituted phenylenes, previously synthesized in the Meyer group, have been targeted as 

components of the side chain, but instead of a vinylene linkage between aromatics, an ethynylene 

unit is employed.56 Zhang, et.al. reported that an electron withdrawing end group has a significant 

effect on the optoelectronic properties of conjugated oligomers, hence the highly polarizable nitrile 

has been chosen to further enhance the side chain’s dipole.55, 57  

While experimentation has provided many successes, it is time intensive and is often not 

generalizable, whereas computationally driven design is more efficient, faster, and uniform.38, 48, 

58, 59 Our strategy in this project combines current understanding of material and molecular 

properties with quantum chemical calculations, to screen and identify suitable synthetic targets.48, 

58, 59 A method for rapid screening of molecules based on the polarizability and the dipole is being 

developed, utilizing machine learning techniques, by the Hutchison group.60-63 In a joint effort to 

develop high permittivity side chain dielectric polymers, more effective PhE constituents will be 

ascertained and integrated into the monomer design.  
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1.5 Broadband Dielectric Spectroscopy 

 

Figure 15: Correlation between the frequencies, analytical techniques and molecular responses across the 

electromagnetic spectrum. 64 

Broadband dielectric spectroscopy (BDS) is the study of interactions of EM radiation with 

matter and covers a wide range of the electromagnetic spectrum (Figure 15). Whereas more well 

known spectroscopic techniques, for example IR or NMR, measure at frequencies above those 

used in BDS and only cover 1-2 decades of frequency ranges. BDS, more specifically, is the study 

of the dielectric properties, also referred to as the dielectric response, of a material which is the 

movement of dipoles in the presence of an electric field. A range of molecular dynamic processes 

can be studied for a given material, including but not limited to polymerization rates, thermal 

transitions (e.g. Tg), activation energies, and molecular relaxations. BDS is an indispensable 

technique in the fundamental understanding of these processes. 
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1.5.1 Instrument Basics 

 

Figure 16: Schematic of Frequency Response Analyzer Circuit. Figured reproduced from ref 65 

Different measurement systems are required to cover the entire range of frequencies, but 

the only one discussed here is based on the turnkey system designed by Novocontrol Technologies, 

as the others are beyond the scope of this work. (Note: the Novocontrol system is designed and 

optimized so the user can ingore effects due to the various connecting cables and sample cell.) 

This system utilizes a frequency response analyzer (FRA) (Figure 16) with two phase sensitive 

voltmeters that measure voltage and current response and a lock-in amplifier that ensures the 

output is in a reliably measureable range. 
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Figure 17: Voltage and current response of a hypothetical polymer material. Figure reproduced from 66 

A sample capacitor is placed in a sample cell and this sample cell is isolated in a cryostat, 

which is capable of precisely controlling the temperature of the sample via a liquid nitrogen supply 

and heaters. Once the experimental details, e.g. T and ν ranges, have been entered and the 

experiment started, the generator applies a sinusoidal voltage to the sample. The response of the 

sample to the applied voltage, not being an instantaneous process, causes a phase shift in the output 

current (IS) (Figure 17) (the result of an applied voltage is the flow of current). A variable in line 

resistor (Rx) then converts the current (IS) to a voltage (U2), using a feedback loop and the lock-in 

amplifier (1.18).  

𝐼𝑆 =
𝑈2
𝑅𝑥

(1. 18) 

Two phase sensitive voltmeters (vector voltage analyzer Ch I and Ch II) measure the amplitude 

and phase of the applied voltage (U1) and sample voltage (U2). After each sample measurement 

the system switches to a variable reference capacitor and a second measurement is obtained as an 

online calibration to improve the accuracy of the measurments. From these measurements the 

sample impedance (ZS) can be calculated (1.19). 

𝑍𝑆 =
𝑈1
𝐼𝑆

= −
𝑈1
𝑈2

𝑅𝑥 (1. 19) 
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The complex permittivity ε*, as a function of the angular frequency (ω) of the applied sinusoidal 

waveform, can be derived from the sample impedance (ZS = Z*(ω), 1.20). 

𝜀∗(𝜔) =
1

𝑖𝜔𝑍∗(𝜔)𝐶0
(1.20) 

 

1.5.2 Polymeric Response 

 

 

Figure 18: A fragment of a hypothetical polymer chain that contains polar bonds. The molecular dipole 

moments are indicated by the black arrows and one bond that would rotate in the presence of an electric 

field is indicated by the blue curved arrow.  

As described in section 1.2, there are several modes of polarization that are each activated 

by an applied electric field at a particular frequency. While there is a 'typical' range of frequencies 

at which a particular polarization will activate, the overall movement depends on the state of the 

sample and the influence of neighboring bonds and functional groups. In the case of a polymer, its 

chain entanglement, the amount of free volume available, and the glass transition temperature have 

a significant impact on dipolar rearrangements. 

For small dipolar groups attached as side chains, such as those in the hypothetical polymer 

segment depicted in Figure 18, there is typically enough free volume in the polymer sample to 

allow the dipoles to align easily with the field. In this case, the bond between the methine in the 
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backbone and methylene in the side chain would rotate with the field (curved blue arrow). In a 

static field, given enough time, all of the C-OH dipoles would rotate to orient in the same direction 

and the maximum possible polarization would be achieved. When the sample is subjected to an 

oscillating field, such as in a BDS experiment, the dipoles within the sample will rotate and change 

direction with the field. At low frequencies the time scales are long and a higher permittivity is 

observed. However, as the frequency of the field increases, the dipoles will not fully align with the 

field before the force of the field causes the dipoles to reverse their movement. Because the dipole 

vectors do not fully align before reversing their movement, the permittivity obtained for the sample 

is reduced.  

For a polymer with a rigid side chain structure, the amount of free volume available 

becomes a more influential factor. When the side chain is relatively short, it can behave similarly 

to that observed with the small dipolar group side chain described above. As the length of the side 

chain increases, the free volume in the sample also increases. However, as the length increases the 

side chain requires more room to rotate and the increase in free volume may not be proportional 

to what is required. In other words, at moderate lengths the side chains may be able to move and 

align with an applied field, but this may require an even longer exposure to a static field. Long 

side chains may be significantly more hindred and some may rotate, but most will likely only rotate 

to a small degree. When these polymers are subjected to an oscillating field, instead of a rotational 

motion with the oscillating field, the side chains may exhibit a vibrational motion or a wag of the 

dipole with the reversing field direction.  

The glass transition temperature of the polymer can have a substantial impact on its 

response to an applied field. When a sample is below its Tg, referred to as being in a glassy state, 

its chain dynamics are frozen. If the dipoles are small enough, as in the example polymer above 
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(Figure 18), they may still be capable of rotating in the glassy state. However, with larger and more 

rigid dipoles, it has been found that there is no 'give' when the side chain movement interacts with 

an adjacent polymer chain or side chain. In some instances there appears to be no movement, and 

the permittivity obtained is attributable to electronic polarization only.  

For dielectric materials, the spectrum acquired for the frequency dependent motion will 

display a gradual increase in the permittivity of the sample as the frequency decreases. Note that 

when the dipoles are activated, it is not a binary event, there is a transition through which more 

dipoles are gradually activated. This is observed as a distinct change in the slope of the spectrum, 

often before the slope reverts back to a more shallow angle. 

1.6 Project Goals 

The goal of this project is to design a method for synthesizing and testing a side chain 

dielectric polymer that is easily tunable and maintains high monomer fidelity. Influential monomer 

parameters will also be identified, through side chain engineering, for rationally tuning the 

dielectric properties of this new class of polymers. These studies will address factors hypothesized 

to influence the dielectric behavior of the polymers. Specifically, what length of the side chain is 

required to induce a measurable effect on the dielectric constant? Will a poling field impact the 

side chain alignment, and which length produces the greatest response?  
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Figure 19: Proposed polymer series. Starting from the top left is the base structure, the polymer backbone, 

continuing with the poly-dimer, poly-trimer and poly-tetramer. (note on nomenclature, a dimer, trimer, etc. 

refers to the number of phenyl groups in the monomer). 

A series of polymers with systematically increasing side chain length will be synthesized 

and polymerized based on the well-established phenylene ethynylene system (Figure 19). Each of 

these polymers will also bear a terminal nitrile functional group, or other polarizable end group, to 

increase the side chain’s dipole moment. The development of this synthetic route will establish a 

procedure that provides a means to readily modify the monomer for ease of tuning the system.  

These polymers will be studied by broadband dielectric spectroscopy to determine their 

merit as dielectric materials. The polymers will be evaluated through a series of frequency and 

temperature dependent experiments, that will establish what length side chain is required to 

produce a measurable effect on the permittivity. 

These materials will subsequently be subjected to a static electric field to force orientation 

of the side chains, and these polymers will again be evaluated with broadband dielectric 

spectroscopy. Their behavior will establish whether a poling field will have an impact on the 
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alignment of the polymer side chains and what parameters are required to obtain the greatest 

impact. 
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2.0 Phenylene Ethynylene Based Polymers 

2.1 Summary 

In this work, a new class of side chain dielectric polymers based on a phenylene ethynylene 

(PhE) structure and their characterization is presented. The effects of conjugation length, polarity, 

and poling on the permittivity of the system were studied. The polymers were synthesized via 

acyclic diene metathesis (ADMET) and post-polymerization functionalization, and their molecular 

weights (Mn) ranged from 13 to 26 kDa with dispersities around 1.6. Sample films were prepared 

by solution deposition between a pair of brass electrodes and characterized by broadband dielectric 

spectroscopy. All unpoled polymers exhibited high permittivities of ε' ≥ 4.3 (at 20 °C and 1kHz). 

Poling at a 15-volt potential resulted in a measurable increase in the permittivities, up to ε' = 12.4, 

demonstrating their potential as high-performance dielectric polymers.  

2.2 Introduction 

The advancement of all-polymer dielectrics with high permittivity and low dielectric loss 

has been the focus of much research for their potential as capacitor materials. Practical applications 

such as energy storage systems, signal processing, and electric vehicles require high energy density 

and high efficiency. Polymeric systems are attractive because, unlike traditional ceramic materials, 
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they are easily processable, light weight, and have high breakdown strengths (Eb) making them 

particularly suitable as capacitor materials. The major disadvantage to polymeric materials is that 

they tend to have low permittivities, 2-5, and therefore have low capacitances.  

Many strategies for improving polymer permittivities have been explored. Multilayered 

films with alternating high permittivity, often PVDF, and high Eb/low loss polymers that resulted 

with either good permittivities, ε' 4.9-5.8, but exhibited high losses67, or typical permittivities, ε' 

3.1-3.7 with good losses68. 

Conjugation is one component often employed to improve the permittivity of a material. 

However, polymers with fully conjugated backbones are rigid in nature, which restricts the 

movement of the randomly aligned dipoles. This inherent misalignment of the dipoles, some of 

which completely cancel each other out, reduces the maximum possible permittivity of the 

material.69 

The Marks’ group designed a system of self-assembled nanodielectrics (SANDs), in which 

they utilized alternating layers of inorganic metal oxide and short conjugated chromophores to 

build thin film transistors.8, 49, 50, 70-72 Similarly, this work designed short segments of conjugated 

species that, instead of self-assembled, are tied together with long flexible aliphatic chains between 

the aromatic junctions. This configuration will deliver a simpler and faster film fabrication process.  

The sp3 hybridized bonds in the backbone offer freedom of movement through rotation and 

the side chains provide added free volume to the system. Combined, these factors will ultimately 

aid in the alignment of the side chains’ dipoles. Similar to the polymers presented in Xu, et al.’s 

work published in 202173, it is hypothesized that the phenyl groups in the side chain may also aid 

in the alignment through π-π interactions. 
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2.3 Experimental 

2.3.1 Materials.  

Reagents were purchased from Sigma Aldrich and Fisher Scientific. Bromohydroquinone 

(TCI & Sigma), Grubbs II, Copper(1) Iodide, triphenylphosphine, piperidine, 

Dichlorobis(triphenylphosphine)palladium(II), boron tribromide, diphenyl ether, n-Butyllithium,  

Fisher Scientific: 4-bromobenzonitrile (TCI and Fisher), boron tribromide (1 M in DCM; 

Acros), trimethylsilyl acetylene (TCI), 1-bromo-3,5-dimethoxybenzene (TCI), 7-bromo-1-

heptene, Grubbs II, Palladium(0) bis(dibenzylideneacetone) (TCI), 

Bis(triphenylphosphine)palladium(II) chloride (Acros), 

All solvents were purchased from Fisher Scientific and Sigma-Aldrich and used as 

purchased, unless otherwise indicated. 

2.3.2 Characterizations 

1H and 13C NMR spectra were acquired from Bruker spectrometers (300, 400, and 500 

MHz) in deuterated chloroform (CDCl3) or dimethyl sulfoxide (DMSO) and calibrated to the 

residual solvent peaks (δ 7.26 and δ 77.1, δ 2.50 and δ 39.52 respectively).  

Thermal properties were obtained from Perkin Elmer DSC 6000, under an inert N2 

atmosphere, in a 4 step cycle, repeated once, (i) hold for 1 min at -50 °C; (ii) heat to 150 °C at 10 

°C/min; (iii) hold for 1 min at 150 °C (iv) cool to -50 °C at 10 °C/min. Glass transition temperatures 

were calculated from the inflection point in the second heating cycle. Molecular weights and 
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dispersities were acquired using a TOSOH EcoSEC HLC-8320GPC relative to polystyrene 

standards of 2.5, 9, 30 and 50 kDa.  

2.3.3 Synthesis 

The experimental and characterization details for the compounds and polymers synthesized 

can be found in Appendix A.1. 

2.3.4 Film Preparation and Dielectric Experiments 

The films were prepared by solution deposition between a pair of brass electrodes, bottom 

and top electrode dimensions are 32 and 15 mm in diameter, respectively, by 3 mm thick, which 

were cut by the machine shop. Before deposition, the electrodes were initially sanded to a fine 

finish with sandpaper grits: 400, 800, 1200, 1500, 2000, and 2500 in sequence, then polished and 

sonicated for ten minutes each in methanol, acetone, and isopropyl alcohol. For subsequent uses, 

only the 2500 grit followed by polishing and sonication were performed. 

The polymers were dissolved in toluene, or chlorobenzene, at 3 μL/mg. An 85 μL aliquot 

of solution was deposited onto the bottom electrode by first tracing an outer ring slightly larger 

than the diameter of the top electrode and then filling in the circle (Figure 36).The films were 

generally allowed to dry for approximately one hour (longer times were also investigated but 1 

hour proved optimal) before the top electrode was centered and placed on top of the film. The 

‘capacitor’ was allowed to continue drying for a minimum of 12 hours before BDS measurements 

or poling of the films were conducted. It is important to note that the polymer between the 
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electrodes did not fully dry during this period, which is important since the solvent-induced 

plasticization was key to subsequent poling. 

BDS experiments were performed using a Novocontrol Alpha High-resolution analyzer. 

Frequency scans were generally measured from 10-1 to 106 Hz at 20 °C, and temperature scans 

were measured from -120 to 100 °C at frequencies between 10-1 to 106 Hz, with an applied voltage 

of 1.0 V for all measurements. Films were measured before and/or immediately after each poling 

period.  

To ‘pole’ the polymer samples, they were placed in a static electric field. Specifically, a 

completed ‘capacitor,’ as described above, was placed on a heat-controlled conductive stage in a 

Micromanipulator. The circuit was formed when a probe was placed in contact with outer surface 

of the top electrode, and a Keithley Series 2614B Source Meter was used to apply a static electric 

field across the film with an applied potential that ranged from 5 V to 15 V. The samples were 

poled at temperatures ranging from room temperature to 50 °C for periods of time ranging from 

15 minutes to approximately 20 hours. In the optimized procedure samples were poled at room 

temperature, at a 15 V potential and for approximately 20 hours.  
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2.4 Results 

2.4.1 Synthesis 

 

Figure 20: Illustration depicting the naming conventions applied here.  

In the naming convention utilized, B, S, and U represent the structure of the aromatic ring, 

B for backbone, S for a dialkoxy-substituted structure, and U for a phenyl group that is 

unsubstituted except for the connection to another phenyl group. When p- proceeds a structure, it 

is part of a polymer, when it does not the structure is part of the sidechain being assembled prior 

to attachment. A phenylene ethynylene (PhE) is any compound that contains a benzene ring 

covalently bound to an ethyne. The end group on a terminal arene or PhE sequence will be 

specified as CN, Br or I (Table 2), while H indicates a terminal alkyne and TMS represents a 

protected alkyne. For example (Figure 20), p-BSU-CN is a polymer that displays periodic side 

chains comprising three phenyl groups, the backbone phenyl, and in the side chain one alkoxy 
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substituted PhE and one unsubstituted PhE with a terminal nitrile. Before coupling, H-SU-CN 

describes this polymer’s side chain. Since all arenes are connected with alkynes, their presence is 

assumed in the B, S, and U terms. 

Table 2: Abbreviations used in naming prepared compounds 

 

The shortest side chain, the terminal PhE segment H-U-CN (Figure 21), was synthesized 

and used without further purification. Following the Sonogashira conditions reported by Shirai, 

et.al.74 the coupling of TMSA with, as purchased, p-bromobenzonitrile, produced alkynylated 

arene 1. TMS deprotection of PhE 1 with potassium carbonate resulted in near-quantitative yields 

of terminal alkyne H-U-CN.  

 

Figure 21: Synthesis of H-U-CN, the terminal PhE segment for all side chains.  

To synthesize the substituted PhE segment (Figure 22), first bromohydroquinone was 

subjected to a biphasic ether synthesis54 with 1-bromohexane to obtain the alkylated intermediate 

2. Iodine was successfully substituted para to the bromine on arene 2 with molecular iodine and 

potassium iodate75, 76 to produce bromo/iodo-arene 3. Sonogashira conditions were applied to 

couple trimethylsilyl acetylene (TMSA) with arene 3, almost exclusively replacing the iodine, to 

Symbol Definition 

B Polymer backbone phenyl ether 

S Substituted phenylene ethynylene 

U Unsubstituted phenylene ethynylene 

H Deprotected terminal alkyne  

TMS Trimethylsilyl protected alkyne 

CN Terminal nitrile  

Br/I Terminal bromine or iodine, respectively 

p- Polymer  
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form monoalkynylated arene 4. Initially, TMS protected bromo-arene 4 was coupled with H-U-

CN, but these reactions required excessive heat and very long reaction times and resulted in yields 

less than 40%. Consequently, a bromo-iodo exchange was carried out to transform arene 4 into 

TMS protected iodo-arene 5. Subsequent coupling of iodo-arene 5 to H-U-CN dramatically 

improved yields to around 85-95%. 

 

Figure 22: Synthesis of substituted PhE segment 5.  

Preparation of the remaining side chains, to complete the series of polymers studied in this 

work, was achieved through a series of palladium couplings and carbonate deprotections (Figure 

23). Terminal alkyne H-U-CN was coupled with iodo-arene 5 to produce the TMS-protected side 

chain dimer, TMS-SU-CN. After deprotection, terminal alkyne H-SU-CN was obtained in near-

quantitative yields. Without further purification, H-SU-CN was coupled to a second iodo-arene 5 

to give the final side chain segment, the TMS-protected side chain trimer, TMS-SSU-CN. As with 

the other side chains, once terminal alkyne H-SSU-CN was obtained, the following couplings were 

performed without further purification. 
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Figure 23: Synthesis of side chain moieties. 

Table 3: Properties of Side Chain Dielectric Polymers. 

 

Mrepeat unit 

(g/mol)a Mn (kDa)b ᴆ 
% 

substitution DPc Tg (°C)d 

p-B-Br 353 18.7 1.56 NA 56 -20 

p-B-I 400 21.6 1.56 NA 54 -11e 

p-BU-CN 400 19.1 1.76 94-100 48 35f 

p-BSU-CN 700 24.4 1.67 96-100 35 23g 

p-BSSU-CN 1000 31.3 1.39 98-100 31 24 
 

aCalculated;  bNumber average molecular weight measured by SEC in THF relative to polystyrene standards; cDP calculated from 

Mn; dTg measured by DSC; eMn = 20.3 kDa and ᴆ = 1.68 for the sample used to obtain Tg; fMn = 21.1 kDa and ᴆ = 1.57 for the 

sample used to obtain Tg; gMn = 21.2 kDa and ᴆ = 2.00 for the sample used to obtain Tg; 

 

The unsubstituted polymers p-B-Br and p-B-I (Figure 24) were synthesized in three or 

four steps, respectively, starting with the demethylation of commercially available 1-bromo-3,5-

dimethoxybenzene with boron tribromide77-80 to give diol 6, after crystallization from chloroform. 

Installation of the alkene functional groups required for metathesis polymerization was 

accomplished by reaction of diol 6 with 7-bromo-1-heptene under biphasic ether synthesis 

conditions to produce monomer 7. Polymerization of bromo-monomer 7 was performed by acyclic 

diene metathesis (ADMET), using Grubbs 2nd generation catalyst (Grubbs II), to obtain p-B-Br. 

The ADMET polymerization required several days at mild temperatures to achieve high Mn. At a 

concentration of 2 M and a catalyst loading of 3 mol%, the Mn of the polymers ranged from 16.8 
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to 19.7 kDa with dispersities averaging around 2.1; the characterization for an example polymer 

shown in Table 3, first row. It is important to note that the substituted variants were not all prepared 

from the same backbone batch. Alternately, bromo-monomer 7 was subjected to two lithium-

halogen exchanges81; first, 7 was reacted with n-butyllithium to displace bromine, then with 

elemental iodine to form iodo-monomer 8. Polymerization of monomer 8 under the same ADMET 

conditions resulted in p-B-I with Mns in a similar range, 16.6-24.9 kDa, while dispersities 

improved, averaging around 1.7. 

 

Figure 24: Synthesis of the unsubstituted polymer, p-B-Br, and the polymer backbone, coupling partner, 

p-B-I.  

Post polymerization functionalization of the polymer backbone, under Sonogashira 

conditions, was implemented to prepare the substituted polymers (Figure 25). When side chain 
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coupling was performed with p-B-Br, these reactions required high temperatures and very long 

reaction times, often 8 or more days. These p-B-Br couplings generated polymers with appreciably 

reduced molecular weights, as much as half the Mn of the starting p-B-Br, modest substitution 

rates, and large dispersities. Whereas upon switching to iodine, the reactions worked at room 

temperature, and the percent substitution was near quantitative. Nevertheless, reaction times were 

still at least 8 days and molecular weights were reduced relative to the bromo-couplings. Once the 

base was changed to piperidine, the reactions were complete within 30 minutes after adding the 

alkyne and the Mns were only slightly reduced. The polymers obtained were of moderate length, 

with degrees of polymerization (DP) between 31 and 48 repeat units, and their dispersities ranged 

from 1.4 to 1.8 (Table 3). 

 

Figure 25: Synthesis of side chain dielectric polymers. 

1H NMR spectral analysis of the purified polymers confirmed the successful synthesis and 

molecular structure of all the substituted polymers. For example, the 1H NMR spectrum for p-

BSSU-CN and its precursors is shown in  

Figure 26. The near complete disappearance of the aromatic peaks at 6.82 and 6.38 ppm 

present in p-B-I, along with the emergence of peaks at 6.67 and 6.44 ppm, respectively, in p-
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BSSU-CN indicate effective coupling of the side chain, approaching quantitative substitution. The 

broadened peaks in the spectra of p-B-I and p-BSSU-CN are consistent with a polymeric structure. 

Another indication of successful coupling can be seen in the aromatic peaks that are associated 

with the two substituted PhE segments in the side chain H-SSU-CN. In the 1H NMR spectrum of 

H-SSU-CN there are clearly four overlapping peaks at ~7 ppm. Once coupled with the backbone, 

subtle shifts due to the change in the electronic environment are observed. 
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Figure 26: 1H NMR for the synthesis of p-BSSU-CN, from the polymer backbone, p-B-I, and the side chain 

moiety, H-SSU-CN. Residuals from the deuterated solvent and dichloromethane are noted. 

2.4.2 Polymer Properties 

To further characterize the polymers, the number average molecular weights (Mn) and 

molecular weight distributions, or dispersities (Đ), were measured by size exclusion 

chromatography (SEC) using THF as the eluent and polystyrene standards (Table 3). An additional 

characteristic of a polymer is its degree of polymerization (DP), which describes the number of 

repeat units present in a polymer and is frequently calculated from a 1H NMR spectrum. The 

molecular weights of the polymers synthesized here are high enough that the end groups are not 
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visible in the NMR spectra; therefore, it was necessary to calculate the DP from the Mn obtained 

by SEC despite the fact that these values are not absolute. 

 

Figure 27: SEC showing the increase in molecular weight of the three substituted polymers as compared to 

the unsubstituted polymer.  

The SEC measurements provided additional evidence that coupling of the side chains to 

the polymer backbone was successful. An SEC measurement provides an estimate of the molecular 

weight of the sample measured, because it measures the hydrodynamic volume of the sample, the 

amount of space occupied by the polymer in a solution. Every polymer exhibits its own 

hydrodynamic volume and often, as it was here, the reference used for calibration is polystyrene 

(PS). The chromatogram revealed that the unsubstituted polymer, p-B-I, which had a repeat unit 

molecular weight (MRU) of 400 g/mol, had an average molecular weight of 22 kDa with a dispersity 

of 1.6 and a calculated DP of 54 (Figure 27). After coupling, it was expected that the Mns for 

polymers p-BSU-CN and p-BSSU-CN, whose MRUs were 700 g/mol and 1000 g/mol, would 

increase significantly to 38 kDa and 54 kDa, respectively, while that for p-BU-CN, whose MRU is 

identical to that of p-B-I, should not change. However, the Mn only increased to 24 kDa for p-
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BSU-CN and to 31 kDa for p-BSSU-CN, whereas it decreased for p-BU-CN to 19 kDa. The 

difference in the Mn obtained for these coupled polymers from those expected may be partly due 

to changes in hydrodynamic radii and partly due to chain cleavage (see section 2.5.1).  

 

 

Figure 28: The DSC thermograms for the second heating (solid curves) and cooling (dashed curves) scans 

for all polymers, at a heating rate of 10 °C/min under nitrogen. 

The thermal properties of each of the polymers synthesized herein were obtained by 

differential scanning calorimetry (DSC) at a heating rate of 10 °C/min and the second heating and 

cooling scans are depicted in Figure 28. The glass transition temperature (Tg) is the region in which 

polymers transition from a more rigid glassy state to an amorphous structure. The unsubstituted 

polymers, p-B-Br and p-B-I, exhibit low glass transitions, -20 °C and -11 °C, respectively (Table 

3), whereas all substituted polymers displayed increased Tgs. The transition of p-BU-CN was 

around 35 °C, while p-BSU-CN and p-BSSU-CN presented transitions near room temperature.  
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Figure 29: The DSC thermograms of the Tg for p-BU-CN when a sample is vacuum dried (dashed curve) 

compared to when a sample has toluene added (solid curve) to induce plasticization, at a heating rate of 10 

°C/min under nitrogen.  

As they are relevant to samples used for poling (vide infra), the thermal properties of p-

BU-CN plasticized by toluene were also measured by DSC (Figure 29). Plasticization was 

accomplished by ensuring that some residual solvent (not quantified but similar to films used later) 

was present in the films made. As expected, the presence of the toluene decreased the Tg 

significantly, from 35 °C for a vacuum dried sample of p-BU-CN to -50 °C when toluene was 

added. 
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2.4.3 Broadband Dielectric Spectroscopy 

Relative permittivity, which is a measure of the ability of a material to polarize in response 

to an applied field2, is related to the total polarization in a system. While there are several modes 

of polarization, much of the work reported is focused on improving orientational polarization. This 

mode can have the greatest impact on permittivity because it is the most responsive to an applied 

field, aside from electronic polarization. Electronic polarization is limited82 in how much it can be 

improved because as the band gap decreases, it becomes more likely that a material will conduct 

electricity. Orientational polarization is relatively easily manipulated through inclusion of 

components with high dipole moments, increasing the number of these dipoles present, or 

influencing their ability to align with an applied field. 

The dielectric polymers designed here are an attempt to improve on polymeric systems 

reported in the literature, the vast majority of which exhibit low relative permittivities, between 2-

533, 83-86. There are some examples of higher permittivities ranging from 7.1-21.373, 83, 87-90 that have 

been reported, although they are relatively rare. To understand how well our design compares with 

previously prepared polymers, the frequency and temperature dependent dielectric properties of 

our materials were evaluated through broadband spectroscopy. 
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Figure 30: Frequency dependent permittivity for each of the unpoled and poled polymers, (a) spectral 

overlay of the average permittivity for the unpoled and poled samples measured at 20 °C. The vertical lines 

on the spectra are placed at 1 kHz and correspond to the boxes in the chart in b. (b) the average and range 

for the unpoled and poled polymers extracted from the spetra in a, measured at 1 kHz and 20 °C.  

Films plasticized by included solvent exhibited sufficient mobility for the polarization 

processes to respond to an applied oscillating field, at a 1 V potential (Figure 30 and Appendix 
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Figure 2). The unpoled polymers (solid curves) exhibited permittivities ranging between 4.3 and 

4.9 at 1 kHz and 20 °C (Figure 30b and Appendix Table 1), which is around the maximum reported 

for the typical aliphatic polymer, but there was no apparent trend in the ε' among the four different 

materials.28, 83, 87 The poled samples (dashed curves), however, exhibited a range of behaviors. The 

backbone polymer p-B-Br (orange spectra), which did not have a side chain, exhibited the smallest 

increase in permittivity to about from 4.3 to 4.9. The poly-dimer, p-BU-CN, with the shortest side 

chain, demonstrated the greatest increase to approximately 12.4 from 4.6. Interestingly, the 

materials with longer side chains did not exhibit the same degree of enhanced permittivity: p-BSU-

CN ε' increased from 4.9 to 7.1 and p-BSSU-CN ε' from 4.3 to 5.9. It can be clearly seen in Figure 

30b that poling was most effective for p-BU-CN (blue). For all samples there was a gradual 

increase in permittivity as the frequency of the applied field decreased. 

As the most extensively tested system, p-BU-CN exhibited more variability in its results 

than all others synthesized here (Appendix Figure 3). Disparities between batches, such as a 

difference in molecular weight that would alter the amount of free volume present, are likely major 

contributing factors in its variability. Although there was a consistent amount of solvent added to 

make the deposition solution, minor discrepancies in viscosity (not visible by the naked eye) also 

contributed to the variability. A change in viscosity would have altered the rate of diffusion and 

evaporation during the initial drying step causing some films to be more plasticized than others.  
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Figure 31: Dielectric loss as a function of frequency for unpoled (right) and poled (left) polymers, measured 

at 20 °C. 

The frequency dependent relaxation process were the same for all the polymers, as 

evidenced by the similar shape of the spectra (Figure 31, Appendix Figure 6, Appendix Figure 7, 

Appendix Figure 12, and Appendix Table 2), and the slope of these spectra at frequencies below 

this relaxation was an indication of contributions from conduction processes. Poling does not 

fundamentally change this relaxation but does shift the relaxation frequency and intensity. For the 

unpoled polymers (left), this relaxation shifted to higher frequencies as the side chain length 

increased (Appendix Figure 4). Polymers p-BSU-CN and p-BSSU-CN displayed a maximum 

energy dissipation of around 15 kHz and 100 kHz, respectively, while the dissipation for p-B-Br 

approached a maximum at the end of the measurement regime, 1 MHz and p-BU-CN exhibited 

more of a transition in its dissipation near 10 kHz. Poling increased the dielectric loss for all 

polymers (right) and here p-BU-CN did display a maximum. Interestingly, the overall trend was 

the reverse of that for the unpoled samples; that is, the maximum loss shifted toward lower 

frequencies as the side chain length increased.  

 



 50 

 

Figure 32: The effect of plasticization on the permittivity of p-BU-CN as a function of temperature at 

different frequencies, ranging from 1 Hz (lightest blue) to 1 MHz (darkest blue), when a sample is vacuum 

dried (left) compared to when a sample has toluene added (right).  

Plasticization in the form of a small amount of toluene (~28 wt%), clearly had a significant 

effect on the temperature dependence of the polarization processes in these polymers. The glass 

transition temperature, which is correlated with the beginning of large-scale segmental motion in 

a sample, is evidenced by an increase in the measured permittivity as the temperature increases. 

For dried p-BU-CN, this increase in motion was observed at about 30 °C (Figure 32, left), slightly 

below the Tg found by DSC (Figure 29 and Table 3). A substantial shift in the Tg, of nearly -60 

°C, was seen when toluene was added (Figure 32, right), to around -30 ° C. The observed Tg was 

20 °C warmer than that observed on a similarly prepared sample of p-BU-CN by DSC. The 

disparity is likely due to small deviations in the toluene content of the samples.  



 51 

 

Figure 33: Average permittivity (top) and dielectric loss (bottom) as a function of frequency, measured at 

20 °C, for p-BU-CN (left) and p-BSU-CN (right).  

The frequency dependent dielectric data was obtained well above the effective Tg, yet the 

rigid nature and size of the dipoles in these polymers limited their motions considerably. In all the 

ε' spectra there was a noticeable transition that suggested the presence of a polarization process 

that became active as the frequency decreased (Figure 33 and Appendix Figure 4). For the unpoled 

polymers, this process shifted toward higher frequencies as the side chain length increased. 

However, for the poled samples, there was no obvious trend for activation of this polarization 

response. For p-BU-CN (left), poling resulted in a sizeable shift in this process toward higher 

frequencies, whereas for p-BSU-CN (right), this process exhibited a modest shift toward higher 

frequencies. As expected, the dispersion peaks observed in ε" revealed that the corresponding 

maximum losses for each polymer coincided with the polarization response in ε'. It is well 

documented that an increase in permittivity is correlated with an increase in dielectric loss 
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(Appendix Figure 8), and this was observed for the substituted polymers; however, the loss 

observed for p-B-Br was relatively unchanged.87, 91  

 

Figure 34: Permittivity (top) and dielectric loss (bottom) of unpoled (left) and poled (right) p-BU-CN as a 

function of temperature at frequencies from 1 Hz to 1 MHz.  

The temperature dependence of the transitions for the unpoled and poled samples (Figure 

34 and Appendix Figure 9) demonstrated the expected shift toward higher temperatures at higher 

frequencies.92 Polymer p-BU-CN exhibited two main transitions in permittivity, and poling 

resulted in an increase in permittivity in the corresponding isochronal spectra as well as an overall 

shift of the transitions toward lower temperatures. While this trend was also seen for polymers p-

BSU-CN and p-BSSU-CN, poling of p-B-Br resulted in a shift toward higher temperatures. It was 

observed that the polarization processes were activated at a much lower temperature for p-B-Br 

than for the substituted polymers. Polymer p-BSSU-CN required the highest temperature to 

activate these same processes, while activation for p-BU-CN and p-BSU-CN was approximately 

the same temperature. Although the activation temperature for p-B-Br, after poling, shifted 
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opposite to that observed for the substituted polymers, the overall trend in activation temperature 

from unsubstituted to the longest side chain holds. 

All polymers exhibited three different relaxations (Figure 34 and Appendix Figure 10). The 

transition at the lowest temperatures, often referred to as a sub-Tg transition or γ-transition, varied 

greatly between the samples and did not show an obvious trend within the measured temperature 

range. This is the region in which very small molecular motions can occur, and Wei et.al attributed 

these relaxations to rotations of the sulfonyl groups in side chains in a polymer they designed for 

high permittivities. 28 The main relaxation exhibited by all polymers shifted to higher temperatures 

and broadened with increasing frequency. These relaxations have been referred to as a β or α' 

transition and were reported by Huang et.al as the region where precursor motions to the α 

transition occur.91 The relaxation at high temperatures was well above the effective Tg, and 

therefore, related to large-scale segmental motions. 
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Figure 35: Permittivity and dielectric loss as a function of temperature for all of the unpoled and poled 

polymers at 1 kHz.  

The temperature dependent permittivities of the poled samples were larger than their 

corresponding unpoled permittivities at 1 kHz (Figure 35 and Appendix Figure 11), but there was 

no clear trend in the permittivity of the polymers within the unpoled or poled populations. Unpoled 

and poled p-B-Br each exhibited one major transition at very low temperatures, and poling resulted 

in a shift of this transition to a slightly higher temperature. The unpoled substituted polymers 

showed one or more transitions that were shifted to significantly higher temperatures than those 

for p-B-Br, but there was no apparent correlation with the side chain length. As with the unpoled 

substituted polymers, the poled samples did not show a correlation of side chain length to the 

temperature at which polarization began. Interestingly, the onset of polarization for poled p-BSU-

CN is at approximately the same temperature as that for poled p-B-Br. This transition for p-BSU-

CN was uniquely broad, which indicated that there may be overlap of polarization processes.  
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Figure 36: Diagram depicting sample capacitor. 

As sample preparation was determined to be imperative to obtain good dielectric data, 

extensive experimentation was performed to develop the film preparation and poling procedure. 

Polymer p-BU-CN, which has the shortest side chain, was exploited as the model polymer, 

because it was expected that the side chain might significantly change the behavior of the system 

toward poling. To ensure that the dielectric spectroscopic results were due to the polymers and not 

an effect of residual solvent, the films were initially formed by deposition from chlorobenzene 

onto the large brass electrode (Figure 36). These films were allowed to dry overnight, followed by 

vacuum drying for 24 hours at room temperature. Once dried, a hot press was used to affix the 

small electrode, with minimal force at approximately 100 °C for 5 to 15 minutes, to complete the 

capacitor setup. 
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Figure 37: Permittivity of vacuum dried p-BU-CN for the average of the unpoled (solid curves) and poled 

(dashed curves) samples measured at 20 °C.  

It is well-known that the force of an applied field causes dipoles to move and orient with 

that field and that BDS elucidates the frequencies at which these polarization and relaxation 

processes occur. These processes are seen as increases, or transitions, in the measured ε' of a 

system as the frequency of the applied field decreased. Unpoled, vacuum dried p-B-Br revealed a 

distinct transition around 20 kHz and 0.2 Hz (Appendix Figure 1), whereas unpoled and poled, 

vacuum dried p-BU-CN both displayed flat, featureless spectra (Figure 37). Additionally, the 

permittivity for poled, vacuum dried p-BU-CN was below that found for the unpoled, vacuum 

dried films. The absence of polarization processes and lack of enhancement in ε' after poling for 

vacuum dried p-BU-CN implied that once a side chain was introduced the mobility of the 

polymer’s dipoles were severely hindered. 
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Figure 38: Diagram depicting the film casting and capacitor preparation procedure.  

To increase the mobility of the polymers, the film preparation was altered to leave a small 

amount of solvent within the film, thus providing the required free volume (Figure 38). After 

deposition, the film was allowed to dry for twenty minutes to three hours before placing the small 

electrode on top of the film. Drying was continued overnight, a secondary drying step to ‘set’ the 

top electrode, before the dielectric response was measured, or the sample was introduced to the 

poling field. Despite this drying time, the samples between the electrodes retained solvent, thereby 

remaining plasticized, as was confirmed by 1H NMR of samples subjected to these conditions. 
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Figure 39: Permittivity, as a function of frequency, of p-BU-CN samples with varied initial drying times 

(time before placing the top electrode), measured at 20 °C. Samples represented by solid curves received 

additional drying time after placing the top electrode (t ≥ 12 h) before measuring permittivity. The samples 

represented by dashed curves were measured within an hour of placing the top electrode. 

The permittivities of these ‘wet’ samples clearly increased with decreasing frequency 

(Figure 39) and demonstrated plasticization was undoubtedly necessary for the polarization 

mechanisms to respond to the applied field. Samples that were measured without additional drying 

time (dashed curves) showed increased permittivity compared to their drier counterparts (solid 

curves). The samples with the shortest initial drying time (purple curves), about 0.3 hours, overall 

showed greater polarization than the longer initial drying times. Although three hours of initial 

drying time indicated some effect on polarization response, due to the variation seen in the results 

from sample to sample, some three-hour samples showed no capacity for poling (Appendix Figure 

5 and Appendix Figure 3). There was a tendency for the top electrode to slide when the film was 

too wet. Moreover, placement of the top electrode when the toluene content was too high 

compressed the samples to the point that the electrodes touched as evidenced by significant 
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conduction. Based on many trials, the optimal drying time for these samples was found to be 1 

hour, and the second stage of drying was essential for optimum sample performance. 

 

Figure 40: Permittivity, as a function of frequency, of p-BU-CN samples with either toluene (solid curves) 

or chlorobenzene (dashed curves), measured at 20 °C. The samples prepared with toluene are labeled T1-

T4 and the samples prepared with chlorobenzene are labeled CB1-CB3. 

In addition to determining the minimum amount of solvent required for the polarization 

processes to be observed, the effect of the type of solvent on the response of unpoled p-BU-CN 

was investigated and revealed that there was not a meaningful difference between the solvents 

studied. The chlorobenzene samples (Figure 40 dashed curves, CB1-CB3) were allowed to dry for 

two hours before placement of the top electrode and were measured one day after film deposition. 

The toluene samples (solid curves, T1-T4) were permitted to dry for one or three hours before 

placement of the top electrode and these spectra were obtained between one and eight days after 

film deposition. If the solvent contributed significantly to the measured responses, it would be 

expected that the response for all chlorobenzene samples would be larger than that for the toluene 

samples. Samples CB1-CB3 had the same preparation, but CB2 and CB3 showed a significantly 
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smaller response than CB1. Samples T1 and CB1 were each measured one day after deposition, 

but T1 only dried for one hour, while CB1 dried for two hours yet these samples displayed very 

similar responses. Samples T1-T3 had the same preparation, but each exhibited a different 

response. Interestingly, T3 dried an additional week after placing the top electrode compared to 

one day for both T1 and T2, but its response was greater than T2 and less than T1. Sample T4 

dried for three hours while CB2 and CB3 only dried for one hour, but T4, which was less 

plasticized, exhibited a greater response than CB2 and CB3. These results demonstrated that there 

were no significant differences in the response of the polymers due to chlorobenzene or toluene; 

therefore, due to its ease of removal, toluene was utilized in the final procedure. 

 

Figure 41: Cumulative poling of one p-BSU-CN sample, measured at 20 °C. 

To better understand how poling affected a given film, to explore whether repeated 

exposure increased the polarization of the system, and to determine how much exposure was 

required to acquire the maximum potential polarization, consecutive incremental poling was 

performed (Figure 41). The average of the unpoled p-BSU-CN samples is used as the baseline 

(dark blue curve) which showed a permittivity of 3.21 at 1 MHz that increased, as the frequency 
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decreased, to 5.49 at 1 kHz and 6.57 at 1 Hz (Table 4). A new p-BSU-CN sample was placed 

under a static 15 V potential for a designated amount of time; upon removal from the poling field 

the dielectric spectrum was recorded and then the sample was quickly returned to the poling field. 

After 30 minutes of poling, there was an increase in permittivity to 6.9 at 1 kHz and 8.5 at 1 Hz. 

Each additional poling showed modest increases compared to the previous length of poling, such 

that after four hours the permittivity was 7.5 at 1 kHz and 12.3 at 1 Hz. Compared to the results at 

four hours, the moderate increase at 20 hours to 8.2 at 1 kHz and 14.6 at 1 Hz suggested that the 

sample had approached its maximum polarization. 

Table 4: Permittivities for the cumulative poling of sample p-BSU-CN at 20 °C 

Poling  

time (h) 1 MHz 100 kHz 1 kHz 1 Hz 

0a 3.21 3.54 5.49 6.57 

0.5 3.81 4.38 6.90 8.46 

1 3.90 4.47 7.06 11.7 

4 4.12 4.75 7.51 12.3 

20 4.51 5.11 8.21 14.6 
aFor the unpoled entry the average values from all samples measured were used  

 

 

2.5 Discussion 

2.5.1 Synthesis 

There is much interest in precise polymers93 for dielectric applications, as defects readily 

affect the resulting properties. The synthetic strategy applied here was based on a post-
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polymerization functionalization method and successfully addressed the concern of exact features 

in repeat units, which are delineated in Figure 21 through Figure 25. The initial strategy for 

building the side chains was to exploit the orthogonal protection groups, diethyltriazene and 

trimethylsilyl, employed by the Moore94 and Tour95-98 groups. This convergent synthetic route 

would allow for differential99 and incremental increases in the side chain length, and provide the 

potential to incorporate controlled sequences. The final strategy applied in this work exploited 

trimethylsilyl as the only protecting group.  

Several lessons were learned in the course of developing the synthetic conditions used. The 

demethylation reaction, carried out at -78 °C, was prone to freezing at the concentrations reported 

in the literature, and it was found that at a 3-fold dilution the reaction mixture stirred freely77-80. 

These reported procedures used 4.5-6 equivalents of Brˉ per methoxy group, whereas this work 

established that 2.9 equivalents were sufficient for complete methyl removal. Despite this sizeable 

reduction in boron tribromide, residual bromine by-products persisted and were not readily 

removed by washing with sodium thiosulfate solution. Alkylation of diol 6 under the traditional 

Williamson ether conditions80, 100, and variations thereof, resulted in yields less than 50%. 

However, when the biphasic conditions reported by the Meyer group56 were employed, the 

reactions gave yields ranging from 72-90%, with nearly quantitative di-substitution of diol 6. 

We also determined that stirring of an ADMET polymerization reaction was critical to 

achieve suitable molecular weights. The viscosity of the reaction mixture increased rapidly as Mn 

increased and formed a thick rubbery layer on top. This rubbery layer was insoluble, in chloroform 

or THF, suggesting very high molecular weights and possible crosslinking. The mixture below it 

was quite fluid indicating the presence of a mostly oligomeric species and implied that the rubbery 

layer impeded the removal of the ethylene formed. It was discovered that magnetic stirring was 
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ineffective after only one day, but the rubbery layer could be prevented by manual stirring once 

daily. 

The substituted PhE segment 5, outlined in Figure 22, was found to be essential for side 

chain extension. Long conjugated species are known to be difficult to solubilize and this was 

addressed through the alkylation of bromohydroquinone with bromohexane, a linear aliphatic 

chain, resulting in dialkoxy arene 2. An alkyne is required to extend conjugation and for ease of 

linking the phenyl segments. Synthesis of monoalkynylated intermediate 4 was originally 

attempted from 1,4-dibromohydroquinone; however, a single addition of TMSA to alkylated 

dibromo species was difficult to achieve and separation of 4 from the di and unsubstituted species 

was only moderately successful. It was discovered that when palladium-catalyzed coupling of 

TMSA was performed with bromo-iodo arene 3, the reaction yielded almost exclusively 

monoalkynylated bromo-arene 4.  

We learned that certain couplings required iodo arene substitution rather than bromo. The 

coupling of bromo-arene 4 with a terminal aryl-alkyne lead to exceedingly poor yields, but once a 

bromo-iodo exchange was carried out to transform arene 4 into TMS protected iodo-arene 5, the 

yields of the coupling reactions improved dramatically. The success of the bromo-iodo exchange 

was highly dependent upon the order of addition. It was observed that when the iodine/THF 

solution was added to the lithiated solution, no iodo product was formed. However, when the 

addition was reversed, iodo-arene 5 was obtained. This reaction was also very sensitive to any 

exposure to air, and, despite employing good air-free techniques, the amount of reduced material 

formed could not be decreased below 10%. 

Solvent choice was crucial in optimizing the yields of the couplings. When the orthogonal 

protecting group triazene was a main component of the synthetic route, methods employed by the 
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Moore group94, and frequently utilized in the literature, were applied to build the series of side 

chains. In these methods, triethylamine (TEA) was used as the sole solvent and base, but the 

coupling resulted in only moderate yields. However, when THF was added as a cosolvent, based 

on work conducted by the Tour group74, 97, 101-103, yields improved substantially.  

We learned that a simple change in protecting groups can have a considerable impact on 

the solvent required for successful couplings. The synthetic route for building the side chains was 

redesigned to include TMS as the only protecting group. Based on the polymer coupling procedure 

at the time, when bromo-arene 4 was coupled to H-U-CN in a toluene (PhMe) and TEA system, 

yields once again were quite poor. Since THF/TEA had worked so well with the triazene structures, 

it seemed logical that it would also work well with the TMS structures, but surprisingly the yield 

decreased compared to that of the PhMe/TEA system. Recognizing the apparent difference in 

reactivities between the triazene and TMS moieties, coupling was again attempted in TEA, but 

with iodo-arene 5 and H-U-CN and proved successful with yields greater than 84%. Whether this 

is a function of the difference in the protecting groups or simply due to the transition to iodine as 

the aryl-halide is unclear. 

We determined that a change in the base used for the polymer-side chain couplings 

drastically reduced reaction times and polymer cleavage. Sonogashira couplings are commonly 

performed using TEA as the sole solvent; however, p-B-Br/I was not sufficiently soluble, 

therefore a 1:1 mixture of PhMe:TEA was used (Figure 24). This large excess of base did not 

sequester the hydroiodic (or hydrobromic) acid byproduct, but instead the PhMe:TEA mixture 

likely caused some aggregation of the chains, thereby excluding the base from the site of HI (or 

HBr) formation. It was determined that the acid byproduct cleaved the polymer backbone at the 

sp3 CH2-O bonds, and with the exceedingly long reaction times, this cleavage greatly reduced the 
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molecular weight of the polymers. A search of the literature revealed piperidine as an alternative, 

and when utilized as the base and cosolvent, the reaction rate increased more than 10-fold; 

however, the cleavage was still substantial. It was established, through a timed experiment, that 

cleavage could be minimized by stopping the reaction after about 30 minutes, a nearly 400-fold 

increase in rate, and substitution remained near-quantitative. 

2.5.2 Polymer Properties 

The molecular weights observed in the SEC traces (Figure 27) of the substituted polymers 

were not in agreement with the theoretical expectation for the coupling reactions. While the 

molecular weights for p-BSU-CN and p-BSSU-CN did increase, the increases were modest, 

despite the sizeable increase in their repeat unit molecular weight (MRU) compared to that of p-B-

I. In contrast, the MRU for p-BU-CN was identical to that of p-B-I yet its Mn decreased after 

coupling. Although contrary to what was expected, these reduced Mns, and corresponding DPs, 

were in congruence with the polymer cleavage observed during the coupling process. However, 

the apparent dramatic drop in DP for p-BSU-CN and p-BSSU-CN can be attributed to the use of 

a different batch of p-B-I as the backbone, whose DP was 42 instead of 54. 

Based on the detected cleavage, it would also be expected to find increased polymer 

dispersities. Although small, this was the result seen for p-BU-CN and p-BSU-CN. However 

surprisingly, the Đ of p-BSSU-CN exhibited a slight decrease, which could simply be an indication 

that this polymer was better purified.  

The Tgs exhibited by p-B-Br and p-B-I (Figure 28) are congruent with polymers whose 

compositions are mainly aliphatic and lack a significant side chain structure92. The increase 

observed for each of the substituted polymers is in contradiction to the well-known trend in which 



 66 

an increase in the side chain length has a plasticizing effect and leads to a decrease in Tg. However, 

Bonardd87, et al. reported a trend similar to that seen here, where their polyitaconates and 

polymethacrylates, bearing polar end groups on the side chains, showed an increase in Tg over 

variants without polar end groups. Additionally, they saw an increase in Tg when the end groups 

were changed from a nitrile to a sulfonyl, an effect also reported by Zhu, et.al.92. Bonardd surmised 

that, as the polarity of a side group increased, there was an increase in dipolar interactions, which 

would require more energy to disrupt and thereby increase Tg. Therefore, the contribution of the 

nitriles to an increase in intermolecular forces could account for the increase in Tg for the 

substituted polymers. 

With the addition of a side chain, all substituted polymers have extended conjugation which 

could promote inter- and intramolecular π- π stacking. The resulting increase in interactions would 

require more energy to disrupt and thereby contribute to the increase seen in the Tgs. Although 

shortest in length, the side chain of p-BU-CN is unique in that it does not contain freely moving 

alkoxy substituents. Without the hinderance of additional aliphatic material on the side chain, π-π 

stacking may occur more readily and contribute to the large increase in its Tg. 

Despite having an increased conjugation length, which could lead to stronger π-π stacking 

and an increase in Tg, p-BSU-CN, with an additional PhE in the side chain, exhibited a slight 

decrease in Tg. There are a few possible competing effects, one of which is the large increase in 

chain ends with the added alkoxy-substituted PhE segment, which would decrease the Tg. These 

freely moving alkoxy chains may inhibit additional π-π stacking, thereby preventing a significant 

increase in intermolecular interactions. As a result of the rigid nature of conjugated aromatic 

species, chain movement is likely to be more hindered and would cause an increase in Tg. These 

factors are also at play with p-BSSU-CN, and it was seen that its Tg was virtually unchanged. It is 
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likely that the longer rigid side chain has a larger effect on chain entanglement, thereby increasing 

the Tg value more than the plasticizing effect from the added length and chain ends. 

2.5.3 Broadband Dielectric Spectroscopy 

All of the polymers achieved high permittivities and aligned in response to poling. These 

polymers were successfully synthesized with a high coupling rate and reached good molecular 

weights. Their dielectric properties were investigated by frequency and temperature dependent 

broadband dielectric spectroscopy. The results are quite promising, as even the unpoled variants 

exhibited higher permittivities, ε' ≥ 4.3 (Appendix Table 1), than the average organic polymer, ε' 

≈ 2-4. All the polymers attained improved permittivities through poling, and the top performer, p-

BU-CN, achieved the highest permittivity of approximately 12.4. 

It was established that the mobility of the side chain was the crucial factor in eliciting a 

polarization response for these polymers. Initial broadband experiments with polymer p-B-Br 

demonstrated that this system exhibited a distinct polarization process in response to the different 

frequencies applied (Appendix Figure 1: Permittivity, as a function of frequency, of all the vacuum 

dried samples (blue curves), measured at 20 °C, and the average of each (orange dashed curves); 

unpoled p-B-Br (top), unpoled p-BU-CN (bottom left) and poled p-BU-CN (bottom right) ). 

However, surprisingly, when experiments with polymer p-BU-CN began, no polarization 

responses were observed (Figure 37), and the obtained permittivity was lower than that observed 

with polymer p-B-Br. It was thought that plasticization may address the lack of mobility in the 

side chains, and the DSC experiments revealed that the Tg of polymer p-BU-CN decreased by as 

much as 85 °C (Figure 29). Additional BDS experiments showed that plasticized p-BU-CN 

exhibited a distinct polarization response and the permittivity increased by Δε' ~ 1.5, at 20 °C and 
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1 kHz, compared to the vacuum dried sample (Figure 30 and Appendix Figure 5 ). This 

demonstrated that plasticization improved the mobility of the side chain thereby allowing 

observation of the polarization processes of the substituted polymers. 

Of all the polymers, p-BU-CN exhibited the most desirable properties. The unpoled variant 

exhibited the greatest increase in permittivity, a Δε' of approximately 4, in the measured frequency 

range (Figure 30). Once poled, it outperformed all the polymers studied, with a ε' of about 12.4 

and a Δε' around 7.8, at 20 °C and 1 kHz. The side chain length clearly represented an optimization 

of the factors that affect alignment. As it was the shortest side chain, it required the least amount 

of free volume to rotate; even small movements of the backbone may 'free' a hindered side chain 

to rotate. Its side chain also lacked the additional alkoxy chains present in the other substituted 

polymers, which may facilitate π-π interactions and therefore increased cooperative motions of the 

dipoles. These combined effects could be expected to allow the side chain of p-BU-CN to align 

more easily with an applied field, thus improving the ε' of the system. 

It is generally known that, when a side chain is added to a polymer and when the side chain 

length is increased, there is a corresponding increase in free volume. The observed decrease in the 

polarization response as the side chain length increased suggested that the increase in free volume 

was insufficient for the mobility of the longer side chains. Polymer p-BU-CN had the smallest 

side chain; therefore it would have the smallest increase in free volume and would require the least 

free volume for side chain mobility. There was a large increase in its upload and poled permittivity, 

in the measured frequency range (Figure 30), a Δε' of approximately 4.0 and 7.0, respectively. This 

frequency dependent polarization response provides evidence that the increased free volume for 

p-BU-CN was sufficient for the mobility of its side chain. While there was an additional increase 

in the free volume for p-BSU-CN and p-BSSU-CN, this increase was likely not proportional to 
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the amount required for free mobility of the longer side chains. This is evident in the decreasing 

change in the polarization response with longer side chains. For the unpoled materials, the Δε' was 

approximately 3.2 for p-BSU-CN and 1.6 for p-BSSU-CN, and for the poled materials the Δε' was 

approximately 4.0 and 2.4. respectively. 

The frequency dependent polarization process displayed by the unpoled substituted 

polymers may be influenced by aggregation. As noted above, the response of the shortest side 

chain, p-BU-CN, was the largest, but as the side chain length increased, the magnitude of the 

polarization process decreased. This trend in Δε' suggested that there is some aggregation of the 

side chains that decreases with increasing length, which seems counterintuitive. It is generally 

understood that with a longer conjugated system there is a tendency for more aggregation through 

π-π interactions. However, for p-BSU-CN and p-BSSU-CN, the phenyl groups employed 

introduce additional alkoxy side chains. The sequential increase in the aliphatic material connected 

directly to the conjugated system may incrementally inhibit the aggregation of the side chains. 

Stronger interactions, such as that suggested for p-BU-CN, could induce additional dipole 

response leading to the large Δε' observed. 

Aggregation may have an impact on the effectiveness of poling the substituted polymers. 

On the surface, aggregation may appear to hinder the ability of a dipole to orient under the 

influence of a static field, as it would be expected that an aggregate would need more free volume 

to orient. However, it is important to note that the static field has a large, applied potential, 15 V, 

and is applied for an extended period of time, upward of 7x105 s or more. While the broadband 

measurements were obtained at a 1 V potential and the slowest frequency measured had a 10 s 

oscillation. It is also important to bear in mind that these films are poled at RT, which is well above 

the plasticized Tg. With the large force applied, the extended time for poling and large segmental 
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motions possible, aggregated dipoles could be oriented with a static field. As suggested, with 

increasing side chain length, the amount of aggregation likely decreased, which was correlated with 

the decreased Δε' observed for poled polymers. For example, the polymer p-BU-CN, with the most 

aggregation, showed the greatest Δε', which may be the result of dipole interactions that facilitate the 

alignment of nearby dipoles combined with the smaller size of its side chain and overall greater 

mobility in the polymer. Whereas polymer p-BSSU-CN, with the least aggregation and a 

comparatively reduced overall polymer mobility, showed the smallest Δε' after poling. 

The design goals of high permittivity, easy modification, scalability, and solubility were 

achieved for this polymer system. The method developed for post-polymerization coupling of the 

side chains allows for ease of modification and tuning with high fidelity, and the syntheses are 

easily scalable. The polymer backbone itself is easily modifiable; for example, altering its length 

or possibly a modification of the alkene provides an avenue for improvement. The film deposition 

process is simple, and the employment of an aliphatic backbone, instead of a fully conjugated one, 

provides solubility and improves processability. The high permittivities achieved with this design 

provides a promising new route toward high dielectric materials. 
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3.0 Phenylene Vinylene Based Polymers. 

3.1 Introduction 

The original monomer design and synthetic method for these side chain dielectric polymers 

targeted the well-studied and characterized phenylene vinylene (PV) system as the initial side 

chain components.56 The bulk properties of a polymer have been shown to be affected by sequence 

as much as the identities and ratios of monomers. Norris et al. showed that by rigorously 

controlling their sequence, the bulk optoelectronic properties of the resulting oligomers can be 

tuned.54 Furthermore, Zhang et al. reported that sequence plays a key role in inter/intrachain 

interactions and short-range order. The presence of π-stacking was demonstrated by a different 

absorption pattern in the solid state for trimers and their corresponding polymers, as well as longer 

sequences.55, 57 This project employs these discoveries in the monomer design and incorporates 

sequences for a tailorable side chain that should aid with orientation. 

This work was discontinued after extensive attempts to synthesize these series of polymers 

in which several different routes were pursued. These methods include polymerizations of 

monomers with fully synthesized side chains that resulted in short oligomeric species or significant 

crosslinking, causing them to be insoluble and, therefore, not viable for film preparation. Post 

polymerization coupling was also attempted; however, as the nitrile monomer was the only species 

that did not crosslink, conversion of the nitrile to the aldehyde caused significant cleavage of the 

polymer and incomplete conversion. It was subsequently determined that these PV based side 
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chain polymers were incapable of providing the desired set of polymers, and therefore a new 

synthetic route was devised. 

3.2 Project Goals 

The goal of this project is to identify influential monomer parameters, through side chain 

engineering, for rationally tuning the dielectric properties of this new class of polymers. These 

studies will address three factors hypothesized to influence the dielectric behavior of the polymers. 

First, what length of the side chain is required to induce a measurable effect on the dielectric 

constant? Second, will the sequence of the side chain successfully control the alignment of the side 

chains, and which sequence produces the greatest dielectric constant? Finally, by varying the 

substituents incorporated in the side chain, can we tune the dielectric constant of the polymer?  
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Figure 42: Proposed polymer sequences. Starting from the top left is the base structure, i.e. the backbone 

or mono-phenylene, continuing with dimers, trimers, and tetramers. The trimers and tetramers have one 

unsequenced chain and two sequenced chains with the same composition. (note on nomenclature, a dimer, 

trimer, etc. refers to the number of phenyl groups in the monomer) 

A series of systematically sequenced monomers will be synthesized and polymerized based 

on the well-established phenylene vinylene system. The macromonomers and polymers will be 

described by the number of phenyl groups in the side chain where the term dimer will refer to a 

unit bearing two phenyl groups and a trimer with three. The dimer, trimer, tetramer, and pentamer 

series’, depicted in Figure 42 and Figure 43, will each contain one homo-oligomeric side chain as 
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well as two or three compositionally equivalent side chains. Each of these polymers will also bear 

a terminal nitrile (or other electron acceptor) functional group to increase the side chain’s dipole. 

This series of polymers will establish what length side chain is required to produce a measurable 

effect on the dielectric constant, and the isomeric substrates will provide insight into the effect of 

sequence on the polymeric dielectric properties. 

 

Figure 43: Proposed pentamer sequences have one unsequenced chain and three sequenced chains with the 

same composition. (note on nomenclature, pentamer refers to the number of phenyl groups in the monomer) 

The Meyer and Hutchison collaboration reported the terminal group dramatically changed 

the optoelectronic properties of the oligomers, accordingly replacement of the terminal nitrile with 

highly polarizable end groups, depicted in Figure 44 a and b, should increase the side chain’s 

dipole, and provide evidence toward how influential the terminal group is on the dielectric 

constant. In another study, the collaborators reported the oligomers sequenced with 

benzothiadiazole showed measurable differences in optoelectronic properties, thus alternative 

electron donating units (EDU) are being investigated to optimize dielectric properties.55 

Integration of EDUs (Figure 44 c and d) should increase the polarizability of the side chains and 

demonstrate how the identity of the side chain substituents affect their behavior.  



 75 

 

Figure 44: Alternative monomers for increased polarizability of the polymer side chains. (a) and (b) are 

polarizable end groups; (c) and (d) are electron deficient moieties. 

3.3 Results 

3.3.1 Naming Convention 

The following conventions will be employed for naming the prepared compounds (Table 

5). The monomers’ names consist of the side chain sequence in order from the backbone arene to 

the terminal functional group in the phenylene side chains. 

Table 5: Abbreviations used in naming prepared phenylene vinylene compounds 

Symbol Definition 

N Terminal nitrile group 

A Terminal aldehyde group 

O Dialkoxy-substituted phenylenevinylene 

P Unsubstituted p-phenylenevinylene  

B Backbone moiety, 3,5-bis(hexyloxy)benzene   

mono- Monomer  

poly- Polymer  

oligo- Oligomer 
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3.3.2 Synthesis of Monomers and Their Building Blocks 

Macromonomer mono-B-A, bearing a single functional aryl group, was synthesized using 

a modified version of the Williamson ether synthesis (WES) reported by Eggers, et al. (Figure 

45).104 3,5-Dihydroxybenzonitrile was coupled after deprotonation to 2 equivalents of 7-

bromohept-1-ene to give α,ω-diene mono-B-N in a 94% yield after purification by distillation. 

Disubstitution of the arene’s hydroxyl groups was verified by the integration of the protons on the 

carbon α to the oxygen and the absence of hydroxyl protons in the 1H NMR spectrum. The GCMS 

chromatogram showed a single peak present, whose parent ion matched the expected molecular 

weight. The isolated mono-B-N was subjected to diisobutylaluminum hydride (DIBAL-H) 

reduction to give aldehyde-derivative mono-B-A in an 87% yield. 

 

Figure 45: Synthesis of mono-B-A. 

The greatest yields were obtained when deprotonation of the dihydroxy-arene was allowed 

to run for 15 h, rather than simultaneous addition of the alkyl halide and phenolic moiety, and 

vacuum distillation was performed before extraction and washing. In contrast, when Eggers’ 

reported procedure and purification was implemented some mono-substitution occurred, 

extraction took more than twelve h, and significant losses were seen.  
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The precursors of the P and O units, for side chain extension and sequencing, were prepared 

using the Meyer group’s previously reported methodology (Figure 46 and Figure 47, 

respectively).54, 56 p-Tolunitrile was brominated with N-bromosuccinimide (NBS) and benzoyl-

peroxide (BPO) in dichloroethane (DCE) to give brominated-arene 3 in 97% yield. The 

brominated-arene was treated with trimethyl phosphite in toluene, and phosphonate 4 was obtained 

in 64% yield. 

 

Figure 46: Synthesis of phosphonate 4. 

Dialkoxy-substituted arene 5 was prepared, in 92% yield, from 2-methylhydroquinone with 

2 equivalents of 1-bromohexane in the presence of sodium thiosulfate (Figure 47). The isolated 

material was treated with NBS/BPO in DCE, and after recrystallization from methanol (MeOH), 

brominated-arene 6 was obtained in 84% yield. Lithium-halogen exchange was performed on 

brominated-arene 6 using n-butyl lithium (nBuLi). Formylation with dimethylformamide (DMF) 

gave aldehyde 7 with yields as high as 99%. The aldehyde-derivative 7 was converted to nitrile 8, 

in 84% yield, using hydroxylamine hydrochloride in formic acid. Phosphonate 9 was formed in 

two steps: 1) the benzylic carbon of the nitrile-derivative 8 was brominated with NBS/BPO in 

DCE and 2) the isolated intermediate was treated with trimethyl phosphite in toluene, to give the 

phosphonate 9 in 52% yield.  
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Figure 47: Synthesis of phosphonate 9. 

Successful formation of phosphonate 9 was determined by 1H NMR analysis (Figure 48). 

Bromination of nitrile-derivative 8 deshields the benzylic protons resulting in a downfield shift of 

the peak from 2.25 ppm, with an integration of 3 (Figure 48 a), to 4.50 ppm, with an integration 

of 2 (Figure 48 b). Conversion to the phosphonate (Figure 48 c), shifts the benzylic protons upfield 

from 4.50 ppm to 3.26 ppm, which appear as a doublet, and the new methoxy protons β to the 

phosphorus, also a doublet, are observed at 3.69 ppm with an integration of 6. 
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Figure 48:  1H NMR for the transformation of nitrile-derivative 8 to phosponate-derivative 9. (a) nitrile 8; 

(b) intermediate; (c) phosphonate 9. The arrow colors correspond product spectrum color and indicate the 

peak changes that occur from the starting material to the product. 

Improved yields were obtained, and over-bromination was eliminated, for brominated-

arene 6 when the reflux time was reduced. The yields of aldehyde 7 were drastically increased 

when a new bottle of extra-dry DMF was used. After the impurity in the crude for aldehyde 7 was 

identified as the dialkoxy-substituted arene 5 (based on 1H NMR analysis), it was deduced that 

water was present in the DMF, since water reacts faster with the lithiated intermediate than DMF. 

The overall yield for phosphonate 9 was improved when all residual formic acid was removed 

from the isolated nitrile-derivative 8.  
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Figure 49: Representative iterative HWE coupling sequence. 

Once all the building blocks were prepared, monomer side chains were sequenced via 

successive Horner Wadsworth Emmons (HWE) couplings of an aldehyde and a phosphonate, 

yielding, for example, mono-BO-N or mono-BOO-N (Figure 49). In preparation for the next 

HWE coupling, mono-BO-N or mono-BOO-N was converted to an aldehyde, mono-BO-A or 

mono-BOO-A, respectively, via DIBAL-H reduction of the nitrile at -78 °C. The use of potassium 

tert-butoxide (KOtBu), a milder base, produced the highest yields from the HWE couplings, with 

the yield for mono-P-N > 80% and mono-O-N ~68%, whereas with sodium hydride the yield for 

mono-P-N was moderate, ~70%, but the yield for mono-O-N was only 27%.  
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Figure 50: 1H NMR for the synthesis of mono-BP-N. (a) mono-B-A; (b) phosphonate 4; (c) mono-BP-N. 

The arrow colors correspond to the respective spectrum color and indicate the peak changes that occur from 

the starting materials to the product. 

The success of these couplings was verified by 1H NMR analysis (Figure 50). As the 

oxaphosphetane intermediate is being formed from mono-B-A (Figure 50 a) and phosphonate 4 

(Figure 50 b), the aldehyde is consumed, resulting in the absence of the aldehyde peak in Figure 

50 c. After the oxaphosphetane collapses to form the new carbon-carbon double bond, and kicks 

off the dimethyl phosphate anion, the protons associated with the phosphonate group are no longer 

observed. The product spectrum (Figure 50 c) shows the new alkene formed, as two doublets at 

7.1 ppm, the aromatic peaks from mono-B-A shifted upfield, and the aromatic peaks from 

phosphonate 4 converged. 
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3.3.3 Metathesis of Polymers and Ring-Closed Monomers 

 

 

Figure 51: ADMET proved a more viable route for polymerization than RCM. 

Polymerization via metathesis can be accomplished through two methods, acyclic diene 

metathesis (ADMET) and ring opening metathesis polymerization (ROMP). The Meyer group has 

shown that better molecular weights can be obtained via entropy driven ROMP (ED-ROMP)105, 

106, thus in the early stages of this project, ring closing of mono-B-N was attempted, via ring 

closing metathesis (RCM) with second generation Grubbs catalyst (GII) at 1 mM (Figure 51). 

These trials resulted in very low yields, 11-26%, and some dimer formation was seen, as shown in 

the slight downfield shift of the internal alkene peak from Figure 51 b left to Figure 51 a left (teal 

arrow). Consequently, the polymerizations were conducted via ADMET with GII at 2 M (Figure 

51). Metathesis was confirmed for both RCM and ADMET by the absence of the terminal alkene 

protons at ~5.8 ppm and ~4.9 ppm, red arrows, and the presence of the internal olefin protons at 
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~5.4 ppm, teal arrows, (Figure 52). The distinguishing feature for polymerization is broadening of 

the other proton peaks, purple arrows (Figure 52 a right). 

 

Figure 52: Left- RCM of mono-B-N; (a) dimer; (b) monomer; (c) starting material. Right - ADMET of 

mono-B-N; (a) polymer; (b) starting material. Red arrows - terminal olefin; teal arrow - internal olefin; 

purple arrows – broadened peaks. 

 

The size exclusion chromatography (SEC) curves in Figure 53 and Figure 54 were acquired 

before precipitation, except one each for a nitrile and an aldehyde sample, as noted. The number 

average molecular weights (Mn) were calculated relative to polystyrene standards and the values 

are presented in Table 6. For the samples that have not been precipitated, the region selected for 

the calculation of Mn was based upon an estimation of the range of elution times the precipitated 

curve would extend across. For example, trial one of poly-P-N has a clear envelope, when the 

troughs of the peaks on the right-hand side are envisioned as the second half of the curve, with its 

peak at approximately 16 min and the region selected was approximately 14-18 min.  
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Figure 53: SEC curves for poly(nitriles). aTrial one for poly-B-N was precipitated. 

 

The SEC curve for trial one of poly-B-N (Figure 53 a) suggests the monomer does form 

moderately high Mn species however, in the three subsequent trials sample elution times are greater 

than 17 min, indicating only small oligomer formation. The broad peaks in Figure 53 b reveal the 

polymerizations of mono-BO-N are disperse, i.e. contain a wide range of Mn, and suggests, though 

there is some high Mn species formed, there is a preference for oligomerization. In general, the 

SEC traces in Figure 54 shows sharp peaks at longer elution times, indicating that the nitrile 

derivatives tend toward oligomerization; consequently, all further polymerizations were carried 

out with the aldehyde derivatives.  
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Figure 54: SEC curves for poly(aldehydes). aTrial one for poly-B-A was precipitated. bTrial one ran for 19 

h. cTrial two ran for 35 h. 

The increased intensity of the peaks at shorter elution times in Figure 54 clearly 

demonstrate the monomers with aldehyde-terminated side chains resulted in higher concentrations 

of larger molecular weight species, i.e. favor polymerization. Based on the significant increase in 

intensity from trial one of poly-B-A to trial two, it can be inferred that, for poly(aldehyde)s, 

increasing the polymerization time can yield significantly larger proportions of high molecular 

weight chains. 

The degree of polymerization (n), which is the average number of repeat units per chain, 

for the poly(aldehyde)s approached the target value of n = 34 (Table 6) which is the n when the 

backbone moiety has a molecular weight of Mn ≈ 10 kDa. However, Oligo-P-A exhibited 

significant crystalline character identified by formation of a precipitate. We hypothesize that the 

rapid precipitation may be interfering with chain growth which would explain the very low degree 

of polymerization observed. 
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Table 6: Polymerization results for phenylene vinylene substrates 

Monomer 
Terminating 

Group 

Mrepeatunit 

(g/mol) 
Mn 

(kDa)a ᴆ n 

B-N -CN 299.41 7.1 2.4 24 

0.5 1.7 2 

1.0 1.3 3 

0.5 1.1 2 

BO-N -CN 601.87 5.6 2.4 9 

7.8 2.7 13 

BP-N -CN 401.55 2.2 1.9 6 

1.6 1.3 4 

1.4 1.4 3 

B-A -CHO 302.41 8.0b 4.4b 27b 

11.0c 2.5c 36c 

13.3 2.3 44 

BO-A -CHO 604.87 10.4 2.9 17 

BP-A -CHO 404.55 1.3 2.9 3 

      
aMolecular weight measured by SEC relative to polystyrene standards; bbefore precipitation; cafter one precipitation 

To date, the three initial building blocks have been completed, four nitrile- and three 

aldehyde-terminated monomers have been synthesized, and six of the monomers have been 

polymerized. SEC analysis shows, of the nitrile-terminated species two formed somewhat high Mn 

oligomers and the third, on average, only formed tetramers. Whereas poly-B-A exceeds the 

minimum criteria for polymerization, and poly-BO-A should meet these criteria after precipitation, 

leading to the conclusion that aldehyde-terminated monomers afford a more viable synthetic route 

for polymerization. 
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4.0 Future directions 

 

The framework for side chain dielectric polymers is outlined in chapters 2 and 3, and it is 

easy to envision many directions that could be pursued. A method for plasticization that is more 

in accordance with manufacturing processes is highly desirable. One possible means to fulfill this 

need would be to dope the films. Several options that would preclude the need to have residual 

solvent present in the films include the backbone monomer or the side chain segment, both of 

which could be added in a precise quantity. Another option would be the oligomeric species 

obtained from the purification of the polymer backbone or the coupled polymer. Perhaps these 

options would allow the samples to be vacuum dried yet maintain their mobility. 

One of the original goals of this project was to investigate whether the sequence of aromatic 

species in the side chain would improve permittivity and aid in alignment. This work indicates that 

the side chain length limits mobility more than theorized, which seemingly makes sequence 

immaterial. However, there are still possibilities that can be developed to promote alignment. For 

instance, if one of the plasticizers mentioned above was employed with an added solvent, rather 

than to eliminate the solvent, this may provide enough free volume and mobility for the poly-

trimer and poly-tetramer side chains to move with an oscillating field and align when the static 

field is applied. Once an effective method is devised to improve the mobility of the longer side 

chains, it would then be possible to investigate sequence. 

The system designed here utilized a flexible backbone in which the aliphatic region was 14 

atoms long between the aromatic moieties. This constrains the number of dipoles in the polymer 

film. Decreasing the length of the side chains by even 2 atoms would significantly increase the 
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number of dipoles in a film. It seems feasible that even a decrease by 4 atoms would still allow for 

the short side chains to rotate with an applied field. Here, two important questions must be 

considered. How short can these aliphatic tie-chains be to: 1) still get alignment of the dipoles? 2) 

still allow for near quantitative substitution?  

Qiao et al. reported that their polymer with oligothiophene side chains showed a higher 

permittivity for the sample with a lower molecular weight. This may be due to mobility since there 

would be more end groups in the same size film, which would increase plasticization.83, 107, 108 

Perhaps there is an optimal Mn for this system that would increase the ε'. Utilizing the polymer 

cleavage seen for the side chain coupling by controlling the reaction time is one route to varied Mn 

for this system.  

Ring closing metathesis (RCM) followed by entropy-driven ring-opening metathesis 

polymerization (ED-ROMP) is a well-known method for molecular weight control. The difficulties 

observed with this method for the monomers with a nitrile may be similar to those that caused 

significant cross-linking with the phenylene vinylene system. Perhaps RCM of the bromo or iodo 

monomer would not encounter the same problems. It was observed that there was no apparent 

cleavage of the side chain alkoxys when the coupling procedure was used to build the side chains. 

It seems feasible that side chain coupling with a ring closed material might not cause cleavage of 

the phenyl ether rings. Therefore, RCM followed by side chain coupling and then ED-ROMP could 

be an alternative route to control Mn. This potentially could lead to the incorporation of different 

side chains into the polymer, fairly easily forming a random copolymer, and with some additional 

effort this could lead to some sequenced variants. 

There are a number of possibilities that could be pursued with the alkene in the backbone. 

One option might be alkylation, which would provide the plasticization needed and might remove 
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the need for an added plasticizer. Another option would be the hydration of the alkene, which 

would incorporate additional polarizable components to the system, perhaps even aiding with 

alignment through hydrogen bonding. 

One final area to investigate would be to use alternate aromatic species in the side chains. 

By varying the substituents, it may be possible to tune the dielectric constant of the polymer. For 

instance, an aromatic heterocycle, such as thiophene, would be interesting to investigate, since 

they would provide additional polarizability in the side chains. 
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Appendix A Supporting Data and Spectra for Chapter 2 

Appendix A.1 Synthesis and Characterization Data 

Appendix A.1.1 General Procedures 

Unless specified otherwise, the polymers were synthesized by the following typical 

coupling procedure. 

Typical Coupling of Side Chains with the Polymer Backbone: The reaction was 

maintained under a nitrogen atmosphere, and air free techniques were used to perform all steps. 

Without stirring, toluene (0.03 M) was used to transfer p-B-I (1 eq) to a dried Schlenk flask, 

piperidine (0.03 M) was added and the solution was degassed. To this solution the coupling 

reagents: Pd(dba)2 (0.15 eq), PPh3 (2.1 eq), and CuI (0.3 eq) were added, and the mixture was 

degassed again. The terminal alkyne was added (1.25-1.40 eq), and the reaction mixture was stirred 

for about 30 minutes. Saturated ammonium chloride solution was added and allowed to stir for 5 

minutes, and the mixture was extracted with tetrahydrofuran. The combined organic layers were 

washed with brine and filtered through a plug of celite with a thin layer of silica on top. The filtrate 

was concentrated in vacuo, and the crude was purified by precipitation from DCM into methanol, 

8-15 times, to obtain the title polymer. 
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Unless specified otherwise, the side chain moieties were deprotected by the following 

typical procedure. 

Typical TMS Deprotection: The protected alkyne was dissolved in either methanol, or a 

1:1 mixture of MeOH:THF for the longer conjugated materials. To this solution K2CO3 (1.9 eq) 

was added and the reaction was stirred for 45 minutes to an hour. The reaction mixture was 

concentrated in vacuo, dissolved in DCM and filtered through a plug of silica. The filtrate was 

concentrated in vacuo, and the material was used without further purification. 
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Appendix A.1.2 Synthesis of Side Chain Moieties 

4-((trimethylsilyl)ethynyl)benzonitrile (1) 

  

 

 

13C-NMR (400 MHz, 

CDCl3) 
HRMS (ESI) 

δ (ppm) + Assignment Calc. Mass 

199.05 amu 

 

Calc. 

[M + H]+ 

200.09 amu 
 

Found 

[M + H]+ 

 200.09 amu 
 

Composition 

C12H13NSi 

-0.15 

99.71 

103.11 

111.91 

118.55 

128.15 

132.05 

132.57 

h 

g 

e 

b 

d 

f 

c 

a  
1H-NMR (400 MHz, CDCl3) 

δ (ppm)          Mult.  Int.         Assignment 

0.26 s 9 h 

7.53 d 2 a 

7.58 d 2 c 

 

p-Bromobenzonitrile (6.0 g, 33 mmol), PdCl2(PPh3)2 (0.44 g, 0.63 mmol, 0.02 eq), and CuI 

(0.25 g, 1.3 mmol, 0.04 eq) were added to a round bottom flask under N2 and dissolved in THF 

(157 mL) and distilled TEA (10.5 mL). TMSA (5.5 mL, 40 mmol) was added to and mixture was 

degassed. An inert atmosphere was maintained, and a reflux condenser was installed, and the 

reaction was stirred at 50 °C for about 20 hours. Once cooled, saturated ammonium chloride 

solution was added, stirred for 5 minutes, and the mixture was extracted with diethyl ether. The 

combined organic layers were washed with brine and filtered through a plug of celite with a thin 

layer of silica on top. The filtrate was concentrated in vacuo, and the material was used without 

further purification. The title compound was an off white solid (6.5 g, 99%).  
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4-ethynylbenzonitrile (H-U-CN) 
  

 

 

13C-NMR (400 MHz, 

CDCl3) 
HRMS (ESI) 

δ (ppm) + Assignment Calc. Mass 

127.04 amu 

 

Calc. 

[M + H]+ 

128.05 amu 
 

Found 

[M + H]+ 

 128.05 amu 
 

Composition 

C9H6N 

81.67 

82.01 

112.50 

118.38 

127.15 

132.17 

132.82 

g 

e 

b 

d 

f 

c 

a  

1H-NMR (400 MHz, CDCl3) 

δ (ppm)          Mult.  Int.          Assignment 

3.30 s 1 g 

7.57 d 2 a 

7.62  d 2 c 

 

See the typical procedure for TMS deprotection. The compounds used were 4-

((trimethylsilyl)ethynyl)benzonitrile (1) (2.0 g, 10 mmol), MeOH (20 mL), and K2CO3 (0.31 g, 

2.3 mmol). The reaction gave the title compound as an off white solid (1.0 g, 81%)  
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2-bromo-1,4-bis(hexyloxy)benzene (2) 
  

 

 

13C-NMR (500 MHz, 

CDCl3) 

HRMS 

(ESI) 

δ (ppm) + Assignment Calc. Mass 

356.14 amu 

 

Calc. 

[M + H]+ 

357.14 amu 
 

Found 

[M + H]+ 

 357.14 amu 
 

Composition 

C18H29BrO2 

14.17 

22.74 

25.83 

29.39 

31.71 

68.99 

70.41 

112.96 

114.56 

114.91 

119.65 

149.94 

153.75 

l 

k 

i 

h 

 j 

g' 

g 

b 

e 

d 

a 

f 

c 

  

1H-NMR (500 MHz, CDCl3) 

δ (ppm)          Mult.  Int.          Assignment 

0.91 t 6 l 

1.34 m 8 j,k 

1.44 m 2 i' 

1.49 m 2 i 

1.74 m 2 h' 

1.80 m 2 h 

3.88 t 2 g' 
3.95 t 2 g 

6.78 dd 1 e 

6.82 d 1 d 

7.11  d 1 a 

 

To a round bottom flask, KOH (7.5 g, 114 mmol), and Na2S2O3·5H2O (21.6 g, 87 mmol) 

were dissolved in water (16 mL) with stirring. The flask was cooled on an ice bath then, 

bromohydroquinone (10.4 g, 55 mmol) and TBAB (0.72 g, 2.2 mmol) were added. The mixture 

was stirred until most of the solid had dissolved, and then the ice bath was removed. To the stirring 

mixture, 1-bromohexane (16.4 mL, 113 mmol) and toluene (32 mL) were added, and the flask was 

equipped with a water-cooled condenser. The mixture was refluxed with vigorous stirring for 24 

– 48 h. Once complete, the mixture was allowed to cool to RT, the aqueous layer was extracted 

once with toluene. The combined organic layers were washed with water and brine and dried over 

MgSO4. The solvent was removed in vacuo, and the crude was purified by column chromatography 

(silica, 20% DCM:hexanes) to give the title compound (17.6 g, 89%). Note, to remove possible 

monosubstituted product, and ensure good Mns from subsequent polymerizations, the product was 

purified a second time, by column chromatography (silica, 10% DCM:hexanes). 
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1-bromo-2,5-bis(hexyloxy)-4-iodobenzene (3) 

  

 

 

13C-NMR (500 MHz, 

CDCl3) 

HRMS 

(ESI) 

δ (ppm) + Assignment Calc. Mass 

482.03 amu 

 

Calc. 

[M + H]+ 

483.04 amu 
 

Found 

[M]+ 

 482.03 amu 
 

Composition 

C18H28BrIO2 

14.16 

22.72 

25.81 

29.26 

31.62 

70.52 

84.94 

112.70 

117.27 

124.45 

150.60 

152.73 

l 

k 

i 

h 

j 

g 

b 

e 

a 

d 

f 

c 

  

1H-NMR (500 MHz, CDCl3) 

δ (ppm)          Mult.  Int.         Assignment 

0.91 t 6 l 

1.35 m 8 j, k 

1.49 m 4 i 

1.80 m 4 h 

3.94 t 4 g 

6.98 s 1 a 

7.28  s 1 d 

 

2-bromo-1,4-bis(hexyloxy)benzene (2) (5.5 g, 15.5 mmol) was dissolved in acetic acid (20 

mL) and chloroform (5.1 ml). To this solution iodine (3.9 g, 15.5 mmol), conc. H2SO4 (1.3 mL), 

water (0.64 ml) and finally potassium iodate (1.37 g, 6.38 mmol) were added. The reaction mixture 

was refluxed for 5 hr. To remove excess iodine, Na2S2O3 was added until the violet color of the 

iodine disappeared. Ice/water was added, and the mixture was extracted with DCM. The organic 

phase was neutralized with a saturated NaHCO3-solution and dried over MgSO4. The solvent was 

concentrated in vacuo, and the residue was recrystallized from MeOH to obtain a white solid (5.1 

g, 68%). 
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((4-bromo-2,5-bis(hexyloxy)phenyl)ethynyl)trimethylsilane (4) 
  

 

 

13C-NMR (500 MHz, 

CDCl3) 
HRMS (ESI) 

δ (ppm) + Assignment Calc. Mass 

452.17 amu 

 

Calc. 

[M + H]+ 

453.18 amu 
 

Found 

[M + H]+ 

 453.18 amu 
 

Composition 

C23H37BrO2Si 

0.08 

14.15, 

14.20 

22.72 

22.76 

25.78 

25.80 

29.28 

29.39 

31.64 

31.73 

69.89 

70.25 

99.35 

100.77 

112.59 

113.73 

118.10 

118.12 

149.46 

154.87 

o 

l 

l' 

k 

k' 

i 

i' 

h 

h' 

j 

j' 

g 

g' 

n 

b 

m 

e 

a, d 

a, d 

c 

f 

1H-NMR (500 MHz, CDCl3) 

δ (ppm)          Mult.  Int.          Assignment 

0.25 s 9 o 

0.91 t 6 l 

1.34 m 8 j, k 

1.49 m 4 i 

1.79 m 4 h 

3.94 t 4 g  
6.94 s 1 a 

7.04  s 1 d 

    

    

 

The reaction was maintained under a nitrogen atmosphere, and air free techniques were 

used to perform all steps., To a dried Schlenk flask, the coupling reagents were added without 

stirring: PdCl2(PPh3)2 (0.14 g, 0.20 mmol, 0.02 eq), CuI (0.08 g, 0.40 mmol, 0.04 eq), and distilled 

TEA (20.1 mL). To this mixture 1-bromo-2,5-bis(hexyloxy)-4-iodobenzene (5.0 g, 10 mmol, 1 eq) 

(3), and the mixture was degassed. TMSA (1.4 mL, 10 mmol, 1 eq) was added to the mixture, and 

the reaction was stirred for about 2 hours. Saturated ammonium chloride solution was added, 

stirred for 5 minutes, and the mixture was extracted with diethyl ether. The combined organic 

layers were washed with brine and concentrated in vacuo. The crude material was purified by 

column chromatography (silica, 10% DCM:hexanes) to give the title compound (3.9 g, 83%). 

  



 97 

((2,5-bis(hexyloxy)-4-iodophenyl)ethynyl)trimethylsilane (5) 

  

 

13C-NMR (500 MHz, 

CDCl3) 
HRMS (ESI) 

δ (ppm) + Assignment Calc. Mass 

500.16 amu 

 

Calc. 

[M + H]+ 

501.17 amu 
 

Found 

[M + H]+ 

 501.16 

amu 
 

Composition 

C23H37IO2Si 

0.09 

14.16 

14.19 

22.73 

22.77 

25.82 

25.89 

29.31 

29.45 

31.64 

31.74 

70.02 

70.31 

88.07 

99.58 

100.97 

113.70 

116.58 

124.14 

151.92 

155.09 

o 

l 

l' 

k 

k' 

i 

i' 

h 

h' 

j 

j' 

g 

g' 

e 

n 

m 

b 

d 

a 

f 

c 

1H-NMR (500 MHz, CDCl3) 

δ (ppm)          Mult.  Int.          Assignment 

0.25 s 9 o 

0.91 t 6 l 

1.34 m 8 j, k 

1.50 m 4 i 

1.79 m 4 h 
3.94 t 4 g  

6.83 s 1 d 

7.25 s 1 a  

     

 

Two Schlenk flasks were set up side by side and cooled with a dry ice bath to -78 °C. To 

one Schlenk flask was added (4-bromo-2,5-bis(hexyloxy)phenyl)ethynyl)trimethylsilane (4) (3.0 

g, 6.7 mmol) and THF (37 mL). Once cooled, nBuLi (3.7 mL, 10 mmol, 2.7 M in toluene) was 

added dropwise and the mixture was stirred for about an hour. To the second Schlenk flask was 

added iodine (2.3 g, 9.0 mmol) and THF (37 mL), and cooled while the bromo-lithium exchange 

was reacting. Once complete, the lithiated solution was transferred via cannula to the cold iodine 

mixture. The reaction was allowed to warm to RT and stirred overnight. Concentrated bisulfite 

solution was added to remove the excess iodine. This mixture was extracted with diethyl ether, 

washed with brine, dried over MgSO4, and concentrated in vacuo. The crude material was purified 

by column chromatography (silica, 15% DCM:hexanes) to give the title compound (2.7 g, 80%).  
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5-bromobenzene-1,3-diol (6) 
  

 

 
 

13C-NMR (500 MHz, 

DMSO) 
HRMS (ESI) 

δ (ppm) + Assignment Calc. Mass 

187.95 amu 

 

Calc. 

[M + H]- 

186.94 amu 
 

Found 

[M + H]- 

186.94 amu 
 

Composition 

C6H5BrO2 

101.74 

109.34 

121.73 

159.37 

b 

c 

d 

a 

1H-NMR (500 MHz, DMSO) 

δ (ppm)          Mult.  Int.           Assignment 

6.18 t 1 a 

6.37 d 2 c 

9.66  s 1 e 

 

1-bromo-3,5-dimethoxybenzene, as purchased, (7.4 g, 33.9 mmol) and 225 mL dry DCM 

were added to a dried three neck round bottom flask fitted with a dried ground glass addition 

funnel. The reaction was cooled to -78 °C using a dry ice/IPA bath. Once cooled, boron tri-bromide 

(100 mL, 100 mmol (1 M in DCM)) was added dropwise while stirring. The reaction was allowed 

to warm slowly to RT and stirred overnight. The reaction was followed by NMR. If needed, the 

reaction was again cooled to -78 °C before more BBr3 was added. Once complete, the reaction 

was cooled to 0 °C and 30 mL of cold water was added slowly. The reaction mixture was extracted 

3 x with 50 mL diethyl ether and the combined organic layers were washed with bisulfite solution. 

The organic layer was dried with MgSO4 and concentrated in vacuo. The crude material was 

recrystallized from chloroform, with a few drops of ethanol, to give the title compound as an off-

white fibrous solid (5.1 g, 80% yield). 
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1-bromo-3,5-bis(hept-6-en-1-yloxy)benzene (7) 
  

 

 

 

13C-NMR (500 MHz, 

CDCl3) 
HRMS (ESI) 

δ (ppm) + Assignment Calc. Mass 

 380.14 amu 

 

Calc. 

[M + H]+ 

381.14 amu 
 

Found 

[M + H]+ 

 381.14 amu 
 

Composition 

C20H29BrO2 

25.62 

28.73 

29.11 

33.80 

68.35 

100.78 

110.41 

114.64 

122.97 

138.90 

160.87 

 

 

h 

g 

f 

i 

e 

a 

c 

k/l 

d 

j 

b  

1H-NMR (500 MHz, CDCl3) 

δ (ppm)          Mult.  Int.           Assignment 

1.45 m 8 g, h 

1.76 m 4 f 

2.08 m 4 i 

3.90 t 4 e 

4.99 m 4 k, l 
5.81 m 2 j 

6.36 t 1 a 

6.63 d 2 c 

 

To a round bottom flask, KOH (1.7 g, 26 mmol), and Na2S2O3·5H2O (4.9 g, 20 mmol) 

were dissolved in water (3.6 mL) with stirring. The flask was cooled on an ice bath then, 5-

bromobenzene-1,3-diol (2.4 g, 12 mmol) and TBAB (0.16 g, 0.5 mmol) were added. The mixture 

was stirred until most of the solid had dissolved, and then the ice bath was removed. To the stirring 

mixture, 7-bromo-1-heptene (3.7 mL, 26 mmol) and toluene (7.2 mL) were added, and the flask 

was equipped with a water-cooled condenser. The mixture was refluxed with vigorous stirring for 

24 – 48 h. Once complete, the mixture was allowed to cool to RT, the aqueous layer was extracted 

once with toluene. The combined organic layers were washed with water and brine and dried over 

MgSO4. The solvent was removed in vacuo, and the crude was purified by column chromatography 

(silica, 20% DCM:hexanes) to give the title compound (4.0 g, 85%).  
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1-iodo-3,5-bis(hept-6-en-1-yloxy)benzene (8) 
  

 

 

13C-NMR (500 MHz, 

CDCl3) 
HRMS (ESI) 

δ (ppm) + Assignment Calc. Mass 

 428.12 amu 

 

Calc. 

[M + H]+ 

429.13 amu 
 

Found 

[M + H]+ 

429.13 amu 
 

Composition 

C20H29IO2 

25.62 

28.73 

29.13 

33.80 

68.29 

94.18 

101.63 

114.64 

116.40 

138.91 

160.74 

 

 

h 

g 

f 

i 

e 

d 

a 

k/l 

c 

j 

b  

1H-NMR (500 MHz, CDCl3) 

δ (ppm)          Mult.  Int.           Assignment 

1.45 m 8 g, h 

1.76 m 4 f 

2.08 m 4 i 

3.89 t 4 e 

4.99 m 4 k, l 
5.81 m 2 j 

6.38 t 1 a 

6.83 d 2 c 

 

Two Schlenk flasks were set up side by side and cooled with a dry ice bath to -78 °C. To 

one Schlenk flask was added 1-bromo-3,5-bis(hept-6-en-1-yloxy)benzene (7) (1.1 g, 3.0 mmol) 

and THF (16 mL). Once cooled, nBuLi (1.6 mL, 4.4 mmol, 2.7 M in toluene) was added dropwise 

and the mixture was stirred for about an hour. To the second Schlenk flask was added iodine (1.0 

g, 4.0 mmol) and THF (37 mL), and cooled while the bromo-lithium exchange was reacting. Once 

complete, the lithiated solution was transferred via cannula to the cold iodine mixture. The reaction 

was allowed to warm to RT and stirred overnight. Concentrated bisulfite solution was added to 

remove the excess iodine. This mixture was extracted with diethyl ether, washed with brine, dried 

over MgSO4, and concentrated in vacuo. The crude material was purified by column 

chromatography (silica, 7.5% DCM:hexanes) to give the title compound (0.67 g, 60%). Note this 

yield only reflects the product obtained that was pure enough for polymerization. 
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Appendix A.1.3 Polymerizations and Side Chain Couplings 

4-((2,5-bis(hexyloxy)-4-((trimethylsilyl)ethynyl)phenyl)ethynyl)benzonitrile (TMS-SU-CN) 

 
 

13C-NMR (500 MHz, 

CDCl3) 
HRMS (ESI) 

δ (ppm) + Assignment Calc. Mass 

499.29 amu 

 

Calc. 

[M + H]+ 

500.30 amu 
 

Found 

[M + H]+ 

 500.30 amu 
 

Composition 

C32H42NO2Si 

0.07 

14.15 

14.21 

22.77 

25.85 

29.38 

29.44 

31.69 

31.75 

69.65 

69.73 

90.65 

93.12 

100.95 

101.01 

111.53 

113.05 

115.03 

117.06 

117.31 

118.70 

128.58 

132.09 

132.16 

153.93 

154.27 

o 

l 

l' 

k 

i 

h 

h' 

j 

j' 

g 

g' 

m 

n 

p 

q 

r 

e 

b 

a 

d 

v 

u 

s 

t 

f 

c 

1H-NMR (500 MHz, CDCl3) 

δ (ppm)          Mult.  Int.           Assignment 

0.27 s 9 o 

0.90 m 6 l 

1.35 m 8 j, k 

1.53 m 4 i 

1.82 m 4 h 

3.99 t 4 g 

6.95 s (overlap) 2 a,d 

7.58 d 2 s 

7.63 d 2 t 

    

    

((2,5-bis(hexyloxy)-4-iodophenyl)ethynyl)trimethylsilane (5) (0.53 g, 1.1 mmol), and 

distilled TEA (7.4 mL) were added to a Schlenk flask under N2 and the mixture was degassed. An 

inert atmosphere was maintained and PdCl2(PPh3)2 (0.59 g, 0.08 mmol, 0.08 eq), CuI (0.20 g, 0.11 

mmol, 0.10 eq), and H-U-CN (0.16 g, 1.3 mmol, 1.2 eq) were added. The reaction was degassed 

again and stirred at RT for about an hour. Saturated ammonium chloride solution was added, stirred 

for 5 minutes, and the mixture was extracted with diethyl ether. The combined organic layers were 

washed with brine and filtered through a plug of celite with a thin layer of silica on top. The filtrate 

was concentrated in vacuo, and the material was purified by column chromatography (silica, 40% 

DCM:hexanes), to give the title compound (0.45 g, 85%). 
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4-((4-ethynyl-2,5-bis(hexyloxy)phenyl)ethynyl)benzonitrile (H-SU-CN) 
  

 
 

13C-NMR (500 MHz, 

CDCl3) 
HRMS (ESI) 

δ (ppm) + Assignment Calc. Mass 

427.25 amu 

 

Calc. 

[M + H]+ 

428.26 amu 
 

Found 

[M + H]+ 

428.26 amu 
 

Composition 

C29H33NO2 

14.15 

22.72 

22.77 

25.74 

25.85 

29.25 

29.36 

31.66 

31.69 

69.70 

69.88 

79.93 

82.96 

90.42 

93.16 

111.62 

113.48 

113.89 

117.07 

117.80 

118.68 

128.50 

132.13 

132.17 

153.90 

154.26 

 

l 

k 

k' 

i 

i' 

h 

h' 

j 

j' 

g 

g' 

m 

n 

p 

q 

r 

e 

b 

a 

d 

v 

u 

s 

t 

c 

f 

1H-NMR (500 MHz, CDCl3) 

δ (ppm)   Mult. (J)  Int. Assignment 

0.90 m 6 l 

1.35 m 8 j, k 

1.50 m 4 i 

1.82 m 4 h 

3.36 s 1 n 

4.00 t 4 g 

6.98 s (overlap) 2 a, d 

7.58 d 2 s 

7.63 d 2 t 

    

    

See the typical procedure for TMS deprotection. The compounds used were 44-((2,5-

bis(hexyloxy)-4-((trimethylsilyl)ethynyl)phenyl)ethynyl)benzonitrile (TMS-SU-CN) (0.91 g, 1.8 

mmol), MeOH (25 mL), THF (25 mL), and K2CO3 (0.47 g, 3.4 mmol). The reaction gave the title 

compound as an off white solid (0.75 g, 96%) 
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4-((2,5-bis(hexyloxy)-4-((trimethylsilyl)ethynyl)phenyl)ethynyl)benzonitrile (TMS-SSU-CN) 
  

 
 

13C-NMR (500 MHz, 

CDCl3) 
HRMS (ESI) 

δ (ppm) + Assignment Calc. Mass 

799.50 amu 

 

Calc. 

[M + H]+ 

800.51 amu 
 

Found 

[M + H]+ 

 800.51 amu 
 

Composition 

C52H69NO4 

0.10 

14.15 

14.17 

14.21 

22.78 

25.80 

25.81 

25.86 

25.88 

29.41 

29.49 

31.71 

31.75 

31.77 

69.64 

69.81 

69.95 

90.81 

91.35 

92.14 

93.17 

100.39 

101.28 

111.50 

112.79 

114.10 

114.47 

115.61 

117.11 

117.25 

117.27 

117.57 

118.72 

128.63 

132.09 

132.17 

153.56 

153.60 

154.08 

154.32 

ak 

l, ah 

" 

" 

ag 

k 

k' 

i 

i' 

h 

" 

j, af 

" 

" 

ee, g 

" 

" 

m, n, ai, ak 

" 

" 

" 

p 

q 

r 

e 

z 

w 

b 

a 

x 

aa 

d 

v 

u 

s, t 

" 

y 

ab 

f 

c 

1H-NMR (500 MHz, CDCl3) 

δ (ppm)   Mult. (J)  Int. Assignment 

0.26 s 9 ak 

0.88 m 12 l, ah 

1.34 m 16 j, k, ag, af 

1.52 m 8 i, ae 

1.83 m 8 h, ad 

4.01 m 8 g, ac 

6.95 s 2 a, x 

7.00 s 2 d, aa 

7.59 d 2 s 

7.63 d 2 t 

    

 

((2,5-bis(hexyloxy)-4-iodophenyl)ethynyl)trimethylsilane (5) (0.88 g, 1.8 mmol), H-SU-

CN (0.75 g, 1.8 mmol), toluene (10 mL) and piperidine (10 mL) were added to a dried Schlenk 

flask under N2 and the mixture was degassed. An inert atmosphere was maintained and 

PdCl2(PPh3)2 (0.99 g, 0.14 mmol, 0.08 eq), CuI (0.33 g, 0.18 mmol, 0.10 eq) were added. The 

reaction was stirred at RT for about an hour. Saturated ammonium chloride solution was added, 

stirred for 5 minutes, and the mixture was extracted with ethyl acetate. The combined organic 
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layers were washed with brine and filtered through a plug of celite with a thin layer of silica on 

top. The filtrate was concentrated in vacuo, and the material was purified by column 

chromatography (silica, 40% DCM:hexanes), to give the title compound as a yellow solid (0.45 g, 

85%).  
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4-((4-ethynyl-2,5-bis(hexyloxy)phenyl)ethynyl)benzonitrile (H-SSU-CN) 
  

 

 

13C-NMR (500 MHz, 

CDCl3) 
HRMS (ESI) 

δ (ppm) + Assignment Calc. Mass 

727.46 amu 

 

Calc. 

[M + H]+ 

728.47 amu 
 

Found 

[M + H]+ 

728.46 amu 
 

Composition 

C49H61NO4 

14.15 

14.16 

22.72 

22.77 

25.75 

25.79 

25.88 

29.29 

29.39 

29.40 

29.41 

31.67 

31.71 

31.74 

69.65 

69.80 

69.86 

69.93 

80.14 

82.53 

90.77 

91.40 

91.91 

93.19 

111.51 

112.87 

112.97 

114.89 

115.51 

117.11 

117.25 

118.09 

118.70 

128.60 

132.09 

132.17 

153.53 

153.62 

154.08 

154.31 

l, ah 

" 

k, ag 

" 

i, ae 

" 

" 

h, ad 

" 

" 

" 

j, af 

" 

" 

g, ac 

" 

" 

" 

m, n, aj, ai 

" 

" 

" 

p 

q 

r 

e 

z 

w 

b 

a 

x, aa 

d 

v 

u 

s, t 

" 

y 

ab 

f 

c 

1H-NMR (500 MHz, CDCl3) 

δ (ppm)   Mult. (J)  Int. Assignment 

0.89 m 12 l, ah 

1.34 m 16 j, k, af, ag 

1.52 m 8 i, ae 

1.83 m 8 h, ad 

3.35 s 1 aj 

4.01 m 8 g, ac 

7.00 s 4 a, d, x, aa 

7.60  d 2 t 

7.63 d 2 s 

    

    

 

See the typical procedure for TMS deprotection. The compounds used 4-((2,5-

bis(hexyloxy)-4-((trimethylsilyl)ethynyl)phenyl)ethynyl)benzonitrile (TMS-SSU-CN) (0.62 g, 

0.77 mmol), MeOH (20 mL), THF (20 mL), and K2CO3 (0.20 g, 1.5 mmol). The reaction gave the 

title compound (0.55 g, 99%) 
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p-B-Br 

  

 

13C-NMR (500 MHz, 

CDCl3) 
 

δ (ppm) + Assignment Mn 

18.7 kDa 

 

Ð 

1.6 

 

Repeat Unit 

. Mass 

352.1 amu 

 

Repeat Unit 

Composition 

C18H25BrO2 

25.63 

27.26 

29.12 

32.59 

68.36 

100.75 

110.35 

122.96 

130.11 

160.86 

 

 

h 

g 

i 

j 

f 

a 

c 

k 

d 

b 

1H-NMR (500 MHz, CDCl3) 

δ (ppm)   Mult. (J)  Int. Assignment 

1.42 m 8 h, i 

1.75 m 4 g 

2.00 m 4 j 

3.89 t 4 f 

5.40 m 2 k 

6.35 d 1 a 

6.63  t 2 c 

 

1-bromo-3,5-bis(hept-6-en-1-yloxy)benzene (7) (1.2 g, 3.1 mmol) was dissolved in 

diphenyl ether (1.6 mL) and GII was added (0.95 g, 0.11 mmol) was added. The mixture was 

stirred and heated gently under vacuum until SEC analysis indicated polymerization had reached 

steady state. The reaction was quenched with ethyl vinyl ether and precipitated with MeOH. (0.83 

g, 75%) 
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p-B-I 

  

 

 

13C-NMR (500 MHz, 

CDCl3) 
 

δ (ppm) + Assignment Mn 

21.6 kDa 

 

Ð 

1.6 

 

Repeat Unit 

. Mass 

400.1 amu 

 

Repeat Unit 

Composition 

C18H25IO2 

25.64 

28.98 

29.28 

32.60 

68.35 

94.20 

101.63 

116.36 

130.43 

160.76 

g 

f 

h 

i 

e 

d 

a 

c 

j 

b 

1H-NMR (500 MHz, CDCl3) 

δ (ppm)   Mult. (J)  Int. Assignment 

1.42 t 8 g, h 

1.75 m 4 f 

2.00 m 4 i 

3.89 t 4 e 

5.40 m 2 j 

6.35 d 1 a 

6.63 t 2 c 

 

1-iodo-3,5-bis(hept-6-en-1-yloxy)benzene (8) (0.38 g, 0.90 mmol) was dissolved in 

diphenyl ether (0.45 μL) and GII was added (0.02 g, 0.03 mmol) was added. The mixture was 

stirred and heated gently under vacuum until SEC analysis indicated polymerization had reached 

steady state. The reaction was quenched with ethyl vinyl ether and precipitated with MeOH. (0.35 

g, 97%) 
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p-BU-CN 

  

 
 

13C-NMR (500 MHz, 

CDCl3) 
 

δ (ppm) + Assignment Mn 

19.1 kDa 

 

Ð 

1.8 

 

Repeat Unit 

. Mass 

399.2 amu 

 

Repeat Unit 

Composition 

C27H29NO2 

25.68 

28.78 

29.30 

32.62 

68.21 

87.21 

94.09 

103.58 

110.15 

111.65 

118.62 

123.43 

128.28 

130.46 

132.17 

132.21 

160.28 

 

g 

f 

h 

i 

e 

m 

k 

a 

c 

q 

r 

d 

n 

j 

o 

p 

b 

1H-NMR (500 MHz, CDCl3) 

δ (ppm)   Mult. (J)  Int. Assignment 

1.35 t 8 g, h 

1.76 m 4 f 

2.00 m 4 i 

3.92 t 4 e 

5.40 m 2 j 

6.47 t 1 a 

6.65 d 2 c 

7.57 d 2 p 

7.61 d 2 o 

 

See the typical procedure for side chain coupling with polymer backbone. The compounds 

used 4-ethynylbenzonitrile (H-U-CN) (0.08 g, 0.66 mmol), p-B-I (0.21 g, 0.53 mmol), piperidine 

(16 mL), toluene (16 mL), Pd(dba)2 (0.05 g, 0.08 mmol), PPh3 (0.29 g, 1.1 mmol), and CuI (0.03 

g, 0.16 mmol). The reaction gave the title compound (0.20 g, 95%) 
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p-BSU-CN 

  

 
 

13C-NMR (500 MHz, 

CDCl3) 
  

δ (ppm) + Assignment Mn 

24.4 kDa 

 

Ð 

1.7 

 

Repeat Unit 

. Mass 

699.4 amu 

 

Repeat Unit 

Composition 

C47H57NO4 

14.17 

14.20 

22.78 

25.89 

29.43 

31.73 

32.67 

68.21 

69.74 

85.27 

90.74 

93.16 

95.76 

103.01 

110.01 

111.51 

112.79 

115.27 

116.95 

117.14 

118.69 

124.53 

128.59 

130.46 

132.08 

132.16 

153.77 

154.09 

160.18 

 

y 

y' 

x 

v, g 

f, h, u 

w 

i 

e 

t 

m 

z 

aa 

k 

a 

c 

ae 

q 

n 

r, o 

" 

af 

d 

ab 

j 

ac, ad 

" 

s, p 

" 

b 

1H-NMR (500 MHz, CDCl3) 

δ (ppm)   Mult. (J)  Int. Assignment 

0.88 t 6 y 

1.34 m 

20 

w, x 

1.43 m g, h 

1.52 m v 

1.79 m 8 f, u 

2.03 m 4 i 

3.92 t 4 e 

4.01 t 4 t 

5.40 m 2 j 

6.44 t 1 a 

6.66 d 2 c 

6.99 s 2 r, o 

7.58 d 2 ad 

7.62 d 2 ac 

 

See the typical procedure for side chain coupling with polymer backbone. The compounds 

used 4-((4-ethynyl-2,5-bis(hexyloxy)phenyl)ethynyl)benzonitrile (H-SU-CN) (0.15 g, 0.36 

mmol), p-B-I (0.12 g, 0.29 mmol), piperidine (9 mL), toluene (9 mL), Pd(dba)2 (0.02 g, 0.04 

mmol), PPh3 (0.16 g, 0.61 mmol), and CuI (0.02 g, 0.09 mmol). The reaction gave the title 

compound (0.15 g, 76%) 
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p-BSSU-CN 

  

 

13C-NMR (500 MHz, 

CDCl3) 
 

δ (ppm)    Assignment Mn 

31.3 kDa 

 

Ð 

1.4 

 

Repeat Unit 

. Mass 

999.6 amu 

 

Repeat Unit 

Composition 

C67H85NO6 

14.17 

22.77 

25.87 

29.44 

31.72 

32.52 

68.13 

69.79 

85.48 

90.80 

91.37 

92.22 

93.17 

95.34 

102.92 

109.97 

111.49 

112.77 

114.22 

114.34 

115.63 

117.08 

117.24 

117.34 

118.69 

124.67 

128.60 

130.42 

132.07 

132.15 

153.59 

153.71 

153.82 

154.08 

160.16 

y, am 

x, al 

g, v, aj 

f, h, u, ai 

w, ak 

i 

e 

t, ah 

m 

z 

an 

ao 

aa 

k 

a 

c 

as 

q 

ae 

ab 

n 

o, r 

ac, af 

" 

at 

d 

ap 

j 

aq, ar 

" 

p, s, ad, ag 

" 

" 

" 

b 

1H-NMR (500 MHz, CDCl3) 

δ (ppm)   Mult. (J)  Int. Assignment 

0.89 t 12 y, ak 

1.35 m 

34 

w, x, ai, aj 

1.44 m g, h 

1.52 m v, ah 

1.77 m 
12 

f, u 

1.84 m ag 

2.08 m 4 i 

3.93 t 4 af 

4.03 t 8 e, t 

5.41 m 2 j 

6.45 t 1 a    

6.67 d 2 c    

7.01 m 4 ac, ad, o, r    

7.59 d 2 ap    

7.63 d 2 ao    

See the typical procedure for side chain coupling with polymer backbone. The compounds 

used 4-((4-ethynyl-2,5-bis(hexyloxy)phenyl)ethynyl)benzonitrile (H-SSU-CN) (0.22 g, 0.31 

mmol), p-B-I (0.09 g, 0.22 mmol), piperidine (9 mL), toluene (9 mL), Pd(dba)2 (0.02 g, 0.03 

mmol), PPh3 (0.12 g, 0.46 mmol), and CuI (0.01 g, 0.07 mmol). The reaction gave the title 

compound (0.17 g, 78%) 
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Appendix A.1.4 NMR 
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Appendix A.2 Broadband Dielectric Spectroscopic Data 

 

Appendix Figure 1: Permittivity, as a function of frequency, of all the vacuum dried samples (blue curves), 

measured at 20 °C, and the average of each (orange dashed curves); unpoled p-B-Br (top), unpoled p-BU-

CN (bottom left) and poled p-BU-CN (bottom right)  

 

Appendix Table 1: Average permittivities for all of the poled and unpoled polymers at 1 kHz and 20 °C 

 ε' (1 kHz and 20 °C) 

 p-B-I p-BU-CN p-BSU-CN p-BSSU-CN 
 unpoled poled unpoled poled unpoled poled unpoled poled 

average 4.31 4.90 4.64 12.42 4.89 7.05 4.28 5.89 

2σ  ± 1.72 ± 1.37 ± 3.51 ± 5.03 ± 9.6 ± 2.22 ± 2.46 ± 2.96 
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Appendix Table 2: Average dielectric loss for all of the poled and unpoled polymers at 1 kHz and 20 °C 

 ε'' (1 kHz and 20 °C) 

 p-B-I p-BU-CN p-BSU-CN p-BSSU-CN 
 unpoled poled unpoled poled unpoled poled unpoled poled 

average 1.42 1.31 0.84 1.44 0.43 0.52 0.19 0.40 

2σ  ± 0.91 ± 0.88 ± 0.47 ± 0.71 ± 0.11 ± 0.12 ± 0.13 ± 0.16 

 

 

 

 

Appendix Figure 2: Comparison of the average permittivity for all of the poled (dashed curves) and unpoled 

(solid curves) samples for all polymers types (left) and the range of their measurements (right) at 1 kHz and 

20 °C.  
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Appendix Figure 3: Average permittivity and the range of permittivities for all of the unpoled and poled 

polymers at specified frequencies, measured at 20 °C.  



 132 

 

Appendix Figure 4: Permittivity and dielectric loss as a function of frequency for all of the unpoled and 

poled polymers, measured at 20 °C.  
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Appendix Figure 5: Permittivity (blue curves), as a function of frequency, for all of the samples of each 

polymer type and their averages (dashed orange curves), measured at 20 °C. 
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Appendix Figure 6: Dielectric loss (blue curves), as a function of frequency, for all of the samples of each 

polymer type and their averages (dashed orange curves), measured at 20 °C.  
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Appendix Figure 7: Dissipation factor (blue curves), as a function of frequency, for all of the samples of 

each polymer type and their averages (dashed orange curves), at 20°C.  
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Appendix Figure 8: Overlayed view of permittivity and dielectric loss as a function of frequency for all of 

the unpoled and poled polymers, measured at 20 °C.  
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Appendix Figure 9: Permittivity as a function of temperature for all of the poled and unpoled polymers at 

specified frequencies from 1 Hz to 1 MHz.  
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Appendix Figure 10: Dielectric loss as a function of temperature for all of the poled and unpoled polymers 

at specified frequencies from 1 Hz to 1 MHz.  
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Appendix Figure 11: Permittivity and dielectric loss as a function of temperature at 1 kHz for all of the 

unpoled (solid curves) and poled (dashed curves) polymers.  
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Appendix Figure 12: Dielectric loss and dissipation factor for all of the unpoled (solid curves) and poled 

(dashed curves) polymers, measured at 20 °C.  
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Appendix B Supporting Data and Spectra for Chapter 3 

Appendix B.1 Synthesis and Characterization Data 

Appendix B.1.1 Synthesis of Monomer Building Blocks 
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3 

  

 

 

13C-NMR (400 MHz, 

CDCl3) 

HRMS 

(ESI) 

δ (ppm)    

Assignment 

Calc. Mass 

194.97 amu 

 

Calc. 

[M + H]+ 

195.97 amu 
 

Found 

[M + H]+ 

 195.97594 

amu 
 

Composition 

C8H6BrN 

31.58 

112.41 

118.49 

129.87 

132.75 

142.98 

 

f 

a 

b 

d 

c 

e 

1H-NMR (400 MHz, CDCl3) 

δ 

(ppm) 

        

Mult. (J) 

 

Int. 

         

Assignment 

4.48 s 2 f 

7.50 d 2 d 

7.64 d 2 c 

 

3 

p-Tolunitrile (3.05 g, 25.5 mmol), BPO (0.31 g, 1.28 mmol), and NBS (4.54 g, 25.5 mmol) 

were dissolved in DCE (75 mL) and the mixture was refluxed for 10 h. Succinimide was 

precipitated with hexanes (20 mL) and removed by filtration. The filtrate was washed with 

deionized water (3 x 20 mL), sat. aq. NaHCO3 (2 x 20 mL), and brine (2 x 20 mL). The organic 

layer was dried over MgSO4 and concentrated in vacuo. The crude product, an off-white solid, 

(4.80 g, 96% yield and 97% purity) was used in subsequent reactions without further purification. 
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 4 

  

 

13C-NMR (400 MHz, CDCl3) HRMS (ESI) 

δ (ppm)  J (Hz) Assignment Calc. Mass 

225.06 amu 

 

Calc. 

[M + H]+ 

226.06 amu 
 

Found 

[M + H]+ 

 226.06318 

amu 
 

Composition 

C10H12NO3P 

33.06 

52.94 

110.88 

118.59 

130.46 

132.28 

137.18 

1JCP = 548 
2JCP = 27 

 

 
3JCP = 24 
4JCP = 12 
2JCP = 40 

f 

g 

a 

b 

d 

c 

e  

1H-NMR (400 MHz, CDCl3) 

δ (ppm)    Mult. (J Hz)  Int.        Assignment 

3.21 d  2JPH = 22 2 f 

3.70 d  1JPH = 8 6 g, h 

7.41 dd 2 d 

7.62  d 2 c 

 

4 

4-(Bromomethyl)benzonitrile (1,195 mg, 5.10 mmol) was dissolved in toluene (3.5 mL). 

Trimethyl phosphite (TMP) (1.9 mL, 16.0 mmol) was added via cannula transfer, and the reaction 

was refluxed overnight. The solvent was removed via vacuum distillation, and the crude product 

was purified by column chromatography (silica gel, 1% EtOAc:Hexanes) to give the title 

compound as a yellow solid (904 mg, 79%). 
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5 

  

 

 

13C-NMR (500 MHz, 

CDCl3) 
HRMS (ESI) 

δ (ppm)      Assignment Calc. Mass 

292.24 amu 

 

Calc. 

[M + H]+ 

293.24 amu 
 

Found 

[M + H]+ 

 293.24896 

amu 
 

Composition 

C19H32O2 

14.16 

16.50 

22.76 

25.93 

29.63 

31.77 

68.74 

69.03 

111.81 

112.53 

117.82 

128.31 

151.64 

153.03 

 

l 

m 

k 

i 

h 

j 

g' 

g 

c 

d 

a 

f 

e 

b  

1H-NMR (500 MHz, CDCl3) 

δ (ppm)         Mult. (J)  Int.         Assignment 

0.91 t 6 l 

1.34 m 8 j, k 

1.46 m 4 i 

1.76 m 4 h 

2.21 s 3 m 
3.89 dt 4 g 

6.65 dd 1 c 

6.73  d, s 2 a, d 

 

5 

Based on our previous methods, KOH (46.5 g, 704.9 mmol) and Na2SO3 (84.9 g, 342.2 

mmol) were dissolved in deionized water (196 mL) and cooled with an ice bath. 2-

methylhydroquinone, tetrabutylammonium bromide (TBAB), 1-bromohexane, and toluene were 

added to the round bottom flask (RBF), in the order listed. The mixture was allowed to reflux with 

vigorous stirring for 26 h. The aqueous layer was extracted with toluene (2 x 100 mL). The organic 

layers were combined, washed with water, followed by brine, and dried over MgSO4. The solvent 

was removed via vacuum distillation, to give the title compound as a brown liquid (99.8 g, 99.8%) 
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6 

  

 

 

13C-NMR (500 MHz, 

CDCl3) 
HRMS (ESI) 

δ (ppm)     Assignment Calc. Mass 

370.15 amu 

 

Calc. 

[M + H]+ 

371.15 amu 
 

Found 

[M + H]+ 

 371.15795 amu 
 

Composition 

C19H31BrO2 

14.14 

16.35 

22.84 

25.89 

29.51 

31.72 

69.22 

70.66 

109.28 

116.75 

117.37 

127.28 

149.51 

152.05 

l 

m 

k 

i 

h 

j 

g 

g' 

c 

d 

a 

f 

e 

b 

1H-NMR (400 MHz, CDCl3) 

δ (ppm)        Mult. (J)  Int.           Assignment 

0.90 t 6 l 

1.34 m 8 j, k 

1.47 m 4 i 

1.78 m 4 h 

2.17 s 3 m 

3.88 t 2 g 

3.94 t 2 g' 

6.73 s 1 a 

6.97  s 1 d 

 

6 

1,4-Bis(hexyloxy)-2-methylbenzene (31.5 g, 107.7 mmol), BPO (1.3 g, 5.4 mmol), and 

NBS (19.2 g, 107.7 mmol) were dissolved in DCE (320 mL) and the mixture was refluxed for 2 h. 

Succinimide was precipitated with hexanes (200 mL) and removed by filtration. The filtrate was 

washed with deionized water (2 x 100 mL), sat. aq. NaHCO3 (2 x 50 mL), and brine (2 x 50 mL). 

The organic layer was dried over MgSO4 and concentrated in vacuo. The crude material was 

recrystallized from MeOH to give the title compound as an off-white solid (33.8 g, 84.4%). 
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7 

 

 

13C-NMR (500 MHz, 

CDCl3) 

HRMS 

(ESI) 

δ (ppm)       Assignment Calc. Mass 

320.24 amu 

 

Calc. 

[M + H]+ 

321.24 amu 
 

Found 

[M + H]+ 

 321.24401 

amu 
 

Composition 

C20H32O3 

14.15 

17.40 

22.74 

25.92 

29.40 

31.70 

68.74 

69.47 

108.52 

115.94 

123.34 

136.96 

151.73 

156.38 

189.57 

l 

m 

k 

i 

h 

j 

g 

g' 

d 

a 

f 

c 

e 

b 

n 

1H-NMR (500 MHz, CDCl3) 

δ (ppm)      Mult. (J)  Int.        Assignment 

0.90 t 6 l 

1.34 m 8 j,k 

1.46 m 4 i 

1.79 m 4 h 

2.27 s 3 m 

3.95 t 2 g 

4.02 t 2 g' 

6.79 s 1 a 

7.22  s 1 d 

10.41 s 1 n 

 

7 

1-Bromo-2,5-bis(hexyloxy)-4-methylbenzene (5.0 g, 13.5 mmol) was dissolved in dry 

Et2O (25 mL) and cooled to 0 °C under N2. 
nBuLi (9.24 mL, 14.8 mmol) was diluted with dry Et2O 

(16.8 mL) was added dropwise and allowed to stir for 30 min. DMF (1.7 mL, 21.8 mmol) was 

diluted with dry Et2O (5.8 mL) was added. The ice bath was removed, and the reaction was allowed 

to stir at RT for ~2 h. Cold water was added to quench the reaction, and the aqueous layer was 

extracted with Et2O (3 x 50 mL). The organic layers were combined, washed with brine (100 mL), 

dried over MgSO4, and the solvent was removed in vacuo. The crude material was purified via 

column chromatography (silica gel, 1% EtOAc:Hexanes) to give the title compound as an off-

white solid (4.25 g, 98.6%). 
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8 

 

 

13C-NMR (400 MHz, 

CDCl3) 

HRMS 

(ESI) 

δ (ppm)      Assignment Calc. Mass 

317.47 amu 

 

Calc. 

[M + H]+ 

318.47 amu 
 

Found 

[M + H]+ 

318.24430 

amu 
 

Composition 

C20H31NO2 

14.14 

17.30 

22.70 

25.78 

29.27 

31.64 

68.96 

69.78 

98.87 

114.82 

115.66 

117.14 

134.93 

151.05 

155.27 

 

 

l 

m 

k 

i 

h 

j 

g 

g' 

 n 

d 

 a 

c 

f  

e  

b 

1H-NMR (400 MHz, CDCl3) 

δ (ppm)      Mult. (J) Int.       Assignment 

0.90 t 6 l 

1.34 m 8 j,k 

1.47 m 4 i 

1.79 m 4 h 

2.25 s 3 m 

3.89 t 2 g 

4.00 t 2 g' 

6.75 s 1 a 

6.90  s 1 d 

 

8 

2,5-Bis(hexyloxy)-4-methylbenzaldehyde (1.46 g, 4.56 mmol) and hydroxylamine 

hydrochloride (410.6 mg, 5.85 mmol) were added to formic acid (6.2 mL), and the mixture was 

refluxed overnight. The reaction was quenched with iced deionized water (12.4 mL). The aqueous 

mixture was extracted with Et2O (3 x 10 mL), the combined organic layers were washed with brine 

(2 x 10 mL) and dried over MgSO4. The solvent was removed in vacuo, and the crude material 

was purified by column chromatography (silica gel, 1% EtOAc:Hexanes) to give the title 

compound (1.23 g, 84.8%). 
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 9 

  

 

13C-NMR (400 MHz, CDCl3) HRMS (ESI) 

δ (ppm)   J (Hz) Assignment Calc. Mass 

425.23 amu 

 

Calc. 

[M + H]+ 

426.23 amu 
 

Found 

[M + H]+ 

 426.24190 

amu 
 

Composition 

C22H36NO5P 

14.14 

22.70 

25.79 

27.18 

29.20 

31.65 

52.99 

69.63 

100.62 

115.72 

115.97 

116.65 

127.67 

150.38 

155.10 
 

 

 

 

 

 

1JCP = 76 
 

2JCP = 28 
 

2JCP = 16 
3JCP = 12 

 

 

 
3JCP = 12 

 

l 

k 

i 

h 

m 

j 

o 

g 

f 

a 

d 

n  

c 

e  

b  

 

 

 

 

1H-NMR (500 MHz, CDCl3) 

δ (ppm)      Mult. (J)  Int.    Assignment 

0.91 m 6 l 

1.33 m 8 j,k 

1.47 m 4 i 

1.80 m 4 h 

3.27 d 1JPH = 23 2 m 
3.69 d 2JPH = 11 6 o 

3.92 t  2 g' 

4.02  t 2 g 

6.98 m 2 a, d 

 

9 

2,5-Bis(hexyloxy)-4-methylbenzonitrile (5.02 g, 15.8 mmol), BPO (306 mg, 1.3 mmol), 

and NBS (2.87 g, 16.1 mmol) were dissolved in DCE (46 mL) and the mixture was refluxed for 2 

h. The mixture was filtered through a plug of silica, and the filtrate was concentrated in vacuo. The 

intermediate was dissolved in toluene (11 mL). TMP (5.8 mL, 49.4 mmol) was added via cannula 

transfer, and the reaction was refluxed overnight. The solvent was removed via vacuum 

distillation, and the crude product was purified by column chromatography (silica gel, 1% 

EtOAc:Hexanes) to give the title compound as viscous liquid (3.44 g, 51.1%). 

Appendix B.1.2 Synthesis of Monomers 

Unless specified otherwise, the monomers were synthesized by the following typical 

coupling and reduction procedures. 
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Typical Horner Wadsworth Emmons Coupling: The aldehyde (1 equiv) and the 

phosphonate (1.2-1.5 equiv) were dissolved in dry THF under N2, cooled to 0 °C, and KOtBu (2.5 

equiv) was added semi-dropwise. The mixture was allowed to warm to RT and stirred overnight. 

The reaction was quenched with saturated aq NH4Cl and extracted 3 x with ethyl acetate. The 

combined organic layers were washed 2 x with brine, dried over MgSO4, and the solvent was 

removed in vacuo. The crude product was purified by column chromatography. 

Typical Reduction of Monomer Nitrile: The nitrile (1 equiv) was dissolved in dry DCM 

and cooled to -78 °C, under N2. DIBAL-H (1 M in hexanes, 1.2 equiv) was added semi-dropwise 

and the reaction was stirred at -78 °C until 1H NMR analysis indicated completion. Wet silica (0.4 

mL H2O and 1.5 g SiO2 per mmol DIBAL-H) was added over 5 min, and stirring was continued 

for 1 h. A mixture of K2CO3 (0.5 mg per mmol DIBAL-H) and MgSO4 (0.5 mg per mmol DIBAL-

H) was added and stirring continued for an additional hour. The mixture was filtered, the solids 

were washed with excess DCM, and the solvent was removed in vacuo. The crude product was 

purified by column chromatography. 
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mono-B-N 

 

 

13C-NMR (500 MHz, 

CDCl3) 

HRMS 

(ESI) 

δ (ppm)     Assignment Calc. Mass 

327.47 amu 

 

Calc. 

[M + H]+ 

328.47 amu 
 

Found 

[M + H]+ 

328.22862 

amu 
 

Composition 

C21H29NO2 

25.42 

28.55 

28.87 

33.59 

68.45 

106.57 

110.31 

113.30 

114.55 

118.84 

138.65 

160.49 

 

h 

g 

i 

j 

f 

a 

c 

e 

l 

d 

k 

b 

1H-NMR (400 MHz, CDCl3) 

δ (ppm)       Mult. (J) Int.      Assignment 

1.46 m  8 h, i 

1.78 m  4 g 

2.09 m  4 j 

3.93 t  4 f 

4.99 m  4 l 

5.81 m  2 k 

6.63 t  1 a 

6.73  d  2 c 

 

mono-B-N  

3,5-Dihydroxybenzonitrile (1.68 g, 12.2 mmol) and KOH (1.65 g, 25.0 mmol) were stirred 

at RT overnight in DMSO (160 mL). 7-Bromo-1-heptene (4.22 mL, 26.9 mmol) was added and 

the reaction was stirred for an additional 6 h. The reaction was cooled with an ice bath and cold 

deionized water (10 mL, 556 mmol) was added slowly. The solvent was removed via vacuum 

distillation, and the resulting mixture was extracted with ethyl acetate (3 x 20 mL) and washed 

with brine (2 x 20 mL). The organic layer was dried over MgSO4 and the solvent was removed in 

vacuo to give mono-B-N as a brown viscous liquid (3.36 g, 84%).  
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mono-B-A 

 

 

13C-NMR (500 MHz, 

CDCl3) 

HRMS 

(ESI) 

δ (ppm)      Assignment Calc. Mass 

330.22 amu 

 

Calc. 

[M + H]+ 

331.22 amu 
 

Found 

[M + H]+ 

331.22967 

amu 
 

Composition 

C21H30O3 

25.76 

28.86 

29.24 

33.93 

68.56 

107.84 

108.25 

114.81 

138.58 

138.98 

160.98 

192.30 

 

h 

g 

i 

j 

f 

c 

a 

l 

d 

k 

b 

e  

1H-NMR (400 MHz, CDCl3) 

δ (ppm)      Mult. (J) Int.       Assignment 

1.47 m  8 h, i 

1.80 m  4 g 

2.09 m  4 j 

3.99 t  4 f 

4.98 m  4 l 

5.82 m  2 k 

6.69 t  1 a 

6.98  d  2 c 

9.89 s  1 e 

 

mono-B-A 

3,5-Bis(hexyloxy)benzonitrile (1.7 g, 5.2 mmol) was dissolve in dry DCM (520 mL) and 

cooled to 0 °C. DIBAL-H (6.2 mL, 6.2 mmol, 1.0 M in hexanes) was added semi-dropwise, and 

the reaction was stirred at 0 °C, under N2, for 8-10 h. Wet silica (0.4 mL H2O and 1.3 g SiO2 per 

mmol DIBAL-H) was added over 5 min and the reaction was stirred for 1 h. A mixture of K2CO3 

(0.5 g per mmol DIBAL-H) and MgSO4 (0.5 g per mmol DIBAL-H) was added and the reaction 

was stirred for an additional hour. The reaction mixture was filtered, and the solids were washed 

with DCM. The solvent was removed in vacuo to give the title compound (orange viscous liquid) 

(1.29 g, 87%). 
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mono-BP-N 

 

 

13C-NMR (500 MHz, 

CDCl3) 

HRMS 

(ESI) 

δ (ppm)      Assignment Calc. Mass 

 429.27 amu 

 

Calc. 

[M + H]+ 

 430.27 amu 
 

Found 

[M + H]+ 

430.27596 

amu 
 

Composition 

C29H35NO2 

25.56 

28.64 

29.12 

33.67 

68.08 

101.83 

105.58 

110.67 

114.48 

118.98 

126.89 

127.05 

132.48 

132.57 

138.14 

138.78 

141.78 

160.59 

 

h 

g 

i 

j 

f  

a 

c 

t 

l 

q 

s, o 

e 

r, p 

m 

d 

k 

n 

b 

1H-NMR (400 MHz, CDCl3) 

δ (ppm)       Mult. (J) Int.        Assignment 

1.48 m  8 h, i 

1.80 m  4 g 

2.09 m  4 j 

3.98 t  4 f 

4.97 m  4 l 

5.82 m  2 k 

6.43 t  1 a 

6.65 d  2 c 

7.04 d  1 e 

7.12 d  1 m 

7.56 d  2 s, o 

7.63 d  2 r, p 
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mono-BP-A 

 

 

13C-NMR (500 MHz, 

CDCl3) 

HRMS 

(ESI) 

δ (ppm)     Assignment Calc. Mass 

432.27 amu 

 

Calc. 

[M + H]+ 

433.27 amu 
 

Found 

[M + H]+ 

 433.27533 

amu 
 

Composition 

C29H36O3 

25.58 

28.65 

29.14 

33.68 

68.08 

101.77 

105.56 

114.48 

126.94 

127.66 

130.22 

132.35 

135.41 

138.41 

138.79 

143.35 

160.58 

191.53 

g 

h 

i 

j 

f 

a 

c 

l 

s, o 

e 

r, p 

m 

q 

d 

k 

n 

b 

t  

1H-NMR (400 MHz, CDCl3) 

δ (ppm)       Mult. (J) Int.       Assignment 

1.49 t  6 h, i 

1.81 m  8 g 

2.10 m  4 j 

3.98 t  4 f 

4.98 m  4 l 
5.83 m  2 k 

6.43 t  1 a 

6.68 d  2 c 

7.10  d  1 e 

7.18 d  1 m 

7.64 d  2 s, o 

7.87 d  2 r, p 

10.02 s  1 t 
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mono-BO-N 

 

 

13C-NMR (500 MHz, 

CDCl3) 

HRMS 

(ESI) 

δ (ppm)     Assignment Calc. Mass 

629.44 amu 

 

Calc. 

[M + H]+ 

630.44 amu 
 

Found 

[M + H]+ 

 630.45439 

amu 
 

Composition 

C41H59NO4 

13.99 

22.55 

22.59 

25.57 

25.83 

28.64 

29.08 

29.14 

31.50 

31.55 

33.66 

68.04 

69.59 

69.77 

100.64 

101.55 

105.58 

110.56 

114.46 

116.60 

116.71 

122.83 

132.48 

132.83 

138.77 

138.91 

150.26 

155.27 

160.54 

y 

x 

w  

v 

v' 

i 

g 

g' 

u 

u' 

h 

f 

t 

t' 

z 

a 

c 

o 

l 

r 

n 

e 

m 

q 

k 

d 

s 

p 

b  

1H-NMR (400 MHz, CDCl3) 

δ (ppm)      Mult. (J) Int.        Assignment 

0.92 m  6 y 

1.36 m  8 h, x 

1.48 m  12 i, w, v 

1.81 m  8 g, u 

2.10 m  4 j 
3.98 m  6 f, t 

4.08 t  2 t' 

4.98 m  4 l 

5.82 m  2 k 

6.42 t  1 a 

6.66 d  2 c 

7.01 s  1 o 

7.10 s  1 r 

7.11 d  1 e 

7.36 d  1 m 
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mono-BO-A 

 

 

13C-NMR (500 MHz, 

CDCl3) 

HRMS 

(ESI) 

δ (ppm)      Assignment Calc. Mass 

632.44 amu 

 

Calc. 

[M + H]+ 

633.44 amu 
 

Found 

[M + H]+ 

 633.45333 

amu 
 

Composition 

C41H60NO5 

14.00 

22.58 

25.58 

25.77 

25.89 

28.65 

29.15 

29.22 

31.53 

31.58 

33.67 

68.02 

69.16 

69.29 

101.49 

105.55 

110.22 

110.83 

114.46 

123.40 

124.34 

132.48 

134.24 

138.78 

139.13 

150.82 

156.21 

160.51 

189.12 

y 

x 

w  

v 

v' 

i 

g 

g' 

u 

u' 

h 

f 

t 

t' 

a 

c 

o 

r 

l 

e 

n 

m 

q 

k 

d 

s 

p 

b 

z  

1H-NMR (400 MHz, CDCl3) 

δ (ppm)      Mult. (J) Int.       Assignment 

0.91 m  6 y 

1.36 m  8 h, x 

1.48 m  12 i, w, v 

1.81 m  8 g, u 

2.09 m  4 j 
3.98 t  4 f 

4.03 t  2 t 

4.10 t  2 t' 

4.99 m  4 l 

5.82 m  2 k 

6.41 t  1 a 

6.68 d  2 c 

7.14 s  1 e 

7.15 d  1 o 

7.32 s  1 r 

7.42 d  1 m 

10.44 s  1 z 
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mono-BPO-N 

 

 

13C-NMR (400 MHz, 

CDCl3) 

HRMS 

(ESI) 

δ (ppm)      Assignment Calc. Mass 

731.49 amu 

 

Calc. 

[M + H]+ 

732.49 amu 
 

Found 

[M + H]+ 

 732.49510 

amu 
 

Composition 

C49H65NO4 

 

13.99 

22.58 

25.58 

25.82 

28.66 

29.16 

31.52 

33.68 

68.03 

69.61 

69.78 

100.59 

101.13 

105.26 

110.32 

114.46 

116.59 

116.75 

122.26 

126.95 

127.24 

128.44 

129.21 

131.83 

132.89 

136.43 

137.35 

138.81 

139.10 

150.24 

155.29 

160.53 

 

ag 

af 

ae 

h 

g 

i 

j 

ad 

f 

ac 

ab 

ah 

a 

c 

w 

l 

z 

y 

u 

s, o 

r, p 

m 

e 

t 

q 

v 

d 

k 

n 

x 

aa 

b 

1H-NMR (500 MHz, CDCl3) 

δ (ppm)    Mult. (J) Int.         Assignment 

0.92 t  6 ag 

1.37 m  8 j, af 

1.49 m  12 h, i, ae 

1.84 m  8 g, ad 

2.10 m  4 ac 

3.98 m  6 f, ab 

4.10 t  2 ab' 

5.00 m  4 l 

5.83 m  2 k 

6.40 s  1 a 

6.67 s  1 c 

7.02 s  1 w 

7.06 d  2 E, m 

7.14 s  1 z 

7.19 d  1 t 

7.43 d  1 u 

7.52 s  4 o, p, r, s 

 

Appendix B.1.3 Polymerizations 

Unless specified otherwise, the polymers were synthesized by the following typical 

procedures. 
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Typical Polymerization:  The diene (1 equiv) was dissolved in diphenyl ether (2 M) and 

GII dissolved in DCM (0.1-0.12 g/mL at 1-2 mol%) was added. The mixture was stirred and heated 

gently under vacuum until SEC analysis indicated polymerization had reached steady state. The 

reaction was quenched with ethyl vinyl ether and precipitated with MeOH. 

poly-B-N 

  

 

13C-NMR (500 MHz, 

CDCl3) 
 

δ (ppm)     Assignment Mn 

2,271 Da 

 

Ð 

1.61 

 

Repeat Unit 

. Mass 

299.19 amu 

 

Repeat Unit 

Composition 

C19H25NO2 

25.58 

28.70 

29.02 

33.76 

68.59 

106.71 

110.45 

113.45 

114.71 

119.01 

138.81 

160.64 

 

 

 

 

 

 

h 

g 

i 

j 

f 

a 

c 

e 

l 

d 

k 

b 

1H-NMR (400 MHz, CDCl3) 

dδ (ppm)         Mult. (J)    Int.          Assignment 

1.46 m 8 h, i 

1.78 m 4 g 

2.09 m 4 j 

3.93 t 4 f 

4.99 m 4 la 

5.41 

5.81 

m 

m 

0.34 

2 

k'b 

ka 

6.63 t 1 a 

6.73  d 2 c 
aterminal olefin peaks, indicating end groups or unreacted monomer 
binternal olefin peak 
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poly-B-A 

  

 

13C-NMR (400 MHz, 

CDCl3) 
 

δ (ppm)     Assignment Mn
a 

10,680 Da 

 

Ða 

3.40 

 

Repeat Unit 

. Mass 

302.19 amu 

 

Repeat Unit 

Composition 

C19H16O3 

25.64 

29.11 

29.43 

32.60 

68.48 

107.68 

108.13 

130.42 

138.43 

160.84 

192.18 

 

 

 

 

 

 

 

h 

g 

i 

j 

f 

a 

c 

k 

d 

b 

e 

1H-NMR (400 MHz, CDCl3) 

δ (ppm)         Mult. (J)   Int.          Assignment 

1.44 m 8 h, i 

1.78 m 4 g 

2.01 m 4 j 

3.97 t 4 f 

5.41 m 2 k 

6.68 s 1 a 

6.97 s 2 c 

9.87  s 1 e 
aaverage of two unprecipitated trials 
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poly-BP-N 

  

 
 

13C-NMR (400 MHz, 

CDCl3) 
 

δ (ppm)     Assignment Mn 

1,722 Da 

 

Ð 

1.51 

 

Repeat Unit 

. Mass 

403.24 amu 

 

Repeat Unit 

Composition 

C27H31NO2 

25.56 

28.64 

29.12 

33.67 

68.08 

101.83 

105.58 

110.67 

114.48 

118.98 

126.89 

127.05 

132.48 

132.57 

138.14 

138.78 

141.78 

160.59 
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g 

i 

j 

f  

a 

c 

t 

l 

q 

s, o 

e 

r, p 

m 

d 

k 

n 

b 

1H-NMR (400 MHz, CDCl3) 

dδ (ppm)         Mult. (J)    Int.           Assignment 

1.48 m 8 h, i 

1.79 m 4 g 

2.05 m 4 j 

3.97 t 4 f 

4.98 

5.44 

m 

m 

1.12 

2 
la 

k'b 

5.82 m 0.53 ka 

6.42 t 1 a 

6.65 d 2 c 

7.04 

7.12 

7.56 

7.63  

d 

d 

d 

d 

1 

1 

2 

2 

e 

m 

s, o 

r, p 
aterminal olefin peaks, indicating end groups or unreacted monomer 
binternal olefin peak 
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poly-BP-A 

  

 
 

13C-NMR (500 MHz, 

CDCl3) 
 

δ (ppm)      Assignment Mn 

1,306 Da 

 

Ð 

2.56 

 

Repeat Unit 

. Mass 

404.24 amu 

 

Repeat Unit 

Composition 

C27H32O3 

25.73 

28.80 

29.29 

33.83 

68.23 

101.93 

105.72 

114.63 

127.09 

127.82 

130.37 

132.51 

135.57 

138.57 

138.95 

143.51 

160.74 

191.68 

g 

h 

i 

j 

f 

a 

c 

l 

s, o 

e 

r, p 

m 

q 

d 

k 

n 

b 

t  

1H-NMR (400 MHz, CDCl3) 

dδ (ppm)         Mult. (J)   Int.           Assignment 

1.49 t 6 i, j 

1.81 m 8 h 

2.10 m 4 g 

3.98 t 4 f 

4.98 m 4 l 
5.83 m 2 k 

6.43 t 1 a 

6.68 d 2 c 

7.10  d 1 e 

7.18 

7.64 

7.87 

10.02 

d 

d 

d 

s 

1 

2 

2 

1  

m 

s, o 

r, p 

t 
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poly-BO-N 

  

 

13C-NMR (500 MHz, 

CDCl3) 
 

δ (ppm)     Assignment Mn 

6,676 Da 

 

Ð 

2.53 

 

Repeat Unit 

. Mass 

601.41 amu 

 

Repeat Unit 

Composition 

C39H55NO4 

13.99 

22.55 

22.59 

25.57 

25.83 

28.64 

29.08 

29.14 

31.50 

31.55 

33.66 

68.04 

69.59 

69.77 

100.64 

101.55 

105.58 

110.56 

114.46 

116.60 

116.71 

122.83 

132.48 

132.83 

138.77 

138.91 

150.26 

155.27 

160.54 

  

y 

x 

w  

v 

v' 

i 

g 

g' 

u 

u' 

h 

f 

t 

t' 

z 

a 

c 

o 

l 

r 

n 

e 

m 

q 

k 

d 

s 

p 

b 

 

 

 

1H-NMR (400 MHz, CDCl3) 

δ (ppm)         Mult. (J)    Int.          Assignment 

0.92 m 6 y 

1.35 m 8 w, x 

1.48 m 12 v, h, i 

1.81 m 8 u, g 

2.05 m 4 j 

3.96 m 6 f, t 

4.07 t 2 t' 

4.98 m 0.88 l'a 

5.42 

5.82 

 6.40 

6.65 

7.00 

7.10 

7.11 

7.31 

m 

m 

t 

d 

s 

s 

d 

d 

2 

0.39 

1 

2 

1 

1 

1 

1 

kb 

k'a 

a 

c 

o 

r 

e 

m 

aterminal olefin peaks, indicating end groups or unreacted monomer 
binternal olefin peak 
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poly-BO-A 

  

 
 

13C-NMR (400 MHz, 

CDCl3) 
 

δ (ppm)    Assignment Mn 

10,350 Da 

 

Ð 

2.93 

 

Repeat Unit 

. Mass 

604.41 amu 

 

Repeat Unit 

Composition 

C39H56O5 

14.18 

22.74 

22.78 

25.92 

26.04 

29.35 

31.69 

31.73 

32.68 

68.18 

69.29 

101.60 

105.62 

110.30 

110.89 

114.63 

119.03 

123.35 

129.87 

130.44 

132.57 

139.25 

150.91 

156.33 

160.65 

189.27 
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f 
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p 

b 

z 

1H-NMR (400 MHz, CDCl3) 

dδ (ppm)         Mult. (J)   Int.           Assignment 

0.90 t 6 y 

1.35 m 8 w, x 

1.46 m 12 h, i, v 

1.81 m 8 g, u 

2.01 s 4 j 

4.00 t 6 t, f 

4.08 t 4 t' 

4.99 m .37 l'a 

5.41  m 2 kb 

5.80 

6.40 

m 

s 

.17 

1 

k'a 

a 

6.67 

7.12 

7.14 

7.31 

7.41 

s 

s 

d 

s 

d 

2 

1 

1 

1 

1 

c 

o 

e 

r 

m 
aterminal olefin peaks, indicating end groups or unreacted monomer 
binternal olefin peak 
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Appendix B.1.4 NMR 
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