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Abstract 

 The unique thermal, electronic, and optical properties of single-walled carbon nanotubes 

(SWNTs) can be used in a variety of applications. However, all currently available production 

methods result in a heterogenous mixture of semiconducting and metallic species. SWNTs also 

self-aggregate, resulting in minimal solubility in solvents, preventing their immediate 

incorporation into many applications. These challenges have resulted in the development of 

various purification methods, but the use of conjugated polymers is considered to be the most 

scalable technique. Currently, conjugated polymers have allowed for the complete isolation of 

semiconducting SWNTs using electron-rich conjugated polymers such as polythiophenes, 

polycarbazoles, and polyfluorenes. Conversely, the isolation of pure metallic SWNTs still requires 

improvement. Recently, a two-polymer system was developed for the enrichment of metallic 

SWNTs using an electron-rich conjugated polymer to remove semiconducting SWNTs, followed 

by an electron-poor polymer to disperse the remaining metallic SWNTs. This technique 

represented a significant step forward in the enrichment of metallic SWNT samples using 

conjugated polymers, but refinement is still possible.  

 The aim of this thesis is to improve this scalable technique for the enrichment of metallic 

SWNTs. Specially, two reactions on poly(fluorene-co-pyridine) were investigated in an effort to 

generate a more electron deficient polymer backbone. The first reaction involved the addition of a 

dinitrobenzene moiety by means of the Zincke reaction. It was found that the functionalization of 

the polymer backbone using the Zincke reaction was not feasible, likely due to steric hinderance. 

Research efforts were then redirected to a reaction involving the addition of a less bulky 

trifluoroacetyl group by reaction of the polymer with trifluoroacetic anhydride. This investigation 

led to the straightforward and complete functionalization of the polymer backbone producing 
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acetylated poly(fluorene-co-pyridine). Next, the ideal dispersion conditions were tuned for the 

acetylated poly(fluorene-co-pyridine) to be incorporated into the two-polymer extraction system. 

This novel polymer showed higher dispersion concentration and improved selectivity toward 

metallic SWNTs than previously developed. Characterization of the polymer-SWNT dispersions 

were conducted using UV-vis-NIR spectroscopy, and conductivity techniques to evaluate their 

electronic purity.  
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Chapter 1: Introduction 

1.1 Introduction to Carbon Nanotubes 

 

Carbon nanotubes (CNTs) have attracted significant research attention due to their unique 

physical and mechanical properties, since they were first synthesized in 1991.1,2  The high aspect 

ratio,3 tensile strength,4 electrical and thermal conductivity,5–8 and optical characteristics9 of CNTs 

allow for many potential applications. CNTs can be classified as single-walled carbon nanotubes 

(SWNTs) or multi-walled carbon nanotubes (MWNTs). Diameters of SWNTs can vary between 

~0.4-3.0 nm,10 whereas the diameters of MWNTs range from ~10-30 nm.11 SWNTs, the focus of 

this research, have potential applications in field-effect transistors,12 sensors,13 photodetectors,14 

organic photovoltaics,15 flexible electronics,16 touch screens,17 and high-strength 

nanocomposites.18   

 

Figure 1: A summary of the unique properties of CNTs with examples of potential applications. 

Reproduced with permission.19 Copyright 2020 Multidisciplinary Digital Publishing Institute. 
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Although not made this way, SWNTs can be idealized as a 2D graphene sheet rolled up into a 

cylinder. Depending on how the graphene sheet is rolled up, different SWNT species can be 

visualized (Figure 2). The chiral vector (Ch) represents the circumference of the SWNT species 

and is the addition of unit vectors a1 and a2. The chiral angle (θ) defines the angle between a1 and 

Ch.
20   As shown in Equation 1, integer values (n,m) defines the SWNT species associated with Ch. 

There are three SWNT classes to consider: chiral, zigzag, and armchair. In the zigzag structure, 

two opposite C-C bonds of each hexagon are parallel to the tube axis (θ=0°), whereas in the 

armchair conformation the C-C bonds are perpendicular to the axis (θ=30°), in all other 

arrangements, the opposite C-C bonds lie at an angle to the tube axis, resulting in a nanotube that 

is chiral (0-30°).20   

Equation 1: 𝐶ℎ = 𝑛𝑎1 +𝑚𝑎2 = (𝑛,𝑚) 

 

Figure 2: a) Carbon lattice with labeled unit vectors, a1 and a2, and zigzag (blue), chiral (purple), and 

armchair (red) vectors.  b) Arm-chair, zigzag and chiral nanotube examples.  

1.2 Synthesis Methods of Carbon Nanotubes 

 CNTs were first synthesized in 1991 using an arc-discharge method, and many techniques 

have since been developed.21,22  These techniques include laser ablation,23 chemical vapour 

deposition (CVD),24 plasma-torch growth,25 high-pressure carbon monoxide disproportionation 
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(HiPCO),26 and catalysis using cobalt-molybdenum nanoparticles (CoMoCat).27 These techniques 

all offer different advantages and produce various diameter ranges resulting in different internal 

properties of the nanotubes. Currently, all the mentioned synthesis methods produce a 

heterogenous mixture of SWNTs and residual impurities from the synthesis.  

1.2.1 Arc-Discharge 

 Arc-discharge produces smaller diameter SWNTs (1.2-1.4 nm) compared to other 

synthesis methods.10 A number of variables influence the size and structure of the SWNTs.28  Arc-

discharge occurs within a pressurized chamber filled with an inert gas (argon or helium). Inside 

the chamber, current is directed between a pair of graphite electrodes while a metal catalyst (iron, 

cobalt, or nickel) is introduced.29  Carbon soot is produced between the electrodes and SWNTs 

begin to grow on the metal catalyst located on the cathode.29 MWNTs are synthesized similarly 

but without the use of any metal catalyst.30 CNTs prepared using arc-discharge result in nanotubes 

with minimal defects in the carbon lattice.30 

1.2.2 Laser Ablation 

 Laser ablation is performed in a high-temperature reactor filled with an inert gas. A 

graphite target is vaporized using a pulsed laser forming plasma.23 SWNTs form on cooled areas 

within the reactor as the vaporized carbon condenses.23 This method  allows for the diameter and 

length of the SWNTs to be controlled by altering the temperature and metal species used.23 Laser 

ablation provides, high quality SWNTs, in higher yields with a narrower size distribution than arc-

discharge.20 One disadvantage of this technique is it is typically more expensive than other 

synthesis methods.20  
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1.2.3 Chemical Vapour Deposition (CVD) 

 CVD allows for large quantities of CNTs to be prepared at a high purity.20 During CVD, a 

reactor oven containing a catalyst embedded substrate is heated to high temperatures, while a 

carbon-bearing gas, such as methane, ethylene, or acetylene, and a carrier gas, such as ammonia, 

nitrogen, or hydrogen, is introduced.31 As carbon atoms are released from the gas, CNTs begin to 

grow at the catalyst site. CVD generally provides higher purity and yield of SWNTs than both arc-

discharge and laser ablation.20  

1.2.4 Plasma-Torch 

 Plasma-torch grown CNTs were first synthesized, in 2000, in Varennes, Canada.32 

Conditions use in arc-discharge and laser ablation are replicated, however, the graphite vapour 

previously used in these methods, is replaced with a carbon-containing gas. The decomposition of 

the gas requires 10 times less energy than graphite vaporization.32 During the growth of plasma 

torch CNTs, the carbon containing gas (ethylene and ferrocene) is fed into a microwave plasma 

torch, where the gas is atomized.32 The SWNTs can then be collected along with some impurities.  

1.2.5 High-Pressure Carbon Monoxide Disproportionation (HiPCO)  

 HiPCO  grown CNTs are produced in a high temperature reactor similar to that in CVD.26 

Unlike CVD, however, the catalyst used in HiPCO is in a gaseous state. Within the high-

temperature reactor, carbon monoxide and iron pentacarbonyl are added to produce SWNTs 

continuously. In CoMoCat, a cobalt-molybdenum catalyst is used in place of  iron pentacarbonyl.33  

The size distribution of SWNTs produced using CoMoCat is smaller than that of  HiPCO 

SWNTs.33   
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1.3 Carbon Nanotube Electronics 
 

 The electronic properties of CNTs may offer the greatest potential of their unique 

properties for novel applications. Theoretical calculations first predicted that SWNTs could exhibit 

either metallic or semiconducting behavior depending only on diameter and helicity.34 This 

capability to have altered electronic properties without modifying the bonding structure of the 

material makes SWNTs unique from all other material.35  The 1D structure of SWNT causes the 

density of states (DOS) distribution to not  be a continuous function of energy, but rather the energy 

decreases followed by a discontinuous gap.  The electrons are confined to van Hove singularities, 

which are discrete energy levels in the density of states.36  The energy level barrier, or band gap, 

between the valence π-band (HOMO) or the conduction π*-band (LUMO) is what makes a SWNT 

species either semiconducting or metallic.   

 Electronic band structure calculations predict that the (n,m) indices determine whether a 

SWNT will be a metal or a semiconductor.34 In equation 2, if q is any positive whole integer then 

the SWNT is metallic.  Based on this equation all armchair SWNTs where n=m, as well as some 

chiral SWNTs will exhibit metallic characteristics. For all non armchair (nm) there is a band gap 

between 1-100 meV making these semi-metallic.37  Despite being semi-metallic these SWNTs 

exhibit similar electronic characteristics to metallic species and are typically included when 

referring to metallic SWNTs.10   

Equation 2: |𝑛 − 𝑚| = 3𝑞 

The electronic characteristics of SWNTs allow for potential in a variety of applications. 

Semiconducting SWNTs (sc-SWNTs) have a useful bandgap and metallic SWNTs (m-SWNTs) 

have high conductivity.10 The ability of sc-SWNTs to function as a semiconductor on the nanoscale 
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makes them advantageous over silicon which is currently used in the majority of semiconducting 

devices.6  Also, the high conductivity of m-SWNTs could allow them to replace the use of 

traditional metals, such as copper, in certain applications.38  Despite these attractive properties, 

wide use in commercial devices has yet to come to fruition in large part because CNTs are 

produced as a mixture of sc-, and m-SWNTs.  To be incorporated into applications, the SWNT 

sample must be purified of all non-nanotube materials and be dispersed to allow for processability. 

Depending on the application, such as field-effect transistors, isolation of a specific species of 

SWNT may also be required.  

1.4 Purification of Carbon Nanotubes 

There are strong Van der Waals interactions present between SWNTs, resulting in self-

aggregation and the formation of bundles. The bundling of SWNTs prevents them from being 

soluble in most solvents, limiting their potential uses. To improve the SWNTs solubility the 

aggregation must be reduced by individualizing them in dispersing solvents. SWNTs also require 

purification as the bundles contain both sc- and m-SWNTs. Dispersions that allow for the 

individualization of SWNTs can be achieved by covalent or non-covalent functionalization.  

 CNT sidewalls can be chemically functionalized to assist with dispersion of CNTs in 

organic solvents.39  For example, SWNTs can be sonicated with a strong acid to allow functional 

groups such as carboxylic acids or esters to form at defect sites and tube ends of the SWNTs.40  

Solubilizing groups can be added to these functional groups, to allow for solubilization in a desired 

solvent. The disadvantage of chemically functionalizing the sidewalls of CNTs is that the 

conjugated network of the SWNTs is perturbed by the addition of these functional groups and can 

interfere with the properties of the SWNTs.41  In some cases, the reactions can be thermally 

reversed, so that the properties of the pristine m- or sc-SWNTs can be recovered.42  Exposing the 
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SWNTs to these extreme conditions can also prevent their use in mechanical applications as it has 

been shown that the lengths of SWNTs can be shortened.43 Sc-SWNTs have shown more residence 

to oxidization than m-SWNTs and this discovery has allowed m-SWNTs to be selectively modified 

under covalent functionalization conditions. 44,45   

An alternative to covalent functionalization is non-covalent functionalization. Non-

covalent functionalization allows for the unique electronic, optical, and physical properties of 

SWNTs to be maintained.46  Through sonication the bundles are broken apart allowing for the 

dispersant to directly interact with the surface of the SWNTs through non-covalent mechanisms.  

Dispersant types that can non-covalently functionalize SWNTs include surfactants, small 

molecules, and conjugated polymers.  

Nanotube purity is a challenge because all current commercial synthetic methods produce 

a mixture of both sc-SWNTs and m-SWNTs. The differences in the exploitable properties used to 

separate the electronic types are small, making the separation extremely difficult. Despite this, 

there have been many techniques developed that are capable of separating SWNTs including 

density gradient ultracentrifugation (DGU), agarose gel electrophoresis (AGE), two-phase 

extraction, size exclusion chromatography (SEC), and single strand DNA dispersions (ssDNA).  

1.4.1 Density Gradient Ultracentrifugation 

 Applying density gradient ultracentrifugation (DGU) for the purification of SWNTs was 

first employed by Hersam and co-workers.47.  Prior to this, DGU was used in biology for separating 

subcellular components with differing buoyant densities.48 Generally, the technique involves 

adding samples to a centrifuge tube containing liquid mixtures and centrifuging at high speeds 

which separates the mixture based on density.  Applying this technique to SWNTs, Hersam added 

surfactant-SWNT dispersions into a density gradient media.47 They then centrifuged the samples 
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up to 250,000 g for 18 hours or more.48 The technique allowed for the separation of different 

SWNT species based on their densities, producing distinct coloured bands enriched in different  

SWNT species (Figure 3).48 

 

Figure 3:  a) Image of a centrifuge tube containing HiPCO SWNTs sorted by DGU. The distinct coloured 

bands are layers enriched in different SWNT species. b) Near-infrared absorbance spectra of the marked 

coloured layer with (n,m) indices labeled. Reproduced with permission.48 Copyright 2010 Nature 

Nanotechnology.  

1.4.2 Agrose gel Electrophoresis 

Tanaka et. al49 discovered that the separation of m- and sc-SWNTs occurs during 

electrophoresis of SWNTs in an agarose gel. Agarose gel electrophoresis (AGE) is widely 

employed in biology for the separation of DNA. The SWNT-containing gel can be prepared by 

dispersing SWNTs in a sodium dodecyl sulphate (SDS) solution, and then gelling the mixture with 

liquid agarose.49   In electrophoresis, the application of a constant direct current to the gel causes 

most of the metallic SWNTs to migrate in solution out of the starting gel, leaving the sc-SWNTs 

in the gel itself.   This method has been improved to allow for samples containing up to 70% 
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metallic species by a modification of the technique that involved first adsorbing the SWNT-SDS 

mixture to the agarose and squeezing the gel to isolate the m-SWNTs.50  

 

Figure 4: Separation of SWNTs dispersion in gel by AGE. (a) Sequential photographs showing the progress 

of separation. (b) Absorption spectra of fractions after AGE. Spectra i and ii correspond to the samples from 

fractions shown in (a). The bottom black spectrum is for the SWNT dispersion before separation. 

Reproduced with permission.49 Copyright 2008 Applied Physics Express.  

1.4.3 Two-Phase extraction 

Two-phase extraction can also be used to purify SWNTs by separation into two phases. In 

this technique two aqueous phases contain different polymers, which are typically poly(ethylene 

glyol) (PEG) and Dextran.  Adding certain surfactant-SWNT dispersions to this two-phase system 

causes certain SWNT types to partition between the phases. This partitioning is due to the 

differences in the diameters and the electronic nature of the SWNTs. This technique is not straight 

forward and is difficult to perform on large scale. 

1.4.4 Size Exclusion Chromatography 

Another separation technique developed by Moshammer et al.51 uses Sephacryl (allyl 

dextran/N,N’-methylene bisacrylamine cross-linked polymer) media for size exclusion 
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chromatography (SEC) and is the most straightforward and highest throughput method of 

separation.52 By choosing an appropriate column medium, particle size, gel porosity, and eluent 

composition, it is possible to run the SEC column as a filter, with the sc-SWNTs becoming trapped 

on the gel and the smaller m-SWNTs being eluted with a 1 wt.% SDS solution.52  Trapped sc-

SWNTs were then removed from the gel by eluent exchange to 1 wt.% SChol. 52 

 

Figure 5: Time lapse photograph of HiPCO SWNTs dispersed in 1 wt. % SDS in H2O on a Sephacryl SEC 

gel.  Reproduced with permission.52 Copyright 2013 American Chemical Society. 

1.4.5 DNA Dispersions 

 SWNTs have been dispersed and purified with DNA by using π-π stacking between the 

DNA and the SWNT surface.53 Zheng et. al54 reported that single-stranded DNA (ssDNA) wraps 

around CNTs to form a stable DNA-CNT complex that disperses CNTs.  Zheng et. al55 also 

discovered that anion exchange chromatography provides a separation method based on  electronic 

type of DNA-SWNT complexes.55 Also, a library of specific single-stranded DNA types was 

generated that when dispersed with SWNTs are selectivity isolated down the specific (n,m) species 

for sc-SWNTs.53   
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Although these purification methods have been shown to be successful on a small scale, 

scalability is limited, preventing use on an industrial stage. A more scalable purification approach 

is conjugated polymer sorting, which has shown selectivity for both m- and sc-SWNTs. 

1.5 Conjugated Polymers 

1.5.1 Introduction to Conjugated Polymers 

Conjugated Polymers (CPs) are organic macromolecules characterized by a backbone of 

alternating single and double bonds. CPs have a delocalized π system throughout the polymer 

chain due to the overlapping p orbitals. The delocalization of the π-electrons in CPs allow them to 

behave both as electron transport materials and as chromophores.56 The unique properties of CPs 

accommodate a variety of applications including light-emitting diodes (LEDs), energy-storage 

materials, and field-effect transistors (FETs).56 CPs can be embedded into materials like 

packaging, coatings, and fabric.56  CPs facilitate revolutionary improvements in these applications, 

allowing them to be more light-weight and stretchable.56  

There is large variability in the structure of CPs, resulting in an intense research interest in 

modifying their properties. The most studied CPs include polythiophene, poly(p-phenylene), 

poly(p-phenylene vinylene), polyfluorene, and polycarbazole (Figure 3).56  The structure of the 

CPs can be modified to include heteroatoms in the backbone structure and copolymers of different 

monomer structures can be combined creating a large library of possibilities.  
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Figure 6: Structures of highly researched conjugated polymers.  

1.5.2 Conjugated Polymers and Carbon Nanotubes 
 

 The use of conjugated polymers to selectively disperse specific SWNT species is the most 

promising method for nanotube purification, when addressing the issue of scalability. Initial 

studies showed that conjugated structures such as pyrene derivatives57 can increase the 

dispersibility of SWNTs. Specific CPs, such as poly(phenylene vinylene), were also found to 

produce dispersions with SWNTs.58–61 When dissolved in a solvent, CPs enhance the dispersibility 

of SWNTs in that solvent by wrapping around the SWNT using π-π stacking.59  Wrapping the 

SWNT also avoids self-aggregation by preventing Van der Waals interactions.   

In addition, CPs have been investigated to produce selective SWNT dispersions of specific 

electronic species. Nicholas et. al.62 showed that selective dispersions of certain SWNT species 

were possible using CPs, such as poly(9,9-di-n-octylfluorene) (PFO). This report laid the 

groundwork for studies investigating CP-SWNT interactions and have progressed to the point 

where the selective dispersions of sc-SWNTs with purities up to 99.9% is possible.63   

CPs are difficult to remove from the nanotube surface once wrapped. However, there have 

been reports that have removed the polymer from the SWNTs surface after purification. Typically, 

these techniques remove CPs through either conformational changes of the polymer61 or backbone 
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depolymerization.64–66 The high yields attainable on a large scale for CPs makes conjugated 

polymer sorting the most viable technique for the large scale purification of SWNTs.  

 Typically, preparing a polymer-SWNT dispersion involves sonication, centrifugation, and 

filtration. Every combination of polymer and SWNT requires tuning of specific parameters that 

can dramatically impact dispersions including sonication time and power,67 temperature,68,69 

polymer:SWNT mass ratio,70,71 solvent choice,72–74 and centrifugation speed. Specifically, the 

polymer:SWNT ratio can have a significant impact on both selectivity and concentration of the 

dispersion. In most cases, increasing the relative amount of polymer will allow for increased 

concentrations of dispersions but can decrease the selectivity.  

 

Figure 7: Outline of the preparation of polymer-SWNT dispersions including sonication, centrifugation, 

filtration, and redispersion. Prepared using BioRender. 

Of the dispersion parameters, solvent choice is one of the most important considerations 

when preparing a SWNT-polymer dispersion. Dispersion solvents must have a density less than 
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1.3 g/mL, which is the buoyant density of a SWNT bundle.75  Also, solvent parameters such as 

polarity,72 viscosity,73 and dielectric constant74 can affect how SWNTs are dispersed. Common 

solvents for the selective dispersion of sc-SWNTs include toluene, THF, xylene, tetralin and 

decalin. 

  A benefit of CPs is the ability to tune the structure for the selectivity toward different 

SWNTs species. Altering the CPs architecture, like molecular weight, side-chain length, back-

bone rotational flexibility, and electron-density, the selectivity can be tuned. Polyfluorenes,71,62 

polycarbazoles,76–78 and polythiophenes68,79 all show selectivity toward sc-SWNTs.  Similarly,  

poly(phenylene vinylene)s80 and poly(phenylene ethynylene)s81,82 show selectively toward 

different SWNT diameters.78 

1.6 Effect of Electron Density on Conjugated Polymer Selectivity 

The CPs that have shown selectivity toward sc-SWNTs all possess electron-rich π-systems. 

There is a hypothesis that the interaction between the electron rich polymers and SWNTs is due to 

the electron-poor π-system of sc-SWNTs.10 Conversely, m-SWNTs are relatively easy to 

oxidize83,84 and are more polarizable72 than sc-SWNTs indicating m-SWNTs have more electron-

rich π-systems. This has sparked research investigating whether a CP with an electron-deficient π-

system could be used for the selective dispersion of m-SWNTs. The foundation of this idea stems 

from studies involving electron-poor small molecules preferentially adsorbing to m-SWNT 

species.85  These studies found that there were higher binding energies to m-SWNTs by electron-

poor molecules than electron-rich molecules.85  

 Wanting to expand this idea to CPs, Rice et al.86 synthesized two poly(fluorene-co-

phenylene) derivatives, one with an electron-rich p-dimethoxyphenyl component, and one with an 
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electron-poor p-dinitrophenyl component.86  It was found that the electron rich polymer produced 

significantly more concentrated metallic dispersions compared to the electron poor polymer. These 

findings further confirmed the hypothesis as the electron poor polymer was more selective toward 

m-SWNTs.86  Building on this further, Fong et al.87 synthesized an electron rich poly(fluorene-co-

pyridine) (PF-Py) and then methylated the pyridines to produce an electron poor methylated-PF-

Py. This allowed for direct comparison of an electron-poor and electron-rich polymer while 

maintaining the same degree of polymerization. As expected, the electron-poor polymer dispersed 

m-SWNTs more efficiently than the unmethylated electron-rich polymer. Despite the dispersion 

being enriched in m-SWNTs there remained a significant amount of sc-SWNTs. Thus, a system 

was necessary that would allow both the removal of the sc-SWNT and the dispersion of the m-

SWNTs. 

1.7 Two-Polymer Sorting 

 Building on the selectivity of electron-poor conjugated polymers compared to electron-

rich, Bodnaryk et Al.88 developed a new technique to enrich samples with metallic character. A 

two-polymer system was developed using an electron-rich conjugated polymer, poly(carbazole-

co-fluorene) (PCPF) to first extract sc-SWNTs, and subsequently an electron-poor polymer, Me-

PF-Py, to disperse the remaining m-SWNTs (Figure 8).  Repeated extraction of the SWNT sample 

with the electron-rich polymer enabled removal of a substantial proportion of the sc-SWNTs. This 

residue could then be dispersed with an electron-poor polymer, producing a m-SWNT dispersion 

up to ~70% in metallic character as determined using UV-vis-NIR absorption spectroscopy (Figure 

8).88  To demonstrate the potential scalability of this technique, the scale was increase to 100 mg 

of SWNTs, a ~105 fold increase in scale relative to purification by DGU.88  
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Figure 8: Conjugated polymer sorting extraction system.  PCPF (e-rich) shown in blue. Me-PF-Py (e-poor) 

shown in red. Reproduced with permission. 88 Copyright 2018 American Chemical Society Omega. 

 This technique provided the most enriched m-SWNT dispersion that has ever been 

observed using conjugated polymer dispersion methods.10  Despite this achievement this technique 

can be further optimized to generate closer to the desired 100% isolation of m-SWNTs.  Specially 

improvement on the electron-poor polymer may be possible by the addition of a more electron 

withdrawing functional group. As previously mentioned, electron deficient polymers disperse m-

SWNTs more efficiently so it is reasonable to hypothesize that a more electron withdrawing 

functional group will result in an increase in m-SWNT selectivity. Another limitation of the 

methylation is that it only had a ~50% conversion on the polymer backbone. Furthermore, the 

solubility of the methylated polymer is a concern as higher molecular weights greater than 13 kDa 

are insoluble in THF. With these limitations in mind, the addition of a more electron withdrawing 

functional group will be explored. Specifically, the addition of a dinitrobenzene and a 

trifluoroacetyl moiety onto the PF-Py polymer are investigated.  
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1.8 Characterization of Carbon Nanotube Dispersions 

 The characterization of the electronic nature of SWNTs can be accomplished using a 

combination of characterization methods. The main characterization methods typically used for 

qualitative and quantitative analysis of the electronic nature of SWNT dispersions are UV-vis-NIR 

spectroscopy, photoluminescence mapping, Raman spectroscopy, atomic force microscopy, 

transmission electron microscopy, scanning electron microscopy and conductivity techniques. 

1.8.1 UV-vis-NIR Absorption Spectroscopy 

 The electronic transitions are unique for each SWNT subset which allows for 

characterization through techniques like UV-vis-NIR absorption spectroscopy (UV-vis).89  UV-

vis is a relatively simple technique to perform and allows for the determination of electronic purity 

of polymer-SWNT dispersions. The absorption spectrum of SWNTs exhibits many peaks as a 

result of the different SWNT types present and due to the differences in the density of states (DOS), 

sc- and m- species are able to be observed in different regions.90  The diameter of the SWNT also 

has an impact on the appearance of the peaks in the absorption spectrum.  HiPCO absorption 

spectra have four characteristic regions: one metallic (M11 at 440-645 nm), and three 

semiconducting regions (S11 at 830-1600 nm, S22 at 600-800 nm, and S33 350-500 nm).91  The 

slight overlap between the S22 and M11 regions prevents UV-vis of HiPCO SWNTs from providing 

an exact ratio of sc- to m-SWNTs.  Also, since the CPs that are wrapping the SWNTs typically 

have an absorbance in a similar region to S33, this region is not a good indicator of sc-SWNTs 

present in the dispersion. Plasma torch absorption spectra also have four characteristic regions: 

one metallic (M11 at 600-750 nm) and three semiconducting regions (S11 at 1400-1900 nm, S22 at 

750-1150 nm, and S33 at 420-580 nm).71  Plasma torch does allow for the exact ratio of the sc- to 

m-SWNT to be determined because there is no overlap between the their regions.  However, this 
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ratio assumes that the molar extinction coefficient for all SWNT species wrapped in polymer are 

the same.10  

 A qualitative indication that a sample contains m-SWNTs or SWNT bundles, is a broad 

exponential background throughout the absorption spectrum. This phenomenon is a result of π and 

plasmon absorbance.92 

1.8.2 Photoluminescence Mapping 

Photoluminescence (PL) spectroscopy is specifically useful for the characterization of sc-

SWNTs due to their unique fluorescence ability.89  Sc-SWNTs have a band gap between their 

conduction and valance bands and electrons can be excited to a higher energy level.  When this 

electron relaxes a photon of characteristic wavelength is emitted, producing fluorescence.89 The 

same fluorescence is not observed in m-SWNTs as they do not possess a band gap. In addition, PL 

spectroscopy allows for the characterization of specific types of sc-SWNTs present in a dispersion. 

This is accomplished by using multiple excitation wavelengths to generate a PL map that indicates 

the maximum PL for all sc-SWNT species in the sample. This PL map can then be compared with 

a reference PL map outlining the PL maxima of all sc-SWNTs.93 

The qualitative presence of m-SWNTs can also be characterized using PL mapping. In a 

sample containing both m- and sc-SWNTs, when an electron relaxes to a lower energy level in a 

sc-SWNTs a nearby m-SWNT can accept the electron which quenches the fluorescence.94  SWNT 

aggregates also contain m-SWNTs and therefore their presence can cause quenching of 

fluorescence.  Thus, qualitative comparison of the presence of m-SWNTs can only be performed 

for samples of completely individualized SWNTs. The lower the PL maxima, the more m-SWNTs 
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present in the sample. Comparison of PL mapping for evaluation of m-SWNT content has been 

performed by Rice et al.86, Fong et al.87, and Bodnaryk et al.88 (Figure 9).   

 

Figure 9: PL mapping of HiPCO polymer-SWNT dispersions using A) poly(fluorene-co-carbazole) B) 

poly(fluorene-co-pyridine). Reproduced with permissions.88 Copyright 2018 American Chemical Society 

Omega. 

1.8.3 Resonance Raman Spectroscopy 

In resonance Raman spectroscopy (RRS), Raman scattering is measured. Generally, the 

enhancement of the Raman signal occurs when the incident wavelength is in resonance with the 

sample.95–97  Applying RRS to SWNTs allows for signal enhancement by tuning the laser 

excitation wavelength to be in resonance with the electronic transitions of the desired SWNT 

species.  Due to the large variations in the electronic nature of different types of SWNTs it is not 

possible to be in resonance with all SWNTs using one laser excitation wavelength. Since m- and 

sc-SWNTs are in resonance at different wavelengths RRS can probe either m- or sc-SWNT species 

by altering the laser excitation wavelength allowing for the degree of purification to be 

detmermined.98–100  
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When analyzing the Raman spectrum of a SWNT sample there are four main regions of 

interest. These regions include the radial breathing mode (RBM), the D-band, the G-band and the 

G’-band ranging from ~100-400 cm-1, ~1250-1450 cm-1, ~1550-1595 cm-1, and ~2500-2900 cm-1, 

respectively.98   

 The regions that provide the most information for SWNT samples include the RBM and 

G-bands. For HiPCO SWNTs using a 633 nm excitation wavelength both m- (175-230 cm-1) and 

sc-SWNTs (240-300 cm-1) are in resonance and can be compared using the RBM.101 For SWNTs, 

the G-band has two different modes the G- and G+ bands at (1550-1585 cm-1) and ~1590 cm-1, 

respectively. A qualitative indication of the presence of m-SWNTs is the broad asymmetric feature 

of the G- band. 102   

 

Figure 10: Raman Spectrum for HiPCO SWNTs at 633 nm laser power. G-Band labeled in red, RBM 

labeled in blue.  

For complete characterization of the purity of sc- and m- SWNTs in a sample, a 

combination of RRS, UV-vis, and PL mapping, must be implemented. Both the G-band and RBM 

region can be analysed using multiple laser excitations wavelengths in RRS. All regions can be 
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analysed in UV-vis-NIR spectroscopy, and the fluorescence maxima can be compared using PL 

mapping.  

1.9 Summary and Objectives 

 SWNTs possess exceptional properties and incorporation into various applications has the 

potential to provide revolutionary improvements. Unfortunately, when initially produced SWNTs 

are insoluble, and comprise a heterogenous mixture of sc- and m-SWNTs. All current methods 

previously outlined lack scalability resulting in prohibitively high costs for high purity SWNTs in 

many applications. One scalable alternative for the purification of SWNTs exists in the form of 

conjugated polymer sorting. The use of conjugated polymers has allowed for the isolation of sc-

SWNTs with purities up to 99.9% but has been less successful in the enrichment of m-SWNTs.63  

The CPs that show selectivity toward sc-SWNTs, like polythiophenes, polyfluorenes, and 

polycarbazoles are all electron-rich.  Conversely, electron poor conjugated polymers have shown 

selectivity toward m-SWNTs, but initial dispersions have a significant quantity of sc-SWNTs 

remaining.  To further enrich samples in m-SWNTs, a two-conjugated-polymer system was 

developed using an electron-rich conjugated polymer to remove sc-SWNTs, and an electron-poor 

polymer to disperse the remaining m-SWNTs.88  However, m-SWNTs were not completely 

isolated, and the electron-poor polymer used required improvement.   

 In this Thesis, I examine how the structure of the electron-poor conjugated polymer can be 

modified to better disperse m-SWNTs. The objective is to add a more electron withdrawing 

functional group than the previously investigated methyl group. The first reaction investigated was 

the addition of a dinitrobenzene moiety using the Zincke reaction. The Zincke reaction was chosen 

since the addition of the dinitrobenzene moiety is highly electron withdrawing and may also allow 

for further reaction with a primary amine to generate a library of different functional groups.  
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Although this reaction was successful on pyridine, the reaction post polymerization was 

unsuccessful under the reaction conditions attempted. A variety of different reaction conditions 

were explored including, temperature, solvent, molecular weight, reaction concentration, and 

reaction time. The reaction was also attempted on a series of brominated pyridines to determine if 

functionalization prior to polymerization was possible and to investigate the effects of sterics on 

the Zincke reaction. None of these reactions were successful and an alternative reaction to 

functionalize the pyridine required exploration.  

In Chapter 3, I explore the possibility of the addition of a trifluoroacetyl group. The 

synthesis allows for a more straightforward functionalization of the pyridine in the conjugated 

polymer and had a 100% conversion compared to only 50% for the methylated polymer. I also 

investigate how the newly discovered acetylated PF-Py (A-PF-Py) disperses SWNTs. Finally, I 

incorporate the A-PF-Py into the two-polymer extraction system and successfully show that it is 

possible to produce highly concentrated enriched m-SWNTs dispersions.  Characterization was 

performed using UV-vis-NIR spectroscopy, and conductivity measurements.  
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Chapter 2:  Investigation of the Zincke Reaction on Polyfluorene-co-

Pyridine 
 

2.1 Introduction 

 The Zincke reaction was named after Theodor Zincke who first discovered the reaction in 

1904.103  The first step involves the conversion of a pyridine into a pyridinium salt by reaction 

with 2,4-dintiro-chlorobenzene (DNCB) (Scheme 1).  This reaction is an SN2 reaction as there is 

a nucleophilic substitution where a bond is broken, and another is formed synchronously. The 

pyridine acts as the nucleophile with the lone pair attacking the partial positive charge that is 

generated on the carbon attached to the chlorine molecule. The chlorine anion acts as the leaving 

group in this reaction generating a pyridinium salt (Scheme 1).  

 

Scheme 1: Overall reaction of the first step of the Zincke reaction between pyridine and DNCB to form the 

pyridinium salt (top) and the mechanism (bottom). 

Once the pyridinium salt is purified it can also be further reacted upon by heating with a 

primary amine. The overall mechanism is an example of an ANRORC mechanism, a nucleophilic 

addition, ring opening, and ring closing (Scheme 2). The addition of the amine leads to the opening 
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of the pyridinium ring (3), and a second addition of an amine leads to the displacement of 2,4-

dinitroaniline (4). It is thought that the König salt (5a&5b) transforms by either sigmatropic 

rearrangement or nucleophilic addition of a zwitterionic intermediate to reform the cyclic ring 

(6).104 This has been suggested to be the rate-determining step.105 After the addition of a proton to 

the amine (7) followed by the amines elimination, the pyridinium ion is generated (8).  

 

Scheme 2: Mechanism of the second stage of the Zincke Reaction. The pyridinium salt is reacted with a 

primary amine to produce the pyridinium ion with an R group attached. 

 The Zincke reaction is an attractive reaction as it can generate an aromatic, quaternary 

ammonium salt.106 Recent interest in this old reaction mainly focused on mechanistic 

determination.  Less research has been performed on the synthetic potential of the Zincke reaction 

largely due to the difficulty with purification of the pyridinium ion from dinitroaniline and other 

intermediates in the reaction since they are highly polar.107 Another challenge with the Zincke 

reaction is that the pyridinium salt is difficult to solubilize in many organic solvents and the 

chloride counter anion can cause decomposition of the salt due to its nucleophilicity in the second 

stage of the Zincke reaction.108  An approach to solve these issues was reported by Marazano et. 
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al.108,109  Specifically, it was reported that the use of a lipophilic dodecyl sulfate counteranion, 

instead of chloride, minimizes nucleophilic attack on the pyridinium salt and has improved 

solubility in organic solvents. 

One synthetic application of the Zincke reaction involves the addition of an amine to a 

wang resin (Scheme 3).106  This addition was aimed at the discovery of a new small molecule to 

act as a cystic fibrosis transmembrane conductance regulator that contains a quaternary nitrogen, 

a lipophilic component, and a hydroxyl moiety (Scheme 3).106  Another example is the synthesis 

of a chiral isoquinolinium salt (Scheme 4).108 

 

Scheme 3: Zincke reaction for addition of amine to wang resin.106   

 

Scheme 4: Zincke reaction for synthesis of a chiral isoquinolinium salt.108 

The Zincke reaction has proven to be an effective way of producing a quaternary nitrogen 

with a very electron withdrawing functional group, dinitrobenzene, attached. Applying the Zincke 

reaction to poly(fluorene-co-pyridine) (PF-Py) (Scheme 5) would add an electron withdrawing 

moiety that could pull electron density from the polymer backbone. This would produce an overall 

polymer that is relatively electron poor when compared to the unfunctionalized polymer. This 
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reaction is especially interesting to explore as further reactions with primary amines may be 

possible and a library of potential functional groups could be investigated. If necessary, this 

reaction would also allow for further modification of the counteranion to increase solubility in 

desired organic solvents, such as toluene or THF. For these reasons, the Zincke reaction is an 

interesting candidate to produce an electron poor conjugated polymer for incorporation into the 

two-polymer conjugated polymer sorting system.  

 

Scheme 5: Zincke reaction between PF-Py and 1-chloro-2,5-dinitrobenzene. 

2.2 Results and Discussion 

 The fluorene monomer was synthesized by first brominating commercially available 

fluorene with N-bromosuccinimide (NBS), followed by alkylation with 1-bromododecane, and the 

addition of boronate groups with bis(pinacolato)diboron by Miyaura Borylation (Scheme 7). Next, 

the fluorene monomer and commercially available 2,5-dibromopyridine underwent Suzuki 

polycondensation polymerization, to produce poly(fluorene-co-pyridine) PF-Py (Scheme 11). This 

polymerization was repeated to produce a variety of different molecular weights. Using GPC 

analysis, the PF-Py synthesized had a number-average molecular weight (Mn) of 8 kDa, 13 kDa, 

25 kDa, 47 kDa, and 73 kDa, and a dispersity (Ð) of 1.8, 2.2, 2.6, 3.4, and 2.4, respectively.  

When designing the ideal conditions for the Zincke reaction to be applied to PF-Py it is 

useful to first investigate the Zincke reaction on the model system with pyridine (Scheme 12). The 

reaction was first attempted in a 1 to 1 molar ratio between pyridine and 1-chloro-2,4-
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dinitrobenzene (CDNB) in acetone and the reaction mixture was refluxed for 21 hours. Due to the 

increased polarity of the pyridinium salt, the product precipitated out of solution. The synthesis of 

the pyridinium salt was also repeated in tetrahydrofuran (THF) and toluene at reflux to demonstrate 

that the reaction was successful in these solvents and reaction temperatures.  

The Zincke reaction was first attempted under the same reaction conditions that the model 

reaction was successful under. The reaction was attempted in a minimum of THF and heated to 

reflux with a condenser attached, while stirring. The reaction was not possible to monitor by thin 

layer chromatography (TLC) because the polymer streaked and the CDNB was added in excess. 

After 22 hours nothing had precipitated out of solution. Visual indications that the reaction was 

proceeding would have included formation of precipitate and a colour change (likely to a dark 

red/black). The reaction was monitored using infrared (IR) spectroscopy, in an attempt to see a 

shift in the nitro group peaks. An IR was taken prior to the reaction and after 22 hours, with no 

observable differences in the IR spectra. The primary approach to monitoring the progression of 

the reaction was done using 1H nuclear magnetic resonance (NMR) spectroscopy. After 

functionalization, an increase in chemical shift of the existing aromatic peaks and the addition of 

three hydrogens would be expected in the 1H NMR spectrum. To isolate the polymer a drop of the 

reaction mixture was precipitated into chilled methanol. Yellow product was collected after 

precipitation and a 1H NMR was taken of the sample. There was no visible difference in the 1H 

NMR of the PF-Py starting polymer and the polymer after reaction indicating that the reaction had 

failed to successfully functionalize the polymer to any extent.  

 While the initial attempt at the Zincke reaction did not proceed there were still many 

reaction variables that could be modified to push the reaction forward. The variables that were 
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investigated include, temperature, solvent, molecular weight, reaction concentration, and reaction 

time. Table 2 summarizes the reaction conditions for the nine sets of reaction conditions attempted.  

The solvents that were possible were limited by the solubility of PF-Py, as the polymer was 

only soluble in a limited number of solvents. The solvents attempted were chloroform, THF, 

toluene, 1,2-Dichlorobenzene, and dimethylsulfoxide at temperatures of 60°C, 66°C, 85°C, 180°C, 

and 189°C, respectively.  The reaction is an SN2 reaction and therefore a polar aprotic solvent will 

enhance the rate of the SN2 process by raising the energy of the nucleophile thereby giving a 

smaller activation energy. Therefore, all solvents chosen were aprotic solvents and as polar as 

possible while maintaining good solubility of both reagents. Also, the chosen solvents were aimed 

at reaching high reaction temperatures to provide the energy required to overcome the activation 

barrier of the reaction. All solvent and temperature adjustments were unsuccessful at driving the 

reaction forward. 

Altering the molecular weight of the PF-Py polymer was also investigated. The reaction 

was attempted on PF-Py with low Mn (8 kDa, 13 kDa) and a high Mn (73 kDa). The reactions 

were attempted both in THF and 1-2dichlorobenzene. All attempts resulted in no reaction as 

confirmed by 1H NMR. This study indicated that the alteration of the Mn of the polymer alone was 

insufficient to allow the reaction to proceed. 

The next reaction variable that was investigated was the molar ratio and concentration of 

the reaction mixture. Le Chatelier’s principle states that if a dynamic equilibrium is disturbed by 

changing the conditions, the position of equilibrium shifts to counteract the change to re-establish 

an equilibrium. Therefore, increasing the amount of either starting material may increase the rate 

of functionalization of the polymer. With the PF-Py being in much more limited supply the amount 
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of CDNB was increased. The molar ratio between PF-Py:CDNB was altered between 1:4, 1:10, 

and 1:87.  Despite increasing the amount of CDNB the reaction still did not proceed.  

The next reaction condition that was altered was reaction time. In most attempts, the 

reaction was left for 16-22 hours before monitoring by 1H NMR. It was hypothesised that with the 

increase in steric hinderance of PF-Py compared to the pyridine, there may be fewer collisions 

with the correct orientation for reaction, thus requiring a longer reaction time. An experiment was 

set up and monitored every 22 hours in 1,2-dichlorobenzene, for a total of 80 hours. After the 

entirety of the reaction attempt there was no change in the 1H NMR.  

In every reaction attempt there was a colour change of the solution to dark red. To 

determine the cause of this colour change, a control with only CDNB dissolved in dichlorobenzene 

was run alongside a regular reaction containing all reactants, both heating to 180°C. Both reactions 

changed colour to the dark red solution indicating the colour change was a result of heating CDNB 

and not an indication of functionalization of PF-Py.  

 Another hypothesis was that the pyridinium polymer product was soluble in the methanol 

when precipitating and only unfunctionalized PF-Py was precipitating out. This was investigated 

by evaporating off all solvent instead of precipitating and taking a 1H NMR of the crude mixture. 

We also attempted to precipitate in a non-polar solvent, hexane, which would allow for all products 

including the expectedly polar pyridinium polymer product, to precipitate. Only starting material 

was observed in the 1H NMR, for both attempts.   

The rate of an SN2 reaction is greatly impacted by steric hindrance. For example, a tertiary 

alkyl halide undergoing an SN2 process is typically so slow that it is assumed to be inert. In the 

polymer structure the nitrogen is sterically hindered by the neighbouring fluorene molecule. 
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Although it is possible that the reaction may proceed in small undetectable quantities the polymer 

is required to be highly functionalized to be useful as an electron poor polymer.  

The Zincke reaction directly on the polymer was not successful even after altering the 

reaction conditions previously discussed. An alternative way to achieve the same polymer structure 

would be to perform the Zincke reaction on the 2,5-dibromopyridine (DBP) monomer prior to 

polymerization (Scheme 6). The reaction between CDNB and DBP was attempted in both THF 

and acetone but neither reaction indicated that a new pyridinium salt was formed by either the 

formation of precipitate or by monitoring with TLC. The failure of this reaction is another 

indication that the Zincke reaction does not proceed with substituents in the ortho or meta positions 

to the nitrogen.  

To further investigate the effects steric hinderance has on the Zincke reaction, reaction with 

monobrominated pyridines was investigated in the ortho and meta positions (Scheme 6). It was 

hypothesised that the ortho position would be unable to react despite the bromine being an ortho 

director as there is too much steric bulk for the nucleophile to attack. The reaction on 2-

bromopyridine was unsuccessful, with no reaction observed after 24 hours. This indicates that 

steric hinderance can have an influence on the Zincke reaction.  

The Zincke reaction was also attempted on meta substituted 3-bromo-pyridine (Scheme 6). 

Although this position is less sterically hindered the bromine is deactivating in the meta position 

resulting in this reaction being unsuccessful. This indicates that if there is a deactivating group the 

nitrogen will not be nucleophilic enough to allow for the reaction to proceed. Overall, the Zincke 

reaction was deemed an unsuitable method for the functionalization of the polymer backbone. 
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Scheme 6: Zincke reactions on the 2,5-dibromopyridine monomer, 2-bromopyrdine, and 3-bromopyridine.  

2.3 Conclusion 

 The application of the Zincke reaction on the PF-Py to generate a more electron-poor 

polymer has been explored. The reaction variables that were investigated include, temperature, 

solvent, molecular weight, concentration, and reaction time. The reaction was monitored using 1H 

NMR and there were no detectable changes in the aromatic regions for any of the reaction attempts. 

The Zincke reaction was also attempted on the monomer, DBP, to investigate the possibility of 

functionalization prior to polymerization. This reaction did not proceed for all reaction attempts. 

To further investigate the effects of that steric hinderance had on this reaction monobromated 

pyridine in the ortho and meta positions were investigated. The ortho position was unsuccessful 

suggesting that steric hinderance can impact the Zincke reaction; the meta position was 

unsuccessful despite being less sterically hindered indicating the bromine resulted in a decrease in 

nucleophilicity of the nitrogen. These results demonstrate that the Zincke reaction is not a 
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possibility for generating a more electron poor polymer when applied to PF-Py under the attempted 

reaction conditions. 

2.4 Experimental 
 

2.4.1 General 

All reagents were purchased from commercial chemical suppliers and used as received.  

Flash chromatography was performed using an Intelliflash 280 by AnaLogix. All compounds were 

monitored using a variable wavelength detector at 254 nm. Columns were prepared in Biotage® 

SNAP KP-Sil cartridges using 40-63 µm silica or 25-40 µm silica purchased from Silicycle.  1H 

NMR spectra were recorded on Bruker Avance 600 MHz spectrometers and shift-referenced to the 

residual solvent resonance.  Polymer molecular weights and dispersities were analyzed, relative to 

polystyrene standards, by gel permeation chromatography (GPC) using a Waters 2695 Separations 

Module equipped with a Waters 2412 refractive index detector and a Tosoh TSKgel SuperHZM-

N multi-pore GPC column with dimensions of 4.6 mm internal diameter, length of 15 cm, and 

3µm particle size. THF with 2% acetonitrile was used as the eluent at a flow rate of 0.3 mL/min.   

2.4.2 Synthesis of Poly(9,9’-didodecylfluorene-co-pyridine) 

 

Scheme 7: Synthesis to form 2,2'-(9,9-didodecylfluorene-2,7-diyl)bis(4,4,5,5-tetramethyl-1,3,2-

dioxaborolane). 
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Scheme 8: Reaction to form 2,7-dibromofluorene. 

2,7-dibromofluorene (Adapted from reference 110) 

A 250 mL round bottom flask equipped with a magnetic stir bar was charged with fluorene 

(5.096 g, 30 mmol), N-bromosuccinimide (10.084 g, 57 mmol), and acetic acid (60 mL). To the 

reaction mixture, concentrated hydrogen bromide (1.5 mL) was added dropwise. The reaction 

mixture was stirred at room temperature for 1.5 hours, and then distilled water (30 mL) was added 

and the resulting suspension was filtered to obtain an orange solid. The crude product was 

recrystallized from a 2.5:1 mixture of ethanol:acetone (~250 mL total volume), then the mother 

liquor was concentrated in vacuo and recrystallized using the same solvent mixture (~25 mL total 

volume). The fractions were combined to afford 2,7-dibromofluorene as a white solid (7.47 g, 

75%). 1H NMR (600 MHz; CDCl3): δ = 7.67 (d, 2H), 7.61 (d, 2H), 7.52-7.50 (m, 2H), 3.88 (s, 

2H). 
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Figure 11: 1H NMR spectrum of 2,7-dibromofluorene in CDCl3. 

 

 

Scheme 9: Reaction to form 2,7-dibromo-9,9-didodecylfluorene. 

2,7-dibromo-9,9-didodecylfluorene (Adapted from reference 87 and 88) 

A 250 mL round bottom flask equipped with a magnetic stir bar was charged with 1- 

bromododecane (14 mL, 58 mmol), toluene (45 mL), and saturated potassium hydroxide (90 mL). 

The biphasic mixture was sparged with nitrogen for 1 hour, and then 2,7-dibromofluorene (7.55 g, 

23 mmol) and tetrabutylammonium bromide (1.5 g, 5 mmol) were added. The mixture was stirred 

at 60°C under an inert atmosphere for 21 hours. The organic phase was separated using liquid-



MSc. Thesis - J. Cruikshank - McMaster University - Department of Chemistry & Chemical Biology 

35 

 

liquid extraction 2x with 110 mL diethyl ether.  The crude product was then filtered through a 

silica plug, eluting the product using hexanes. The product was concentrated in vacuo and 100 mL 

of 3:1 methanol:acetone was added and stirred at high speeds to precipitate the product.  The 

product was then filtered and washed with 2x portions of 100 mL 3:1 methanol:acetone solution 

to afford 2,7-dibromo-9,9-didodecylfluorene as a colourless crystalline solid (13.80 g, 90%). 1H 

NMR (600 MHz; CDCl3): δ 7.51 (s, 2H), 7.46- 7.44 (m, 4H), 1.92-1.89 (m, 4H), 1.28-1.04 (m, 

36H), 0.87 (t, 6H), 0.58 (s, 4H). 

 

Figure 12: 1H NMR spectrum of 2,7-dibromo-9,9-didodecylfluorene in CDCl3. 
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Scheme 10: Reaction to form 2,2'-(9,9-didodecylfluorene-2,7-diyl)bis(4,4,5,5-tetramethyl-1,3,2-

dioxaborolane). 

2,2'-(9,9-didodecylfluorene-2,7-diyl)bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolane) (Adapted 

from reference 87 and 88) 

A 300 mL round bottom flask equipped with a magnetic stir bar was charged with 2,7-

dibromo-9,9-didodecylfluorene (6.78 g, 10.3 mmol), bis(pinacolato)diboron (7.81 g, 30.8 mmol), 

potassium acetate (4.03 g, 41 mmol), and dioxane (100 mL) and sparged with nitrogen for 1 hour. 

Pd(dppf)2Cl2 (676 mg, 923 µmol) was added and then the reaction mixture was stirred at 80°C for 

20 hours. The reaction mixture was partitioned with 100 mL water and extracted twice with 50 

mL portions of dichloromethane (DCM). The organic extracts were then washed with brine twice 

with 50 mL portions. The organic phase was then dried over magnesium sulphate and concentrated 

in vacuo. The crude brown oil was then passed through a silica plug and the product was eluted 

with 350 mL 1:1 hexanes/DCM.  The liquid was then concentrated in vacuo to yield a yellow oil, 

and 100 mL of a 4:1 methanol:acetone solution was added to yield a solid yellow product. The 

solid was then stirred rapidly with an additional 200 mL of a 4:1 methanol:acetone solution until 

only fine white powder remained. The white powder was then filtered to afford 2,2'-(9,9-

didodecylfluorene-2,7-diyl)bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolane) as a white solid (6.12 g, 

79%). 1H NMR (600 MHz; CDCl3): δ 7.80 (dd, 2H), 7.74 (s, 2H), 7.72 (d, 2H), 1.99 (dt, 4H), 1.39 

(s, 24H), 1.26-1.00 (m, 36H), 0.86 (t, 6H), 0.55 (s, 4H). 
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Figure 13: 1H NMR spectrum of 2,2'-(9,9-didodecylfluorene-2,7-diyl)bis(4,4,5,5-tetramethyl-1,3,2-

dioxaborolane) in CDCl3. 

 

 

Scheme 11: Polymerization to form Poly(9,9’-didodecylfluorene-co-pyridine). 

Poly(9,9’-didodecylfluorene-co-pyridine) (Adapted from reference 87 and 88) 

A Schlenk tube equipped with a magnetic stir bar was charged with 2,2'-(9,9-

didodecylfluorene-2,7-diyl)bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolane) (1.5 g, 1.99 mmol), 2,5-

dibromopyridine (0.471 g, 1.99 mmol), tetrahydrofuran (THF) (8 mL), and 3 M tripotassium 

phosphate (8 mL) and the mixture was degassed by three freeze-pump-thaw cycles. The biphasic 

mixture was frozen under liquid nitrogen and [(o-tol)3P]2Pd (71 mg, 90 µmol) was added under a 
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positive pressure of nitrogen. The Schlenk tube was evacuated and backfilled with nitrogen four 

times and then the reaction mixture was vigorously stirred at 65 °C for 2 hours. The phases were 

allowed to separate, and the organic layer was isolated then filtered through a celite and neutral 

alumina plug (1:1 composition). The plug was thoroughly washed with THF and the filtrate was 

concentrated in vacuo. The crude polymer was precipitated into rapidly stirring chilled methanol 

(350 mL) and then filtered to afford PF-Py as a yellow solid. Repeated the celite/alumina plug and 

reprecipitated in 300 mL chilled methanol to remove additional impurities. 1H NMR (600 MHz; 

CDCl3): δ 9.07 (1H, m), 8.60- 7.66 (8H, m), 2.11 (4H, m), 1.20 (40H, m), 0.84 (6H, s). 

 

Figure 14: 1H NMR of Pf-Py in CDCl3. 
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2.4.3 Zincke Reaction Attempts 

 

Scheme 12: Model Zincke Reaction to form pyridinium salt. 

Pyridinium salt  

A 10 mL round bottom flask equipped with a magnetic stir bar was charged with 1-chloro-

2,4-dinitrobenzene (0.5 g, 2.5 mmol), and pyridine (0.200 µL, 2.5 mmol), and 3 mL acetone. The 

mixture was stirred at 56°C, solution first turned dark red and then white precipitate began forming 

after 3 hours; the reaction was run for 22 hours. The product was then collected by filtration and 

washed with hexanes and acetone while crushing the product up to eliminate any residue starting 

material.  The pyridinium salt was then collected as a white powder (0.415 g, 60%).  1H NMR (600 

MHz; C2D6OS): δ 9.42 (d, 2H), 9.17 (d, 4H), 9.01 (m, 2H), 8.470 (m, 3H). 

Table 1: Reaction conditions for the model Zincke reaction on pyridine including temperature, 

mass, molar equivalent, reaction time, and yield.  

Solvent 
Temperature 

(°C) 

1-Chloro-2,4-

Dinitrobenzene 
Pyridine 

Molar 

Equivalent 

Reaction Time 

(Hours) 
Yield (%) 

Acetone 

(3 mL) 
56 

0.5 g 

2.50 mmol 

0.200 mL 

2.50 mmol 
1:1 22 60 

THF  

(1 mL) 
66 

0.5 g 

2.50 mmol 

0.200 mL 

2.50 mmol 
1:1 22 55 

Toluene 

(1 mL) 
66 

0.25 g  

1.25 mmol 

0.100 mL 

1.25 mmol 
1:1 22 50 
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Figure 15: 1H NMR spectrum of model pyridinium salt in C2D6OS. 

 

 

Scheme 13: Zincke Reaction on PF-Py.  

Zincke Reaction Attempts on PF-Py 

The Zincke reaction on PF-Py was attempted nine times while varying the solvent, 

temperature, molar equivalent ratios, molecular weight of PF-Py, concentration, and the reaction 

time. A summary of the reaction conditions for these nine reaction attempts are listed in Table 2. 

The general setup of the Zincke reaction involved using a 5 mL round bottom flask equipped with 
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a magnetic stir bar and a condenser charged with 1-chloro-2,4-dinitrobenzene, and PF-Py, and a 

solvent. The mixture was stirred while heating, for varying lengths of times and monitored by 

precipitating into either chilled methanol, or hexanes, or by evaporating to dryness followed by 1H 

NMR.  

Table 2: Reaction conditions for the Zincke reaction on PF-Py including temperature, mass, molar 

equivalent, molecular weight, concentration, and reaction time. 

Solvent 
Temperature 

(°C) 
CDB PF-Py 

Molar 

Equivalent 

Molecular 

Weight 

(kDa) 

Concentration 

(mol/L) 

Time 

(Hours) 

CHCl3 

(1mL) 
60 

0.167 g 

0.83 mmol 

0.048 g 

0.083 mmol 
1:10 73 0.90 8 

THF  

(1 mL) 
66 

0.014 g 

0.069 mmol 

0.01 g 

0.017 mmol 
1:4 8 0.09 22 

THF  

(1 mL) 
66 

0.328 g 

1.62 mmol 

0.094 g 

0.16 mmol 
1:10 8 1.78 22 

THF 

(1 mL) 
66 

0.572 g 

2.82 mmol 

0.164 g 

0.28 mmol 
1:10 13 3.11 27 

Toluene 

(1 mL) 
85 

0.167 g 

0.83 mmol 

0.048 g 

0.083 mmol 
1:10 73 0.90 8 

1-4-DCB 

(2 mL) 
130 

1.49 g 

7.33 mmol 

0.048 g 

0.083 mmol 
1:87 73 3.71 16 

1-4-DCB 

(1 mL) 
130 

0.436 g 

2.15 mmol 

0.025 g 

0.043 mmol 
1:50 13 2.20 24 

1-4-DCB 

(1 mL) 
180 

0.167 g 

0.83 mmol 

0.048 g 

0.083 mmol 
1:10 73 0.90 80 

DMSO 

(2 mL) 
189 

0.167 g 

0.83 mmol 

0.048 g 

0.083 mmol 
1:10 73 0.45 7 

 

 

Scheme 14:  Zincke reaction on 2,5-dibromopyridine. 

Zincke reaction attempt on 2-5-dibromopyridine 

A 5 mL round bottom flask equipped with a magnetic stir bar and a condenser was charged 

with 1-chloro-2,4-dinitrobenzene (0.427 g, 2.11 mmol), 2,5-dibromopyridine (0.5 g, 2.11 mmol), 



MSc. Thesis - J. Cruikshank - McMaster University - Department of Chemistry & Chemical Biology 

42 

 

and 1 mL THF. The mixture was stirred at 67°C for 15 hours and no precipitate had formed, and 

no product spot appeared on the TLC. Reaction was abandoned. 

 

 

Scheme 15: Zincke Reaction on 2-bromopyrdine 

Zincke reaction attempt on 2-bromopyridine 

A 5 mL round bottom flask equipped with a magnetic stir bar and a condenser was charged 

with 1-chloro-2,4-dinitrobenzene (0.15 g, 0.75 mmol), and 3-bromopyridine (0.14 mL, 1.5 mmol). 

The mixture was stirred at 100°C for 24 hours and no precipitate had formed, and no product spot 

appeared on the TLC. Reaction was abandoned. 

 

 

Scheme 16: Zincke Reaction on 3-bromopyrdine. 

Zincke reaction attempt on 3-bromopyridine 

A 5 mL round bottom flask equipped with a magnetic stir bar and a condenser was charged 

with 1-chloro-2,4-dinitrobenzene (0.15 g, 0.75 mmol), and 2-bromopyridine (0.14 mL, 1.5 mmol).  

The mixture was stirred at 100 °C for 24 hours and no precipitate had formed, and no product spot 

appeared on the TLC.  Reaction was abandoned. 
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Chapter 3:  Enhancement of the Two-Polymer Extraction Method 

Using Acetylated PF-Py  
 

3.1 Introduction 

 When initially synthesized, SWNT samples contain approximately one third m-SWNTs 

and two thirds sc-SWNTs. This heterogenous mixture of SWNT species prevents immediate 

device incorporation and a purification method is required. Although there are many techniques 

currently capable of separating individual SWNT species, scalability is limited. A promising 

alternative and scalable method is conjugated polymer sorting.75,88,111 Conjugated polymer 

properties can be altered such as side chain, polymer backbone, and molecular weight, to 

selectively disperse different species of SWNTs.  The molecular properties of conjugated polymers 

have been modified and derivatives of polyfluorene,62 polycarbazole,88 polythiophene,68 and 

others have been used to produce enriched sc-SWNT samples. However, a polymer that is 

completely selective for the isolation of m-SWNT has yet to be discovered. 

 To allow for the enrichment of specifically m-SWNT Bodnaryk et al.88 recently developed 

a two polymer enrichment system. An electron rich conjugated polymer produces enriched sc-

SWNT dispersions that biases the initial metallic to semiconducting ratio toward m-SWNTs and 

then a second polymer dispersant can be used to disperse the residual m-SWNTs. In their work 

they performed a series of sc-SWNT extractions using poly(carbazole-co-fluorene) (PCPF), and 

then dispersed the resulting m-SWNT enriched residue using methylated poly(fluorene-co-

pyridine) (Me-PF-Py). It was determined that the amount of dispersed m-SWNTs is improved 

through the combination of initial sc-SWNT removal followed by use of an electron-poor 

conjugated polymer as the final dispersant. 
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 While the poly carbazole was successful at dispersing nearly exclusively sc-SWNTs, the 

selective dispersion of m-SWNTs with the electron poor polymer was not as efficient. The 

methylation reaction only functionalized ~50% of the pyridine units along the polymer backbone 

which limits the increase in electron deficiency of the polymer. The solubility of Me-PF-Py is also 

an issue as it is insoluble in toluene, a common dispersing solvent for SWNT-polymer dispersions. 

With these limitations in mind, the addition of a more electron withdrawing functional group will 

be explored. Specifically, the addition of a trifluoroacetyl moiety to PF-Py is investigated (Scheme 

17). 

 

Scheme 17: PF-Py reaction with trifluoroacetic anhydride to generate Acetylated PF-Py (A-PF-

Py). 

3.2 Results and Discussion 

 The initial focus of the project was the synthesis of the required polymers. We first prepared 

the electron-rich poly(carbazole-co-fluorene) conjugated polymer, the electron-poor acetylated 

poly(fluorene-co-pyridine), and the electron-poor methylated poly(fluorene-co-pyridine). The 

carbazole monomer was prepared starting with commercially available 4,4’dibromobiphenyl and 

nitrating it to add a nitro group, followed by Cadogan ring closure to form the carbazole. Also, 

phase transfer alkylation was performed to attach the branched alkyl side chain to enhance 

solubility (Scheme 18). The fluorene monomer was synthesized as shown in Chapter 2 (Scheme 

7). The fluorene and carbazole monomers were then polymerized using Suzuki polycondensation 

polymerization to afford P1 (Scheme 23).  The fluorene monomer and commercially available 2,5-

dibromopyrdine were similarly polymerized to generate poly(fluorene-co-pyridine) (PF-Py) 
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(Scheme 11).  This PF-Py could then either be acetylated with trifluoroacetic anhydride or 

methylated using methyl iodide to produce A-PF-Py and Me-PF-Py, respectively. GPC analysis 

showed that P1 had a number-average molecular weight (Mn) of 40 kDa, and a dispersity (Ð) of 

2.26.  GPC analysis showed that A-PF-Py had a Mn of 13 kDa, 25 kDa, 47 kDa, and 73 kDa with 

a dispersity of 2.16, 2,61, 3.48, and 2.36, respectively. Me-PF-Py had a Mn of 13 kDa, with a 

dispersity of 2.16.  Higher molecular weights of Me-PF-Py were attempted but found to be 

insoluble in both THF and toluene.  

With our polymers in hand, dispersions between the polymers and raw HiPCO SWNTs  

were prepared following literature procedures.88  Generally, raw SWNTs were added to an optimal 

ratio of polymer and dissolved in 10mL of dispersing solvent.  The sample was sonicated for 2 

hours in an ice-chilled bath sonicator, followed by centrifugation at 8,346 g for 30 minutes. The 

supernatant was carefully removed while the residue in the centrifuge tube was sonicated in 10 mL 

of THF for 10 min, then filtered through a 0.2 µm pore-diameter Teflon membrane to remove 

excess polymer.  

To characterize the resulting polymer-SWNT complexes, we first performed UV-vis-NIR 

absorption spectroscopy (UV-vis). The variety of absorption peaks in the UV-vis spectrum are a 

result of the different SWNT species in the dispersion. For HiPCO SWNTs, there are three 

different regions in the spectrum, one metallic region, M11 (440-645 nm) and two semiconducting 

regions, S11 (830-1600 nm) and S22 (600-800 nm).88 The UV-vis absorption spectra were 

normalized to the local minimum at 905 nm to demonstrate the differences in m- and sc- SWNT 

content for the dispersions. It is not possible to quantify the exact amount of sc- and m-SWNTs 

using UV-vis for HiPCO SWNTs due to the overlap between the M11 and S22 regions. Despite this, 

an approximate ratio (m/sc) can be determined by comparing the peak absorbance of the metallic 
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region at 506 nm and the semiconducting region at ~1135 nm. A higher m/sc peak ratio indicates 

a larger amount of m-SWNTs present in the sample. Unnormalized spectra are provided in 

Supporting Information 3.5.2.  

3.2.1 Ideal Dispersion Parameter Studies 

First, we evaluated different dispersion solvents and polymer to nanotube mass ratios for 

the A-PF-Py polymer. The solvents studied were THF, toluene (tol), and a 1:1 THF:Tol mixture.  

Toluene alone was not a suitable solvent as only the 13 kDa A-PF-Py polymer was completely 

soluble. It was determined that a 1:1 THF:Toluene dispersing solvent for A-PF-Py was ideal as it 

provided the best selectivity toward metallic nanotubes. The m/sc peak ratios were compared for 

the dispersions in THF vs. 1:1 THF:Tol to determine which was more selective toward m-SWNTs. 

The dispersions in THF and 1:1 THF:Tol gave a m/sc peak ratio of 0.96 and 1.03, respectively.  

Although the concentration of dispersion was determined to be higher in THF than THF:Tol as 

indicated in the unnormalized UV-vis data, (Figure 34), the difference was marginal and selectivity 

toward m-SWNTs was preferable. The remaining studies involving A-PF-Py were all performed 

in a 1:1 THF:Tol solvent mixture.   
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Figure 16: UV-vis-NIR absorption spectra for the A-PF-Py-SWNTs dispersant solvent study using HiPCO 

SWNTs. Spectra are normalized to a local minimum at ~905 nm to show relative m-SWNT and sc-SWNT 

content. 

Table 3: Peak absorbance for m-SWNTs (506 nm) and Sc-SWNTs (~1135 nm), ratio of m/sc from 

Figure 16, the A-PF-Py-SWNTs dispersant solvent study using HiPCO SWNTs.  

Sample Name 

Metallic Peak 

Absorbance  

(506 nm) 

Semiconducting 

Peak Absorbance 

(~1135 nm) 

Ratio (m/sc) 

25kDa Acetylated 1:1 THF 1.92 2.00 0.96 

25kDa Acetylated 1:1 THF:Tol 1.93 1.87 1.03 

 

Next, a polymer:SWNT ratio study was performed to determine the optimal ratio for 

SWNT dispersions with A-PF-Py. Although the dispersion of A-PF-Py showed that a 1:1, 

polymer:SWNT ratio, provides higher concentration of nanotube dispersions, 0.5:1 had the highest 

selectivity for m-SWNTs. The m/sc ratio for 1:1, 0.5:1, and 0.25:1 were 1.03, 1.33, and 1.27, 

respectively. This indicates that A-PF-Py has a greater selectivity to m-SWNTs at lower 

concentrations and increasing concentration compromises metallic selectivity. To confirm that the 

polymer was successfully wrapping the surface of the SWNTs atomic force microscopy (AFM) of 

a 0.5:1 dispersion was performed (Figure 33). The sample was spin coated onto a silicon wafer at 
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3000 RPMs for 30 seconds. The AFM showed polymer surrounding the SWNTs indicating that at 

0.5:1 the polymer is interacting with the surface of the SWNTs.   

 

Figure 17: UV-vis-NIR absorption spectra for the A-PF-Py-SWNTs ratio study using HiPCO SWNTs. 

Spectra are normalized to a local minimum at ~905 nm to show relative m-SWNT and sc-SWNT content. 

Table 4: Peak absorbance for m-SWNTs (506 nm) and sc-SWNTs (~1135 nm), ratio of m/sc 

from Figure 17, the A-PF-Py-SWNTs ratio study using HiPCO SWNTs. 

Sample Name 

Metallic Peak 

Absorbance  

(506 nm) 

Semiconducting 

Peak Absorbance 

(~1135 nm) 

Ratio 

(m/sc) 

25kDa Acetylated 1:1 THF:Tol 1.93 1.87 1.03 

25kDa Acetylated 0.5:1 THF:Tol 1.87 1.41 1.33 

25kDa Acetylated 0.25:1 THF:Tol 1.73 1.36 1.27 

 

Next, a molecular weight study was performed to investigate how molecular weight affects 

both dispersion concentration and selectivity for the A-PF-Py polymer. The molecular weights that 

were investigated were 13 kDa, 25 kDa, 47 kDa, and 73 kDa. The 73 kDa polymer was determined 

to be partially insoluble in the 1:1 THF:Tol mixture and a dispersion with SWNTs was not 

possible. Dispersions with SWNTs were prepared with the remaining molecular weights and the 

concentration of the dispersions decreased with increasing molecular weight. The m/sc peak ratios 
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were 0.99, 1.03, and 1.03 for 13 kDa, 25 kDa, and 47 kDa, respectively. The slight differences 

between peak absorbance indicate that the selectivity is only minimally impacted by molecular 

weight. Although the selectivity for the 25 kDa and 47 kDa polymers were identical, the 25 kDa 

polymer provided a more concentrated dispersion (Figure 36). Therefore, 25 kDa was deemed to 

provide the optimal concentration while providing the best selectivity toward m-SWNTs.  

 

Figure 18: UV-vis-NIR absorption spectra for the A-PF-Py-SWNTs molecular weight study using HiPCO 

SWNTs. Spectra are normalized to a local minimum at ~905 nm to show relative m-SWNT and sc-SWNT 

content. 

Table 5: Peak absorbance for m-SWNTs (506 nm) and sc-SWNTs (~1135 nm), ratio of m/sc 

from Figure 18, the A-PF-Py-SWNTs molecular weight study using HiPCO SWNTs. 

Sample Name Metallic Peak 

Absorbance  

(506 nm) 

Semiconducting 

Peak Absorbance 

(~1135 nm) 

Ratio (m/sc) 

13kDa A-PF-Py 1:1 THF:Tol 1.85 1.87 0.99 

25kDa A-PF-Py 1:1 THF:Tol 1.93 1.87 1.03 

47kDa A-PF-Py 1:1 THF:Tol 1.93 1.87 1.03 

  

With the preliminary mass ratio and dispersing solvent studies complete the A-PF-Py could 

then be compared with the other polymer types. The purpose of this study was to determine 

whether A-PF-Py offers greater selectivity toward m-SWNTs and can be used as the final metallic 
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dispersant in the two-polymer conjugated polymer sorting system. The A-PF-Py, Me-PF-Py, PF-

Py, and PC-PF produced m/sc ratios of 1.03, 0.94, 0.50, and 0.28, respectively. The A-PF-Py 

provided the best selectivity toward m-SWNTs. The concentration of the A-PF-Py’s dispersions 

were also much more concentrated than any of the other polymer types indicating it is more 

efficient at dispersing SWNTs. 

 

Figure 19: UV-vis-NIR absorption spectra for all investigated polymer-SWNT types using HiPCO 

SWNTs. Spectra are normalized to a local minimum at ~905 nm to show relative m-SWNT and sc-SWNT 

content. 

Table 6: Peak absorbance for m-SWNTs (506 nm) and sc-SWNTs (~1135 nm), ratio of m/sc 

from Figure 19, the polymer-SWNTs comparison study using HiPCO SWNTs. 

Sample Name 

Metallic Peak 

Absorbance  

(506 nm) 

Semiconducting 

Peak Absorbance 

(~1135 nm) 

Ratio (m/sc) 

40kDa PCPF 1:1 Tol 1.06 3.80 0.28 

13kDa PF-Py 1:1 THF:Tol 1.61 3.19 0.50 

25kDa A-PF-Py1:1 THF:Tol 1.93 1.87 1.03 

13kDa Me-PF-Py 1:1 THF:Tol 2.20 2.33 0.94 
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3.2.2 Incorporating A-PF-Py into the Two-Polymer Extraction Method 

With the initial studies of the A-PF-Py polymer indicating that it provides the greatest 

concentration of nanotubes and optimal selectivity toward m-SWNTs, it was deemed a suitable 

candidate to be used as the final dispersant (P2) in the conjugated polymer sorting system. First, 

5mg of raw SWNTs were added to a solution of 5 mg of P1 dissolved in 10mL of toluene. After 

sonication and centrifugation, the supernatant was removed and the residue in the centrifuge tube 

was washed of excess polymer. As demonstrated in Figure 20, the residue could then be 

redispersed using either 5 mg of P1 (to further extract sc-SWNTs) or 2.5 mg of A-PF-Py (P2) (to 

disperse m-SWNTs). In this study the nomenclature used follows the format of ExPy, where x 

indicates the number of extractions (0-4), and y indicates the polymer used to redisperse the residue 

(1 or 2).  Using this process, we first produced seven polymer-SWNT dispersions, which were 

evaluated for sc- and m-SWNT using UV-vis.  

 

Figure 20: Illustration showing the method of two polymer extraction. P1 (green) is the electron rich PCPF, 

which is introduced to first extract sc-SWNTs and is repeated for x extractions.  P2 (black) is the electron 

poor A-PF-Py and is used as the final dispersant to disperse the remaining m-SWNTs.  
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As shown in Figure 21, the intensity of the M11 region increases after each extraction step 

in the P1-SWNT dispersion series. The m/sc peak ratios for E0P1, E1P1, E2P1, and E3P1 were 

0.25, 0.36, 0.52, and 0.74, respectively. This suggests that sc-SWNT discrimination is diminished 

as the m-:sc-SWNT ratio is biased toward m-SWNTs, or as the polymer:SWNT mass ratio 

increases because the total amount of SWNTs decreases with each extraction.  

 

Figure 21: UV-vis-NIR absorption spectra for the P1-SWNTs extraction study using HiPCO SWNTs. 

Spectra are normalized to a local minimum at ~905 nm to show relative m-SWNT and sc-SWNT content. 

Table 7: Peak absorbance for m-SWNTs (506 nm) and sc-SWNTs (~1135 nm), ratio of m/sc 

from Figure 21, the P1-SWNTs extraction study using HiPCO SWNTs. 

Sample Name 
Metallic Peak 

Absorbance (506 nm) 

Semiconducting Peak 

Absorbance (~1135 nm) 
Ratio (m/sc) 

E3P1 1.81 2.43 0.74 

E2P1 1.55 2.96 0.52 

E1P1 1.28 3.54 0.36 

E0P1 1.08 4.26 0.25 

 

Similarly, the intensity of the M11 region also increases for the P2-SWNT dispersion series 

as a function of extraction count, except E0P2 (Figure 22). The m/sc peak ratio for the P2 

extractions with a mass ratio of 0.5:1, were 1.33, 0.98, 1.15, and 1.36 for E0P2, E1P2, E2P2, and 
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E3P2. Despite the m/sc ratio being high in E0P2 the concentration of this dispersion is far more 

dilute than all other extractions (Figure 39). As expected, the electron-poor P2 disperses more m-

SWNTs than the electron-rich P1. This is illustrated in the m/sc ratios as all P2 extractions are 

higher values than the P1 extractions. This trend reveals that the use of A-PF-Py as an electron-

poor conjugated polymer is beneficial in dispersing significant amounts of m-SWNTs, especially 

when compared to using only P1 as both the sc-SWNT extraction agent and as the final m-SWNT 

dispersant. In addition, qualitative colour analysis of the polymer-SWNT dispersion agree with the 

UV-vis analysis. For HiPCO samples, a green colour was observed for the P1-SWNT dispersion, 

indicating sc-SWNT enrichment, while a black colour was observed for the A-PF-Py-SWNT 

dispersions, indicating m-SWNT enrichment. Photographs of the dispersions are provided in the 

supporting information. 

 

Figure 22: UV-vis-NIR absorption spectra for the 0.5:1, A-PF-Py-SWNTs, extraction study using HiPCO 

SWNTs. Spectra are normalized to a local minimum at ~905 nm to show relative m-SWNT and sc-SWNT 

content. 
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Table 8: Peak absorbance for m-SWNTs (506 nm) and Sc-SWNTs (~1135 nm), ratio of m/Sc 

from Figure 22, the 0.5:1 A-PF-Py-SWNTs extraction study using HiPCO SWNTs. 

Sample Name 
Metallic Peak 

Absorbance (506 nm) 

Semiconducting Peak 

Absorbance (~1135 nm) 
Ratio (m/sc) 

E3P2 2.14 1.57 1.36 

E2P2 1.95 1.69 1.15 

E1P2 1.92 1.96 0.98 

E0P2 1.87 1.41 1.33 

 

Another study was performed reattempted the conjugated polymer sorting using 1.2 mg 

(0.25:1) of P2 instead of 2.5 mg (0.5:1) of P2. Reduction of the polymer used was investigated 

because of the significant increase in dispersion concentration after one extraction with P1. The 

molar ratio study demonstrated that increased polymer concentration can result in a decrease in 

selectivity toward metallics so the reduction to 0.25:1 was aimed at greater selectivity. The m/sc 

ratio for E0P2, E1P2, E2P2, E3P2, and E4P2, were 1.27, 1.06, 1.11, 1.37, and 1.59, respectively. 

The selectivity and concentration did not seem to be largely affected by using less A-PF-Py.  

Minimizing polymer use is ideal, thus 0.25:1 was determined to be the ideal mass ratio for A-PF-

Py after at least one extraction with P1.  

 Intriguingly, despite both 0.5:1 and 0.25:1 initially producing dilute dispersions of SWNTs 

after one extraction with P1 these dispersions were much more concentrated. The large increase in 

concentration is likely due to an increase in polymer:SWNT mass ratio because the total amount 

of SWNTs decreases with each extraction. There is also unremovable partially wrapped P1 still 

remaining on the surface of the nanotubes, even after thorough rinsing, which may aid in 

dispersion. The residual P1 was confirmed by thermogravimetric analysis (TGA) by analyzing 

HiPCO SWNTs, PCPF, and the residue after one extraction. As seen in Figure 51, there is a change 

in mass from 90-75% ranging from 350-500°C in the TGA of the residue. A similar mass loss is 
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present in the TGA of PCPF from 90-30% at 350-500°C, while no similar mass loss is observed 

in raw HiPCO SWNTs. These results indicate that there is residual polymer in the residue that is 

unable to be removed during the rinsing process. 

 

Figure 23: UV-vis-NIR absorption spectra for the 0.25:1, A-PF-Py-SWNTs, extraction study using HiPCO 

SWNTs. Spectra are normalized to a local minimum at ~905 nm to show relative m-SWNT and sc-SWNT 

content. 

Table 9: Peak absorbance for m-SWNTs (506 nm) and Sc-SWNTs (~1135 nm), ratio of m/sc 

from Figure 23, the 0.25:1 A-PF-Py-SWNTs extraction study using HiPCO SWNTs. 

Sample Name 
Metallic Peak 

Absorbance (506 nm) 

Semiconducting Peak 

Absorbance (~1135 nm) 
Ratio (m/sc) 

E4P2 2.30 1.45 1.59 

E3P2 2.16 1.58 1.37 

E2P2 1.96 1.76 1.11 

E1P2 1.89 1.78 1.06 

E0P2 1.73 1.36 1.27 

 

Lastly, we characterized a SWNT sample using electrical conductivity measurements using 

a four-point probe method. We first prepared a circular thin film of E1P2 (prepared with a molar 

ratio of 0.25:1) with a diameter of 18 mm and a thickness of 0.031 µm. The thin film was prepared 

by filtering the polymer-SWNT dispersion through a Teflon filtration membrane having a 0.2 µm 
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pore diameter. The thin film was dried by vacuum suction overnight and then resistance was 

measured by direct contact with four platinum probes placed in the middle of the circular thin film. 

The measurements were performed on three separate locations on the thin film. The average sheet 

resistance (Rs) was calculated to be 127±8 Ω/sq and the average conductivity was measured to be 

256 ± 16 S/m for E1P2. These measurements are encouraging as the RS of the E4P2 thin film 

previously reported for the Me-PF-Py was (2 ± 1) x 106 Ω/sq. The Rs difference of four orders of 

magnitude indicate that the A-PF-Py allows for much higher conductivity when wrapping the 

nanotubes compared to Me-PF-Py.  The conductivity of raw HiPCO SWNTs were also taken with 

the average sheet resistance (Rs) being 1.98±0.01 Ω/sq and the average conductivity was measured 

to be 1685 ± 10 S/m. A lower conductivity of the polymer-SWNT thin film was expected as the 

polymer acts as an insulator reducing conductivity. The conductivity was only one order of 

magnitude higher in the raw SWNTs. The high conductivity of the A-PF-Py could allow for 

implementation in some applications without the removal of the polymer. 

Table 10: Conductivity measurements for E1P2 and raw HiPCO SWNTs including average 

conductivity, and sheet resistance. 

Sample Average Conductivity (S/m) Sheet resistance (Ω/sq) 

E1P2 0.25:1 256 ± 16 127 ± 8 

HiPCO SWNTs 1685 ± 10 1.98 ± 0.01 

 

Encouraged by these results, we investigated our methodology using plasma-torch 

SWNTs, which have a higher average diameter, with tube diameter of 1.1-1.5 nm. Dispersions 

were prepared with plasma-torch (PT) grown SWNTs according to literature procedures.88 For 

plasma-torch SWNTs, there are four regions of interest in the absorption spectrum: one metallic 

region, M11 (600-750 nm) and three semiconducting regions, including S11 (1400-1900 nm), S22 

(750-1150 nm), and S33 (420-580 nm). The spectra were normalized to a local maximum at ~936 
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nm to highlight the differences in m-/sc-SWNT content. There is an increase in the metallic region 

for the A-PF-Py compared to the PCPF which has no visible peak in the m-SWNT region. This 

suggests that PCPF is also selective for sc-SWNT for PT SWNTs and the A-PF-Py is capable of 

dispersing m-SWNTs. These preliminary results indicate that the use of A-PF-Py can also be 

implemented in the polymer sorting system using PT SWNTs.  

 

Figure 24: UV-vis-NIR absorption spectra for the polymer-SWNTs dispersion study using plasma-torch 

SWNTs. Spectra are normalized to a local maximum at ~936 nm to show relative m-SWNT and sc-

SWNT content. 

Overall, there are many advantages of the newly discovered A-PF-Py over the previously 

investigated Me-PF-Py. The advantages start during the synthesis as the acetylation reaction 

proceeds to complete functionalization of the pyridine while Me-PF-Py only allows for ~50% 

functionalization. The Me-PF-Py also is insoluble in common dispersing solvents, such as THF 

and toluene, when the molecular weight is greater than 13 kDa. Also, the dispersions produced 

with A-PF-Py are much more concentrated than the dispersions with Me-PF-Py. The A-PF-Py 

allows for highly concentrated dispersions enriched with m-SWNTs. 
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3.3 Conclusion 

The improvement of the two-polymer m-SWNT enrichment method has been explored. 

Using an electron-rich conjugated polymer that is selective toward sc-SWNT, the initial m/sc 

SWNT ratio can be biased toward m-SWNTs. Ensuing dispersions of the residue using an electron-

poor conjugated polymer produces dispersions that are more enriched in m-SWNTs than possible 

using only the electron-rich polymer. Characterization of HiPCO polymer-SWNT samples using 

UV-vis-NIR indicate that P2-SWNT samples possessed more m-SWNTs than P1-SWNT samples. 

The A-PF-Py also showed the greatest selectivity toward m-SWNTs when compared to Me-PF-

Py, PF-Py and PCPF. Electrical conductivity measurements were also performed demonstrating 

that dispersions with A-PF-Py had higher conductivity and lower sheet resistance than samples 

prepared with Me-PF-Py. These results demonstrate an alternative dispersant for m-SWNTs in the 

m-SWNT enrichment system.  

3.4 Experimental 

3.4.1 General  

 Raw HiPCO SWNTs were purchased (HR37-033) and used without further purification. 

Plasma-torch SWNTs were purchased from Raymor Industries Inc. (RNB-661-120-X466) and 

were also used without further purification. All reagents were purchased from commercial 

chemical suppliers and used as received. Dr. Daryl Fong, a former student in the group, synthesized 

the 73 kDa PF-Py polymer. Flash chromatography was performed using an Intelliflash 280 by 

AnaLogix. All compounds were monitored using a variable wavelength detector at 254 nm. 

Columns were prepared in Biotage® SNAP KP-Sil cartridges using 40-63 µm silica or 25-40 µm 

silica purchased from Silicycle. 1H NMR spectra were recorded on Bruker Advance 600 MHz 

spectrometers and shift-referenced to the residual solvent resonance. Polymer molecular weights 
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and dispersities were analyzed (relative to polystyrene standards) via GPC using a Waters 2695 

Separations Module equipped with a Waters 2412 refractive index detector and a Tosoh TSKgel 

SuperHZM-N multi-pore GPC column with dimensions of 4.6 mm internal diameter, length of 15 

cm, and 3 µm particle size. THF with 2% acetonitrile was used as the eluent at a flow rate of 0.3 

mL/min. Sonication was performed in a Branson Ultrasonic B2800 bath sonicator. Centrifugation 

of the polymer-SWNT samples was performed using a Sorvall Legend X1R centrifuge. UV-vis-

NIR absorption spectra were recorded on a Cary 5000 spectrometer in dual beam mode using twin 

3.5 mL quartz cuvettes with a 1 cm pathlength. AFM images were acquired on a Bruker Dimension 

iCon AFM in ScanAsyst mode with a ScanAsyst-Air tip. 

3.4.2 Synthesis 

Synthesis of N(2’decyltetradecane)2,7-dibromocarbazole 

 

Scheme 18: Synthesis to form N(2’decyltetradecane)2,7-dibromocarbazole. 
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Scheme 19: Reaction to form 1-bromo-2-decyl-4-tetradecane.  

1-bromo-2-decyl-4-tetradecane (Adapted from reference 88) 

A 100 mL round bottom flask equipped with a magnetic stir bar was charged with 2-decyl-

1-tetradecanol (6 mL, 14.1 mmol), triphenylphosphine (4.44 g, 16.9 mmol), and DCM (7.5 mL). 

The mixture was cooled to 0°C using an ice bath and then the carbon tetrabromide (5.6 g, 16.8 

mmol) powder was added portion-wise. The reaction mixture was warmed to room temperature 

and stirred for 2 hours. The crude mixture was filtered through a silica plug and hexanes was used 

to elute the product. The filtrate was concentrated in vacuo to afford 1-bromo-2-decyl-4-

tetradecane as a colourless oil (5.06 g, 86%). 1H NMR (600 MHz; CDCl3): δ 3.45 (d, 2H), 1.59 

(m, 1H), 1.37-1.26 (m, 40H), 0.88 (m, 6H). 
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Figure 25: 1H NMR spectrum of 1-bromo-2-decyl-4-tetradecane in CDCl3. 

 

 

Scheme 20: Reaction to form 2-nitro-4-4’dibromobiphenyl. 

2-nitro-4-4’dibromobiphenyl (Adapted from reference 88) 

A 250 mL round bottom flask equipped with a magnetic stir bar was charged with 4,4'- 

dibromobiphenyl (2.0 g, 6.4 mmol), glacial acetic acid (24 mL), and concentrated nitric acid (8 

mL). The reaction mixture was heated to 121°C for 24 hours and then precipitated into ice water 

to produce yellow crystals. The slurry was filtered and rinsed with chilled water. The yellow crude 

product was then recrystallized in a minimum of ethanol (37 mL) and crystals were allowed to 
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from slowly at room temperature overnight. The product was then filtered to yield 2-nitro-4-

4’dibromobiphenyl as a yellow solid (1.73 g, 76%). 1H NMR (600 MHz; CDCl3): δ 8.03 (d, 1H), 

7.76 (dd, 1H), 7.56 (d, 2H), 7.29 (d, 1H), 7.16 (d, 2H). 

 

Figure 26: 1H NMR of 2-nitro-4-4'dibromobiphenyl in CDCl3. 

 

 

Scheme 21: Reaction to form 9H-2,7-dibromocarbazole. 

9H-2,7-dibromocarbazole (Adapted from reference 88) 

A 250 mL round bottom flask equipped with a magnetic stir bar and condenser was charged 

with 2-nitro-4,4'-dibromobiphenyl (2.68 g, 7.5 mmol), triphenylphosphine (4.92 g, 18.8 mmol), 
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and tetralin (16 mL). The reaction mixture was heated to 210°C with a nitrogen balloon attached 

for 2hrs. The crude residue was purified by flash chromatography (12 g column, 5% to 50% DCM 

in hexanes) to afford 9H-2,7-dibromocarbazole as brown solid (1.79 g, 74%). 1H NMR (600 MHz; 

CDCl3): δ 8.06 (s, 1H), 7.88 (d, 2H), 7.59 (d, 2H), 7.37-7.35 (dd, 2H). 

 

Figure 27: 1H NMR of 9H-2,7-dibromocarbazole in CDCl3. 
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Scheme 22: Reaction to form N-(2’-decyltetradecane)-2,7-dibromocarbazole. 

 

N-(2’-decyltetradecane)-2,7-dibromocarbazole (Adapted from reference 88) 

A 250 mL round-bottom flask equipped with a magnetic stir bar was charged with 1-

bromo-2-decyl-4-tetradecane (2.27 g, 5.4 mmol), toluene (10 mL), and sat. KOH (14 mL). The 

biphasic mixture was sparged with nitrogen for 1 hour, and then 9H-2,7-dibromocarbazole (1.60 

g, 5.0 mmol) and tetrabutylammonium bromide (0.31 g, 0.97 mmol) were added. The reaction 

mixture was heated to 80 °C under an inert atmosphere for 168 hours. The organic phase was 

isolated using liquid-liquid extraction using three extractions of 100 mL diethyl ether. The black 

organic phase was then concentrated in vacuo to produce a thick black oil. The crude product was 

then purified using flash chromatography (120 g fine silica column 100% hexanes).  The pure 

fractions were combined and concentrated but remained a liquid due to residual alkyl chains.  The 

product was then precipitated by adding a 3:1 mixture of methanol:acetone and cooled to -20°C.  

The product was then filtered to afford N-(2’-decyltetradecane)-2,7-dibromocarbazole as a white 

solid (1.99 g, 61%). 1H NMR (600 MHz; CDCl3): δ 7.88 (d, 2H), 7.50 (d, 2H), 7.34 (dd, 2H), 4.06 

(d, 2H), 2.08 (m, 1H), 1.37-1.21 (m, 40H), 0.88 (t, 6H). 
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Figure 28:  1H NMR of N-(2’-decyltetradecane)-2,7-dibromocarbazole in CDCl3. 

 

 

Scheme 23: Synthesis of Poly(9,9’-didodecylfluorene-co-N-(2’-decyltetradecane)-carbazole) (P1). 

Poly(9,9’-didodecylfluorene-co-N-(2’-decyltetradecane)-carbazole) (P1) (Adapted from 

reference 88) 

A 25 mL Schlenk tube was equipped with a magnetic stir bar and charged with N-(2’-

decyltetradecane)-2,7-dibromocarbazole (200 mg, 0.30 mmol), 2,2'-(9,9-didodecylfluorene-2,7-

diyl)bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolane) (226 mg, 0.30 mmol), toluene (2.5 mL), and 3M 



MSc. Thesis - J. Cruikshank - McMaster University - Department of Chemistry & Chemical Biology 

66 

 

K3PO4 (2.5 mL) and the reaction mixture was degassed via three freeze-pump-thaw cycles. The 

biphasic mixture was frozen under liquid nitrogen, then ((o-tol)3P)2Pd (11 mg, 7.5 µmol) was 

added under a positive pressure of nitrogen. The Schlenk tube was evacuated and backfilled with 

nitrogen three times, and the reaction mixture was vigorously stirred at 85 °C for 2 hours. The 

phases were allowed to separate, and the organic layer was pipetted off.  The organic layer was 

filtered through a plug of 1:1 celite and neutral alumina. The plug was washed with THF until the 

flow-through no longer fluoresced and the filtrate was concentrated in vacuo. The crude polymer 

was precipitated into chilled methanol (150 mL) and then filtered to afford P1 as a yellow solid 

(260 mg, 86%). 1H NMR (600 MHz; CDCl3): 8.21 (m, 2H), 7.85 (m, 2H), 7.74 (m, 4H), 7.70 (m, 

2H), 7.60 (m, 2H), 4.34 (m, 2H), 2.31 (m, 1H), 2.13 (m, 4H), 1.24 (m, 80H), 0.84 (m, 12H). 
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Figure 29:  1H NMR spectrum of Poly(9,9’-didodecylfluorene-co-N-(2’-decyltetradecane)-carbazole) in 

CDCl3. 

 

 

Scheme 24: Synthesis of Methylated PF-Py (Me-PF-Py).  

Methylated PF-Py (Me-PF-Py) (Adapted from reference 88) 

A Schlenk tube equipped with a magnetic stir bar was charged with PF-Py (50 mg, 87 

µmol, Mn 13 kDa), MeI (1080 µL, 17 mmol), and chloroform (5 mL) and the reaction mixture 

was heated to reflux for 22 hours. The reaction mixture was then transferred to a pre-weighed glass 

vial and the solvent was removed by passing a stream of nitrogen over the vial, followed by drying 
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the sample under high vacuum overnight. Me-PF-Py was isolated as a red solid (63 mg, 98%). 1H 

NMR (600 MHz; CDCl3): δ 9.09-7.68 (m), 4.72 (m), 2.15-2.12 (m), 1.25-0.85 (m). 

 

Figure 30: 1H NMR spectrum of Me-PF-Py in CDCl3. 

 

 

Scheme 25: Synthesis of acetylated 4-dimethylaminopyrdine. 

 

 

 



MSc. Thesis - J. Cruikshank - McMaster University - Department of Chemistry & Chemical Biology 

69 

 

Acetylated dimethylaminopyrdine 

A 5 mL round bottom flask equipped with a magnetic stir bar and condenser was charged 

with 4-Dimethylaminopyidine (0.439 g, 3.6 mmol), and DCM (2 mL). The reaction mixture was 

cooled to 0°C in an ice bath and trifluoroacetic anhydride (0.756 g, 0.5 mL, 3.6 mmol) was added.  

The reaction mixture turned to a white slurry in 1 minute but continued to stir in the ice bath for 

30 minutes. The white slurry was then filtered, dried, and collected to afford acetylated 

dimethylaminopyridine (0.777 g, 98%) 1H NMR (600 MHz; CDCl3): δ 8.22 (d, 2H), 6.734 (d, 2H), 

3.25 (s, 6H). 

 

Figure 31: 1H NMR spectrum of acetylated dimethylaminopyridine in CDCl3. 
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Scheme 26: Synthesis of Acetylated PF-Py (A-PF-Py). 

Acetylated PF-Py (A-PF-Py)  

A 20 mL vial equipped with a magnetic stir bar was charged with PF-Py (0.050 g, 84 

µmol, Mn 13 kDa), and chloroform 1 mL. The reaction mixture was cooled to 0°C in an ice bath 

and trifluoroacetic anhydride (1.82 g, 1.17 mL, 8.6 mmol) was added.  The reaction mixture 

turned dark red after a few minutes. The solution was left stirring in ice for 24 hours. The 

product was then dried under high vacuum for 24 hours to afford acetylated PF-Py (0.058 g, 

100%).  1H NMR (600 MHz; CDCl3): δ 9.26-9.14 (1H, d), 8.66-7.69 (8H, m), 2.14 (4H, m), 1.22 

(40H, m), 0.87 (6H, s). 
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Figure 32: 1H NMR spectrum of acetylated PF-Py CDCl3 and D2O. 

 

  



MSc. Thesis - J. Cruikshank - McMaster University - Department of Chemistry & Chemical Biology 

72 

 

3.5 Supporting Information 

3.5.1 Atomic Force Microscopy (AFM) 

 

Figure 33:  Atomic force microscopy (AFM) of 0.5:1 A-PF-Py dispersions showing polymer wrapped 

SWNTs. a) and b) 2 µm scale, c) and d) 5 µm scale. 
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3.5.2 Additional UV-vis-NIR Absorption Spectra 

 

Figure 34: Unnormalized UV-vis-NIR absorption spectra for the A-PF-Py-SWNTs dispersant solvent 

study using HiPCO SWNTs. 25 kDa Acetylated 1:1 THF diluted 1:20. 25 kDa Acetylated 1:1 THF:Tol 

diluted 1:20.  

 

Figure 35: Unnormalized UV-vis-NIR absorption spectra for the A-PF-Py-SWNTs ratio study using 

HiPCO SWNTs. 25 kDa Acetylated 1:1 THF:Tol diluted 1:20.  25 kDa Acetylated 0.5:1 THF:Tol undilute. 

25 kDa Acetylated 0.25:1 THF:Tol undilute.  
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Figure 36: Unnormalized UV-vis-NIR absorption spectra for the A-PF-Py-SWNTs molecular weight study 

using HiPCO SWNTs. 47 kDa Acetylated 1:1 THF:Tol diluted 1:10.  25 kDa Acetylated 1:1 THF:Tol 1:10. 

13 kDa Acetylated 0.25:1 THF:Tol 1:10. 

 

Figure 37: Unnormalized UV-vis-NIR absorption spectra for all polymer-SWNT study using HiPCO 

SWNTs. 13 kDa Methylated 1:1 THF:Tol Undilute.  25 kDa Acetylated 1:1 THF:Tol 1:10. 13 kDa PF-Py 

1:1 THF:Tol 1:4 Dilution, 40 kDa PCPF 1:1 Tol Undilute. 
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Figure 38: Unnormalized UV-vis-NIR absorption spectra for the P1-SWNTs molecular extraction study 

using HiPCO SWNTs. All 1:4 dilution in 1:1 Toluene.  

 

Figure 39: Unnormalized UV-vis-NIR absorption spectra for the 0.5:1, A-PF-Py-SWNTs molecular 

extraction study using HiPCO SWNTs. All 1:20 dilution in 1:1 THF:Toluene. 
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Figure 40: Unnormalized UV-vis-NIR absorption spectra for the 0.25:1, A-PF-Py-SWNTs molecular 

extraction study using HiPCO SWNTs. All 1:20 dilution in 1:1 THF:Toluene, except E0P2 which is 

undilute. 

 

Figure 41: Normalized UV-vis-NIR absorption spectra for the E4P2 0.25:1 vs. E0P1 comparison using 

HiPCO SWNTs. 
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3.5.3 Photographs of Polymers and SWNT Dispersions 

 

Figure 42:  Photograph of polymers dissolved in 1:1 THF:Tol (left to right): PCPF, PF-Py, A-PF-Py, Me-

PF-Py. 

 

Figure 43: Photograph of PC-PF-SWNT dispersions produced using HiPCO SWNTs (left to right): E0P1, 

E1P1, E2P1, E3P1. 



MSc. Thesis - J. Cruikshank - McMaster University - Department of Chemistry & Chemical Biology 

78 

 

 

Figure 44: Photograph of PC-PF-SWNT dispersions, diluted 1:2, produced using HiPCO SWNTs (left to 

right): E0P1, E1P1, E2P1, E3P1. 

 

Figure 45: Photograph of A-PF-Py-SWNT dispersions produced using HiPCO SWNTs (left to right): 

0.25:1, 0.5:1, 1:1. 
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Figure 46: Photograph of 0.25:1, A-PF-Py-SWNT dispersions produced using HiPCO SWNTs (left to 

right): E0P2, E1P2, E2P2, E3P2, and E4P2. 

 

Figure 47: Photograph of 0.25:1, A-PF-Py-SWNT dispersions, dilute 1:20, produced using HiPCO SWNTs 

(left to right): E0P2, E1P2, E2P2, E3P2, and E4P2. 
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Figure 48: Photograph of 0.25:1, A-PF-Py-SWNT dispersions, dilute 1:20, produced using HiPCO SWNTs 

(left to right): E1P2, and E4P2. 
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3.5.4 Thermogravimetric Analysis (TGA) Data 

 

Figure 49: TGA of raw HiPCO SWNTs.  

 

Figure 50: TGA of PC-PF. 
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Figure 51: TGA of residue after dispersion with PCPF:HiPCO SWNTs and rinsed thoroughly with THF. 
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Chapter 4: Overall Conclusions and Future Work 

4.1 General Conclusions 

Despite CNTs being the subject of intensive research since their discovery, there remain 

challenges for incorporating them into materials to produce devices. The heterogenous nature of 

produced SWNT sample precludes immediate device incorporation without a purification method. 

To purify SWNTs, conjugated polymers have been an increasingly important dispersant option. 

Other techniques remain difficult and expensive making them not suitable for production on the 

industrial scale. Conjugated polymers can be synthesized on a large scale with high yields and 

have shown selectivity toward different SWNTs species based on diameter or electronic type. The 

most intriguing method for m-SWNT enrichment involves the use of a two-polymer system 

composed of an electron-rich PCPF and an electron-poor Me-PF-Py. By first selectively removing 

the sc-SWNT using the electron-rich polymer multiple times and then dispersing with an electron-

poor polymer to disperse the m-SWNTs, ~70% m-SWNTs dispersions have been obtained. 

However, this system still had the potential to be further improved by modification of the 

architecture of the electron poor polymer through substitution of a more electron withdrawing 

functional group. 

 In Chapter 2, the addition of a dinitrobenzene group to PF-Py was investigated. This 

reaction was unsuccessful, despite modifying reaction conditions including, temperature, solvent, 

molecular weight, reaction concentration, and reaction time. In Chapter 3, we explored the 

possibility of the addition of a trifluoroacetyl group. The synthesis was successful and allowed for 

a straightforward functionalization of 100% of the pyridine groups, compared to only ~50% for 

the methylated polymer. We also investigate how the newly discovered acetylated PF-Py (A-PF-

Py) disperses SWNTs and discovered that the A-PF-Py was more selective toward m-SWTNs than 
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the previously investigated Me-PF-Py. Finally, we incorporate the A-PF-Py into the two-polymer 

extraction system and produced concentrated m-SWNT enriched samples.  

The most-significant contribution of this thesis comes from the synthesis of the A-PF-Py. 

We were able to functionalize the PF-Py with a more electron withdrawing functional group that 

showed superior selectivity toward m-SWNTs than the previously used Me-PF-Py. The ability to 

disperse m-SWNTs on a large scale using the conjugated polymer sorting, would allow for a 

decrease in cost and more widespread implementation of m-SWNTs into applications. This work 

offers a step forward and guides the future direction of m-SWNT enrichment using conjugated 

polymers.  

4.2 Future Work 

 The characterization of the SWNTs dispersion requires further work to confirm the 

electronic purity. The main characterization tool used to monitor the amount of m- and sc-SWNTs 

in each dispersion was UV-vis-NIR spectroscopy, which although is a powerful characterization 

method, needs to be confirmed with other techniques. Specifically, Raman spectroscopy is an 

important characterization tool for SWNT dispersions. Unfortunately, access to the Raman 

instrument was unavailable prior to the completion of this thesis due to an upgrade of the 

instrument. Additionally, photoluminescence (PL) mapping would be a useful tool to further 

characterize the SWNT dispersions. PL mapping would allow for qualitative monitoring of both 

sc- and m-SWNT species depending on how intense the PL is for the sc-SWNT species. Atomic 

force microscopy (AFM) may also be a potential characterization method and can allow the 

detection of SWNT electronic species via the conductivity. The ability to precisely detect the 

species of each SWNT was not yet possible during the present studies. Similarly, conductivity 

testing requires further exploration. The conductivity of all dispersions should be measured in 
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triplicate. It is expected that the conductivity will increase as the quantity of m-SWNT increases. 

In summary, the characterization methods of Raman, PL, AFM, and four-point probe conductivity 

in addition to the UV-vis-NIR spectroscopy data in this thesis is necessary to fully characterize the 

presence of each SWNT electronic species.  

 The main benefit of conjugated polymer sorting is the scalability to an industrial scale. 

Dispersions investigated in this thesis were on a 10mL scale, which can purify a 5mg sample of 

SWNTs, already three orders of magnitude more sample than what other existing purification 

techniques, such as DGU, achieve. However, this scale is expected to be able to be increased 

further and experiments increasing the scale need to be performed with the A-PF-Py polymer to 

confirm enrichment is still possible at higher scales. 

There also remains work to be done investigating plasma torch-SWNTs. The dispersion 

protocols have been optimized for HiPCO SWNTs and will need to be reoptimized for the plasma-

torch dispersions.  

The development of a removable polymer-SWNT process is also required, to fully benefit 

from the m-SWNT electronic properties. The conjugated polymer strongly adheres to the SWNT 

surface through non-covalent interactions which makes the removal of the polymer difficult. To 

address this issue, attempts have been made to anneal polymer-SWNT samples at high 

temperatures to remove the polymer side chains or to decompose the polymer backbone.  This 

technique may be possible to be apply to the currently designed polymer-SWNT complexes. 

Finally, this thesis established that acetylation is straightforward reaction that can be used 

post polymerization on the pyridine unit. Preparing a polymer containing a pyrazine monomer unit 

and adding two acetyl groups may be possible. This could increase the electron deficiency of the 
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polymer backbone and may enhance m-SWNT selectivity. Another interesting study would 

involve functionalization of the pyridine with difluoroacetyl or monofluoroacetyl moieties which 

would allow for direct comparison of more electron withdrawing substituents. 
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