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Chapter 1

The purification, characterization and application of Single-

Walled Carbon Nanotubes
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1.1 Introduction to carbon nanotubes

1.1.1 Geometry of SWNTs

Single-walled carbon nanotubes (SWNT) are cylindrical one-dimensional
(1D) allotropes of carbon with diameters on the nanometer scale and lengths
on the micrometer scale.[!] Their high aspect ratio and shape afford interesting
thermal,l?' 4l mechanical,’>®! electronicl”8l and optical properties!® 14 that can be
used for multiple applications.[*?'18] Depending on the production method, their
dimensions can vary, resulting in diameters (d:) ranging from D0.4 to 3 nm.[1.29]
In comparison to SWNTs, multi-walled carbon nanotubes (MWNTS), which are
composed of multiple nested tubes or layers, are significantly larger with

diameters up to D30 nm.[19)
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Figure 1.1. a) Graphene template with labelled unit vectors a1 and az. b)

Nanotube species and cross-sections with labelled chiral indices.

SWNTs can be pictured as a 2D graphene sheet that has been rolled up
into a cylinder. Depending on how this graphene sheet is rolled up, different

SWNT species can be formed as shown in Figure 1.1. These different species
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are defined by their chiral vectors (Cnh, green arrow) representing the
circumference of a given SWNT species, a
defines the angle between a: and Ch.lY! Ch is generated by the addition of the
unit vectors a1 and az on the graphene lattice and the SWNT species associated
with this chiral vector can be specified using integer values (n,m) as shown in

Equation 1.1.
Ch=nai+maz=dt (1.1)

The chiral angle of SWNTSs is confined to values of 0 T 30°. The two extreme
values of the chiral angle represent SWNT
the SWNT is refeageéedt ube a d-mag pafiemiatgpumee z i ¢
the periphery, whileif d = 30A (n = m), <Thai BWNT Al $

remaining SWNTSs are chiral tubes.

1.1.2 Electronic structures of SWNTs

In comparison to 2D graphene which is a semimetal or zero-bandgap
semiconductor,?? the electronic structure of 1D SWNTs results in quantum
confinement of their electron into discrete energy levels in the density of states
(DOS) called van Hove singularities (Figure 1.2).2'De pendi ng-overtap t h e
upon the Arolli#dhgod (MOMORI|I encéd kend conduc
(LUMO) may or may not possess an energy level barrier (band gap) resulting

in SWNT species that are either semiconducting or metallic, respectively.??]
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Figure 1.2. The density of states of a) metallic and b) semiconducting SWNTSs.

The electronic and optical properties of SWNTs depend on their structure
and vary with diameter and chiral angle.l?? Therefore, if the integer values (n,m)
are known, it is possible to determine the electronic (semiconducting or metallic)
nature of the tube.”! Any SWNT species that smbisfies
3qg, where g =0, 1, 2, 3, etc. are metallic tubes (m-SWNTSs). Therefore, all the
aam-chair tubes (d = 30A and n = m) posses
where n | m, t he tasdemisnetalic kecause theyhaveead t o
small curvature-induced band gap (D17 100 meV).[?!l However, to minimize the
confusion and because these semimetallic SWNT species have similar
electronic characteristics, they are considered metallic. Semiconducting
SWNTs (sc-SWNTs) possess different band gaps (D 0.5 7 1.0 eV)[?223 that
have an inverse relationship with the tube diameter. Overall, it can be stated
that one-third of all SWNTs species are metallic, and the remaining two-thirds

are semiconducting.
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1.2 Synthesis of Carbon Nanotubes

The first carbon nanotube synthesis was achieved and published in 1991
by Sumio lijimal?®! who successfully prepared MWNTSs using the arc-discharge
method, followed by the synthesis of SWNTs two years later.[?”l Significant
progress has been made to improve and extend our knowledge of these carbon-
based materials. Several methods are now used, including arc-discharge, 8]
laser ablation,?® chemical vapor deposition (CVD),% high-pressure carbon
monoxide disproportionation  (HiPco),Bl  cobalt-molybdenum  catalyst
(CoMoCAT),®2 and plasma-torch growth.[®8l These different techniques allow
the production of SWNTs with various diameter ranges and therefore different
thermal and electronic properties.l®2 |deally, the ultimate objective for the
production of SWNTs would be the isolation of a single chirality, however, this
objective is extremely difficult to achieve. The production of SWNTSs using the
different techniques mentioned above produces a heterogeneous mixture of
SWNT along with impurities such as amorphous carbon and leftover metal

catalysts.

1.2.1 Arc-discharge

This technique is one of the oldest ways to produce SWNTs. Two graphite
electrodes are placed into a pressurized chamber filled with an inert gas (such
as argon or helium). The cathode is impregnated with a metal catalyst such as
iron, cobalt or nicked.[?! When the current is applied between the two
electrodes, a carbon vapour is produced that can adsorb onto the metal

catalyst, which subsequently results in the growth of SWNTs. SWNTSs typically
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produced using this technique have a diameter between 1.2 7 1.4 nm (matching
catalyst dimensions) but tend to be shorter than those produced with other

synthesis methods.?

1.2.2 Laser ablation

Laser ablation was first used in 1995 to produce SWNT.[?? In this method,
a pulsed laser is used to vaporize a graphite substrate (containing small
amounts of catalysts such as nickel or cobalt) in a high-temperature reactor
filled with an inert gas. The vaporized carbon reaches the chilled surface of the
reactor, allowing the condensation of carbon to form nanotubes. Variations in
conditions such as the temperature or the catalyst used on the substrate can
lead to different diameter ranges and lengths of SWNTs allowing a certain

degree of control. However, it still generates a range of SWNT diameters. 34

1.2.3 Chemical vapor deposition (CVD)

First reported in 1996,3% CVD involves the use of a hydrocarbon gas (like
CHa4, C2H4 or C2H2), a carrier gas (such as NHs, N2 or H2) and a solid substrate
containing catalyst particles (iron, cobalt or nickel) on the surface, which are
heated together in a chamber at high temperature (700 i 900 °C). The carbon-
based gas decomposes allowing the formation of the SWNTs on the metal
catalyst.l%¢ The size of the metal catalyst is important as it controls the diameter

of the SWNTs made.[30

1.2.4 High-pressure carbon monoxide disproportionation (HiPco)

Developed in 1999, the HiPco method is a variation of the CVD

techniquel in which the metal catalyst is introduced into the gas phase rather

6
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than the solid phase. This process allows large-scale production via a
continuous process because the tubes are formed free from catalyst support.
The method uses carbon monoxide as the carbon source and iron
pentacarbonyl (FeCO)s) as the catalyst placed into a high-temperature reactor.
Aerosolized SWNTSs can then be collected and are typically produced with a 0.7

i 1.3 nm diameter range.l%’]

CoMoCat is a variation of the HiPco precess that also involves the
disproportionation of carbon monoxide but in the presence of a cobalt-
molybdenum (CoMo) catalyst.[38l The SWNTs obtained via this method have

narrow diameters ranging from DO.7 i 0.9 nm.

1.2.5 Plasma-torch growth

This process was first developed in 2000 by Olivier Smiljanie*? and
combines both the arc-discharge and laser ablation methods with a carbon-
containing gas - typically a mixture of ethylene and ferrocene - instead of
graphite. The carbon source and an argon carrier gas are introduced into a
microwave plasma-torch to break down the carbon-source material. The
resulting fumes contain SWNTs with diameters ranging from 1.1 to 1.5 nm as
well as amorphous carbon and left over metal catalysts. This process can also

work using carbon black/metal catalyst particle feedstock.

The 1D electronic nature of SWNTs affords interesting properties. m-
SWNTs are known to be conductivel*?! and sc-SWNTs possess high electron
and hole mobility.[®41 These characteristics are promising for the production of

a variety of SWNTs-based devices such as organic-field effect transistors
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(OFETSs),[1441 sensors,[174243 organic photovoltaic devices (OPVs),[1644]
conductive inks,[*>4¢1 and more.[?34748] However, the heterogenous mixture of
as-synthesized SWNTs in terms of electronic species, diameters, and length!°!
combined with their tendency to form bundles via van der Waals interactions
a n d-stdcking lead to poor processability and dispersity.5% This prevents the
use of SWNTs for commercial applications. Purification of any non-SWNT
impurities is therefore required as well as an effective solubilization to afford the
processability for device fabrication. Moreover, the separation of the different
electronic species or the isolation of a specific chirality can also be required for

certain applications.!

1.3 Functionalization and purification of SWNTs

As mentioned above, SWNTs tend to aggregate into bundles due to van
der Waal s i nt -stackimg.t These buradlesdconfain SWNTs with
different diameters, lengths and electronic properties, as well as non-SWNT
impurities resulting in a lack of purity and low solubility of SWNTs in most
common organic and aqueous solvents. As a consequence, SWNTs cannot be
processed for the fabrication of electronic devices. SWNTs must therefore be
purified and dispersed to be spin-coated, printed, filtered etc. Moreover, the
resulting SWNT dispersions should remain stable to avoid the reaggregation of
bundles. Methodologies have therefore been developed to purify non-SWNT
impurities from a raw-SWNT mixture but also techniques that can purify and
discriminate SWNTs in terms of electronic type, diameter and (n,m) chiral

indices. Theses methodologies can be broadly classified into two categories:
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covalent and non-covalent functionalization.®¥ Progress in both methodologies
has been made over the past years to separate SWNTSs by type, diameter and

chirality.

1.3.1 Covalent functionalization of SWNTs

In this method, the functionalization of SWNTSs involves the use of strong
oxidizing conditions to covalently functionalize the surface of SWNTSs.[152
Typically, raw SWNTSs are sonicated in mixtures of either sulfuric acid and nitric
acid or sulfuric acid and hydrogen peroxide.5¥ This results in the formation of
oxygenated functionalities such as carboxylic acids, esters, and quinones®® at
the tube ends or at the defect sites along the tubes. These covalently-bonded
groups can further react to achieve good solubility of SWNTs in organic or
aqueous solvents. Despite the effective solubility, the covalent functionalization
disrupts the conjugated network of the tubes resulting in an alteration of the
optical, mechanical and electrical properties of the SWNTs. Moreover, these

harsh conditions tend to reduce the length of the tubes. [

1.3.2 Non-covalent functionalization of SWNTs

In contrast with the covalent functionalization technique mentioned above,
the non-covalent functionalization does not alter the properties of the
SWNTs.B9 In this method, SWNTs are sonicated in the presence of a
dispersant to mechanically de-bundle the tubes. The dispersant interacts with
the tubes via non-covalent interactions which do not impact the nanotube
surface and therefore leave the optical, mechanical, and electrical properties of

the tubes intact. Different dispersants including surfactants, biomolecules,
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aromatic molecules and conjugated polymers have been used to successfully

purify and disperse SWNTSs in organic or agueous solvents.

1.3.3 Dispersion of SWNTs using surfactants

,;;;?;%' ?iéiﬁiiié i
o

Cylindrical Micelle Hemi-micelle

Figure 1.3. a) Common surfactant used for the dispersion of SWNTs in water
forming supramolecular complexes in the form of b) cylindrical micelles and

hemi-micelles.Reproduced with permission from Elsevier.!>¢! Copyright 2009.

In 2002, a method to successfully disperse SWNTSs in water was published
by researchers at Rice University.?®! In this method, an anionic surfactant,
sodium dodecyl sulfate (SDS) was sonicated in the presence of SWNTs. When
sonicated, SWNT bundles break apart allowing the surfactant to orient itself
around the SWNT with the hydrophobic tails toward the tube sidewall and the
anionic head toward the surrounding solvent. The formation of the micelle

around the tube surface prevents the reaggregation into bundles resulting in a

10
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stable suspension of isolated SWNTs. As shown in Figure 1.3b, different micelle
orientations such as cylindrical or hemi-micelle can be obtained by varying the
concentration of surfactant used.®®! Since this discovery, different surfactants
including sodium dodecylbenzenesulfonate (SDBS), hexadecyl(trimethyl)Jammonium
bromide (CTAB), sodium cholate (SCh), and sodium deoxycholate (DOC)
(Figure 1.3a) have been used to disperse SWNTs.I57:58 However, surfactants

do not interact with a specific SWNT species.[%:60

Following the discovery of the surfactant dispersion of SWNTSs, additional
purification methods have been developed to use in combination with the
surfactant. The first method was the density gradient ultracentrifugation (DGU)
technique. DGU was typically used for the separation of macromolecules such
as DNA and large proteins based on molecular mass and chemical moiety and
was first used for the separation of SWNTs in 2006 by Arnold et al.®l The
aqueous surfactant-SWNT dispersions were added dropwise into the density
gradient and ultracentrifuged at D200000 i 250000 g for at least 18 hours.
Under the force of centrifugation, the surfactant-coated SWNTs travel through
the density gradient allowing the different densities of SWNT species to migrate
through the solvent. As shown in Figure 1.4, this results in localized coloured

bands within the density gradient that corresponds to pure SWNT species.

11
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Figure 1.4. a) A centrifuge tube showing localized bands of colour indicating
different SWNT species alongside their corresponding UV-Vis-NIR absorption
spectra. Reproduced with permission from Springer Nature.[62 Copyright 2010,

Springer Nature Limited.

In addition to the DGU technique, agarose gel columns have also been
used to purify SDS-SWNT dispersions. It has been found that m-SWNTSs elute
first from the column, therefore by varying the eluent, it is possible to obtain pure
sc-SWNT with narrow diameter distributions.[®3 A variation of this method has
also been developed where the SDS-SWNT mixture is absorbed into the
agarose and squeezed like a sponge to expel SWNTSs resulting in samples that
contain up to 70% of m-SWNTs.[6465 Sephacryl (a cross-linked copolymer of

al | yl de ximettaylane aisacdylanhide)Nife-exclusion chromatography (SEC)

12
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has also been used to separate metallic and semiconducting species (Figure

1.5).1661 68]

sc-SWNTs m-SWNTs

Figure 1.5. Photograph of Sephacryl-packed columns loaded with SDS-
dispersed SWNTs showing different bands containing semiconducting and
metallic species. Reproduced with permission.[® Copyright 2013, American

Chemical Society.

Surfactant-dispersed SWNTs can also be purified via an aqueous two-
phase technique. In this method, two water-soluble polymers, polyethylene
glycol (PEG) and dextran are mixed at certain concentrations to form separate
phases.[®97% Dispersions of DOC-SWNTs and SCh-SWNTs have been added

to these two-phase systems and it has been observed that SWNTs

13
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spontaneously partition between the phases based on their diameter or

electronic nature.

1.3.4 Dispersion of SWNTs using DNA

Absorbance

[ [
400 600 800 1,000 1,200
Wavelength (nm)

Figure 1.6. UV-Vis-NIR absorption spectra of raw HiPco SWNTSs (top black) and
12 isolated sc-SWNT chiralities that were obtained using DNA and IEX.
Reproduced with permission from Springer Nature.’1 Copyright 2009,

Macmillan Publishers Limited.

DNA can also be used as a selective dispersant for purifying SWNTs.["!

The nucleobases interact wit hstatkingg’? sur f a

14
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Moreover, the helical structure of the DNA allows the molecule to helically wrap
around the tubes and the hydrophilic charged functional groups of the DNA also
provide stability to the dispersion.[”3] The resulting DNA-SWNTs complexes can
be further purified using ion exchange chromatography (IEC),[" DGU!"®! or two-
phase extraction techniques.[’8 In contrast to surfactant-SWNT dispersions, the
DNA method can be highly selective toward specific electronic types or
chiralities. Indeed it has been found that specific single-stranded DNA
sequences preferentially wrap different groups of SWNT populations.[’”]
Therefore, a significant amount of work has been performed to find the proper
DNA sequence required for the purification of different SWNT chiralities. As
shown in Figure 1.6, Zheng et al.l’l were able to identify specific single-
stranded DNA sequences to separate and purify sc-SWNTs containing single

(n,m) species.

Despite the effectiveness of each technique described above for the
dispersion and purification of SWNTSs, these methods allow the production of
sub-microgram quantities of SWNTs and usually after combining multiple steps
and processes. As a result, these methods are very expensive and time-
consuming and are therefore not suitable for large-scale commercial

applications.

15



PhD. Thesig Dialia Ritaine McMaster- Chemistry and Chemical Biology

1.3.5 Dispersion of SWNTs using conjugated polymers

R R ll?
S N
2 KO (0
n n
R
polythiophene polyfluorene polycarbazole

Figure 1.7. Common examples of conjugated polymers used for the dispersion

of SWNTSs in organic solvents.

Dispersion of SWNTs using conjugated polymers is one of the most
promising methods that has been developed in terms of cost, time, and
processability.’® | n t hi s me-tohjugated backibame of the polymer
interacts with t he stackifgi%Taisintdractiorhdesrudtsu bes v
the van der Waals interaction of the bundles and prevents reaggregation
resulting in stable dispersions in organic solvents that are compatible with the
polymer (typically THF or toluene).l”? Different types of conjugated polymers
including homopolymers, alternating copolymers, random copolymers and
block copolymers have all been developed and demonstrated to be suitable for
the dispersion of SWNTs in both agueous and organic solvents. Among the
variety of polymer families, polyfluorenes,®%84  polythiophene, 85 8]
polycarbazoleP? %l and others!®4%8 (Figure 1.7) are well known for their
effective dispersion and purification of SWNTs. The wide library of monomer
structures combined with the tuning of the polymer structure (molecular
weight,[90:99.100 nature and length of the side-chainsl®.1017103]) enables not only

the dispersion of SWNTs but allows the processability in organic solvents that
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can lead to a variety of potential applications of these polymer-SWNTs
complexes such as in field-effect transistors (FETS),[*11047106] ¢ he mi c a |

senslorif e dhed uc tli* Ypétt i tnokvso, | tl &S ¢4 atRédv! iidodr . 23 47, 48]

I({(»v[Sonication]n))]
Side Chains ¥
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Figure 1.8. General view of the SWNT dispersion protocol showing the

sonication and centrifugation steps. The polymer features are labelled in blue
and preparation conditions are labelled in red. Reproduced with permission

from Chemical Science. Copyright 2017, Royal Society of Chemistry.

The preparation of polymer-SWNT complexes consists of a sonication
step followed by a centrifugation step and a filtration step (Figure 1.8).
Parameters such as sonication time and power,12 temperature,[89.113.114]
polymer: SWNT mass ratio,[9%192 solvent,[*15117] and centrifugation speed must
be optimized for different polymer-SWNT systems to allow effective SWNT
dispersions. Sonication is used to temporarily de-bundle the SWNTs to allow
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the conjugated polymer to access and interact with the SWNT surface and
prevent the re-bundling of the tubes. Some studies have demonstrated that
increasing the sonication time decreases the bundling but can also decrease
the average SWNT length.[*12 The sonication temperature also impacts the
effectiveness of SWNTSs dispersion. A low sonication temperature prevents the
polymer aggregates to dissociate and interact with the tubes while a high
sonication temperature can disfavour the polymer-SWNT complex formation
due to entropic penalties.[® Therefore, the effective sonication temperature
must be an intermediate temperature at which there is enough energy to
overcome polymer-polymer interactions and allow the formation of the polymer-
SWNT complex. The effective polymer: SWNT mass ratio depends on each
polymer systeml[®0%I put in general, the ideal ratio is where there is enough
polymer to interact with the SWNT surfaces but not enough polymer to saturate
all SWNT surfaces and indiscriminately disperse all SWNTs.[?%11€l |t has been
found that polymer-SWNT mass ratios of 0.5:1 146:1 produced the highest sc-
SWNT purity.[*02 Concerning the choice of solvent, the density must be lower
than the buoyant density of SWNT bundles (D1.3 g.cm3), otherwise, the
bundles cannot sediment upon centrifugation.!1 This excludes the use of
solvents such as dichloromethane and chloroform that are too dense (densities
of 1.3 and 1.5 g.cm, respectively). Other parameters such as viscosity, 116l
polarity® and dielectric constant!’’l have been shown to affect SWNT
dispersions. Solvents such as THF, toluene, o-xylene, m-xylene, tetralin and

decalin have been used to produce stable dispersion of sc-SWNTs.[118]
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1.4 Characterization of SWNTs
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Figure 1.9. Generalizations of various optical processes that can occur for
SWNTs, including a) absorbance, b) Rayleigh scattering, (c)

photoluminescence (PL) and d) Stokes Raman processes.

Specific methods are used to characterize the electronic nature of
SWNTs. Spectroscopy, including absorbance, resonance Raman
spectroscopy, and photoluminescence, is a powerful tool to characterize SWNT
species present in a dispersion. SWNTSs can be excited to a higher energy level
via thermal,l**°! opticall’® or electronic® methods and relax to the ground state
via the emission of a photon through different processes (Figure 1.9). The
guantum confinement of the electrons in the form of van Hove singularities in

the density of states gives SWNTSs interesting optoelectronic characteristics.

1.4.1 UV-Vis-NIR absorption spectroscopy

The absorbance process (Figure 1.9a) occurs when an incident photon
matches a corresponding excitonic energy difference (Ei), promoting an
electron to a higher energy state. Each SWNT species present in the dispersion

possesses its own distinct electronic transitions,[*? resulting in multiple
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absorption features in a UV-Vis-NIR absorption spectrum. Using this
characterization technique, sc-SWNTs and m-SWNTs can be observed
separately due to the difference in their density of states.l?® The diameter of
SWNTs also has an impact on the absorption characteristics, resulting in
different regions of interest in an absorption spectrum depending on the
diameter range of the produced SWNTs. HiPco SWNTs with diameters ranging
from 0.7 7 1.2 nm have four primary regions of interest: three semiconducting
regions (Si1 at 830 i 1600 nm, S22 at 600 i 800 nm, and Ssz3 350 i 500 nm)
and one metallic (M11 at 440 7 645 nm),l®l where the Sas region is typically not
shown due to its overlap with the polymer absorption. Using HiPco SWNTSs, the
Ma1 region overlaps with the Szzregion, increasing the difficulty in estimating the
ratio between sc-SWNTs and m-SWNTs within a sample (Figure 1.10a). For
dispersions that contain metallic SWNTs or SWNT bundles, a broad exponential
background*?ll is observed. It is therefore possible to make qualitative
assumptions about the electronic character of SWNT species present in a
sample, but other techniques such as photoluminescence mapping and
resonant Raman spectroscopy are required for a more complete

characterization.
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Figure 1.10. UV-Vis-NIR absorption spectrum HiPco dispersed SWNTSs using a
polyfluorene derivative in THF. The spectrum is labelled with regions that signify

semiconducting (S11, S22) and metallic (M11) SWNTSs.

1.4.2 Photoluminescence mapping

Photoluminescence (PL) spectroscopy is used to observe the
fluorescence of sc-SWNT species.[*2% When sc-SWNTs are excited to a higher
energy state, they can emit light upon relaxation. This phenomenon is only
observed for sc-SWNTSs as they have a band gap between their valence and
conduction bands. When excited, an electron can radiatively relax from the c1
to the vi energy levels and emit a photon*?? (Figure 1.10c). In contrast, m-
SWNTs possess a continuous density of states between the valence and
conducting bands, therefore, an electron excited to higher energy relaxes via
non-radiative pathways. To obtain a complete characterization of a SWNT
dispersion, multiple emission spectra using different excitation wavelengths are

gat hered i nt o eaachM.Imaxmamnm iodicatds ¢he @esence of a
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single SWNT species. PL maxima of all sc-SWNTs have been empirically
determined and can be used to provide qualitative information on which SWNT

species are present in the dispersion(*23 (Figure 1.11).
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Figure 1.11. PL map of dispersed HiPco SDBS-SWNTs in D20. The map is
overlapped with (n,m) chiral indices, for which excitation and emission energies

have been empirically determined.[®

The presence of m-SWNTs can also be indirectly evaluated using PL
mapping due to their fluorescence quenching.?4125 As mentioned above, the
excited electron radiatively relaxes to a lower energy state level. That electron
could also be accepted by a lower energy state of a nearby m-SWNT that
effectively quenches the fluorescence. This can be used when comparing
multiple samples by evaluating their relative fluorescence.l126.1271 However, it

should be noted that SWNT aggregates can also quench fluorescence. As one-

22



PhD. Thesig Dialia Ritaine McMaster- Chemistry and Chemical Biology

third of all SWNTs are metallic, any SWNT aggregates having three or more
tubes statically contain a metallic SWNT that quenches fluorescence. To
evaluate the degree of SWNT aggregation, techniques such as atomic force
microscopy, UV-Vis-NIR absorption and resonant Raman spectroscopy can be

used.

1.4.3 Resonant Raman Spectroscopy

In resonant Raman spectroscopy, the incident light is in resonance with
the electronic transitions of SWNTs and the excited electron relaxes to a
vibrational state with higher energy than the ground state (Stokes Raman
scattering)?!! (Figure 1.9d). The intensity of the Stokes-Raman scattering is
therefore measured and reported as a frequency difference (in cm'?1).1128.129] To
completely characterize SWNT dispersions, multiple laser excitation
wavelengths are required to match with the different van Hove singularities of
the SWNTs, allowing the examination of both sc-and m-SWNTs. The laser
wavelengths can be determined using a semiempirical Kataura ploti*tl which
plots the SWNT electronic transition energy as a function of the tube diameter

(Figure 1.12)
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Figure 1.12. Semiempirical Kataura plot of optical transition energies Si1 (black
circles), S22 (blue circles), and Mi1 (red stars) from the density of states of each
SWNT species. The diameter range of HiPco (D0.7 i 1.3 nm) is highlighted in

orange and the horizontal lines signify the laser excitation wavelengths used

during the Raman studies in this thesis.

The Raman spectrum of a SWNT dispersion (Figure 1.13) can be divided
into four main regions: the radial breathing mode (RBM) between ~ 100 i 400
cm?, the D-band between ~1250 i 1450 cm, the G-band between ~1550 i
1595 cm?, and -damdebetw@én ~2500 i 2900 cm™.’l Among these
regions, the RBM and D- and G-bands are the most used to characterize SWNT

samples.

24



PhD. Thesig Dialia Ritaine McMaster- Chemistry and Chemical Biology

G-band

=

7]

(=

i)

£ |} 100 200 300

8 Wavenumber ‘cm ')

N |

©

E

(o]

z

RBM D-band
E 1 L 1 L
500 1000 1500 2000 2500

Wavenumber (cm™)

Figure 1.13. Example of a Raman spectrum for a sample of HiPco SWNTs
showing the RBM (blue box), D-band (red box) and G-Band (blue box) regions.

The inset shows the zoomed RBM region to provide more detail.

The RBM region arises from radial vibrations from the carbon network and
depends on the diameter of the tubes. As described above, different laser
excitation wavelengths can be used to examine both m- and sc-SWNTs present
in a sample.'3% For HiPco SWNTSs with a diameter range of ~ 0.7 1 1.2 nm, the
514 nm, 633 nm, and 785 nm laser excitation wavelengths can be used for
complete characterization. The presence of sc- and m-SWNTs in a sample can

also be evaluated using the G-band region of the Raman spectrum.

The G-band is specific to graphitic structures that contain sp? hybridized
carbons. The G-band possesses two different modes: a low-frequency peak
called G- and a high-frequency peak referred to as G*.131 The G feature is
observed between 15501 1585 cm pand results from circumferential vibrations

of the SWNTs. The G* is at ~1590 cm *and arises from the axial vibrations of
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the tube. Qualitative observations of the G-band can be used to distinguish m-
SWNTs and sc-SWNTSs due to a change in the G shape. With sc-SWNTSs, both
the G* and the G bands exhibit Lorentzian lineshapes (Figure 1.14a). In
contrast, with m-SWNTSs species, only the G* exhibits the Lorentzian lineshape
and the G exhibits a broad, asymmetric feature (Breit-Wigner-Fano, or BWF
lineshape) (Figure 1.14b). It should be noted that, despite their metallic
character, the BWF lineshape is not observed for armchair nanotubes

(n=m).[t32
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Figure 1.14. Raman spectra showing the G-band of a) a raw HiPco SWNT
sample and b) a purified semiconducting HiPco SWNT sample, both observed

using the 514 nm laser excitation wavelength.

Finally, the D-band is often referred to as the disorder mode. The presence
of the D-band results in the electrons being scattered elastically by structural
defects such as impurities or sp3-hybridized carbons.['33134 Therefore,

examining the intensity of the D-band centred at ~1290 cm %relative to the G-
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band at ~1590 cm *rcan indicate the presence of sp3-hybridized carbons on the

nanotube structure, which correspond to defect sites.

1.5 Printed carbon nanotube electronics

1.5.1 The Internet of Things and Printed Electronics
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Figure 1.15. Internet of Things (loT) architecture. Reproduced with

permission.['3% Copyright 2011, IEEE.

The Internet of Things (IoT) is a term coined by Kevin Ashton in 1999
and represents the symbiosis of various technologies.[*36.137] The |oT can be
defined as an ecosystem where smart devices and sensors work together to
collect and exchange data.l'38] These internet-based devices aim to facilitate
our life and are used in various domains such as cities, homes, universities,

agriculture, health care and others (Figure 1.15).11351371139]

To promote and follow the demand for these smart devices, new

technologies such as Printed Electronics (PEs) have received great interest.
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Although conventional technologies produce performant devices, large-area
production is limited. Indeed, these technologies referred to as subtractive
technologies require a multi-step fabrication process that uses harsh conditions
such as chemical vapor deposition, metal etching, lithography and high-
temperature processing that can significantly increase the production cost and

result in toxic waste.[140.141]

In comparison, PE is an addictive technology that combines conventional
printing methods with the incorporation of conducting materials. This reduces
the number of fabrication steps (Figure 1.16) and allows the fabrication of low-
cost, large-area, lightweight, and more environmentally-friendly electronic
devices.[140.142.143] Moreover printing techniques are compatible with a variety of
substrates that can be flexible, stretchable, recyclable and/or biodegradable.
This includes natural or synthetic recyclable substrates such as polyimide
(PI),[144.145] polyethylene terephthalate (PET),[146l and polyethylene naphthalate
(PEN),*"1 paper, 1248150 nanocellulose,™Y silk,152 shellac,*3 polydimethylsiloxane
(PDMS),[154158] polyvinyl alcohol (PVA)5 and others1491571159] These substrates
are great alternatives to replace traditional substrates such as silicon (Si),
silicon dioxide (SiOz2), Indium Tin Oxide (ITO), germanium (Ga), germanium

arsenide (GaAs), and indium phosphide (InP).[158]
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Figure 1.16. Differences between the fabrication process of traditional
electronic devices (subtractive technology) and printed electronics (additive

technology). Reproduced with permission.!*43 Copyright 2008, Elsevier.

1.5.2 Materials for Printed Electronics

Different materials can be used as active layers for the fabrication of PEs.
This includes metallic nanopatrticles such a silver,[160.161 copperl162.163] gnd
others, 14 metal-oxide, 165166 grganic semiconductors such as small molecules

and conjugated polymers, 1671169 graphene,l179'1721 and carbon nanotubes.!173

175]

Metallic nanoparticle inks can be dispersed in organic or agueous
solvents. Although they can be produced in large quantities, nanopatrticle inks
are not suitable for stretchable devices and tend to aggregate.'%4 To prevent
agglomeration, dispersants and stabilizers can be used.!*®% However, this has
an impact on the resulting conductivity and needs to be removed via a thermal,

chemical, electric, or laser sintering process.!'76177 This results in extra cost
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and time and can damage the substrate.[160.178 Moreover, nanoparticles such

as copper tend to oxidize, which reduces the lifetime of the ink.[17°]

As an alternative, metal oxide inks such as copper oxide (CuO), iron
oxide (FeO), indium tin oxide (ITO), and zinc oxide (ZnO) nanopatrticle inks!64
are less expensive than pure nanoparticle ink and can be used without fear of
oxidation.[*64 However, these inks still require a sintering process to be
functional, which again increases the cost and time and limits the use of some
substrates. A lower temperature sintering process (< 200°C) can be achieved
by Atomic Layer Deposition (ALD).[*8% However, the cost of this chemical vapor
deposition technique can prevent the potential application of metal oxide inks

for large-area PEs.

Organic semiconductors such as small molecules and conjugated polymers
can also be used for the fabrication of PEs. This includes pentacene,!18l
anthradithiophene,!182 benzothiophene, 18] poly(3-hexylthiophene) (P3HT),!184
poly(3,4-ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS),!18% and
others.[186.1871 They offer low-cost and low-temperature processing, flexibility,
and stretchability and are solution-processable in aqueous or organic
solvents.[18] However, organic semiconductors suffer from a lower conductivity
than other materials!® and their reactivity with oxygen and moisture can limit

their application under ambient atmosphere.[187]

Graphene is also a material compatible with PEs due to its flexibility, high
surface-to-volume ratio and high carrier mobility.[**?] Despite these advantages,

graphene is considered a zero-bandgap semiconductor, and this can impact
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devices' performance. For example, the lack of bandgap results in a low on/off

ratio in transistors.[*°Y One solution is to oxidize graphene into graphene oxide

( GO) using chemical exfoliati o Thisi c h

process not only opens an energy bandgap but also introduces hydrophilic
groups that can provide GO dispersion in water or can be further functionalized
to obtain GO dispersion in organic solvents.[%1 However, in some cases, GO

needs to be further reduced to obtain reduced GO (rGO).[190.191]

In comparison to the materials mentioned above, SWNTSs are an interesting
alternative. Indeed, SWNTs have favourable properties due to their electricall’]
and mechanicall®! properties, their high aspect ratio and their ability to offer air
stability, flexibility, stretchability, large-area production, low processing
temperature, and low-cost devices.1”3l They can also be easily tunable without

using harsh chemical conditions.[*®!

1.5.3 SWNT-based inks and printing processes

Covalently and non-covalently functionalized SWNTs as well as pristine
SWNTs have been used to produce SWNT-based inks. Covalently
functionalized SWNTs with carboxylic acids (-COOH),!*%! amides (-CONH3) or
poly(ethylene glycol) (-PEG)1%4 and surfactant-dispersed SWNTs with a
surfactant such as sodium dodecyl sulfate (SDS),!1%] are typically used to obtain
SWNT inks in water. In contrast, pristine SWNTs!19:1971 and polymer-wrapped
SWNTSs[198.199] gre used to produce SWNT inks in organic solvents such as
toluene,!118! tetralin,[18] N,N-dimethylformamide (DMF)[2°0.201 and N-methyl-2-

pyrrolidone (NMP).[292 The use of water as a solvent for SWNT-based inks often

31

as



PhD. Thesig Dialia Ritaine McMaster- Chemistry and Chemical Biology

requires the addition of wetting agents to lower the surface tension.[203:204] |n
contrast, SWNT inks in organic solvents do not require additional
surfactants,?%4l  however their toxicity makes them unsuitable for
environmentally-mindful applications. At the time of this thesis, no SWNT inks
using fAgreenodo solvents have been c

fabrication of electronic devices.

Different printing processes can be used to deposit the SWNT-based ink
and can be classified into two main categories: template roll-to-roll (R2R)
printing and direct-write printing.[!4 One main R2R printing method used for
the printing of SWNTSs is gravure printing (Figure 1.17a).[20512071 This technique
is a continuous printing process where an engraved cylinder is used as a
template. The cylinder first rotates into an ink reservoir where a blade is used
to remove the excess ink and only leaves ink in the engraved cells. The cylinder
then transfers the ink onto the substrate. Although this process is suitable for
large-scale production, some limitations should be noted. The use of a template
prevents flexibility in terms of design and applications. Moreover, typical ink
viscosities for these methods range from 40 i 2000 centipoise (cP) which
require the use of binders such as a polymer matrix to achieve the desired
viscosity.'’4 The presence of binders can decrease the device's

performance."

As an alternative, the direct-write printing method such as inkjet printing
does not require the use of a template.['”¥ Indeed, the ink is pushed out a nozzle

at targeted positions on the substrate allowing the design of various patterns,

32

ompl et



PhD. Thesig Dialia Ritaine McMaster- Chemistry and Chemical Biology

as well as the pattern thickness as the size of the ink droplet, can be controlled.
The ink is ejected either in a continuous or drop-on-demand (DOD) way (Figure
1.17).1188] For the continuous mode (Figure 1.17b), the ink droplets are first
selectively charged in the nozzle before passing through a deflection system
where they are either printed on the substrate or deflected to the recycling
system. The main advantage of this type of deposition is the printing speed.
However, it requires the installation of a droplet charge device, a deflection
system, and the recycling system which can increase the cost. In contrast, with
the drop-on-demand mode (Figure 1.17c), the ink is pushed out the nozzle by
applying an electrical pulse signal generated by a piezoelectric transducer.
Therefore, the ink consumption is significantly reduced in comparison to the
continuous mode. Typical viscosities for inkjet printing range from 1 to 20 cP.[174
However, with low-viscosity solvent, a coffee-ring effect where the solvent dries
faster on the edges of the droplet can be observed.l'7 Therefore, solvent
properties such as boiling point, surface tension and viscosity must be carefully

chosen.[173]
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Figure 1.17. Schematic printing process for a) gravure printing. Reproduced
with permission.[2%8 Copyright 2005 Elsevier Ltd. b) continuous mode of inkjet
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printing and ¢) DOD mode of inkjet printing. Reproduced with permission. 2%
Copyright © 2017, Higher Education Press and Springer-Verlag GmbH

Germany.

1.5.4 Printed-SWNT devices: applications and challenges

As previously mentioned, SWNTs are great candidates to produce low-
cost, large-area, lightweight, flexible and stretchable PEs. One of the main
applications of printed SWNTs is SWNT-based thin film transistors
(TFTs).[175.202.2101 As any TFTs, SWNT-based TFTs are composed of three
electrodes (source, drain and gate), a dielectric layer and a SWNT
semiconducting layer. The SWNT layer is printed between the source (S) and
the drain (D) metal electrodes with a channel length usually ranging from tens
to hundreds of micrometres.[*73l In terms of performance, printed SWNT-TFTs
have shown mobilities up to 100 cm? V"1 s’ 1 with on/off ratios of up to 108.1173]
Based on their performance, SWNT-TFTs can be tuned to develop different
applications. Among these applications, radiofrequency (RF) devices[19:211 and
sensors and biosensors[1902121214] - flexible displays,[?112152168] and othersl173

1752171 have been reported.

As mentioned in the section above, SWNT inks can be prepared with
pristine  SWNTs, covalently functionalized SWNTs, or non-covalently
functionalized SWNTs. Among those three options, non-covalently
functionalized SWNTs with molecules such as conjugated polymers are one of
the best ways to purify and disperse pristine SWNTs without damaging the

nanotube surface. However, in terms of applications, conjugated polymers
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could also have an impact on the device's performance. Indeed, to achieve
good solubility, conjugated polymers are often functionalized with large and
non-conductive side-chains that can decrease the conductivity by preventing
good contact between the nanotubes. The conjugated polymer backbone itself
could also have an impact on the performance by hindering the surface of the
nanotubes and therefore decreasing the sensing performance or hindering the
charge transport.[218'220] |deally, to maximize the device performances, non-
conductive side-chains or insulating polymer backbones should be removed
from the nanotube surface post-printing to fully benefit from the electronic

properties of SWNTSs.

1.6 Removal of conjugated polymer from carbon nanotubes

Some research groups have developed polymers with cleavable
backbones. Among those backbones, polyimines[??1:2221 (Figure 1.18a) and
polytetrazines[??% (Figure 1.18b) have shown successful cleavage and removal
from the nanotube surface. Polyimines can be cleaved by the addition of a
catalytic amount of acid such as trifluoroacetic acid (TFA) to protonate the imine
bond (C=N).[223l Thermal decomposition and removal of polytetrazine at 250 °C
have shown interesting results in terms of device performance with a detection
limit of ammonia four times higher after removal of the polymer.122% Cleavable
copolymers have also been developed and used for the release of SWNTSs.
Chan-Park and coworkers have synthesized a polyfluorene containing disilane
units in the backbone (Figure 1.18c) where the treatment with hydrofluoric acid

(HF) solution breaks the disilane bond resulting in the decomposition of the
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polymer.[?24 Mayor and co-workers have also developed a photocleavable
copolymer that contains a fluorene and an o-nitrobenzylether unit (Figure
1.18d).[??° The irradiation of the polymer degrades the polymer backbone
resulting in the precipitation and release of the nanotubes. A poly(carbazole-co-
terephthalate) polymer (Figure 1.18e) has also been developed by our group
and was shown effective for the dispersion and release of sc-SWNTs upon

irradiation for 72 hours.[226]

Alternative approaches for the release of the nanotubes post-dispersion
include the use of polymers that can switch their conformation, as well as the
utilization of supramolecular polymers. In 2014, our group synthesized a
fluorene-based copolymer with a tetrathiafulvalene (TTFV) unit that undergoes
a conformational change upon protonation with TFA resulting in the effective
release of SWNTs (Figure 1.17f).2271 Toshimitsu and Nakashima have
developed a metal-coordination polymer (CP-Ms) composed of fluorene-
bridged bis(phenanthroline) ligands (Figure 1.17g) that can chelate different
metal ions.[??8l The CP-M polymer is then removed by the addition of a protic
acid resulting in the depolymerization into monomers that can be reused after
basic treatment. Following this work, Bao and co-workers synthesized a 2-
ureido6[1H]-pyrimidinone (UPy)-based H-bonded supramolecular polymer(22°]
(Figure 1.18h) for the dispersion of sc-SWNTs. The hydrogen bonds can be
disrupted by the addition of an acid resulting in depolymerization and isolation

of dispersant-free sc-SWNTSs.
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Figure 1.18. Conjugated polymers that have demonstrated removability from
SWNT surfaces via a) imine hydrolysis,[?21l b) thermal decomposition,i?%°! ¢c) acid
cleavage,[??? d) and e) photocleavage,??>22% f) acid mediated conformation
changes,’??”1 g) metal chelation mediated conformation changes[??®! and h)

hydrogen bond disruption. 22

As an alternative to cleavable backbones, some studies focused on the
cleavage of the insulating side-chains from the polymer. In 2019, Kawamoto
and coworkers prepared SWNT thin films dispersed by polythiophene
functionalized with carbonate linkers in their side-chains. When heating at 350
°C, the carbonate linkers are cleaved by decarboxylation resulting in higher

conductivity.[230]
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1.7 Objectives of this thesis

SWNTSs possess great electronic, mechanical, and optical properties that
make them promising materials for various applications. Currently, all SWNT
production techniques generate a heterogeneous mixture of semiconducting
and metallic species as well as non-SWNT impurities. Some purification
techniques such as DGU or column chromatography have been used to purify
SWNTs, however, they are expensive and difficult for large-scale purification.
As an alternative, conjugated polymer sorting has proven to be a scalable
method for the purification of SWNTs. They can easily be turned to disperse
specific SWNT species and obtain solubility in target solvents. Overall,
conjugated polymers are multifunctional and allow the purification,
processability and extraction of specific SWNTs at the same time. Therefore,
they are suitable as purification methods for the fabrication of SWNT-based
devices, particularly in the area of printed electronics. However, the non-
conductive side-chains and the polymer backbone could have an impact on the
performance of the SWNT device by preventing good contact between the
nanotubes. Some studies have shown that conjugated polymer backbones or
side-chains can be cleaved and removed from the polymer-SWNT complex

post-dispersion.

One major goal of this thesis focuses on the development of cleavable
polymer-SWNT complexes to maximize the potential performance of printed
devices post-precessing. In Chapter 2, | explore the impact on the conductivity
of polymer-SWNT thin films upon the removal of non-conductive side-chains.

This chapter is based on the functionalization of polymer with thermally
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cleavable side-chains that contain a carbonate linker. When heating, the
carbonate linker cleaves by decarboxylation. The study showed that the
conductivity was an order of magnitude higher for the cleavable sample in
comparison to the control sample after the removal of the side-chains.
Additionall vy, I also investigated the d
s o | v e nherefore, furictionalized the polyfluorene with larger and cleavable
side-chains that provided solubility in two new solvents: trimethylethylene glycol
monomet hyl ether and tetraethylene glycol
solvents and suitable for printing processes such as inkjet printing. In chapter
3, | functionalized the polyfluorene with a different type of side-chain to also
examine the impact on the conductivity after side-chain removal. | used
photocleavable side-chains that contain an ortho-nitrobenzyl ether linker that
can be cleaved by irradiation with a 365 nm light. The overnight irradiation of
the polyfluorene-SWNT complex resulted in the precipitation of the nanotubes
and a broad absorption peak of the nanotubes indicating that the loss of side-
chains eliminates steric stabilization of the nanotube dispersion. Although
effective cleavage was observed, conductivity measurements could not be
performed. For both studies, it was found that the surface of the nanotubes was
not damaged upon the heating or irradiation process. These results represent
proof-of-concept studies that could further be used for the fabrication of SWNT
devices where the removal of the side-chains will improve the device

performance.

To go further, | focused my attention on the synthesis of degradable and
water-soluble conjugated polymers. In chapter 4, | synthesized a functionalized
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and photocleavable polymer that contains a fluorene and an ortho-nitrobenzyl
ether unit. Similarly to the work with the photocleavable side-chains, the
backbone of the polymer degrades when exposed to a 365 nm UV light and can
therefore release SWNTSs. Characterization post-irradiation showed a decrease
of 56% in polymer fraction from the surface of the nanotube. The polymer-
SWNT complex was initially dispersed in an organic solvent such as THF, but
after functionalization with hydrophilic groups such as polyethylene glycol side-

chains, | was able to obtain a functionalized polymer-SWNT complex in water.

Finally, chapter 5 summarized my attempts at synthesizing a water-soluble
and degradable zwitterionic functionalized conjugated polymer. The target
polymer was a fluorene-based-conjugated polymer containing an imine linkage
that can be easily cleavable via addition of an acid. Moreover, the target
polymer was functionalized with amine groups at the end of the side-chain that
can then react with 1,3-propanesultone to obtain a water-soluble degradable
conjugated polymer. The non-cleavable analog polymer was also investigated.
Unfortunately, it was not possible to prepare the target polymers, causing us to

abandon this approach to disperse and release of SWNTSs.
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Chapter 2

Functionalization of polyfluorene-wrapped carbon

nanotubes using thermally cleavable side-chains

This chapter has been reprinted with permission from Journal of Polymer
Science: Ritaine, D.; Adronov, A. Functionalization of polyfluoreneZvrapped
carbon nanotubes using thermally cleavable sideZhains. J. Polym. Sci. (2022)
doi:10.1002/pol.20220362.
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Abstract

The length and nature of side-chains in conjugated polymer-wrapped
carbon nanotubes can impact their conductivity. We investigate the
functionalization of polyfluorene-SWNTs using cleavable side-chains that are
removable post-processing. The triethylene glycol side-chains contain a
thermally cleavable carbonate linker. Upon heating the films to 170 °C, the
conductivity increased, reaching a plateau of (2.0 + 0.1) 10?2 S/m after 16
hours, compared to (1.0 = 0.2) 103 S/m for the control sample. UV-Vis-NIR
and Raman spectroscopy show well-dispersed SWNT samples and confirm that
the heating treatment did not damage the nanotubes. Functionalization using
longer polyethylene glycol side-chains was also investigated. After heating,
cleavage of the longer chains resulted in conductivity of (8.2 + 1.6) 10% S/m
compared to (8.1 = 1.4) 10° S/m for the control. UV-Vis-NIR and Raman
spectroscopy showed well-dispersed SWNT samples and confirmed that the
nanotubes were not damaged. Finally, we investigate dispersions in triethylene
glycol monomethyl ether and tetraethylene glycol dimethyl ether, generally
deemed A g r e e nRolymer-8\WNTe compexes functionalized with
shorter side-chains did not form stable dispersions, resulting in precipitation of
the nanotubes upon standing for a few minutes after the removal of THF, while

complexes functionalized with longer side-chains formed stable dispersions.
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2.1 Introduction

Since their discovery, single-walled carbon nanotubes (SWNTs)! have
received extensive interest in materials science due to their mechanical,??3!
optical,*®land electronic properties.[®”] Many applications of SWNTs have been
reported, such as sensors,®? thin film transistors,['®1  organic
photovoltaics,[*2%3 flexible electronics,*415 conductive inks,['81") and numerous
other devices.['81% However, all commercial methods for SWNT production(20:21]
result in a complex mixture of amorphous carbon, leftover catalyst particles, as
well as a heterogeneous mixture of semiconducting and metallic species (sc-
and m-SWNTSs, respectively) that significantly diminish their performance within
many applications.l?2 Moreover, the intert ub & i nt er acti o
aggregation of SWNTs into bundles that are insoluble in common organic
solvents.?8l As a result, various functionalization techniques have been
developed to improve their solubility and purity, and these techniques are
broadly classified as either covalent or non-covalent strategies. Covalent
functionalization requires strongly oxidizing conditions that damage the SWNT
surface and therefore impact SWNT properties.[?425 In contrast, non-covalent
functionalization uses sonication in the presence of a dispersant to form a
dispersant-SWNT supramolecular complex that provides solubility in organic
solvents and prevents the reaggregation of SWNTs into bundles.?% 28l various
dispersants such as small aromatic compounds,?®31 surfactants,3?/34
biomolecules,®371 and conjugated polymers!®® 41 have been used. Among
these dispersants, conjugated polymers have received significant attention due

to their facile structural modification, such as the molecular weight, polymer
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backbone structure, and side-chain structure, to achieve desirable
properties.l*?'46l This has allowed conjugated polymer structures to achieve
selective dispersion of either sc- or m-SWNTSs, 4750 reversible assembly on the
nanotube surface, 5% or depolymerization in response to a stimulus to release

SWNTs.[56i 58]

Recently, attention has also been given to conjugated polymers that can
react post-supramolecular functionalization. To this end, our group prepared
polyfluorene derivatives containing azide groups in the side-chains and used
them to noncovalently functionalize SWNTs.[561 The resulting polyfluorene-
SWNT complexes, dispersed in organic or aqueous solvents were then
functionalized using either copper-catalyzed azideialkyne cycloaddition
(CuAAC) or strain-promoted azidel alkyne cycloaddition (SPAAC) without
damaging SWNT optoelectronic properties.l> 61 To achieve aqueous solubility,
polyfluorene-SWNT complexes were functionalized using a series of
polyethylene glycol (PEG) derivatives. However, these large side-chains are
non-conductive and remain at the nanotube surface, resulting in a dramatic
decrease in conductivity of the polymer-SWNT complex by preventing good
contact between adjacent nanotubes. A potential approach to solve this
problem is the use of cleavable side-chains that can be removed after the
device's fabrication. Some studies have shown an increase in performance after
removing the side-chain, such as improved power conversion efficiency for
organic photovoltaic cells,[%2' 66l improvement in semiconducting properties,[67:68l

or an increase in conductivity of polymer-SWNT thin films.[6%.70
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In this report, we describe the functionalization of a polyfluorene-SWNT
complex with a thermally cleavable side-chain containing a carbonate linker.
Side-chains containing carbonate linkers can be cleaved by decarboxylation
without leaving fragments on the polymer at temperatures from 140 to 350
°C.[697L.721 The moderate processing temperature required to cleave the side-
chains allows the fabrication of devices on different substrates and generally
results in a more robust and performant device.[’] Here, we are interested in
comparing the conductivity of our polyfluorene-SWNT complex functionalized
with either cleavable or non-cleavable side-chains. We first prepared SWNT
complexes containing triethylene glycol side-chains that provide solubility in
organic solvents. Then, we were interested in using larger side-chains that
could provide solubility in Agreener o sol

in Agreend organic electronics.

2.2 Results and Discussion

Polymer synthesis and characterization. To begin our investigation, we
prepared an azide-containing polyfluorene (PF-N3) according to literature
procedures.fl  Commercial fluorene was brominated using N-
bromosuccinimide (NBS) to produce precursor 1 (Supporting Information,
Scheme 2.3) followed by phase-transfer alkylation with 1,6-dibromohexane to
obtain compound 2. Compound 2 was then borylated using Miyaura conditions
to afford diboronate 3. Monomers 2 and 3 were then copolymerized using
Suzuki polycondensation to obtain the homopolymer PF-Br (Scheme 2.1). Gel

permeation chromatography (GPC) revealed an Mn of 33 kDa and a dispersity
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(n) o fPF-N& .was. then obtained via a reaction between PF-Br and
"BusN(N3) (generated in situ). The homopolymers were characterized by ‘H-
NMR spectroscopy to confirm the presence of alkyl azides (3.15 ppm) in PF-N3
and the disappearance of the signal corresponding to the alkyl bromides (3.31
ppm) in PF-Br (Supporting Information, Figure 2.14).
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NaCgH1z” CeH2Ns

PF-N;
Scheme 2. 1. Synthesis of PF-Br and PF-NG.

To introduce thermally cleavable side-chains, we prepared a TEG-
carbonate-alkyne via activation of propargyl alcohol with  N,N-
carbonyldiimidazole (CDI) followed by treatment with triethylene glycol
monomethyl ether and 4-dimethylaminopyridine (Supporting Information,
Scheme 2.6). The non-thermally cleavable analog was obtained via nucleophilic
substitution of propargyl bromide with triethylene glycol monomethyl ether
(TEG-OH) to obtain the TEG-alkyne (Supporting Information, Scheme 2.7). PF-
N3 was then functionalized with either TEG-alkyne (P1) or TEG-carbonate-
alkyne (P2) using copper-catalyzed azide-alkyne cycloaddition (CUAAC) (see

Supporting Information for details). The reaction was monitored by infrared (IR)
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spectroscopy via the disappearance of the polymer azide stretch at D2090 cm-
1 (Supporting Information, Figure 2.15). The resulting polymers were also
characterized by *H-NMR spectroscopy to confirm the disappearance of the
alkyl azides (3.15 ppm), the appearance of the aromatic proton in the triazole
ring (7.51 ppm), as well as the appearance of alkyl protons from the side-chain

between 3 and 5 ppm (Supporting Information, Figure 2.16).

O GO
Figure 2.1. Chemical structure of P1 and P2.

Thermal cleavage of the side-chains. The thermal cleavage of the side-
chains was investigated by thermogravimetric analysis combined with mass
spectrometry (TGA-MS) (Figure 2.2). The TGA-MS profile of P2 exhibited ~15%
weight loss between 150 °C and 200 °C, corresponding to the loss of CO2 (m/z
= 44). In contrast, no mass loss was detected for P1 at the same temperature
due to the absence of a cleavable linker. At higher temperatures, the
decomposition of the side-chains is observed for both polymers. The major
fragments detected by mass spectrometry correspond to the ether-based
f r a g me n t-cleavage ofrthe tethylene glycol chains as well as fragments
corresponding to the triazole and fragmented alkyl chains of the polymer at m/z

values of 31, 44, 59, 69, and 84 (see the Supporting Information, Figure 2.17).
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This indicates that programmed cleavage of the carbonate linkage occurs at
approximately 170 - 200 °C, followed by the decomposition of the rest of the

side-chain.

A —PF-N.TEG (P1) B —— PF-N,-TEG-carbonate (P2)
100 —miz=31
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Figure 2.2. TGA-MS profiles under argon of A) P1, and B) P2. Heating rate: 10

°C/min.

We next investigated the length of time required to cleave the side-chains.
Polymers were held at 200 °C under argon for 1 hour. As shown in Figure 2.3,
the % mass of P2 sharply decreased during the first 10 minutes from 100 % to
~ 80 %. In contrast, the mass loss for P1 was significantly less pronounced, with
a % mass decrease from 100 to 95% over the same time period. After 30 min
of heating, the mass loss for both polymers slows significantly. This suggests

that 30 minutes is sufficient to cleave the thermally cleavable side-chains.
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Figure 2.3. TGA thermograms for P1 (red) and P2 (black) at 200 °C under argon

for 1 hour.

Polymer-SWNT dispersions. With the cleavage temperature and heating time
identified, we next prepared our polymer-SWNT complexes. Complexes
between either P1 or P2 and raw HiPco SWNTs (average tube diameter 0.8 1
1.2 nm) were prepared following literature procedures.®! Briefly, a mixture of
7.5 mg of P1 or P2 and 5 mg of SWNTs in 10 mL of tetrahydrofuran (THF) was
sonicated using a probe sonicator for 1 hour. The resulting black suspension
was centrifuged at 8,346 g for 30 minutes, and the supernatant was carefully
removed to isolate the P1-SWNT and P2-SWNT dispersions. Unfortunately, the
resulting samples were not well dispersed and not concentrated enough to
continue our study (see Supporting Information, Figure 2.18). This could be due
to the presence of the TEG side-chains that may wrap around the polyfluorene
backbone and theriefoneedastuph bbBewéen th
the SWNTs. We then decided to functionalize PF-Nz post-dispersion. Briefly, a

mixture of 7.5 mg of PF-N3 and 5 mg of SWNTs in 10 mL of tetrahydrofuran
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(THF) was sonicated using a probe sonicator for 1 hour. The resulting black
suspension was centrifuged at 8,346 g for 30 minutes, and the supernatant was
carefully removed to isolate the PF-N3-SWNT dispersion. Following literature
procedures, the side-chains were introduced in situ via CUAAC (Scheme 2.2).[5
The reactions were monitored by IR spectroscopy via the disappearance of the
polymer azide stretch at D2090 cm™ (Supporting Information, Figure 2.19),
filtered through a Teflon membrane with 0.2 um pore diameter and thoroughly
rinsed with THF to remove all free polymer in solution. The resulting thin films
were then redispersed in 10 mL of THF using a probe sonicator for 30 minutes

to obtain PF-N3-TEG-SWNT and PF-N3-TEG-carbonate-SWNT.

SWNT

PF-N,

PP R
A @Y7 & >
I ',",‘f,";-.'a,?-i
SIS
..‘§3‘="‘Q’:.:
<X

PF-N,-SWNT
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///\o/\/o\/\o/\/o\ ///\OJLO/\/O\/\O/\’O\
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(7o’ €2
=SS0 1388
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PF-N,-TEG-SWNT PF-N,-TEG-carbonate-SWNT

Scheme 2.2. Schematic representation of a CUAAC functionalization of PF-N3

using TEG-alkyne and TEG-carbonate-alkyne.
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To characterize our polymer-SWNT compl exes, we fi-rst

Infrared (NIR) absorption spectroscopy (Figure 2.4). Each SWNT species
present within the polymer-SWNT sample exhibits its own absorption signals.
For HiPco SWNTSs, three main regions are observed: two semiconducting
regions, S11 ( 83071 1600 n2MmMpO0@GNEO0OGB nm), and

Mi1( 4 4 01T 6 45 Thenaimsorption spectra were normalized to the maximum
absorption of the peak at 1140 nm to compare the different SWNT species. PF-
N3-SWNT and the post-click dispersions (PF-N3-TEG-SWNT and PF-Ns3-TEG-
carbonate-SWNT) show similar absorption features, suggesting a successful
post-functionalization redispersion. As shown in Figure 2.4, both m- and sc-
SWNT species are present within the polymer-SWNT complexes, suggesting a
lack of any selectivity for specific SWNT types under the dispersion conditions

used.

S S
My, = v

—— PF-N;-SWNT
——— PF-N;-TEG-SWNT
—— PF-N,;-TEG-carbonate-SWNT

Normalized Absorbance

T T T T
600 800 1000 1200 1400 1600
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Figure 2.4. UV-Vis-NIR absorption spectra for PF-N3-SWNT (top), PF-N3-TEG-
SWNT (middle) and PF-N3-TEG carbonate-SWNT (bottom). Spectra were

normalized to the signal at 1140 nm and offset for clarity.
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To further characterize our polymer-SWNT complexes, Raman
spectroscopy was performed. This technique utilizes laser excitation
wavelengths that overlap with the van Hove singularities present in the density
of states for a specific SWNT species.l”®! Therefore, this technique allows the
examination of both m- and sc-SWNT species present in the polymer-SWNT
sample.l’ Since electronic transitions depend on SWNT diameter and type,
multiple excitation wavelengths are needed for a broad range of SWNTs.["*l The
polymer-SWNT samples for Raman spectroscopy were prepared by drop-
casting the dispersion onto a silicon wafer, followed by evaporation at RT. A
reference sample was prepared by sonicating raw SWNTs in chloroform
followed by the same drop-casting method. For HiPco SWNTSs, two excitation
wavelengths were used: 633 and 785 nm. Using these wavelengths, both m-
and sc-SWNTSs are separately probed.[”® Figure 2.5 shows the radial breathing
mode (RBM) for PF-N3-SWNT, PF-N3-TEG-SWNT and PF-Ns-TEG-carbonate-
SWNT dispersions. The spectra were normalized to the G-band (~ 1590 cm)
for comparative analysis (full spectra are provided in the Supporting
Information, Figure 2.20). Using the 633 nm excitation wavelength, both m-
(17571 23)aAndseyS WNTs (24 0'1) aré ia resomance and signals
corresponding to both nanotube types are observed (Figure 2.5A).[76! We then
used the 785 nm excitation wavelength to characterize our samples. sc-SWNTs
are primarily in resonance (175-280 cm) when using this wavelength. When
raw HiPco SWNTSs are excited at 785 nm, a peak at 265 cm* corresponding to
bundled (10,2) SWNTs is observed.[’”l As shown on the spectra (Figure 2.5B),

the intensity of this peak in the polymer-SWNT samples is significantly lower
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compared to the reference sample. This indicates that our samples are

relatively well dispersed.
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Figure 2.5. Raman Spectra of HiPco polymer-SWNT samples showing the RBM
regi onseat 623 m@eny 78BNm. Gray boxes represent signals
arising for sc-SWNTSs, whereas pink boxes represent m-SWNTSs. All the spectra

were normalized to the G-band at ~ 1590 cm.

Thermal cleavage of the side-chains on polymer-SWNT thin films. As noted
above, the temperature and heating time to cleave the side-chains on the
polymer were determined to be 170 - 200 °C and 30 minutes of heating. To
confirm that the polymer has the same behaviour within the polymer-SWNT
complex, PF-N3-TEG-SWNT and PF-Ns-TEG-carbonate-SWNT were heated at
both 200 and 170 °C for 1 hour under argon in the TGA instrument. As shown
in Figure 2.6, the behaviour of both samples is similar to that of the polymers
alone. At both temperatures, the cleavable sample exhibits a pronounced mass
loss due to thermal decomposition of side-chains, and the rate of mass loss is

higher at the higher temperature, as expected. The non-cleavable sample
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exhibits a small initial mass loss, likely due to the evaporation of residual
strongly hydrogen-bonded water, but then the mass plateaus and remains
constant. We also attempted heating at lower temperatures (130 and 150 °C)
and found similar behaviour, where the amount of mass loss for the cleavable
sample after 60 minutes decreased as the temperature was lowered (data not
shown). From this data, it is clear that the cleavable samples undergo the

expected side-chain cleavage at temperatures above 150 °C.

—— PF-N,-TEG-SWNT B —— PF-N,-TEG-SWNT
—— PF-N;-TEG-carbonate-SWNT
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Figure 2.6. TGA thermographs of PF-N3-TEG-SWNT and PF-N3-TEG-

carbonate-SWNT at A) 200 °C and B) 170 °C under argon for 1 hour.

Conductivity measurements. We next performed conductivity measurements
using a four-point probe method (see Supporting Information for details). Thin
films were prepared by filtration of PF-N3-TEG-SWNT and PF-N3-TEG-
carbonate-SWNT through a Teflon membrane with 0.2 um pore diameter
followed by overnight drying at 75 °C in a vacuum oven. Measurements were
performed in triplicate on each PF-N3-TEG-SWNT and PF-Ns3-TEG-carbonate-
SWNT film. Before the heating treatment, no conductivity could be detected for

either of the samples. The films were then heated at 170 °C for 30 minutes and,
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surprisingly, no measurable conductivity was again observed. However, after a
heating time of 1 hour, conductivity could be measured in both samples, where
the conductivity of PF-N3-TEG-SWNT was (8.7 + 0.3) 10®° S/m and the
conductivity of PF-N3-TEG-carbonate-SWNT was (1.5 + 0.1) 10 S/m. Since
the % weight loss observed in the TGA profiles did not plateau after 1 hour, we
decided to monitor the changes in conductivity over a longer heating time
(Figure 2.7). After 16 hours of heating, the conductivity of PF-N3-TEG-SWNT
and PF-Ns-TEG-carbonate-SWNT reached plateau values of (1.0 £ 0.2) 103
S/mand (2.0 £ 0.1) 102 S/m, respectively. Therefore, the conductivity of the
cleavable sample was about 133 times higher after 16 hours of heating
treatment compared to only 12 times higher for the control sample. This
indicates that cleavable side-chains led to an order of magnitude higher
conductivity upon extended annealing relative to the non-cleavable side-chain
sample. The prolonged annealing time required to achieve the conductivity
increase could be the result of the slow evaporation of TEG fragments from the
film, followed by a gradual reorganization of the nanotubes such that closer
inter-nanotube contacts are formed, leading to higher conductivity. No
significant changes in thickness were observed before and after the heating
treatment. However, a change in the physical characteristics of the films was
noticed, where PF-N3-TEG-carbonate-SWNT became more brittle than the
sample with non-cleavable side-chains under identical conditions. This
experiment was repeated a second time, and similar results were obtained
(Supporting Information, Figure 2.21). We also attempted to perform the same

heating treatment at 200 °C to determine if the conductivity of the cleavable
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sample would increase at a faster rate, however, the films heated to this
temperature became too brittle for the 4-point probe measurement (films

cracked upon contact), and the experiment had to be abandoned.
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Figure 2.7. Conductivity of PF-N3-TEG-SWNT (red) and PF-N3-TEG-carbonate-
SWNT (black) over time. Measurements were performed at 25°C using a four-

point probe.

Post-heating characterization. Raman spectroscopy was used to determine
if defects were introduced on the nanotube surface as a result of the heat
treatment. Examining the intensity of the D-band centred at ~1290 cm™ relative
to the G-band at ~1590 cm indicates the presence of sp? carbon atoms in the
nanotube structure, which correspond to defect sites.l”8 As shown in Figure 2.8,
there is no significant difference between pre- and post-heated samples when
observing the G and D-bands. This suggests that no nanotube defects were

generated by the heating treatment.
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Figure 2.8. Raman Spectra for PF-N3-TEG-SWNT and PF-N3-TEG-carbonate-
SWNT &t 63%nm showing A) the G- and D-band and B) the full spectrum
pre-and post-heating treatment. All the spectra were normalized to the G-band

at ~ 1590 cm1.

We then used contact angle measurements to evaluate the morphological
changes before and after heating treatment. The samples were prepared by
drop-casting PF-N3-TEG-SWNT and PF-N3-TEG-carbonate-SWNT onto a
silicon wafer with dimensions of 1 x 1 cm followed by evaporation at RT. To
characterize the surface properties, 2 uL of Milli-Q wat er ( 18 wd
deposited onto the surface. Contact angle measurements were performed in
triplicate, with the water droplet being placed at a different location on the
sample. As shown in Figure 2.9, PF-N3-TEG-SWNT and PF-N3-TEG-
carbonate-SWNT had a contact angle of 98 + 3° and 85 + 4° respectively before
the heating treatment. After heating the samples at 170 °C for 17 hours, PF-Ns-
TEG-SWNT and PF-N3-TEG-carbonate-SWNT had a contact angle of 99 + 2°
and 106 + 2°, respectively. As expected, the contact angle of PF-N3-TEG-

carbonate-SWNT after the heating treatment is higher due to the removal of the
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hydrophilic triethylene glycol side-chains, which is consistent with previous

heat
—l
B n

reports.[6°]

heat
—

Figure 2.9. Photograph of a droplet of water on the polymer-SWNT deposited
onto silicon wafer for A) PF-N3-TEG-SWNT before and after the heating
treatment. Contact angles are 98 + 3° and 99 + 2°, respectively and B) PF-Ns-
TEG-carbonate-SWNT before and after the heating treatment. Contact angles

are 85 £ 4° and 106 * 2° respectively.

Polymer-SWNT dispersions with longer side-chains. We next functionalized
PF-N3-SWNT with a larger polyethylene glycol that can provide solubility in
Agreenero solvent s, such as water or eth
mPEG polymer having Mn of 2.0 kDa to prepare our thermally cleavable and
non-cleavable side-chains as this chain length is expected to be effective for
dispersion in polar solvents.®® Preparation of the target side-chains with
thermally cleavable and non-cleavable linkers was performed using the same
synthetic protocols as with the TEG analogs above (Supporting Information,
Schemes 2.10 and 2.11). Again, the PF-N3-SWNT complex was first prepared
and the side-chains were introduced in situ via CUAAC.P The reactions were

monitored by IR spectroscopy via the disappearance of the polymer azide
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stretch at D2090 cm (Supporting Information, Figure 2.23), filtered through a
Teflon membrane with 0.2 pm pore diameter, and thoroughly rinsed with THF
to remove all free polymer. The resulting thin films were then redispersed in 10
mL of THF using a bath sonicator for 1 hour to obtain dispersions of PF-Ns-

MPEG2000-SWNT and PF-N3-mPEG2o00-carbonate-SWNT.
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Figure 2.10. UV-Vis-NIR absorption spectra for PF-N3-SWNT (top), PF-Ns-
MPEG2000-SWNT (middle) and PF-N3-mPEGzooo-carbonate-SWNT (bottom) in

THF. Spectra were normalized to the signal at 1140 nm and offset for clarity.

UVivisTNIR absorption spectroPEMpy was
MPEG2000-SWNT and PF-N3-mPEGzooo-carbonate-SWNT. The absorption
spectra were normalized to the maximum absorption of the peak at 1140 nm to
compare the different SWNT species (full spectra are provided in the Supporting
Information, Figure 2.24). As shown in Figure 2.10, both m- and sc-SWNT
species are present within the polymer-SWNT complexes, consistent with the

lack of selectivity for specific SWNT types we observed with the shorter side-
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chains (see above). Raman spectroscopy of drop-cast samples using both 633
nm and 785 nm excitation wavelengths again indicated that both m- and sc-

SWNTSs were present in the samples (Figure 2.11A).[7]
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Figure 2.11. Raman Spectra for HiPco polymer-SWNT samples showing the
RBM regi oas @33 Anewd35Bm. Gy boxes represent signals
arising for sc-SWNTSs, whereas pink boxes represent m-SWNTSs. All the spectra

were normalized to the G-band at ~ 1590 cm.

Conductivity measurements. PF-N3-mPEG2000-SWNT and PF-N3-mPEG:2000-
carbonate-SWNT thin films were prepared identically to the TEG analogs (see
above). Again, no conductivity could be detected for either of the samples
before the heating treatment. The films were then heated at 170 °C for 17 hours.
Since polyethylene glycol polymer is not volatile at this temperature, the thin
films were washed with hot water to remove the cleaved side-chains and dried
at 70 °C for 1 hour in a vacuum oven. Conductivity measurements were then
performed in triplicate on each PF-N3-mPEGz2000-SWNT and PF-N3-PEG2o00-

carbonate-SWNT film. After the heating treatment, the conductivity of PF-Ns-
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MPEG2000-SWNT and PF-N3-mPEGz2oo0-carbonate-SWNT was (7.4 £ 0.4) 10
5S/mand (7.4 £ 0.6) 10*“ S/m, respectively. Similar to the results with TEG
side-chains, the longer cleavable side-chains led to an order of magnitude
higher conductivity upon extended annealing relative to the non-cleavable side-
chain sample. No significant changes in thickness were observed before and
after the heating treatment. However, as observed with the shorter side-chains,
PF-N3-mPEGz2o000-carbonate-SWNT became more brittle than the sample with
non-cleavable side-chains under identical conditions. This experiment was
repeated a second time, and similar results were obtained with a conductivity
of (8.1+1.4) 105S/mand (8.2+1.6) 10*S/m for PF-N3-mPEG2000-SWNT
and PF-N3-mPEG2o0o-carbonate-SWNT, respectively. As with the TEG analogs
above, post-heating Raman analysis confirmed that the nanotubes were not
affected by the heating treatment (Supporting Information, Figure 2.25).
Additionally, contact angle measurements were performed on the samples pre-
and post-heating. As shown in Figure 2.12, PF-N3-mPEG2000-SWNT and PF-
N3-mPEG2o00-carbonate-SWNT had a contact angle of 70 + 3° and 66 + 2°
respectively before the heating treatment. After heating at 170 °C for 17 hours,
PF-N3-mPEG2000-SWNT and PF-N3-mPEG2o00-carbonate-SWNT had a contact
angle of 79 + 2° and 98 £ 3°, respectively. As expected, the contact angle of
PF-N3-mPEGz2o000-carbonate-SWNT after the heating treatment exhibited a
much larger increase than the control sample due to the removal of the

hydrophilic polyethylene glycol side-chains.

81



PhD. Thesig Dialia Ritaine McMaster- Chemistry and Chemical Biology

heat
—l
B
heat
—

Figure 2.12. Photograph of a droplet of water on the polymer-SWNT deposited

onto silicon wafer for A) PF-N3-mPEG2000-SWNT before and after the heating
treatment. Contact angles are 70 + 3° and 79 + 2° respectively, and B) PF-Ns-
MPEG2o00-carbonate-SWNT before and after the heating treatment. Contact

angles are 66 * 2° and 98 * 3°, respectively.

Dispersion in green solvents. We next investigated the dispersion in more
eco-friendly solvents that can be suitable for inkjet printing applications. 7985l
Common solvents used for SWNT inkjet printing include water,[5871 N N-
dimethylformamide (DMF),[81.82888% and N-methyl-2-pyrrolidone (NMP).[%
However, the use of water as an inkjet-printing solvent often requires the
addition of wetting agents to lower the surface tension.[”® While DMF and NMP
do not require additional surfactants, their toxicity makes them unsuitable for
sustainable and environmentally-mindful applications. As an alternative, we
decided to use ethylene glycol oligomers such as triethylene glycol monomethyl
ether (TEGME) and tetraethylene glycol dimethyl ether (Tetraglyme) for our
SWNT dispersions. Their viscosity, 7.8 and 4.05 cP, respectively and boiling
point of 249 °C and 275 °C are suitable for potential inkjet printing

applications.P1 93]
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Using the preparation procedures described above, a THF dispersion of
PF-N3-mPEG2o000-carbonate was prepared (10 mL). To this was added an
equivalent volume of either triethylene glycol monomethyl ether or tetraethylene
glycol dimethyl ether and the THF was removed by rotary evaporation in vacuo.
As shown in Figure 2.13D, the dispersions were stable in both green solvents
after the removal of THF. We then characterized the dispersions using
UVTivi si NIR absorption spectroscopy.
to the maximum absorption of the peak at 1140 nm to compare the different
SWNT species. As shown in Figure 2.13A, the PF-N3-mPEG:2o00-carbonate-
SWNT sample in THF and the dispersions in greener solvents show similar
absorption features, suggesting that the nanotubes remain well dispersed after
the solvent exchange process. Raman analysis also indicated that there were
no appreciable differences in the nanotubes dispersed in the green solvents
relative to the dispersion in THF (Figures 2.13B and 2.13C). The solvent
exchange was also performed on PF-N3-mPEG2000-SWNT and gave similar
results (Supporting Information, Figures 2.27 and 2.28). It should be noted that
when the solvent exchange process was performed with PF-N3-TEG-SWNT
and PF-Ns3-TEG-carbonate-SWNT dispersions, complete precipitation of the
nanotube complexes was observed upon standing, confirming the requirement
for the longer PEG chains to achieve solubility in the green solvent (Supporting

Information, Figure 2.29).
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Figure 2.13. A) UV-Vis-NIR absorption spectra for PF-N3- mPEG2o00-carbonate-

SWNT before and after solvent exchange. Spectra were normalized to the

signal at 1140 cm! and offset for clarity. B) Raman Spectra for HiPco polymer-

SWNT sampl es showi ng et =h683nREMRamangpeotras at o
for HiPco polymer-SWNT sampl es showing e&h7W@@nRmBM r eg
Gray boxes represent signals arising for sc-SWNTs, whereas pink boxes

represent m-SWNTs. All the spectra were normalized to the G-band at ~ 1590

cm™. D) photograph of PF-N3-mPEGzo0o-carbonate-SWNT in THF (left),

triethylene glycol monomethyl ether (middle) and tetraethylene glycol dimethyl

ether (right).

84



PhD. Thesig Dialia Ritaine McMaster- Chemistry and Chemical Biology

2.3 Conclusion

Polyfluorene-SWNT complexes were functionalized with either thermally
cleavable or non-cleavable TEG side-chains. Characterization using UV-Vis-
NIR and Raman spectroscopy showed that the nanotubes were well dispersed
by these polymers. The thermal cleavage of the side-chains was first
investigated by TGA-MS on the polymer and indicated that the decarboxylation
occurs between 150 and 200 °C. Thin film samples of the polymer-wrapped
SWNTSs were prepared, and the heating temperature of the films was set to 170
°C. The conductivity was monitored as a function of heating time and reached
a plateau of (2.0 £ 0.1) 102 S/m for the cleavable sample, which is 20 times
higher than the non-cleavable sample. Characterization after the heating
treatment showed no damage to the nanotube surface. Functionalization using
longer PEG side-chains was also investigated. After the heating treatment at
170 °C followed by a wash with water, the conductivity of the cleavable sample
was (8.2 + 1.6) 10* S/m, which is 10 times higher than the non-cleavable
sample. No defects on the nanotubes were observed post-heating treatment.
Lastly, the stability of the dispersions in greener solvents was investigated
through a solvent exchange process. Polymer-SWNT complexes functionalized
with polyethylene glycol side-chains remained stable and well-dispersed in both
triethylene glycol monomethyl ether and tetraethylene glycol dimethyl ether
after the solvent-exchange process. This was confirmed by UV-Vis-NIR
absorption spectroscopy and Raman spectroscopy. The increase of

conductivity after the removal of the side-chains and the stability of these
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nanotube dispersions in greener solvents warrant further investigation and

development of these SWNT materials as green inks for inkjet printing.

2.4 Supporting information

2.4.1 General

Raw HiPco SWNTs were purchased from Nanolntegris (batch #HR30-166
and #HR37-033) and used without further purification. All reagents were
purchased from commercial chemical suppliers and used as received. Flash
chromatography was performed using an Intelliflash280 by AnalLogix. Unless
otherwise noted, compounds were monitored using a variable wavelength
detector at 254 nm. Solvent amounts used for gradient or isocratic elution were
reported in column volumes (CV). Columns were prepared in Biotage® SNAP
KP-Sil cartridges using 40 i 63 pum silica or 25 7 40 um silica purchased from
Silicycle. TH-NMR and 3C-NMR spectra were recorded on Bruker Avance 600
MHz and shift-referenced to the residual solvent resonance. Polymer molecular
weights and dispersities were analyzed (relative to polystyrene standards) via
GPC using a Waters 2695 Separations Module equipped with a Waters 2414
refractive index detector and a Jordi Fluorinated DVB mixed bed column in
series with a Jordi Fluorinated DVB 105 A pore size column. THF with 2%
acetonitrile was used as the eluent at a flow rate of 2.0 mL/min. Sonication was
performed using a QSonica Q700 Sonicator equipped with a 13 mm probe. The
amplitude of the probe was 60 um and the sonication power was 30 Watts.
Centrifugation of the polymer-SWNT samples was performed using a Beckman

Coulter Allegra X-22 centrifuge. UV-Vis-NIR absorption spectra were recorded
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on a Cary 5000 spectrometer in dual beam mode, using matched 10 mm quartz
cuvettes. Raman spectra were collected with a Renishaw InVia Laser Raman
spectrometer, using two different lasers: a 500 mW HeNe Renishaw laser (633
nm, 1800 L/mm grating); and a 300 mW Renishaw laser (785 nm, 1200 L/mm
grating). Raman samples were drop-cast onto freshly cleaned silicon wafers
and allowed to air-dry at room temperature. Thermogravimetric analysis was
performed on a Mettler Toledo TGA/DSC 3+, equipped with a Pfeiffer
ThermoStar GSD 320 mass spectrometer, and all measurements were
conducted under an argon atmosphere. The TGA plots in Figure 2.6 were
obtained by heating the sample to 100 °C for 45 minutes to drive off water,
followed by heating to 170 or 200 °C (20 °C per min), followed by a hold for 1
hour. Data was collected during the hold period at 170 or 200 °C. Conductivity
measurements were recorded using an Ossila four-point probe system. Contact
angle measurements were obtained using an Optical Contact Angle (OCA35)

instrument from the DataPhysics instrument and the software used was SCA20.
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2.4.2 Synthesis

O Q BrCqH,,Br, "Bu,NBr
Br 2>
HBr(aq) ACOH (_I</"B" “sat KO, Toluene

reflux
4% 1 48%
szlnz KOAc
e et
. Dloxane 80° i
BrCGH12 C6H128r 67% BrC H12 CGH128I'
2 3

Scheme 2.3. Synthesis of monomers 2 and 3.

Compounds 1, 2 and 3 were prepared according to literature procedures.64

[(o-tolyl) 3P]2Pd

o+ AL

THF/Toluene

BI'CGH12 sH12Br B"CGH12 C6H1ZBr 3M K3PO4(EQ) BrCgH15 CsH1zBr
88% PF-Br

Scheme 2.4. Synthesis of PF-Br.

Poly(bis(6-bromohexyl)fluorene) (PF-Br)61

A Schlenk tube equipped with a stir bar was charged with 2 (0.87 g, 1.34 mmol),
3 (1.00 g, 1.34 mmol), THF (6.7 mL), toluene (6.7 mL), and 3M K3POu4(aq) (13.4
mL). The reaction mixture was degassed by three freeze-pump-thaw cycles.
The biphasic mixture was frozen under liquid nitrogen, then [(o-tol)sP]2Pd (14
mg, 20.2 umol) was added under a positive pressure of nitrogen. The Schlenk
tube was evacuated and backfilled three times, and the reaction was vigorously

stirred at 60 °C for 2 h 30 min. The phases were allowed to separate, and the
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organic layer was filtered through a plug of celite and neutral alumina (1:1
composition). The plug was washed with THF, and the filtrate was concentrated
in vacuo. The crude polymer was precipitated in MeOH (~ 200 mL) and filtered
to afford PF-Br as a yellow solid (1.16 g, 88%). *H-NMR (600 MHz; CDCl3) :
7.86 (m, 2H), 7.73-7.67 (m, 4H), 3.31-3.28 (m, 4H), 2.15 (m, 4H), 1.71-1.69 (m,

4H), 1.28-1.25 (m, 4H), 1.18 (m,4H), 0.88 (m, 4H).

QL) e (O ()
. THF, reflux . n

n

0,
BrCgHy,” CeH12Br o N3CgHyz” CeH12Ns
PF-Br PF-N,

Scheme 2.5. Synthesis of PF-N.
Poly(bis(6-azidohexyl)fluorene) (PF-Ns)61

A round bottom flask equipped with a stir bar was charged with PF-Br (1.00 g,
2.04 mmol), NaNs (1.33 g, 20.3 mmol), "BuaNBr (1.33 g, 4.1 mmol) and THF
(200 mL). The reaction mixture was heated to reflux for 24 h. The reaction
mixture was filtered through a neutral alumina plug, washed with THF and
precipitated in MeOH (~ 200 mL) to afford PF-Ns (0.73 g, 86%).'H-NMR (600
MHz; CDCls) :  #-7.85.(r8, 2H), 7.72-7.68 (m, 4H), 3.16-3.14 (m, 4H), 2.15

(m, 4H), 1.46, 1.40 (m, 4H), 1.25-1.20 (m, 8H), 0.88-0.83 (M, 4H).

0 (o)
CDI )L TEG-OH, DMAP )L o o
///\OH —>CH2C|2 ///\O N«N —>CH2C|2 /\O Q7 RTINSO NN
93% \~/ 7%
4 TEG-carbonate-alkyne

Scheme 2.6. Synthesis of TEG-carbonate-alkyne.
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1H-Imidazole-1-carboxylic acid, 2-propyn-1-yl-ester (4)°4

A round bottom flask equipped with a stir bar was charged with N,N-
carbonyldiimidazole (3.47 g, 21.4 mmol) in 180 mL of dichloromethane.
Propargyl alcohol (1.00 g, 17.8 mmol) was added, and the solution was stirred
for 2 h. The organic layer was washed with water (3 x 90 mL), dried with MgSOa
and concentrated to give a brown solid (2.49 g, 93%). 'H-NMR (600 MHz,
CDCls) : U 8.16 (s, 1H), 7.44 (s, 1H),

(t, J=2.49 Hz, 1H).

2-(2-(2-methoxyethoxy)ethoxy)ethyl  prop-2-yn-1-yl carbonate (TEG-carbonate-

alkyne)

A 100 mL round bottom flask equipped with a stir bar was charged with 4 (2.0
g, 13.3 mmol), triethylene glycol monomethyl ether (2.6 g, 15.9 mmol) in 27 mL
of dichloromethane. 4-dimethylaminopyridine (0.3 g, 2.66 mmol) was added,
and the solution was stirred for 2 h. The organic layer was washed with water
(3 x 10 mL), dried with MgSO4 and concentrated to give a colourless oil (2.52
g, 77%). *H-NMR (600 MHz, CDCls) : U 4J.=2.8 Hz( aH), 4.33-4.31 (m,
2H), 3.74-3.73 (m, 2H), 3.66-3.64 (m, 6H), 3.56-3.54 (m, 2H), 3.38 (s, 3H), 2.52
(t, J=2.5Hz,1H). 3CNMR (151 MHz,CDCls) : & 154.7, 77.

70.78, 70.75, 69.0, 67.7, 59.2. ESI-MS m/z calculated for C11H180 [M]*: 246.11

found [M+Na]*:269.0

NaH @) )
HO OO+ B T S N e g e
85% TEG-alkyne

Scheme 2.7. Synthesis of TEG-alkyne.
90
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Triethylene glycol methyl propargyl ether (TEG-alkyne)®®

A round bottom flask equipped with a stir bar was charged with triethylene glycol
monomethyl ether (1.00 g, 6.09 mmol) in 60 mL of dry THF at 0 °C. NaH (0.28
g, 6.69 mmol) was added to the solution, and the reaction mixture was stirred
at 0 °C. After 1 h, propargyl bromide (80% in toluene, 1.43 g, 7.91 mmol) was
added dropwise. The reaction mixture was stirred at RT overnight, quenched
with water (30 mL) and extracted with DCM (3 x 30 mL). The organic layers
were combined, washed with brine (3 x 25mL), dried with MgSO4 and
concentrated in vacuo to afford TEG-alkyne as an orange oil (1.05 g, 85%). *H-
NMR (600 MHz; CDCls) : U 4J.=2.8 Hz( 2H), 3.71-3.63 (m, 10H), 3.55-

3.54 (m, 2H), 3.37 (s, 3H), 2.42 (t, J = 2.4 Hz, 1H).

-
N3CgH12 CeHioNg
' AP ) '
% —_—
O n oz 0 o > T THFTEA O O o
P1

74%

Scheme 2.8. Synthesis of PF-N3-TEG (P1).
CuAAC procedure for PF-Nszand TEG-alkyne (P1)

A round bottom flask equipped with a stir bar was charged with PF-N3 (0.1 g,
0.24 mmol), TEG -alkyne (0.11 g, 0.53 mmol) in 16 mL of 1:1 THF/TEA. To the

reaction mixture, Cu(OAc) (1 mg, 0.01 umol). The reaction mixture was stirred
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at 30 °C under N2. The reaction progress was monitored by IR spectroscopy for
the disappearance of the azide stretch ~2090 cm*. After overnight stirring, the
polymer precipitated and was filtered to obtain P1 (0.14 mg, 74 %). 'H-NMR
(600 MHz; CDCls): U 7.90-7.85 (m, 2H), 7.77-7.67 (m, 4H), 7.53-7.48 (m, 2H),
4.69-4.63 (m, 4H), 4.27-4.19 (m, 4H), 3.69-3.64 (m, 18H), 3.58-3.52 (m, 4H),
3.39-3.37 (m, 6H), 2.20-2.09 (m, 4H), 1.79-1.71 (m, 4H), 1.23-1.11 (m, 10H),

0.88-0.77 (m, 4H).

- 2
\\\O IO
, k;
~ 8 o0
O\g o)

N3CgHy CoH12Ng

(o]
U o o Cu(OAc)
r o Ononos SR (S T

0,
76% P2

Scheme 2.9. Synthesis of PF-Ns-TEG-carbonate (P2).
CUuAAC procedure for PF-Nzand TEG-carbonate-alkyne (P2)

A round bottom flask equipped with a stir bar was charged with PF-N3 (0.1 g,
0.24 mmol), TEG-carbonate-alkyne (0.13 g, 0.53 mmol) in 16 mL of 1:1
THF/TEA. To the reaction mixture, Cu(OAc) (1 mg, 0.01 pumol). The reaction
mixture was stirred at 30 °C under Nz. The reaction progress was monitored by
IR spectroscopy for the disappearance of the azide stretch ~2090 cm™. After
overnight stirring, the polymer precipitated and was filtered to obtain P2 (0.16
mg, 76 %). 'H-NMR (600 MHz; CDCls): Ui 7.90-7.85 (m, 2H), 7.76-7.67 (m, 4H),

7.62-7.57 (m, 2H), 5.27-5.22 (m, 4H), 4.31-4.29 (m, 4H), 4.26-4.22 (m, 4H),
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3.74-3.71 (m, 4H), 3.66-3.65 (m, 10H), 3.56-3.54 (m, 4H), 3.39-3.36 (m, 6H),

2.20-2.10 (m, 4H), 1.81-1.71 (m, 6H), 1.25-1.11 (m, 10H), 0.88-0.76 (m, 4H).
General CuAAC procedure for PF-N3-SWNT and the side-chains

A glass vial equipped with a stir bar was charged with 10 mL of PF-N3-SWNT
and 2.05 equivalents of the side-chains. Equivalents were calculated using the
mass of the polymer present (based on the SWNT dispersion protocol) and then
using the molecular weight of the repeat unit. To the mixture, 1 mg of Cu(OAc)
and 10 equivalentsof H¢ ni gds b as eto @GU(QAb) (10 g &6 eurnal)
were added. The reaction mixture was stirred at RT, and reaction progress was
monitored by IR spectroscopy for the disappearance of the azide stretch ~ 2090
cm, Isolated polymer-SWNT complexes were found to be easily dispersible in

THF and other organic solvents, with concentrations approaching 3 mg/mL.

O
O
DMAP P'S 0
HO O -
20PNy T AN s 20 0o
\~/ 92%
4 MPEG,(0-OH mPEG,(y,-carbonate-alkyne

Scheme 2.10. Synthesis of mMPEG2o00-carbonate-alkyne.

MPEG2o00-carbonate-alkyne

A 20 mL vial equipped with a stir bar was charged with compound 4 (50 mg,
0.33 mmol) in 3 mL of dichloromethane. mPEG2000-OH (0.73 g, 0.36 mmol) and
4-dimethylaminopyridine ( 10 mg, 66 umol) were added. The solution was
stirred overnight at RT. The reaction mixture was precipitated into 1.1 Hexanes/

Et2O (~ 200 mL). The precipitate was collected in a Hirsch funnel and then
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washed with Et20 (3 x 20 mL), followed by drying in vacuo to afford mPEG2000-
carbonate-alkyne as a white powder (0.64 g, 92%). 'H-NMR (600 MHz;
CDCls): U 4.73 (d, J = 2.5 Hz, 2H), 4.32-4.31 (m, 2H), 3.74-3.72 (m, 7H), 3.67-
3.63 (m, 186H), 3.55-3.54 (m, 4H), 3.38 (s, 3H), 2.54 (t, J = 2.4 Hz, 1H).13C

NMR (151 MHz; CDCI3): i 75.7, 71.9, 70.71, 70.65, 70.62, 70.58, 70.53, 68.8,

67.5, 59.0, 55.3
HO o) NaH o) -
95%
MPEG;(0o-OH MPEG,yqq-alkyne

Scheme 2.11. Synthesis of mMPEG2o00-alkyne.
MPEG2o00-alkyne

A 20 mL vial equipped with a stir bar was charged with mPEG2000-OH (0.5 g,
0.25 mmol) in 2.5 mL of dry THF. The solution was cooled at 0°C and NaH was
added (12 mg, 0.32 mmol). The solution was stirred at 0°C for 30 minutes and
propargyl bromide (69 mg, 0.32 mmol) was added dropwise. The solution was
stirred overnight at RT. The reaction mixture was precipitated into 1:1 Hexanes/
Et20. The precipitate was collected in a Hirsch funnel, then washed with Et20
(3 x 20 mL) followed by drying in vacuo to afford mPEGzoo0-alkyne as a white
powder (0.46 g, 95%).1H-NMR (600 MHz; CDCls): i 4.20 (d, J = 2.4 Hz, 2H),
3.76-3.73 (m, 2H), 3.71-3.60 (m, 186H), 3.56-3.51 (m, 4H), 3.37-3.36 (m, 3H),
2.43 (t, J = 2.4 Hz, 1H).3C NMR (151 MHz; CDCI3): Ui 79.6, 74.6, 71.9, 70.54,

70.49, 70.46, 70.37, 69.1, 59.0, 58.4
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Figure 2.14.'H NMR overlay of PF-Br (blue) and PF-Ns (red).
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Figure 2.15. FT-IR overlay of the click reaction between PF-N3, TEG-alkyne

and TEG-carbonate alkyne.

95



PhD. Thesig Dialia Ritaine McMaster- Chemistry and Chemical Biology

o |
| 0 WU M PF-N3-TEG-carbonate
’
|1

AM 4}\’.._4

A AU il PF-Ns-TEG
x b '
L L A LA PF-N3
T T .Y T T
ppm 6 4 2 0

Figure 2.16. *H NMR overlay of PF-Nz (bottom), PF-N3-TEG (middle) and PF-

N3-TEG-carbonate (top).
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Figure 2.17. Possible cleavage mechanism and fragmented side-chains with

masses (m) listed.
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Figure 2.18. UV-Vis-NIR absorption spectra for P1-SWNT (red) and P2-TEG-

SWNT (black).
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Figure 2.19. FT-IR overlay of the click reaction between the PF-N3-SWNT

complex, TEG alkyne and TEG-carbonate-alkyne.
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Figure 2.21. Conductivity of PF-N3-TEG-SWNT (red) and PF-Ns-TE-carbonate-

SWNT (black) of the repeated experiment. Measurements were performed at

25°C using a four-point probe.
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Figure 2.22. Raman spectra for PF-N3-TEG-SWNT and PF-Ns-TEG-carbonate-
SWNT a=t785am showing A) the G- and D-band and B) the full spectrum
pre-and post-heating treatment. All the spectra were normalized to the G-band

at D1590 cm.
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Figure 2.23. FT-IR overlay of the click reaction between the PF-N3-SWNT

complex, mMPEGzo00-alkyne and mPEG2oo0o-carbonate-alkyne.
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Figure 2.25. Raman Spectra for PF-N3-mPEG2000-SWNT and PF-N3-mPEG2000-
carbonate-SWNT pre-and post-h e at i ng t r & =a@33mrenrshowiagtA) o
theG-andD-band and B) the fdaf785mpowingCute and a
G- and D-band and D) the full spectrum. All the spectra were normalized to the

G-band at ~ 1590 cm™1.
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Figure 2.26. Full Raman spectra for PF-N3- mPEGzooo-carbonate-SWNT before
and after solvent exchange at A) ex® 6 3 3 n m,x =B85 nm )AIl tee

spectra were normalized at D1590 cm™.
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Figure 2.27. A) UV-Vis-NIR absorption spectra for PF-N3-mPEGz2000-SWNT
before and after solvent exchange. Spectra were normalized to the signal at
1140 cm™ and offset for clarity. B) Raman Spectra for HiPco polymer-SWNT
samples showing tke BBB nerg85a@m Smyboxess
represent signals arising for sc-SWNTs, whereas pink boxes represent m-
SWNTs. All the spectra were normalized to the G-band at ~ 1590 cm* and D)
photograph of PF-N3-mPEGz2000-SWNT in THF (right), triethylene glycol

monomethyl ether (middle) and tetraethylene glycol dimethyl ether (right).
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Figure 2.28. Full Raman spectra for PF-N3- mPEG2000-SWNT before and after
solvent-e x changeeat 688 adn,/85 Bn. Allathe spectra were

normalized at ~ 1590 cm.

Figure 2.29. Photograph of the polymer-SWNT complex before and after the
green solvent exchange A) PF-N3-TEG-SWNT in THF (left), triethylene glycol
monomethyl ether (middle) and tetraethylene glycol dimethyl ether (right), B)
PF-Ns-TEG-carbonate-SWNT in THF (left), triethylene glycol monomethyl ether

(middle) and tetraethylene glycol dimethyl ether (right).
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Figure 2.31. *H-NMR spectrum of compound 4.
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Figure 2.32.*H-NMR spectrum of TEG-carbonate-alkyne.
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Figure 2.33. 3C-NMR spectrum of TEG-carbonate-alkyne in CDCla.
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Figure 2.35. *H-NMR spectrum of TEG-alkyne in CDCls.
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Chapter 3

Decoration of Polyfluorene-Wrapped Carbon Nanotubes

with Photocleavable Side-Chains

This chapter has been reprinted with permission from MDPI: Ritaine, D.;
Adronov, A. Decoration of Polyfluorene-Wrapped Carbon Nanotubes with
Photocleavable Side-Chains. Molecules 2023, 28, 1471.
https://doi.org/10.3390/molecules28031471
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Abstract

Functionalizing polyfluorene-wrapped carbon nanotubes without
damaging their properties is effective via Copper-Catalyzed Azidei Alkyne
Cycloaddition. However, the length and nature of polymer side-chains can
impact the conductivity of polyfluorene-SWNT films by preventing close contact
between the nanotubes. Here, we investigate the functionalization of a
polyfluorene-SWNT complex using photocleavable side-chains that can be
removed post-processing. The cleavage of the side-chains containing an ortho-
nitrobenzyl ether derivative is efficient when exposed to a UV lamp at 365 nm.
The photoisomerization of the o-nitrobenzyl ether linker into the
corresponding o-nitrosobenzaldehyde was first monitored via UV-Vis
absorption spectroscopy and 'H-NMR spectroscopy on the polymer, which
showed efficient cleavage after 2 h. We next investigated the cleavage on the
polyfluorene-SWNT complex via UV-Vis-NIR absorption spectroscopy. The
precipitation of the nanotube dispersion and the broad absorption peaks after
overnight irradiation also indicated effective cleavage. In addition, Raman
spectroscopy post-irradiation showed that the nanotubes were not damaged
upon irradiation. This paper reports a proof of concept that may find applications
for SWNT-based materials in which side-chain removal could lead to higher

device performance.
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3.1 Introduction

Since the discovery of single-walled carbon nanotubes in 1991M,
significant effort has been made to take advantage of their mechanicall?3],
optical*®l, and electronic properties(®”l. Numerous applications of SWNTSs such
as sensors®9 thin film transistors'®1l organic photovoltaics!'?13], flexible
electronics!**%%], and conductive inksl'®171 have been developed!'81°, However,
duetointert ubé& "I nteractions, SWNTs tend to
bundles in organic solvents?%l. Moreover, all commercial techniques to produce
SWNTsl?122] result in a complex mixture of amorphous carbon, leftover catalyst
particles, and a mixture of semiconducting and metallic species (sc- and m-
SWNTs, respectively) that impede their performance within several
applications[?3l.,  To address this issue, covalent or non-covalent
functionalization of SWNTs has been developed to improve their solubility and
purity. Covalent functionalization requires strongly oxidizing conditions that
damage SWNTsd propert i e?shybtdized dugfaceé andy i n g
therefore i mpact 0 n?4251S WNcbrardést, mon-coyalentt i e s
functionalization uses sonication in the presence of a dispersant to form a
dispersant-SWNTs supramolecular complex that provides solubility in organic
solvents and prevents SWNTs reaggregation into bundles!?628l, To this end,
dispersants such as small aromatic compounds?®3l  surfactants[®?'34],
biomolecules!3> 37l and conjugated polymers!®® 4l have been used. Due to their
facile synthesis and structural modification[#?'4¢l, conjugated polymers can be

used to achieve different properties such as selective dispersion of either sc- or
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m-SWNTs[*750  reversible assembly on the nanotube surfacel®5¢l or

depolymerization in response to a stimulus to release SWNTs.57159

Attention has also been given to conjugated polymers that exhibit reactive
functionality post-supramolecular assembly with SWNTs. Specifically,
polyfluorene derivatives containing azide groups in the side-chains have been
prepared and used to noncovalently functionalize SWNTs[® 621, The resulting
polyfluorene-SWNTs complexes, dispersed in organic or aqueous solvents,
were then functionalized using either Copper-Catalyzed Azidei Alkyne

Cycloaddition (CuAAC) or Strain-Promoted Azidei Alkyne Cycloaddition

(SPAAC) wi thout damaging SWNTsE6d dlpwevee | ect r c

the introduction of large side-chains that are non-conductive results in a
dramatic decrease in conductivity of the polymer-SWNTs complex by
preventing good contact between adjacent nanotubes. A potential approach to
solve this problem is the use of cleavable side-chains that can be removed after
the devicebds fabrication. I n 2019,
thin films dispersed using polythiophene functionalized with carbonate linkers
in their side-chains. When heated at 350 °C, the carbonate linkers were cleaved
by decarboxylation resulting in higher conductivity®3l. More recently, our group
prepared a polyfluorene-SWNTs complex functionalized with thermally
cleavable side-chains that also contain a carbonate linker. The conductivity
increased over time upon heating the films at 170 °C and reached a plateau of
(2.0 £0.1) x 10"2 S/m after 17 h of heating, which was 20 times higher than the
non-cleavable sample. This demonstrates the effect of removing the side-
chains post-processing!®4.
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Here, we report a different type of cleavable side-chain that contains an
ortho-nitrobenzyl (oNB) ether linker. This linker is cleaved when exposed to a
300i 365 nm UV light®>66l. The cleavage time varies from minutes to a few
hours, depending on the intensity of the light, which usually ranges from 1 to 60
mW.cm' 2%, oNB linkers have been widely used as cross-linkers for
photodegradable polymersl”l, side-chain functionalization8 721 solid-phase
synthesis!’® 751, photolithography!’¢77], self-immolative polymers(’879, and other
applications(®566.80.811 |n this work, we prepared a polyfluorene-SWNTs complex
functionalized with either photocleavable or non-cleavable side-chains. The
cleavage study was first performed on the polymers using UV-Vis absorption
and 'H NMR spectroscopy. We next studied the polyfluorene-SWNTs
complexes using UV-Vis-NIR absorption spectroscopy. Characterization post-
irradiation was also performed using Raman spectroscopy to verify that the

irradiation did not damage the nanotubes.

3.2 Results and Discussion

Polymer Synthesis and Characterization. To begin our study, we first
synthesized an azide-containing polyfluorene (PF-N3s) according to procedures
in the literaturel®?, Bromination of fluorene using N-bromosuccinimide (NBS)
was performed to obtain precursor 1 ( Scheme 3.3 (Supplementary Materials)),
which was then alkylated with 1,6-dibromohexane to afford monomer 2.
Borylation of this monomer using Miyaura conditions afforded the diboronic
ester 3. Monomers 2 and 3 were then copolymerized using a Suzuki

polycondensation to obtain the homopolymer (PF-Br) (Scheme 3.1). Gel
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permeation chromatography (GPC) revealed an Mn of 33 kDa and a dispersity
( n) oRF-N2wagthen prepared via a reaction between PF-Br and NaNs in
the presence of "BusNBr. The homopolymers were characterized by '*H NMR
spectroscopy to confirm the presence of alkyl azides (3.15 ppm) in PF-N3 and
the disappearance of the signal of the alkyl bromides (3.31 ppm) in PF-Br

(Supporting Information, Figure 3.8).

=/ 5 =/ & Y
Br—\ / /\\\\\Br + j \’B/@Q} N _lotolyPLPd - LA _NaNg, "BusNBr i
> ~7—0 .4 o " THF/Toluene TTHF, reflux
BrCgH,CeH12Br BrCgHq,” CgHy,Br \ 3M K;POyaq) BI‘CFHW C6H1zBr N:,CBH12 CSH12N3

2 3 B0'C PF-Br PF-N;

Scheme 3.1. Synthesis of PF-Br and PF-NG.

To introduce our photocleavable side-chains, we first prepared an oNB-
TEG-alkyne via activation of triethyelene glycol monomethyl ether with tosyl
chloride (Supporting Information, Scheme 3.6), followed by alkylation with 5-
Hydroxy-2-nitrobenzaldehyde to obtain compound 5. Compound 5 was then
reduced using sodium borohydride to afford the corresponding alcohol 6.
Nucleophilic substitution of this alcohol with propargyl bromide was finally
performed to obtain oNB-TEG-alkyne. The non-cleavable analog was prepared
via nucleophilic substitution of triethylene glycol monomethyl ether (TEG-OH)
with propargyl bromide to give TEG-alkyne (Supporting Information, Scheme
3.7). PF-N3was then functionalized with either TEG-alkyne (P1) or oNB-TEG-
alkyne (P2) (Figure 3.1) using copper-catalyzed azide-alkyne cycloaddition
(CuAAC) (see Supplementary Materials for details). The reaction was
monitored by infrared (IR) spectroscopy via the disappearance of the polymer

azide stretch at ~2090 cm'? (Supporting Information, Figure 3.9). The resulting
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polymers were also characterized by 'Hi NMR spectroscopy to confirm the
disappearance of the alkyl azides (3.15 ppm), the appearance of the aromatic
proton in the triazole ring (7.51 ppm), as well as the appearance of alkyl protons

from the side-chain between 3 and 5 ppm (Supporting Information, Figure 3.10).

GO GO

Figure 3.1 Chemical structure of PF-TEG (P1) and PF-oNB-TEG (P2).

Photocleavage Study of The Polymers. With PF-TEG (P1) and PF-oNB-TEG
(P2) in hand, we studied the cleavage of the side-chain using UV-Vis absorption
spectroscopy. To confirm that the polyfluorene does not degrade upon
irradiation, PF-N3 was also studied. Polymers were dissolved in tetrahydrofuran
(THF), transferred into quartz cuvettes, and irradiated at 365 nm in a UV reactor.
The UV-Vis spectrum of each sample was measured every 15 min for a total
duration of 2 h when no further changes in absorbance were observed (Figure
2). Not surprisingly, PF-N3 and PF-TEG do not show any degradation during
the irradiation process (Figure 2A, B). As shown in Figure 3.2C, when P2 was
subjected to the irradiation process, a decrease in the absorbance is observed
at 300 nm, corresponding to the cleavage of the o-nitrobenzyl linker. Meanwhile,
as the peak at 300 nm decreases, a new peak at 350 nm arises. This new peak
corresponds to the o-nitrosobenzaldehyde compound produced during the

cleavage (see Supporting Information, Figure 3.11)%, As shown in the
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spectrum, this new peak overlaps with the absorption of the polyfluorene.
Therefore, the cleavage was also monitored on the oNB-TEG-alkyne side-
chain (Figure 3.2D) and provided similar observations. This suggests that the

cleavage is effective, and 2 h is sufficient to cleave the side-chain.

A — no irradiation B ——no irradiation
—— 15 min ——15min
—— 30 min ——30 min
| —— 45 min —— 45 min
2 —— 60 min 24 ——— 60 min
= 1h 15 min 1h 15 min
E) 1h 30 min =) ——1h 30 min
S ——1h 45 min © —— 1h 45 min
—2h B —2h
8 8
5 5
Qo Qo
S1- S 1+
3 8
< <
04 0
T T T T T T
300 350 400 450 300 350 400 450
Wavelength (nm) Wavelength (nm)
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—— 15 min —— 15 min
—— 30 min — 30 min
2 ——45 min —— 45 min
~——— 60 min ——— 60 min
e ——1h 15 min 21 —— 1h 15 min
=] 1h 30 min 3 1h 30 min
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5 5
8 8
= =
o 14 o
(2} 014
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Figure 3.2. UV-Vis absorbance spectra overlays of (A) PF-Ns, (B) PF-TEG, (C)
PF-oNB-TEG, and (D) o-NB-TEG-alkyne side-chain only upon irradiation for 2

h at 365 nm in THF (0.1 mg/mL).

To further characterize the cleavage, we used Hi NMR spectroscopy
(Figure 3.3). Polymers were dissolved in CDCIs and irradiated for 2 h. Despite

the appearance of new signals at 11 ppm and in the aromatic region (6.51 8
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ppm) corresponding to the aldehyde and the nitrosobenzaldehyde derivative,
respectively, the cleavage of the side-chain was incomplete after 2 h. Therefore,
the irradiation was resumed for one more hour. Surprisingly, the degradation
was still incomplete as observed by the presence of the aromatic signals
corresponding to the oNB linker (Figure 3.3). The sample was then irradiated
overnight and, as shown in Figure 3.3, the complete disappearance of aromatic
signals corresponding to the oNB linker was observed. The control sample PF-
TEG was also irradiated overnight, and no changes were observed (see
Supporting Information, Figure 3.12). The difference in the irradiation time
evaluated by UV-Vis absorption spectroscopy and *H NMR spectroscopy can
be explained by the significant difference in concentration of the samples
between the two techniques (~ 0.1 mg/mL for the UV-Vis absorbance
spectroscopy sample compared to ~ 5 mg/mL for the *H-NMR spectroscopy

sample).

126



PhD. Thesig; Dialia Ritaine

McMaster- Chemistry and Chemical Biology

N
N"
o W o
f h el Hf
> e v \
e} 0
O " Ny O O n N
a b O’\’o a2 b O’\,o
\’\ \/\
o= o—
|
b+c
@ a £ f : &
e N . | 4 g | v
P e L \~ | PPN "Mn'u;,., LS kB | N—
| A ‘
i ||
e M Nt SN M B —
+ |
a ‘' d . }
f /\ [
I I A\ / \ \‘\ \“\ \g
- /zv‘J J‘\,\w/ \\/ \/‘\‘,_,/“J \\.J,,J M u\_"\ oF ' e S
ppm 8.0 7.5 7.0 6.5
u W
| ‘. \) \
N V |
[w LN ‘ \J| overnight irradiation
I AN W m AU ‘ 1‘ l¥h__—‘
o I " \.‘
J | (11 "‘( r AR VA 3h irradiation
R lu"uv-‘;_ M ‘\'Hj W ko) ‘l‘
i
| | t I \ J[ “
| ol UL pre-irradiation
N JLHLJ_L._.._—__J\_»L_U/J “‘ UL AN WV
T | T T T
ppm 10 8 6 4 2 0 -2

Figure 3.3.*Hi NMR overlay of PF-oNB-TEG before irradiation (bottom), after 3

h of irradiation (middle) and after overnight irradiation (top) in CDCls. The top

shows the aromatic region from 6.5 to 9 ppm.

Polymer-SWNTs Dispersions and Characterization. Having shown that

cleavage of the side-chains is effective on the polymer in solution, we next

investigated polymer-SWNTs complexes. Based on our previous work[®4, direct

dispersion of SWNTs using functionalized polyfluorene led to poorly dispersed

samples. Therefore, PF-N3 was functionalized post-dispersion. PF-N3 and raw
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HiPco SWNTSs (average tube diameter 0.87 1.2 nm) complexes were prepared
following the procedures in the literature!®, Briefly, a mixture of 7.5 mg of PF-
N3 and 5 mg of SWNTs in 10 mL of THF was sonicated using a probe sonicator
for 1 h. The resulting black suspension was centrifuged at 8346x g for 30 min,
and the supernatant was carefully removed to isolate the PF-N3-SWNTs
dispersion. The side-chains were then introduced in situ by CUAAC following
the procedures in the literature (Scheme 2)%. The reactions were monitored
by IR spectroscopy via the disappearance of the polymer azide stretch at ~2090
cm'! (Supporting Information, Figure 3.13). Once the complete disappearance
of the azide stretch was observed, the sample was filtered through a Teflon
membrane with 0.2 pm pore diameter and thoroughly rinsed with THF until the
filtrate did not fluoresce when excited with a hand-held UV lamp at 365 nm. The

resulting thin films were then redispersed in 10 mL of THF.
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Scheme 3.2. Schematic representation of a CUAAC functionalization of PF-Ns-

SWNTs using TEG-alkyne and oNB-TEG-alkyne.

Characterization ulefraredg (NIR)V mbgaorpgian N e a r

spectroscopy was next performed (Figure 3.4). Each SWNTSs species present

within the polymer-SWNT sample exhibits its own absorption signals. Three

main regions are observed for HiPco SWNTs: two semiconducting regions, Si1
(830711600 mMEO@INAIOB® nm), and oiwn(ed dndeit6adly i c
nm)Bl. The absorption spectra were normalized to the maximum absorption of

the peak at 1140 nm to compaPEeNstSWNTsdi ffer
and the post-click dispersions (PF-TEG-SWNTs and PF-oNB-TEG-SWNTSs)

show similar absorption features, suggesting a successful post-functionalization
redispersion. As shown in Figure 3.4, both m- and sccSWNTs & speci es
present within the polymer-SWNTs complexes, suggesting a lack of selectivity

for specif i tesuddgNiesidpersign eoaditions used.

129



PhD. Thesig Dialia Ritaine McMaster- Chemistry and Chemical Biology

S,, S
My, l 1"
[ 1 11 |
|
—— PF-N;-SWNT
— PF-TEG-SWNT
g — PF-oNB-TEG-SWNT
=
(]
o]
[
o
(%]
Q
<
©
(0]
N
©
£
(o]
z
T T T T T
600 800 1000 1200 1400 1600

Wavelength (nm)

Figure 3.4. UV-Vis-NIR absorption spectra for PF-SWNTs (top), PF-TEG-
SWNTs (middle) and PF-oNB-TEG-SWNTs (bottom). Spectra were normalized

to the signal at 1140 nm and offset for clarity.

To further characterize our polymer-SWNTs complexes, Raman
spectroscopy was performed. In this technique, laser excitation wavelengths
overlap with the Van Hove singularities present in the density of states for
specific SWNTs species!®. Therefore, this technique allows the examination of
both m- and sc-SWNTs species present in the polymer-SWNTs samplel®3l,
Since electronic transitions depend on S
excitation wavelengths are needed to achieve full characterization®3. The
polymer-SWNT samples for Raman spectroscopy were prepared by drop-
casting the dispersion onto a silicon wafer, followed by evaporation at RT. A
reference sample was prepared by sonicating raw SWNTs in chloroform and
depositing it on silicon using the same drop-casting method. For HiPco SWNTS,

two excitation wavelengths were used: 633 and 785 nm. Using these
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wavelengths, both m- and sc-SWNTs are separately probed®4. Figure 3.5
shows the radial breathing mode (RBM) for PF-N3-SWNT, PF-TEG-SWNT, and
PF-oNB-TEG-SWNT dispersions. The spectra were normalized to the G-band
(~1590 cm'l) for comparative analysis. Using the 633 nm excitation
wavelength, both m- ( 1 7571 2 30andcsmSWNTs (2401 ae ih
resonance and signals corresponding to both nanotube types are observed
(Figure 3.5A)®1, We then used the 785 nm excitation wavelength to
characterize our samples. sc-SWNTs are primarily in resonance (175i 280
cm't) when using this wavelength. When raw HiPco SWNTSs are excited at 785
nm, a peak at 265 cm! corresponding to bundled (10,2) SWNTSs is observed!®8].
As shown in the spectra (Figure 3.5B), the intensity of this peak is significantly
lower compared to the reference sample of unfunctionalized SWNTs. This

indicates that our samples are relatively well dispersed.

>
vy

PF-N;-SWNT

ﬂ/ PF-TEG-SWNT
| PF-TEG-SWNT
PF-oNB-TEG-SWNT
PF-oNB-TEG-SWNT
M A
SWNT
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Normalized Intensity
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Figure 3.5. Raman Spectra for HiPco polymer-SWNTs samples showing the
RBM regions at (A) ex& 633 nm and (B) ex& 785 nm. Gray boxes represent
signals arising for sc-SWNTs, whereas pink boxes represent m-SWNTs. All the
spectra were normalized to the G-band at ~1590 cm'?.
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Photocleavage Study of the PF-SWNTs Complexes. PF-TEG-SWNTs and
PF-oNB-TEG-SWNTs dispersed in THF were transferred into quartz cuvettes
and irradiated at 365 nm. The UV-Vis-NIR data were collected every 15 min for
the first 2 h, and the final data were collected after overnight irradiation. As
shown in Figure 3.6A, no changes were observed for the control sample. Figure
3.6B shows that the absorbance of

photocleavable sample decreased upon cleavage of the side-chains. As shown
in Figure 3.6B, overnight irradiation caused the dispersion to precipitate,

resulting in broad absorption peaks for the nanotubes. This indicates that the

loss of side-c hai ns el iminates t he steric
dispersion.
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Figure 3.6. UVT Vi sTNIR absorption sA) BRTEG-a

SWNTs and (B) PF-oNB-TEG-SWNTs upon irradiation at 365 nm.

Conductivity Measurements. Using UV-Vis-NIR absorption spectroscopy, we
observed that the side-chain cleavage is effective and complete after overnight
irradiation. We next performed conductivity measurements. PF-TEG-SWNT

and PF-oNB-TEG-SWNT thin films were prepared by filtering the dispersions
132
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through a Teflon membrane with a 0.2 um pore diameter followed by overnight
drying at 75 °C in a vacuum oven. Before irradiation, no conductivity could be
detected for either of the samples. The films were then placed into the UV
reactor and irradiated at 365 nm overnight. The samples were then washed with
hot methanol to eliminate the o-nitrosobenzaldehyde derivative produced from
the cleavage and placed under vacuum at 75 °C for 1 h (in a vacuum oven).
However, no conductivity was detected for either of the samples, probably as a
result of the limited light penetration through the black polymer-SWNTSs thin
films (see Supplementary Materials for details), thus resulting in limited side-

chain cleavage in the solid state.

Characterization of the Polymer-SWNTs Dispersions Post-Irradiation. To
verify that the irradiation did not damage the surface of the nanotubes, Raman
spectroscopy with an excitation wavelength of 633 nm was performed.
Comparing the intensity of the D-band centred at ~1290 cm'! relative to the G-
band at ~1590 cm' ! indicates the presence of sp® carbon defects!®’l. As shown
in Figure 7, there is no significant difference between pre-and-post-irradiated
samples when observing the G and D-band. This suggests that no nanotube

defects have been generated during the irradiation process.
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Figure 3.7. Raman Spectra for PF-TEG-SWNTs and PF-oNB-TEG-SWNTs at
dex = 633 nm showing (A) the G- and D-band and (B) the full spectrum pre- and

post-irradiation. All the spectra were normalized to the G-band at ~1590 cm'?.

3.3 Conclusion

Polyfluorene-SWNT complexes were functionalized with either
photocleavable or non-cleavable TEG side-chains. The photocleavage of the
side-chains was first studied on the polymer using UV-Vis absorption
spectroscopy. As the irradiation time increased, a decrease in the absorbance
was observed at 300 nm, while a new peak at 350 nm arose for the cleavable
sample. This corresponds to the photoisomerization of the oNB linker into the
corresponding o-nitrosobenzaldehyde. Functionalized polyfluorene-wrapped
SWNTSs were then prepared, and the photocleavage was studied using UV-Vis-
NIR absorption spectroscopy. After overnight irradiation, the cleavage of the
side-chains led to the precipitation of the dispersion, resulting in broad
absorption peaks. Finally, thin film samples of the polymer-wrapped SWNTs

were prepared and irradiated overnight. Unfortunately, due to the limited ability
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of the light to penetrate through the thin films, no conductivity could be detected
pre-and post-irradiation. However, these results demonstrate the ability to
efficiently cleave the side-chains using light without damaging the structure of

the nanotubes.

3.4 Supporting Information

3.4.1 General

Raw HiPco SWNTs were purchased from Nanolntegris (batch #HR30-
166 and #HR37-033) and used without further purification. All reagents were
purchased from commercial chemical suppliers and used as received. Flash
chromatography was performed using an Intelliflash280 by AnalLogix. Unless
otherwise noted, compounds were monitored using a variable wavelength
detector at 254 nm. Solvent amounts used for gradient or isocratic elution were
reported in column volumes (CV). Columns were prepared in Biotage® SNAP
KP-Sil cartridges using 401 63 um silica or 25140 um silica purchased from
Silicycle. *Hi NMR and '3C-NMR spectra were recorded on Bruker Avance 600
MHz and shift-referenced to the residual solvent resonance. Electrospray MS
was performed using a Micromass Quattro triple quadrupole instrument in
positive mode. Polymer molecular weights and dispersities were analyzed
(relative to polystyrene standards) via GPC using a Waters 2695 Separations
Module equipped with a Waters 2414 refractive index detector and a Jordi
Fluorinated DVB mixed bed column in series with a Jordi Fluorinated DVB 105
A pore size column. THF with 2% acetonitrile was used as the eluent at a flow

rate of 2.0 mL/min. Sonication was performed using a QSonica Q700 Sonicator
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equipped with a 13 mm probe at an amplitude of 60 pm and a sonication power
of 30 Watts. Centrifugation of the polymer-SWNT samples was performed using
a Beckman Coulter Allegra X-22 centrifuge. UV-Vis-NIR absorption spectra
were recorded on a Cary 5000 spectrometer in dual beam mode, using matched
10 mm quartz cuvettes. Raman spectra were collected with a Renishaw InVia
Laser Raman spectrometer, using two different lasers: a 500 mW HeNe
Renishaw laser (633 nm, 1800 L/mm grating); and a 300 mW Renishaw laser
(785 nm, 1200 L/mm grating). Photoirradiation of the samples was performed
in a home-built UV reactor equipped with one 25W lamp exhibiting emission at

365 nm.

3.4.2. Synthesis

O O NBS O Q BrCgH,Br, "Bu,NBr
» Br »
. HBr (5q), AcOH . o Sat. KOH, Toluene
RT 4

reflux

64% 48%

B,pin,, KOAc,
O, 0
oL L e P >0 () Vg
Dioxane, 80°C o o)
BrCGH12 CGH1zBr 67% BrCGH12 CGH12BF
2 3

Scheme 3.3. Synthesis of monomers 2 and 3.

Compounds 1, 2, and 3 were prepared according to the procedures in the

literaturel®2l,
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Scheme 3.4. Synthesis of PF-Br.
Poly(bis(6-bromohexyl)fluorene) (PF-Br)[62

A Schlenk tube equipped with a stir bar was charged with 2 (0.87 g, 1.34 mmol),
3 (1.00 g, 1.34 mmol), THF (6.7 mL), toluene (6.7 mL), and 3M K3POu4(aq) (13.4
mL). The reaction mixture was degassed by three freezei pumpi thaw cycles.
The biphasic mixture was frozen under liquid nitrogen, then [(o-tol)sP]2Pd (14
mg, 20.2 pmol) was added under a positive pressure of nitrogen. The Schlenk
tube was evacuated and backfilled three times, and the reaction was vigorously
stirred at 60 °C for 2 h 30 min. The phases were allowed to separate, and the
organic layer was filtered through a plug of celite and neutral alumina (1:1
composition). The plug was washed with THF, and the filtrate was concentrated
in vacuo. The crude polymer was precipitated in MeOH (~ 200 mL) and filtered
to afford PF-Br as a yellow solid (1.16 g, 88%). *Hi NMR (600 MHz; CDCl3) :
7.86 (m, 2H), 7.73i 7.67 (m, 4H), 3.31i 3.28 (m, 4H), 2.15 (m, 4H), 1.71i 1.69
(m, 4H), 1.281 1.25 (m, 4H), 1.18 (m, 4H), 0.88 (m, 4H).

n
0
BrCgH,5 CeH12Br - N3CeH12 CeH12N3

PF-Br PF-N,

Scheme 3.5. Synthesis of PF-Ns.
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Poly(bis(6-azidohexyl)fluorene) (PF-N3)62]

A round bottom flask equipped with a stir bar was charged with PF-Br (1.00 g,
2.03 mmol), NaNs (1.32 g, 20.3 mmol), "BusNBr (1.32 g, 4.1 mmol), and THF
(200 mL). The reaction mixture was heated to reflux for 24 h. The reaction
mixture was filtered through a neutral alumina plug, washed with THF, and
precipitated in MeOH (~ 200 mL) to afford PF-Ns (0.73 g, 86%).'Hi NMR (600
MHz; CDCls) : Ui 7.85 (18, 2H), 7.72i 7.68 (m, 4H), 3.16i 3.14 (m, 4H), 2.15

(m, 4H), 1.46, 1.40 (m, 4H), 1.257 1.20 (m, 8H), 0.88i 0.83 (m, 4H).

Tl
TsCl, Et;N S.

HO/\/O\/\O/\/O\ . % ~O/\/O\/\O/\/O\
CH,Cl, 0
77% 4
NO, O NO, O
H K,CO4 H NaBH,
4 + — B —
DMF dry THF
0, 0,
OH = T
5
NO, NO,
OH propargyl bromide,NaH
- 0/\\\
dry THF
0 o) ” 75%
e e e e i O\/\O/\/O\/\O/
6 oNB-TEG-alkyne

Scheme 3.6. Synthesis of oNB-TEG-alkyne.[88.8°]
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2-(2-(2-methoxyethoxy)ethoxy)ethyl 4-methylbenzenesulfonate (4)!8l

A 20 mL vial equipped with a stir bar was charged with triethylene glycol
monomethyl ether (1 g, 6.09 mmol), Tosyl chloride (1.05 g, 5.53 mmol) in 6 mL
of dichloromethane. Triethylamine (1.23 g, 12.2 mmol) was added dropwise.
The solution was stirred for 4 h. The reaction was quenched with water (6 mL)
and extracted with DCM (3 x 12 mL). The combined organic layers were
washed with brine (3 x 12 mL), dried with MgSO4, and concentrated in vacuo.
The product was purified by flash chromatography Hex/EtOAc (0% to 75%) to
give a colourless oil (1.5 g, 77%). *Hi NMR (600 MHz,CDCls) : U 7. 82 ( d,
Hz, 2H), 7.36 (d, J = 7.9 Hz, 2H), 4.15 (m, 2H), 3.68 (m, 2H), 3.60 (m, 6H), 3.53

(m, 2H), 3.36 (s, 3H), 2.44 (s, 3H).
5-(2-(2-(2-methoxyethoxy)ethoxy)ethoxy)-2-nitrobenzaldehyde (5)#°

A 10 mL vial equipped with a stir bar was charged with 5-Hydroxy-2-
nitrobenzaldehyde (0,5 g, 2.9 mmol), compound 4 (0.86 g, 2.7 mmol), and
potassium carbonate (0.41 g, 2.9 mmol) in 6 mL of dimethylformamide. The
solution was stirred at 50 °C overnight. The solution was quenched with water
(6 mL), and the mixture was extracted with EtOAc (3 x 12 mL). The recombined
organic layers were washed with water (3 x 12 mL) and brine (3 x 12 mL). The
organic layer was dried with MgSO4 and concentrated in vacuo. The compound
was purified by flash chromatography Hex/EtOAc (0% to 50%) to give a
colourless oil (0.78 g, 83%). *HiNMR (600 MHz, CDClI3) : 4 10. 47 (s,
(d, J = 9.04 Hz, 1H), 7.35 (d, J = 2.9 Hz, 1H), 7.197 7.17 (dd, J = 9.05, J= 2.9

Hz, 1H), 4.27 (m, 2H), 3.90 (m, 2H), 3.73 (m, 2H), 3.67 (M, 2H), 3.64 (s, 2H),
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3.54 (s, 3H), 3.37 (s, 3H).
(5-(2-(2-(2-.methoxyethoxy)ethoxy)ethoxy)-2-nitrophenyl) methanol (6)#

A 20 mL vial equipped with a stir bar was charged with compound 5 (0.75 g,
2.24 mmol) in 6 mL of dry THF. Sodium borohydride (0.13 g, 3.35 mmol) was
added, and the solution was stirred at 0 °C for 1 h. After completion, the mixture
was diluted with EtOAc, filtered through a silica plug using EtOAc as eluent, and
concentrated in vacuo to give a yellowish solid (0.64 g, 85%). 'Hi NMR (600
MHz, CDCls): 8.17 (d, J = 9.04 Hz, 1H), 7.30 (d, J = 2.9 Hz, 1H), 6.90 (dd, J =
9.05, J= 2.9 Hz, 1H), 4.98 (s, 2H), 4.47 (m, 2H), 3.89 (m, 2H), 3.73 (m, 2H),

3.67 (M, 2H), 3.64 (m, 2H), 3.54 (m, 2H), 3.37 (s,3H).

4-(2-(2-(2-methoxyethoxy)ethoxy)ethoxy)-1-nitro-2-((prop-2-yn-1-

yloxy)methyl)benzene (0NB-TEG-alkyne)

A 100 mL round bottom flask equipped with a stir bar was charged with
compound 6 (0.6 mg, 1.90 mmol) and sodium hydride (54 mg, 2.28 mmol) in 20
mL of dry THF. The solution was stirred at 0 °C for 1 h, and propargyl bromide
(0.34 g, 2.85 mmol) was added dropwise. The mixture was stirred overnight at
RT, then quenched with water (10 mL), extracted with dichloromethane (3 x 20
mL), and washed with water (3 x 30 mL) and brine (3 x 30 mL). The organic
layer was dried with MgSOa, and concentrated in vacuo. The compound was
purified by flash chromatography Hex/EtOAc (0% to 90%) to give a brown oil
(0.5 g, 75%). IHi NMR (600 MHz; CDCls) : 8.16 (d, J = 9.1 Hz, 1H), 7.30 (d, J
= 2.8 Hz, 1H), 6.91 (dd, J =9.1, 2.8 Hz, 1H), 4.99 (d, J = 6.5 Hz, 2H), 4.271 4.25

(m, 2H), 3.90i 3.88 (m, 2H), 3.74i 3.63 (M, 6H), 3.55i 3.54 (M, 2H), 3.37 (s, 3H),
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271 (t,J=6.6 Hz, 1H).3CINMR (151 MHz; CDCI 3): & 163.
127.9, 114.6, 113.9, 71.9, 70.89, 70.70, 70.55, 69.6, 68.2, 62.9, 59.0. ESI-MS:

m/z calculated for C17H23sNO~7 [M*]: 353.15 found [M+Na]*: 376.1

NaH @) )
HO/\/O\/\O/\/O\ + /\Br W /\O/\/ MO T
85% TEG-alkyne

Scheme 3.7. Synthesis of TEG-alkyne.[*%

Triethylene glycol methyl propargyl ether (TEG-alkyne)l

A round bottom flask equipped with a stir bar was charged with triethylene glycol
monomethyl ether (1.00 g, 6.09 mmol) in 60 mL of anhydrous THF at 0 °C. NaH
(0.28 g, 6.69 mmol) was added to the solution, and the reaction mixture was
stirred at 0 °C. After 1 h, propargyl bromide (80% in toluene, 1.43 g, 7.91 mmol)
was added dropwise. The reaction mixture was stirred at RT overnight,
guenched with water (30 mL) and extracted with DCM (3 x 30 mL). The organic
layers were combined, washed with brine (3 x 25 mL), dried with MgSOa4 and
concentrated in vacuo to afford TEG-alkyne as an orange oil (1.05 g, 85%). Hi
NMR (600 MHz; CDCls) : U 4J.=2.8Hz(24H), 3.71i 3.63 (m, 10H), 3.55i

3.54 (m, 2H), 3.37 (s, 3H), 2.42 (t, J = 2.4 Hz, 1H).
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Scheme 3.8. Synthesis of PF-TEG (P1).
CuAAC procedure for PF-TEG (P1)

A glass vial was charged with PF-N3 (30 mg, 70 pmol) in 7 mL THF and 2.1
equivalents of TEG-alkyne (30 mg, 150 pumol). To the reaction mixture, 4 mg of
Cu( OAc) and 10 equivalents of H¢gnigbs
0.36 mmol) were added. The reaction mixture was stirred at RT, and reaction
progress was monitored by IR spectroscopy for the disappearance of the azide
stretch at ~2090 cm'!. The solution was filtered through an alumina plug,
concentrated in vacuo and redissolved in a minimum of THF. The polymer was
precipitated in D50 mL of cold MeOH to give a yellow solid (51 mg, 87%). Hi
NMR (600 MHz; CDCls) : Ui 7.85 (@,@H), 7.77i 7.67 (m, 4H), 7.53i 7.48
(m, 2H), 4.691 4.63 (m, 4H), 4.27i 4.19 (m, 4H), 3.69i 3.64 (m, 18H), 3.58i 3.52
(m, 4H), 3.391 3.37 (m, 6H), 2.20i 2.09 (m, 4H), 1.797 1.71 (m, 4H), 1.23i 1.11

(m, 10H), 0.887 0.77 (m, 4H).
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Scheme 3.9. Synthesis of PF-oONB-TEG (P2).

CuAAC procedure for PF-oNB-TEG (P2)

A glass vial was charged with PF-N3 (30 mg, 70 pmol) in 7 mL THF and 2.1
equivalents of oNB-TEG-alkyne (50 mg, 150 umol). To the reaction mixture, 4
mg of Cu(OAc) and 10 equivalents of

mg, 0.36 mmol) were added. The reaction mixture was stirred at RT, and the
reaction progress was monitored by IR spectroscopy for the disappearance of
the azide stretch at ~2090 cm'®. The solution was filtered through an alumina
plug, concentrated in vacuo and redissolved in a minimum of THF. The polymer
was precipitated in D50 mL of cold MeOH to give a yellow solid (67 mg, 90%).
IHi NMR (600 MHz, CDCls) : & 8.11 (m, 2H), 7.83
(m, 2H), 7.32 (m, 2H), 4.95 (m, 4H),4.74 (m, 4H), 4.22(m, 6H), 3.92 (m, 4H),
3.731 3.65 (m, 12H), 3.52 (m, 4), 3.36 (M, 6H), 2.12 (M, 4H), 1.76 (m, 4H), 1.22

(m, 8H), 0.84 (m, 8H).
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Figure 3.8. 'H-NMR overlay of PF-Br (top) and PF-N3 (bottom).
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Figure 3.9. FT-IR overlay of the click reaction between PF-Ns, TEG-alkyne and

oNB-TEG-alkyne.
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Figure 3.10.'H NMR overlay of PF-Nz (bottom), PF-TEG (middle) and PF-oNB-

TEG (top).
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Figure 3.11. Photoisomerization mechanism of PF-oNB-TEG. Adapted from

reference. 6]

145



PhD. Thesig Dialia Ritaine McMaster- Chemistry and Chemical Biology

Figure 3.12. 'H-NMR overlay of PF-TEG before irradiation (bottom), after 3

hours of irradiation (middle) and after overnight irradiation (top).

Figure 3.13. FT-IR overlay of the click reaction between the PF-N3-SWNT

complex, TEG-alkyne and oNB-TEG-alkyne.
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