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Abstract

The unique optical properties of chirality-sorted single-walled carbon nanotubes (SWCNTs)
make them attractive candidates for modern photonic applications. = However, their
photoluminescent (PL) emission must first be harnessed through careful chemical modification,
i.e., covalent attachment of functional groups to their surface. Sorted SWCNT dispersions
are prepared either in water with the aid of surfactants or in organic solvents with the aid of
conjugated polymers, depending on the intended application. Water-based systems for SWCNT
sorting and functionalization are well described in the literature, in contrast to organic-based

systems, although in both cases the reaction mechanisms remain unclear.

In this work, improved conditions of chiral sorting of the commercially available SWCNTs
using conjugated polyfluorenes in toluene were described. The improvements not only lead to
substantial increase of quality and quantity of the close-to monochiral (6,5) and (7,5) SWCNT
dispersions, but also allowed to reduce the consumption of the raw SWCNT material and
the polymer, as well as time and energy. This was obtained by repeated extraction of the
desired SWCNTSs in a closed-loop process, allowing to re-cycle the source of nanotubes,
polymer and solvent. Then, the high-quality chirally-uniform dispersions in organic solvents
were functionalized using radicals originating from decomposition of benzoyl peroxide (BPO).
Proper selection of the reactant concentration, temperature and type of solvent allowed to
activate one or radical decay pathways, i.e. spontaneous or both induced decomposition. The
obtained radicals attack the SWCNTs, grafting them with functional groups via C-O or C-C
bonds, both leading to distinct emission features in the PL spectra of the SWCNTSs. Further,
it was shown, that the symmetrically substituted derivatives of BPO create a toolbox for quick
and effective attachment of the functional groups to the surface of SWCNTSs, allowing control
over the attached groups density and light emission wavelength. Notably, the electron-deficient
reactants were found the most effective, which corroborated previous finding and allowed for
better understanding of the reaction mechanism. Importantly, the presented method was also
successfully used to functionalize larger SWCNTs than the (6,5), even though their reactivity is
significantly lower.

Keywords: single-walled carbon nanotubes, conjugated polymers, aryl peroxides, selective

extraction, functionalization, photoluminescence






Streszczenie

Unikalne wtasciwosci optyczne chiralnie jednorodnych jednos$ciennych nanorurek weglowych
(ang. Single-Walled Carbon Nanotubes — SWCNTSs) stanowia o ich ogromnym potencjale do
zastosowan w nowoczesnej fotonice. Zachodzi jednak potrzeba modyfikacji ich wtasciwosci
fotoluminescencyjnych (ang.  Photoluminescence — PL) poprzez staranng modyfikacje
chemiczna, w tym przypadku polegajaca na kowalencyjnym przytaczeniu grup funkcyjnych na
ich powierzchni. Chiralnie jednorodne dyspersje SWCNT przygotowywane sa w Srodowisku
wodnym albo w rozpuszczalnikach organicznych, w zaleznoSci od przysztego zastosowania.
Systemy oparte na Srodowisku wodnym sa dobrze znane w literaturze, w przeciwienstwie do
systemow organicznych, jednak w obydwu przypadkach mechanizm funkcjonalizacji SWCNT

nadal pozostaje niewyjasniony.

W niniejszej pracy najpierw poprawiono warunki sortowania komercyjnie dostgpnych SWCNT
za pomocg polimeréw skoniugowanych w rozpuszczalnikach organicznych. Wprowadzone
modyfikacje procesu wptynely na podniesienie jakoSci i wydajnosci uzyskania dyspersji
(6,5) oraz (7,5) SWCNT, pozwolity ograniczy¢ zuzycie surowego materiatu SWCNT oraz
polimerdw, a takze czasu i energii, dzigki opracowaniu zamknigtego procesu umozliwiajacego
odzyskanie zar6wno nanorurek, polimeru jak 1 rozpuszczalnika. Wysokiej jakoSci
dyspersje chiralnie jednorodnych SWCNT w rozpuszczalnikach organicznych zostaty nastgpnie
sfunkcjonalizowane za pomoca rodnikéw pochodzacych z rozpadu nadtlenku benzoilu
(BPO). Wiasciwy dobor stezenia reagentow, temperatury 1 rodzaju rozpuszczalnika pozwalat
aktywowac¢ jeden lub oba mechanizmy rozpadu rodnikéw, tj. rozpad spontaniczny lub
indukowany. Uzyskane rodniki atakowaly SWCNT, tworzac wiazania kowalencyjne typu
C-O lub C-C, prowadzace do emisji na roznych dlugosciach fali w widmie PL nanorurek.
Ponadto wykazano, ze symetrycznie podstawione pochodne BPO stanowia zestaw narzedzi
do szybkiej i wydajnej funkcjonalizacji SWCNT, pozwalajac kontrolowa¢ gesto$¢ upakowania
grup funkcyjnych na ich powierzchni i dlugo$¢ fali emisji. Co istotne, najbardziej
efektywne byly reagenty ubogie w elektrony, co potwierdzilo wczes$niejsze obserwacje
i umozliwito lepsze zrozumienie mechanizmu reakcji. Ponadto, przedstawiona metoda zostata
skutecznie wykorzystana do funkcjonalizacji SWCNT o wigkszych Srednicach niz w przypadku

najbardziej popularnej chiralnosci (6,5), pomimo ich nizszej reaktywnoSci.

Stowa kluczowe: jednoscienne nanorurki weglowe, polimery sprzezone, nadtlenki, selektywna

ekstrakcja, funkcjonalizacja, fotoluminescencja
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1. Introduction

1.1. Electrical and optical properties of single-walled carbon nanotubes
(SWCNTs)

Nanotechnology as a concept of manipulation of nanometer-size objects, was introduced to a
broader audience by Richard P. Feynman in his seminal lecture delivered at Caltech in 1959.!
The existence of graphene and certain fullerenes had already been postulated, although their
experimental verification came decades later. In contrast, carbon nanotubes (CNTs) were
observed earlier, in 1952, by Radushkevich and Lukyanovich,? then during the 1970s by Endo
et al®> and other research groups, reporting the existence of hollow carbon filaments with
nanometer-scale diameters. Their precise structure remained unclear until two decades later,
when [jima for the first time presented the detailed architecture of graphene-based tubes and
described a method for their synthesis.* Following this discovery, the researchers worldwide
have experimentally demonstrated that different CNT types exists and each of them exhibits
slightly distinct sets of properties, underscoring their exceptional potential in nanoelectronics,

nanobiotechnology, nanophotonics, and nanomechanics.

SWCNT consists of one graphene layer. Analogically, multi-walled CNT (MWCNT) is
composed of two or more graphene layers, which makes properties of these structures
much more complicated to describe. CNTs usually have 0.5-2 nm in diameter and several
micrometers in length, so their aspect ratio can exceed 10 000, making them the most
anisotropic material ever produced. They are sometimes regarded as 1D conductors. As bulk
material, they can be easily fixed in the form of thin films or threads, which are lighter and
more elastic than metals and on the other hand, they perform better than conductive polymers.
Initially, the CNTs were appreciated for their electrical®”’ and thermal conductivity,®? as

well as mechanical performance.'®!!

However, their real potential lies in the astonishing
mathematically described diversity, originating from the observation, that the hexagonal lattice
of carbon atoms (graphene) that forms a tube, can be oriented in many different directions

(Figure 1.1a). The implications of this simple fact are certainly interesting.

To define the particular type, known as "chirality" of the SWCNT, a vector can be drawn
around its circumference. It is called a chiral vector C;,. Upon imaginary unrolling of the

graphene sheet, (', can be conveniently decomposed into unit vectors a; and as (red and blue
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Figure 1.1. Structure of SWCNT. a) SWCNTSs of three different chiralities (n,m) are presented, with
chiral vectors C}, and chiral angles 6. b) Decomposition of Cj, to unit vectors a; and as.

in Figure 1.1) with indices n and m. The SWCNT is termed as of (n, m) chirality. Knowing

the indices, the values of the chiral angle 6 and diameter d can be calculated:

Ch = na; + mas

a
d= —Vn2?+nm +m?
N

f = arctan (2\/§m )

n—+m

where a = (0.246 nm is a graphene lattice constant.

The majority of the properties of the nanotube depend on the chiral vector, most notably, if
n — m is a multiple of 3, the SWCNT is most probably metallic or semi-metallic, e.g. (12,0)
and (7,7) SWCNTSs shown in Figure 1.1. Others, e.g. (8,6), are moderately semiconducting,
with bandgap depending on the chirality (diameter).!> Those rules do not apply to very
small-diameter SWCNTSs, due to their significant surface curvature. Additionally, due to their
specific symmetry, the (n,n) SWCNTSs are often referred to as *armchair’, and (n,0) SWCNTs
— as ’zig-zag’, because the pattern created by the carbon atoms laying on the circumference

(depicted with green lines in Figure 1.1a). Other species are ’chiral’ SWCNTs.

To understand a little better, why the SWCNTSs exhibit such impressive mechanical and
electrical performance, we will now focus on a single carbon atom in their structure. Electron
configuration of a C atom in a ground state is 1s, 252, 2p*, however, in the graphene plane
it is connected to other C atoms via a sp? planar bond, comprising of three ¢ bonds, formed
from the hybridization of the 2s, 2p, and 2p, orbitals (Figure 1.2a). The remaining 2p, orbital,
perpendicular to the graphene plane, overlaps with the other 2p, orbitals of the neighboring C
atoms, and together they form a system of covalent 7 bonds (Figure 1.2b). Importantly, different

orbitals have different corresponding energies — the lower energy o orbitals form a valence
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Figure 1.2. a) Representation of the sp? hybridization of a single carbon atom in a graphene structure.

b) The system of o and 7 bonds on the surface of SWCNT. ¢) DOS of metallic and semiconducting

SWCNT,!3 with sharp van Hove singularities, Fermi energy level located at 0 eV, and representation of

E11 and E9s interband transitions. This transitions can be observed in optical spectra of the SWCNTs of
mainly one chirality.

electron band, and the higher energy 7 orbitals form a conduction band, which significantly
influences charge transport and mechanical strength of the nanotubes. The system of 7-bonds is
also responsible for the van der Waals forces between the CNTs, which make them susceptible
to agglomeration. Fortunately, it is possible to properly separate the SWCNTSs from each other,

which will be discussed later, and release the unique set of properties carried by each chirality
type.

Throughout the 1990s, the structure of SWCNT was defined in terms of their helical and
rotational symmetries.'* This knowledge was used for establishing a universal relationship
for DOS (Density of States) near the Fermi level (E). It consists of sharp van Hove maxima at
energies dependent on nanotube chirality (Figure 1.2c), which are the characteristic signature of
the strongly one-dimensional nature of electrical conduction.'® It was found that when n —m is
a multiple of 3, the symmetry in the arrangement of 7 bonds leads to the finite value of carriers
in DOS near the Fermi level, which as a consequence makes SWCNTSs metallic. On the other
hand, lack of this symmetry results in an energy gap around the Fermi level, and semiconducting
behavior of SWCNTSs. The bandgap in semiconducting SWCNT (s-SWCNT) was found to be
inversely proportional to its diameter.'> In the next decade it was discovered that, in addition
to describing the electrical conductivity in SWCNTs, the DOS also helps comprehending their
optical behavior. The optical absorption spectrum of semiconducting nanotubes is dominated

by a series of sharp interband transitions, at energies denoted E;;, E9s, E33 etc., associated
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with the van Hove singularities.'® The exact positions of the peaks depend on the chirality.
Optical excitation of the SWCNT in their second van Hove transition £, is followed by
photoluminescent (PL) emission in the first transition £;;. Nanotubes available in commercial
distribution emit in NIR region, specifically 800-1600 nm range. These findings opened the
road to applications of the SWCNTs as a set of precisely tuned optical tools for photonics, from

bioimaging to telecommunication.'”

Soon, this road split into two, as it was observed that the PL intensity from SWCNTs is
unsatisfactory. PL quantum yield (QY) i.e. rarely exceeds 1% for non-modified SWCNTSs
in dispersion.'® In pristine nanotubes, most of possible paths of relaxation lead to non-radiative
recombination, when the excitons are quenched on the nanotube ends or hexagonal structure
imperfections. Soon, the methods of functionalization, meaning improving the PLQY through
careful chemical modification, were developed simultaneously with the methods of sorting of
the SWCNTs according to chirality. Both those aspects are of great importance for obtaining
selective PL emission spectra, necessary for most demanding applications. Functionalization
and chiral isolation are usually separate processes. Sometimes, the mixture of chiral species
is first modified with certain functional groups, and then one of the chiralities is extracted;
other procedures rely on isolating the particular chirality and modifying it afterwards. The next

sections of this work are dedicated to showing these two processes in greater detail.

1.2. Sorting SWCNTSs by chirality type

SWCNTs can be produced using various methods, the most common being catalytic chemical
vapor deposition (CVD)."2! Less frequently employed techniques include laser ablation,?
plasma torch,?® and arc discharge.”* However, regardless of the synthesis method used, the
resulting material is typically a mixture of many different chiralities. At the start of the 21st
century, significant advances were made in producing enriched mixtures of SWCNTs.>%
These enriched materials feature a limited range of chiral species. For example, CoMoCAT
SG65i contains c.a. 15 chiralities with diameters ranging from 0.7-0.9 nm. Moreover,
this material composed in >90% of SWCNTSs, demonstrates a notable chirality bias, with
approximately 40% of them exhibiting the (6,5) chirality. This selective enrichment was
achieved through carbon deposition on a CoMo/SiO, catalyst to CVD process.?® Using
high-pressure, carbon monoxide and in situ generated iron catalysts (HiPco), produces slightly
bigger SWCNTs (0.8—1.2 nm in diameter) which have carbon purity of about 80%.% Further,
Tuball SWCNTs with diameters from 1 to 2 nm are obtained using special catalysts.?” Despite
these advancements, achieving high chiral purity remains a significant challenge for optical
and electrical applications. E.g. for photonic sensors and emitters, isolating SWCNTs of
single chirality is crucial, due to different absorption and emission wavelengths of each

SWCNT species. This demands have spurred the development of post-synthesis techniques
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Figure 1.3. a) Selected methods of obtaining close-to monochiral SWCNTs, according to the
reference.”® b) Optical spectra (absorption and PL emission) of the close-to monochiral SWCNTSs
extracted by the conjugated polyfluorenes PFO, PFO-BPy6,6’ and F8BT (visible on the left side of
absorption spectra), in organic solvents. The wavelength ranges of optical bands E1; and E9y were
shaded gray. c) Structures of the fluorene-based chirally selective CPs, used to obtain spectra from (b).

for sorting the synthesized SWCNTSs by chirality. Currently, the most effective approach for
obtaining monochiral SWCNTSs involves synthesizing chirally enriched materials followed by
chirality-specific sorting (Figure 1.3a).2®

As it was mentioned earlier, carbon nanotubes are highly susceptible to aggregation due to the
van der Waals forces, and a consequence, deterioration of the electrical and optical properties
is observed for macroscopic CNT structures. Isolation of the nanotubes from each other is then
necessary to preserve the desired properties of the SWCNTSs. Moreover, in the raw material, in
addition to different SWCNTSs, there are also impurities such as other fullerenes, catalysts,
or amorphous carbon. The chiral sorting and isolating the SWCNTSs from each other are
conducted in one process with removing these impurities. Usually, as-synthesized SWCNTSs are
dispersed in an aqueous solution with the aid of surfactants, such as sodium dodecyl sulphate?
or sodium dodecylbenzene sulphonate.*® The dispersions can be effectively divided into two
or more fractions by several methods: size exclusion column chromatography (SEC),*! density
gradient ultracentrifugation (DGU)*? or aqueous two-phase extraction (ATPE).** SEC allows
to produce multiple fractions of high chiral purity in one operation, but on the other side, the
technique is complicated, non-scalable and requires expensive equipment. Similar problems
were encountered with DGU. On the other hand, ATPE is used for efficient and much more
affordable separation of just one chirality (or conductivity type, depending on the system of
surfactants) from the others.
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In 2007, yet another approach was proposed. Instead of water and surfactants, organic solvent
and specific conjugated polymers (CPs) were used to stabilize the dispersion of SWCNTs.3*3
Similarly to ATPE, the extraction process is simple to conduct and requires only standard
laboratory equipment. First, the initial enriched mix of SWCNTs is sonicated with the CP in the
solvent. During sonication, the polymer selectively wraps and disperses a subset of nanotubes.
In the second step, bundles of non-dispersed nanotubes and impurities are removed by mild
centrifugation. After centrifugation, the supernatant contains only selected SWCNTs wrapped
with conjugated polymer, dispersed in organic solvent. Absorption and PL emission spectra
allow to confirm the presence of only one chiral species in CP-extracted SWCNT dispersions
(Figure 1.3b), assuring signal selectivity. High volatility of the dispersions in organic solvents
enables facile deposition of the thin nanotube films on various substrates, which is convenient

for modern electronics.

Despite the described simplicity of the CPE (CP extraction) process, the exact mechanism
of polymer selection remains unclear. Depending on the polymer structure, kind of solvent,
initial composition of the SWCNT mixture and the parameters of sonication and centrifugation,
it is possible to obtain highly enriched s-SWCNTs (purity >99%),3%37 close-to monochiral
SWCNTSs,?- 340 or even SWCNTS of selected chirality in only one enantiomeric form.*! Here,
the discussion will focus on methods for sorting SWCNTSs by chirality type, although it must
be said that our understanding of the process was inherited from earlier conducted research on
sorting by conductivity type, i.e. extraction of s-SWCNTs.**4%4 Due to the fact that optimal
structure of the CPs and methods of their synthesis are separate, at least equally complicated
and very recent issues, which make them out of scope of this work; only basic understanding of

these processes, necessary for further discussion, was presented below.

Among many different structures of the CPs, most promising results were obtained
with polymers based on the fluorene monomer unit. First, Nish er al. showed that
poly(9,9-dioctylfluorenyl-2,7-diyl) (PFO, structures in Figure 1.3c) enables selective extraction
of (7,5) chirality from (6,5)-enriched CoOMoCAT SWCNTs.** The same polymer was used for
extracting (10,9) SWCNTs from HiPco,* which underscores the importance of the composition
of starting material. Ozawa et al. introduced the bipyridine (BPy) moiety into the PFO, creating
PFO-BPy6,6’, which allowed for the selective extraction of (6,5) SWCNTs from (6,5)-enriched
CoMoCAT material.*® The (6,5) SWCNT wrapped with PFO-BPy6,6” soon was adapted as
a model system, due to relatively high extraction efficiency, which enabled wide ranging
experimental research.  Another polymer, poly(9,9-dioctylfluorene-alt-benzothiadiazole)
(F8BT) was used for the extraction of nanotubes such as (7,3), (9,4), (10,5).40%7 Most
efficient systems, which enabled significant enrichment or close-to monochiral extraction, were
summarized in Table 1.1. Although these systems are commonly used in laboratory practice
to produce the chirally selective SWCNT dispersions and films, the mechanism of polymer

selection remains mostly unexplained. It was shown, that the CP affinity to the SWCNT type
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Table 1.1. Known systems of close to monochiral extraction of SWCNTSs using conjugated

polymers.

Extracted Chirality Source SWCNTs Conjugated Polymer Solvent Ref.
6,5) CoMoCAT SG65i PFO-BPy6,6’ toluene 46
(7,5) CoMoCAT SG65i PFO toluene 38,44
(7,3) CoMoCAT SG65i F8BT toluene-tetralin 40
(7,6) CoMoCAT SG76 PFH-A? toluene 53
9,5) CoMoCAT SG76 PFO-AP toluene 3
9,8) from CoSO,4/SiC catalyst PFH-A toluene 54
(10,9) RN-220 (plasma torch) PFO tetralin 4

4 poly[9,9-dihexyfluorenyl-2,7-diyl-co-(9,10-anthracene)].
b poly[9,9-dioctyl-2,7-divinylfluorenylene-alt-co-(9,10-anthracene)].

is driven by a proper alignment of polymer and the SWCNTs energy levels, which enables
charge transfer between them.>> It is also known, that the CP backbone engages in 7 — 7
interactions with SWCNT (wrapping), and its flexibility dictates diameter selectivity, e.g. more
flexible structures are able to adjust their conformation to significant curvature of the surface
of small-diameter nanotubes.****4° The CP side chains support isolation and dispersion of
the wrapped nanotubes.>® Their increase in length led to a higher concentration of extracted
SWCNTs, but also compromised the polymer preference towards semiconducting nanotubes,
presumably through generally stronger van der Waals interactions.** Too low molecular weight
of the CP was found to lead to unstable dispersion, but on the other side, too high molecular
weight coincided with the decrease in CP solubility and led to extraction of more than one
SWCNT species. 3152

The organic solvent assures solubility of the polymer, its proper conformation and interactions
with the SWCNTs. Its density should be lower than the density of the CNT bundles
(~1.3 g/lcm?®), to ensure their effective precipitation during centrifugation.’> Usually, non-polar
solvents such as toluene or xylene are used for extraction, because polar solvents fail to
create a stable dispersion with polyfluorenes, and they were found to enhance the solubility of
metallic SWCNTs. However, some polycarbazoles can extract s-SWCNTs in tetrahydrofuran
(THF),> which shows that not all dependencies in the extraction systems are yet satisfactory
explained. Additionally, please note that e.g. density or viscosity of the extraction mixture
can be influenced by the solvent as well as molecular weight of the CP. This and similar
dependencies hamper the possibility of understanding the exact role of polymer or solvent in
the extraction system.

To evaluate and compare the results of extractions, two parameters are used, calculated based
on the absorption spectra of the dispersions. First is chiral purity, also called selectivity, defined
as the percentage of the desired chirality in the final dispersion. Second is yield, calculated as
mass of extracted SWCNTs divided by the mass of the same SWCNTs in the source material.

40,50,53

Both chiral purity and yield are affected by polymer/SWCNTs ratio, sonication time and
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temperature, centrifugation velocity etc. Proper selection of the process parameters leads to
chiral purities of 80-90%),-40:46:56 but the extraction yield of chirally-selective extractions is
still very low, oscillating around 1-3%. Fortunately, the SWCNT source material can be re-used

for another cycles of extraction™->7-58

which increases the yield. The recurrent CPE shows
potential as a method of large-scale production of monochiral dispersions of SWCNTSs, which

was discussed in greater detail in the first publication presented in this thesis.

The last important aspect that needs to be brought to the reader’s attention to ensure proper
understanding of the described issues is the role of extracting polymer in the dispersion in
context of the further processing of the SWCNTSs. Precisely, should the excessive polymer be
removed from the dispersion, or is it neutral or maybe positively influences further reactions
or deposition on a substrate? Does the polymer influence the intensity of PL emission? In
most papers, the CP removal is included in the methodology of preparation of monochiral
SWCNT for chemical functionalization,>*~®? but the process is time- and resource-consuming.
Additionally, significant part of the SWCNT material is usually wasted in this process. Some
reports showed no significant differences between performance of SWCNT transistors printed
with and without polymer excess.®*® Additionally, Mirka et al. suggested, that the excess
of unbound polymer could help to reduce device-to-device uniformity.®> Because of that, in
this work, the polymer was not washed after extraction — meaning it was present in excess
during functionalization. For comparison, several functionalization reactions were conducted
using SWCNTs without the excessive polymer, but the PL emission intensity was lower and the
SWCNTs were more prone to precipitation. The possible influence of the dispersant on further

processes is still under investigation.

1.3. Careful defect implementation

As it was already mentioned, to obtain high-quality PL emission from the SWCNTs, their QY
can be enhanced in chemical reaction of functionalization. This type of functionalization relies
on covalent attachment of modifying groups on the surface of the SWCNTSs, which introduces
specific sp® defects, also called luminescent defects, quantum defects or organic color centers.%
They lead to new electronic states in the structure of the SWCNTs, resulting with further
red-shifted PL emission, with longer lifetimes and higher QY, assuming that the luminescent
defect density is optimal (Figure 1.4a). The photophysics of these phenomena was studied
lately and described thoroughly in the review articles on the topic.!”-¢-"" Briefly, the confined
1D structure of the nanotube favors creation of excitons (bound electron-hole pairs), which are
responsible for the major optical features. In pristine SWCNTs, the excitons are highly mobile
and thus very likely to find quenching sites, such as the end of the nanotube or unintended
defect in their structure. Quenched excitons do not contribute to PL emission, and abundance of

quenching sites is the reason behind low QY of the SWCNTSs. However, it was discovered, that
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Figure 1.4. a) An illustration of the E;; emission originating from the excitons moving freely in the

sp®-hybridized lattice of carbon atoms in SWCNT and their energy levels; and E1;* emission of lower

energy from the excitons trapped on the sp® defect. Both emissions are the effect of excitation at the

Ey wavelength. The images were redrawn from reference.”! b) PL spectra od the monochiral SWCNTSs

with different amount of luminescent defects, normalized to the maximum value of the E1; emission, for

comparison of the defect densities. High defect density suppresses the overall intensity of PL emission
(c) and compromises the PL. emission homogenity (d).

the luminescent sp® defects can create new lower energy states, able to localize the excitons.
The typical trap depth of 100-250 meV prevents escape to the quenching sites. The new states
are optically active, giving rise to E1;* PL emission (red-shifted from the original Ey; PL of
the nanotube) and increasing the QY. In PL spectrum of a bulk sample, for pristine SWCNTs
only Eq; emission is observed, while modified SWCNTSs show both E;; and Eq;* emission
features. E1,*/Eq; area ratio increases with defect density, which was illustrated in Figure 1.4b,
presenting PL. emission spectra of pristine SWCNT (no defects), compared to SWCNTSs with

low and high defect densities.

Importantly, for optimal properties of modified nanotubes, the number of defect states must be
limited. Excessive number of functional groups on the surface of the SWCNT decreases overall
intensity of PL emission (Figure 1.4c), eventually leading to complete loss of the emissive
properties. Several research groups estimated the defect density in the SWCNTSs of maximum
E11* photoluminescence. Wang et al. found that there is approximately one defect per 20 nm
length of (6,5) SWCNT.”! Zaumseil et al. reported from 5 to 30 defects per xm of nanotube
length,% however, for the highest degree of functionalization, an additional emission band,

even further red-shifted than the E;;* was present. In general, high defect density promotes
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the appearance of additional emission features on different wavelengths (Figurel.4d), which is

undesirable for optical applications.

The wavelength of emission depends on the chemical composition of the attached functional
group and its binding configuration. E.g. the (6,5) SWCNTs in water environment exhibited
the E;;* PL emission at approximately 11207 or 1140 nm,”! when its surface was modified
with oxygen defects or aryl defects, respectively. Other quantum defect systems resulted
with different emission wavelength.”® Additionally, it was shown that the emission is further
red-shifted if functionalizing groups have electron-withdrawing abilities, due to stronger

perturbations in the m-electron network of the nanotube.5®7!:73-75

Strong red-shifts were
obtained also upon divalent functionalization” (the groups were attached to two different
carbon atoms in the SWCNT), which underscored the importance of bonding character. For
the aryldiazonium functionalization, it was shown, that binding of the aryl group at one carbon
site produces a reactive un-paired electron in 2- or 4- (i.e. ortho or para) configuration, which
subsequently captures a proton, an OH group or another aryl group. Because of the geometry of
chiral SWCNTs like (6,5), there are six possible chemically distinctive configurations of binding
the additional group.’® Each of them was assigned to different wavelength of PL emission in
modified SWCNTSs. To achieve this, experimental and theoretical approach (density functional
theory, DFT) were simultaneously used to resolve the PL spectra’:7’ of SWCNTs with different
functionalizing groups attached. Moreover, in specific conditions, next to exciton emission,
the trion emission was also observed.”® Because of the listed phenomena, the reactions
of functionalization should be strictly controlled by selection of modifying groups, their
concentration, temperature, time, type of solvent efc., to ensure only one type of functionalizing
groups, which guarantee a selective emission.

79,80

Several articles review luminescent functionalization methods, in one of which Professor

Janas proposed a distinction between chemical methods of introducing a photoluminescence
defect into SWCNTs,” which was updated to include lately emerging methods of arylation and
presented in Figure 1.5. The methods can be either inorganic or organic, regarding the type of

functional group introduced. The inorganic approach is focused on oxidation, with the reactive

81,82 72,83,84 85,86

species involving hydrogen peroxide, ozone, unsatturated

87,88

sodium hypochlorite,
fatty acids etc. Additionally, defect peaks can be introduced even in the absence of
dedicated reactive species, upon high power sonication.® In this reaction H,O, and hydroxyl
radicals generated from water lead to decomposition of the surfactant molecules into reactive
species, ready to attack the SWCNTSs. This result underscores the importance of understanding
the side reactions proceeding during functionalization, which will be further discussed in this
work. The organic routes are even more diverse. Alkylation is possible through Billups-Birch

91-94 95-98

reduction,” by using sodium naphtalenide,”’* or alkyllithium followed by alkylbromide,

etc. Further, arylation is possible through several different methods using haloanilines,”
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or azacrown-ethers'? but the
61,71,76, 103-108

phenylhydrazines,'” sodium naphtalenide and iodobenzene!”

most explored path relies on introducing functional groups from diazonium salts.

The investigations conducted using diazonium chemistry allowed to draw conclusions helpful
in understanding the reactions of SWCNTs with other compounds as well. E.g. Piao et
al. first showed a linear correlation between the optical trap depth and Hammett constant of
a substituent to the aryl functional group,”! which was consequently corroborated by other
studies.'®*1% Tt allowed for very convenient manipulation of the defect emission wavelength
and was also presented for functionalization with phenylhydrazines!® or, in this work, with aryl
peroxides. Further, it was demonstrated that the rotation of the functionalizing aryl group with
respect to the nanotube has negligible effect on the optical spectrum.”® Wang et al. developed
methods of red-shifting the emission by controlling the steric sizes of the functional groups and
postulated the co-existence of radical and carbocation mechanisms of reaction.'”” Saha et al.
discovered, that using ’zig—zag” SWCNTs allows to narrow the emission bandwidth, because
of geometrical restraints of these structures.'”> Moreover, estimation of luminescent defects
density was conducted using diazonium-modified SWCNTs.”!- 198110 Degpite this popularity,
diazonium chemistry is most efficient in aqueous dispersions of surfactant-coated SWCNTs,
which show lower chiral purities and worse film-formation properties than recently emerging
polymer-wrapped SWCNTs in organic solvents. To utilize the potential of CPE, there arose a
need for new methods of introducing the luminescent defects into SWCNT structure, which
could be conducted in organic environment. First, Zaumseil et al. proposed a method of
transferring diazonium salts into organic solvents. Using phase-transfer agent and a mixture
of toluene and acetonitrile (4:1 vol.) they successfully introduced PL defects into (6,5)
SWCNTs. This method is still used in their subsequent works.!® !9 Simpler protocols of

functionalization, using compounds readily soluble in organic solvents were also presented,

Towards PL enhacement
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Figure 1.5. Schematic representation of different chemical routes to PL. emission modification, redrawn
from reference’® with updated methods of arylation.
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employing haloanilines,” phenylhydrazines'® and aryl peroxides.'!! The latter was discovered
by my team colleague and was also used in this work. In order to better understand the
phenomena observed upon SWCNT modification with these compounds, an introduction to

chemistry of the aryl peroxides, precisely benzoyl peroxide, was presented in the next section.

1.4. Chemistry of benzoyl peroxide (BPO)

Reactions with other radical species were already employed to photoluminescent
functionalization of the SWCNTs,%»% proving that the radical chemistry can be harnessed
to implement the sp? defects in controllable manner. On the other hand aryl peroxides are
widely used chemical compounds. Among them, BPO is one of the most important in terms
of applications, most often used as a polymerization initiator, curing agent or cross-linking
agent. Importantly, BPO dissolves well in toluene and similar solvents (e.g. xylene, tetralin),
which was convenient due to their effectiveness in the CPE process. The organic environment
was not only compatible with the chiral extraction procedure, but also crucial to limit the
influence of hydroxy radicals created from water molecules. Further control over the course
of reaction was gained by optimization of the reaction conditions, i.e. radical initiator structure
and concentration, temperature level, type of solvent and presence of oxygen and moisture.
Understanding the chemistry of the BPO itself in these conditions was the first step towards
gaining control over the formation of only one type of radicals (benzoyloxy radicals) and their

incorporation into the structure of SWCNTs.

Aryl peroxides thermally decompose into radicals by homolytic cleavage of the O-O bond.
Spontaneous thermal decomposition of BPO, most effective at high temperatures and low
initiator concentrations, results in creation of two benzoyloxy radicals (Figure 1.6a, (1)). In
1946, Nozaki et al. demonstrated that, in different organic solvents, order of increasing rates of
spontaneous BPO decomposition is as follows: highly halogenated solvents < most aromatics <
most aliphatics < ethers, alcohols, monohydric phenols < amines.!'? For controllable reactions
of functionalization, moderate rates of radical decay are preferred, so in this work, almost
exclusively solvents from the first two groups were used. Further, the benzoyloxy radicals are
prone to various further reactions, which can lead to the creation of other unreactive or reactive
species. E.g. benzoyloxy radicals may lose carbon dioxide to give phenyl radicals (2),''* which
can attack the SWCNT, leading to additional bands in the PL emission spectra. Moreover,
the benzoyloxy radical can induce the decomposition of the initial BPO molecule (3). In such
reaction, called induced bimolecular decomposition, one benzoyloxy radical is formed, along
with nonreactive residues (e.g. CO,, phenyl benzoate). Finally, free benzoyloxy radical can
react with the solvent molecule by removal of an atom, leaving a new radical, e.g. the benzyl
radical if toluene was used as a solvent (4). Other solvents were expected to produce different

radicals, depending on their structure. In polymer chemistry, transferring a radical from an
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initiator to a solvent molecule or other mediator (e.g. a chain transfer agent) is called chain
transfer. Every solvent can be characterized by a chain transfer constant, which defines its
susceptibility to forming secondary radicals. This process can be retarded by inhibitors, e.g.
oxygen, although this inhibition effect is expected to be less significant in the solvents which
already are slowing down the decomposition reaction rate.!'>!'"* The same as benzoyloxy
radical, this solvent-originating radical can further induce bimolecular decomposition of the
BPO molecule (5). For SWCNT functionalization, the formation of benzyl and phenyl radicals
is undesirable, so the conditions favoring decarboxylation and chain transfer reactions should

be avoided.

The control over the outcome of functionalization reaction can also be gained using the
chemical modification of the radical initiator structure. Specifically, substituents attached
to aromatic part of benzoyl peroxide structure alter its reactivity towards the SWCNTs and
defect configuration.”!-%%:10% 115 T general, the substituents influence on the aromatic compound
reactivity was quantified as Hammett o constants. The more electron-attracting a substituent is,
the more positive is its o value (relative to H as 0.0). Conversely, the more electron-withdrawing
substituent, the more negative is its o value. The o value depends not only on the substituent

structure, but also its position in the ring (Figure 1.6b). This difference originates in the fact,
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Figure 1.6. a) BPO decomposition pathways (full description in the text). Figure was copied form P2
and modified. b) Values of Hammett constant o for selected substituents in para— (red squares) and
meta— (blue triangles) configuration.
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that for the substituents in para position (red), o represents the net influence of both inductive
(—1I) and resonance (—R) effects, while for the meta— substituents (blue), o value corresponds
to the inductive effect alone. The ortho substituents are not usually treated within the context
of the Hammett equation because steric effects can interfere with the purely electronic effects,
and these steric effects are highly variable from reaction to reaction. The derivatives of the BPO
(with the substituents in 3- or 4- positions), showed a linear correlation between their Hammett
constant o and rate constant of spontaneous decomposition of the peroxide in dioxane.!'®
Similar trend, only reversing for polar groups, was observed in acetophenone.!!” The authors
explained these observations, by imagining the two benzoyloxy groups of the peroxide as
dipoles, which can repel one another. The partial negative charges on the central oxygen atoms
were increased with electron-rich substituents in the structure, characterized by lower o values,
leading to stronger repulsion and increasing the probability of decomposition. Analogically the
charge was decreased upon using electron-poor groups (higher ¢ value), making the molecule

more stable.!!0

These earlier findings were very helpful in the interpretation of the observed changes
in PL emission spectra of the SWCNTs modified using BPO derivatives. Other than
controlled decomposition of the substituted peroxide, another crucial aspect was the substituted
benzoyloxy radical affinity towards the SWCNTs. Although some correlations of the aryl group
structures and their reactivity towards the SWCNTSs were already observed in case of diazonium

salts,®! this aspect was not discussed in details earlier.



2. Scope and Aim

Initially, the conjugated polyfluorenes PFO-BPy6,6’ and PFO were used for the recurrent
extraction of (6,5) and (7,5) SWCNTs, respectively, from commercially available chirally
enriched SWCNT mixtures (P1). The polymers were synthesized in-house via Suzuki—-Miyaura
polycondensation. As the mechanism of these reactions is well documented in the literature and
the syntheses were performed by colleagues of the authors, detailed descriptions of polymer
synthesis are not included here. Instead, this work focuses on gaining deeper insight into
the recurrent extraction process itself. In particular, the study addresses whether all polymer
chains are effectively involved in SWCNT wrapping, whether polymer chains accumulate
in the precipitate together with unsorted SWCNTs, whether the precipitated polymer can
be recovered, how the extraction efficiency can be improved, and whether the quality of
the extracted material changes over subsequent extraction cycles. This analysis enabled the
identification of optimal parameters to enhance both the selectivity and efficiency of the
extraction process, as well as to ensure the feasibility of recycling both the polymer and the
sorted SWCNT material. The improved large-scale methods for producing near-monochiral
(6,5) and (7,5) SWCNT dispersions are subject to patent protection in the Republic of Poland
(Patl). These methods were subsequently used to prepare hundreds of milliliters of a uniform

starting material for SWCNT functionalization.

Thermal functionalization was performed using BPO in toluene (P2). A broad range of reaction
conditions was systematically explored to optimize process parameters for the controlled
introduction of sp® defects into the SWCNT structure. The reactions were carried out under
varying levels of oxygen and moisture, as well as in different solvent environments, in order to
evaluate their influence on the functionalization process. Based on literature reports, changes
observed in the PL spectra of modified SWCNTSs were correlated with the formation of distinct
radical species arising from the activation of one or both BPO decomposition pathways. This
approach provided deeper insight into the functionalization mechanism and enabled precise
control over defect density, which is required to tailor the photonic properties of SWCNTSs for

specific applications.

The potential of BPO was further explored using a library of its in-house synthesized derivatives
(the synthesis process will not be discussed here), with functional groups such as alkyl,
alkoxyl, carbonyl, halide, nitrile, or nitro, in 3- or 4- position on the benzyl ring. This
alteration significantly influenced the reactivity of the peroxide towards the SWCNTs as well

as spectral shape of PL emission. The effects related to resonance stabilization were observed
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for derivatives with functional group in 4- position. Importantly, an insight was gained into
why the electron-withdrawing reactants are optimal for SWCNTSs functionalization for optical
applications (P3).

This work further elucidate the reaction mechanism of s-SWCNT and the causes of their
affinity towards certain functional groups. Secondly, it presents a new scalable method of
tuning the PL spectra, which is compatible with polymer-extracted chirally selective SWCNTs.
The obtained results significantly contributed to the development of the chemical sciences and

expanded our understanding of the selective isolation and covalent functionalization of (6,5)
and (7,5) SWCNTs.



3. Experimental

3.1. Materials

CNTs. This study was carried out using (6,5)-enriched CoMoCAT SG65i1 SWCNTs
(Sigma-Aldrich, product number: 773735).

Solvents: toluene (Alfa Aesar, cat. number: 19376.K2, CAS: 108-88-3, spectrophotometric
grade, purity: >99.7%), p-cymene (Alfa Aesar, cat. number: A19226.AP, CAS: 99-87-6,
purity: >97%), hexane (Alfa Aesar, cat. number: L09938.AK, CAS: 110-54-3, purity:
99%), cyclohexane (Alfa Aesar, cat. number: A16070.0J, CAS: 110-82-7, purity: 99%),
decahydronaphthalene (decalin, Alfa Aesar, cat. number: A13883.AP, CAS: 91-17-8, purity:
98%, cis + trans), tetrahydronaphthalene (tetralin, Fisher Chemical, cat. number: T/0850/08,
CAS: 119-642, purity: >97%), tetrahydrofuran (THF, Alfa Aesar, cat. number: L13304.AP,
CAS: 109-99-9, purity: 99%), acetonitrile (Alfa Aesar, cat. number: A19862.AP, CAS:
75-05-8, purity: >99%), diphenyl ether (Alfa Aesar, cat. number: A15791.36, CAS: 101-84-8,
purity: 99%), o-xylene (Alfa Aesar, cat. number: A11358.AP, CAS: 95-476, purity: 99%),
benzene (Chempur, cat. number: 111625000, CAS: 71-43-2) and o-dichlorobenzene (DCB,
Fisher Chemical, cat. number: D/1600/15, CAS: 95-50-1, extra pure), were used as supplied,

without additional purification or drying, unless stated otherwise.

Reagents: BPO (VWR Chemicals, cat. number: L13174.30, CAS: 94-360, purity: 97%
(dry weight), moistened with 25% water), tetramethylammonium hydroxide (TMAH, Thermo
Scientific, cat. number: 11327368, CAS: 75-59-2, electronic grade, purity: >99.9%) were also

used as supplied, without additional purification or drying, unless stated otherwise.

Extracting  polymers: PFO  (poly((9,9-dioctylfluorene)) and PFO-BPy6,6’
(poly(9,9-dioctylfluorene-alt-6,6’-bipyridine)) — structures in Figure 1.3 — were prepared
using the Suzuki coupling method, their structure was confirmed by 'H NMR spectroscopy
and the macromolecular parameters were examined by SEC. As mentioned earlier, the details
of synthesis are not included here, the curious reader can found them, along with the results of
SEC and NMR analysis in the paper P1.

Aryl peroxides Other than the commercial BPO, in-house synthesized BPO was prepared,
along with 14 of its derivatives (structure is presented in Figure 1.5, benzoyl peroxide). The
derivatives were symmetrically mono-substituted with groups: OCHjs-, CH3-, COOCH3-, F-,

Cl-, CN- and NOs-, in 3- and 4- positions in the benzene ring. The structure was confirmed by
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Table 3.1. Comparison of materials and parameters used in CPE process conducted in small (research)
and big (production) scale.

Scale SWCNTs PFO-BPy6,6° / PFO Toluene Bath Sonication Tip Sonication Centrifugation

Small 1.5 mg 6/9mg SmL 5 min 30 W, 8 min 10,000 rpm, 3 min
Big 6.0 mg 24 /36 mg 20 mL 10 min 50 W, 16 min 10,000 rpm, 5 min

'H NMR spectroscopy. The details of synthesis and characterization are also not included here,

the curious reader can refer the paper P3.

3.2. Methods

Preparation of (6,5) and (7,5) SWCNTSs. The near-monochiral (6,5) and (7,5) SWCNT were
collected by recurrent CPE. In a typical suspension process, 6 mg of PFO-BPy6,6’ or 9 mg
of PFO were dissolved in 5 mL of toluene. The solution was then transferred to a glass
vial with 1.5 mg of pre-weighted SWCNTs. The mixture was homogenized in an ice-cooled
bath sonicator (POLSONIC, SONIC-2, 250 W) for 5 minutes, until the solution was black
and thick. Then, tip sonication (Hielscher UP200 St ultrasonic generator) was conducted at
a power of 30 W for 8 min, while the mixture was cooled in an ice bath to keep temperature of
approximately 5 °C. This enabled polymer-wrapping of selected SWCNTs. After sonication,
the thick suspension was transferred to a conical tube and centrifuged (Eppendorf 5804 R)
for 3 min with 10,000 rpm (15,314 X g) to remove the bundled SWCNTSs and polymer
aggregates. Then, 90% of the supernatant (containing the close-to monochiral SWCNTSs
wrapped in polymer) was collected and characterized by optical spectroscopy. On the other
hand, 5 mL of toluene was added to the SWCNT soot remaining in the conical tube, mixed and
transferred to a vial for the next extraction cycle. Polymer was added when needed, based on

the absorption spectra.

Then, this basic method was up-scaled, by increasing the amount of SWCNT source material,
CP and solvent 4 times, and increasing sonication time and power (Table 3.1). Based on

literature, further up-scaling is possible.*

Verification of chiral purity. Absorption spectra of the extracted SWCNTs were usually
recorded in wavelength range from 280 to 1100 nm, due to device availability (Hitachi U-210
spectrometer). However, the E;; emission of e.g. (7,6) or (10,2) SWCNTs are further
red-shifted, so upon each modification of the extraction strategy, wider spectra in wavelength
range up to 1250 nm were collected (Perkin Elmer Lambda 1050 spectrophotometer),
covering all Ey; and E9 bands of all the SWCNT species present in the starting material.
Measurements were made with pure toluene as a reference. For the SWCNT content
analysis, the absorption spectra were baseline-corrected and deconvoluted using PTF Fit

software.!'® SWCNT concentrations (c) were calculated therein using Lambert-Beer’s law and
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Table 3.2. Parameters of the SWCNTs present in CoMoCAT SG65i material, used for

deconvolution of the absorption spectra: diameter d, chiral angle 6, wavelengths Aqq

and Ay of the E1; and Ey; optical transitions, as well as molar and weight-to-volume
absorptivity constants €1 . 119

(n,m) d(@mm) 6(C) Ai@m) Xop(mm) e M tem™!) ey (pg/mL)~tem™)

54) 0620 263 855 503 5200 0.43"
64) 0692 234 893 598 5200 0.43
6,5) 0757 270 996 586 6700 0.55
(7,3)  0.706 17.0 1012 525 6600 0.55
(7,5 0829 245 1044 665 4500 0.39
(7,6) 0895 275 1140 668 5500 0.47
@8,1) 0678 5.8 1061 491 5200° 0.43"
83) 0782 153 972 685 4900 0.43
8,6) 0966 253 1193 738 3300 0.27
©,1) 0757 52 932 711 7700 0.64
(102) 0.884 9.0 1073 757 3400 0.29

* Due to no parameters available in literature, values for the closest-diameter (6,4) SWCNT
were used here. These chiral species were very rare, so this simplification did not influence
the calculations in significant way.

chiral-specific absorptivity values (¢), determined by Weisman et al.''® The exact values used in
this study are presented in Table 3.2. Figure 3.1 shows exemplary fitted spectra of the un-sorted
SWCNTs, as well as selectively isolated (6,5) and (7,5) species.

Normalization by dividing by the maximum intensity of the E;; transition, allowed for
convenient comparison of chirality distribution in different dispersions. Chiral purity (p)
was expressed as the concentration of a particular compound (n,m) divided by the sum of
concentrations of all SWCNTs extracted in a specific cycle. Mass of the SWCNTSs extracted
in a particular cycle was calculated by multiplying concentration by volume of the supernatant
after centrifugation. This volume was usually about 0.7-0.8 of the initial solvent volume due
to the binding of a portion of the solvent by the SWCNTs sludge. The extraction yield (y) was
calculated as a mass of extracted SWCNTSs divided by its initial mass in the starting material
(e.g., the starting 1.5 mg of raw SWCNTs used for purification contain approx. 0.52 mg of (6,5)
SWCNTs).

Thermal functionalization of the SWCNTSs. Initially (P2), 0.5 mL of (6,5) SWCNTSs derived
from standard extraction with PFO-BPy6,6’ in toluene were diluted to 0.3 cm™! (E;; (6,5)
absorbance peak maximum). Commercially available BPO was dissolved in an identical volume
of toluene (0.5 mL) to achieve the necessary concentration. The indicated components were
then combined in a glass vial and immersed in a hot bath kept at 40, 70, 85 or 100 °C. After an
hour, the samples were removed, cooled down to room temperature, and characterized. For the
lowest temperature level, the reaction time was elongated to 24 hours after initial experiments,
due to very low reaction rate. To establish the role of oxygen in the reaction, the substrates

and subsequently the mixture were flushed with argon prior to reaction and kept sealed till the
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Figure 3.1. UV-Vis spectra fitted with the Voigt peaks for identification and amount calculation of each

chirality. a) Un-sorted SWCNT mixed material, extracted using non-selective polyfluorene PFO-3DDT.

Extraction using selective polymers b) PFO-BPy6,6’ and ¢) PFO resulted in close-to-monochiral

dispersion containing mostly the (6,5) or (7,5) species, respectively. Figure was copied from reference
PI1.

measurements. The influence of moisture was examined by 1) drying the components (SWCNT
dispersion in toluene and BPO dissolved in toluene or other organic solvent) with molecular
sieves (4 A) prior to the reaction or ii) addition of water to the mixture. The amount of water
in the samples was determined using Karl Fischer titration, but these experiments and analysis
are not described here. Different organic solvents were used instead of toluene to dissolve
BPO, which allowed to observe functionalization in mixed-solvent environment (toluene from

dispersion 1:1 vol. with co-solvent used for the BPO).

To compare the affinity of the in-house synthesized BPO derivatives towards the SWCNTs
(P3), initial SWCNT concentration was increased to 0.8 cm™! for the (6,5) chirality. This was
necessary to observe the PL. emission when modification was conducted using very reactive
compounds (e.g. 4-COOCH;3-BPO, 3-CN-BPO) and also improved the functionalization
repeatability. Reaction time was increased to 3 hours in case of (6,5) SWCNTs, because in some
cases it allowed to obtain selective PL spectra using lower concentration of the radical initiator,
which was desirable. For the less reactive (7,5) SWCNTs, up to 6 hour-long reactions were
conducted. Reaction volume was increased from 1 to 2 mL to produce more functionalized
SWCNTs and enable additional characterization; several reactions were conducted in both

volumes for comparison and no significant differences in the reaction progress were observed.

To enable comparison between different BPO derivatives influence on different SWCNT
chiralities, molar concentration of the (6,5) SWCNT was calculated as the maximum absorption
divided by molar absorptivity value €;; (Table 3.2). Molar concentration of the SWCNTs
was kept constant in all reactions. The radical initiators were used in several constant molar
concentrations (0.16, 0.32, 0.63, 1.25, 2.5 mM efzc.). This way, it was possible to calculate the
molar ratio of the BPO derivative towards the SWCNTs, represented as [R-BPOJ/[CNT] (3:1,
5:1, 11:1, 21:1, 42:1 etc.).
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Verification of the functionalization degree. First and most important characterization method
were PL excitation—emission maps. They were collected with a ClalR plate reader (Photonetc.
Inc.) equipped with supercontinuum laser EVO HP EU-4 (NKT Photonics) and bandpass filter
LLTF Contrast (NKT Photonics). The following settings were used for analysis: exposure time
100 ms, excitation range 460-900 nm, emission range 950—1650 nm. For PL measurements,
SWCNTs were diluted so that their concentration in the measured samples was low, i.e.,
0.27 mg mL~! (optical density of 0.2 cm~! in E;; absorbance peak maximum in case of
non-functionalized (6,5) SWCNTSs) to avoid the inner-filter effect.'” The PL spectra were
extracted from the PL excitation—emission maps for the 574 nm excitation wavelength in case of
(6,5 SWCNTs and 653 nm in case of (7,5) SWCNTs; normalized to the E; or E11* intensity for
spectral shape comparison and fitted with a set of Voigt functions using self-developed Python
scripts (Figure 3.2). The area ratio of all defect-induced peaks to the E1; peak was used for the
estimation of the relative defect density implanted in the SWCNTs.

For comparison, the intensity ratio of defect induced D peak to G peak in Raman spectra
was also used to measure the defect density in the SWCNTs. To obtain Raman spectra
of the modified SWCNTs, it was necessary to prepare highly concentrated dispersions for
drop-casting. The solvent excess was removed by centrifugation as follows. At least 1 mL of a
sample containing the SWCNT suspension (with E;; absorption in the range of 0.3-0.4 cm™* for
pure SWCNTs) was mixed with 0.2 mL methanol (to promote precipitation of the SWCNTs)
in a 2 mL conical tube and centrifuged. The supernatant generated from each sample was
discarded after it was confirmed using PL excitation emission mapping that it did not contain
SWCNTs. The SWCNT material deposited in the conical tube was redispersed in 0.2 mL
toluene by a bath sonication (3 min) and subsequently drop-casted on a glass substrate for

characterization. The samples were characterized using a Renishaw inVia Raman microscope

Q
~

O
—

(@]
~

BPO 3-CN-BPO 3-OCH3-BPO
—— data 42 4000 - 1005 nm g 1001 nm g 1000 1 1008 nm
—— 3 3 2000 - 3 750
E11%(1130) © 3000 A o S
E1n*(1160) . - g
En*(1220) & 2000 A 2 | £ 500 1
* c £ 1000 @
E1n*(1340) S g
E;1*(1400) £ 1000 A = = 250
— fit 3 - -
1 0 A 4
o 0 T T T T o T T T T o O T T T T
1000 1200 1400 1600 1000 1200 1400 1600 1000 1200 1400 1600
Wavelength (nm) Wavelength (nm) Wavelength (nm)

Figure 3.2. Exemplary PL spectra of functionalized SWCNTSs with visualization of the set of model

Voigt peaks used in this work. Initial spectral positions of the defect peaks are shown in the legend, and

the positions of fitted peaks are shown in plots as examples. The results obtained with this approach

were used to calculate E1; and E11* at ~1130 and ~1160 nm peaks’ positions and FWHM values. As

a result, it was possible to track the occurrence of the indicated peaks. The structure and positions of
further peaks are not elucidated yet. Figure was copied from reference P3.
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equipped with a 50 objective (Leica). The spectra were baseline-corrected before calculating

the Ip/l intensity ratios.

To provide a semi-quantitative assessment of the brightening effect upon functionalization,
relative PLQY measurements were performed using IR-1061 infrared dye as a reference.
This approach enabled a reliable comparison of emission efficiencies between pristine and
functionalized SWCNTs under identical conditions. The detailed methodology and complete

datasets are reported in P3, SI.

In addition, Fourier-transform infrared (FTIR) spectroscopy was employed to confirm the
presence of newly introduced functional groups into SWCNTs (detailed methodology and
complete datasets are reported in P3, SI). It should be mentioned however, that FTIR
spectroscopy was also conducted by other authors of the publication.



4. Results and discussion

4.1. Improved method of chiral sorting of SWCNTSs using recurrent
conjugated polymer extraction (CPE)

The system of recurrent CPE was developed by other researchers and effectively used
for selective extraction of the s-SWCNTs343:56.57121 a9 well as close-to monochiral
SWCNTs,**3233 however in the latter case, the polymer affinity to certain SWCNT species
was compromised during the study. When single extraction is conducted, using enriched
SWCNTs (such as CoMoCAT SG651) and polyfluorenes in organic solvents, commonly chiral
purities of 80-90% are obtained, which is comparable to much more expensive and complicated
chromatographic methods. On the other side, the reported yields of single extraction of the
(n,m) SWCNT did not exceeded 2-3%, leaving an abundance of the targeted species in
the starting material. The recurrent CPE was developed as a method of improving isolation
yield. The idea is, after finished isolation cycle (sonication and centrifugation) the supernatant
containing monochiral SWCNTSs was set aside and the remaining SWCNT sludge was poured
with fresh portion of solvent (with the selective polymer if necessary) and again sonicated and
centrifuged to isolate subsequent portion of the chirally selected SWCNTSs, thus increasing the
effectiveness of the process. Before the research carried out by me, up to 4 cycles of this process

were reportedly conducted to isolate the (6,5) SWCNT, reaching 10% extraction yield.*
In this work, the (6,5) and (7,5) were both recurrently extracted using PFO-BPy6,6’ and

PFO, respectively. 1 conducted a series of experiments along with calculations, based on
fitting the absorption spectra of the SWCNTSs’ dispersions with series of Voigt functions.
Analysis of the obtained results allowed for selection of the process parameters with the biggest
influence on chiral purity and yield of extraction. Complete extraction system was illustrated in
Figure 4.1. It included partial re-cycling of the polymer and solvent after each cycle, by vacuum
filtration of the close-to-monochiral dispersion through PTFE membrane. In this process, the
polymer-wrapped SWCNTs are stopped by the filter and can be redispersed in a fresh portion
of toluene, while the filtrate contains the CP dissolved in toluene, which can be used effectively
for further extraction cycles. Each route of the system was practically implemented during this

study.

New extraction strategy relied on deliberate addition of large excess of the CP. Usually, the CPE
was conducted using between 0.5:1 to 1.5:1 weight ratio to the SWCNTs,*-33 but here it was

increased to 4:1 and 6:1 for PFO-BPy6,6’ and PFO, respectively. The large excess of polymer
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Figure 4.1. Process of multistep CPE. The initial process of extraction consumed raw SWCNTs and
fresh CP solution. It resulted in a close-to monochiral SWCNT dispersion. Since in each cycle a large
portion of the valuable material is precipitated in the postprocess sludge due to centrifugation, subsequent
extraction cycle is required. Either pure solvent or a CP solution of lower concentration is added to
extract the next portion of close-to monochiral SWCNTs from such solid residue. When indicated, the
selectively extracted SWCNT fractions were cleaned by membrane filtration to remove excess polymer.
The recovered CP was then collected and recirculated for use as a dispersant in subsequent SWCNT
extraction cycles whenever specified. Figure was copied from reference P1.

allowed to obtain high chiral purity (p) of the nanotube dispersions (in the initial cycle, p was
85 and 91% for the (6,5) and (7,5) respectively). Precipitated after centrifugation, the polymer
was successfully released into toluene during the next extraction stages, effectively wrapping
selected SWCNTSs. Because of that, only small additions of the CP in the subsequent stages
were sufficient to continue the extraction with a satisfactory yield (y), so after multiple cycles,
overall polymer usage was comparable to other strategies. Another advantage of using high
initial CP/SWCNT weight ratios was significantly shorter sonication and by that, lower energy

consumption comparing to other methods.

Although y was increasing with each cycle simply due to isolation of the additional portion
of the (n, m) SWCNTs, after 13 cycles p deteriorated in both PFO-BPy/(6,5) and PFO/(7,5)
systems down to 49 and 23%, respectively. Significantly, at that moment the chirality
distribution was very similar to the initial CoMoCAT material, meaning both PFO-BPy6,6’
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Figure 4.2. Normalized absorption spectra of 13 subsequent cycles of extractions from (a) PFO-BPy6,6’

and (b) PFO in toluene, starting from initial extraction Ey. Dashed lines mark Eq; and E3o optical

transitions of (6,5) and (7,5) SWCNTs, respectively. Additional CP portions added to the subsequent

cycles of extractions are marked with (+X mg). Cumulative yield ys,, shows the percentage of SWCNTSs

extracted from all extraction cycles. The spectra were offset to facilitate a comparison of chiral
distribution. Figure was copied from reference P1.

and PFO lost their ability to discriminate by chiralities. The absorption spectra, normalized
to clearly show chirality distribution were presented in Figure 4.2. Probable reasons to the
observed gradual chirality loss include not-optimal macromolecular parameters of the CPs. Due
to scarce control over their synthesis, they exhibit high dispersity D, meaning large spread
between the weight- and number- average molecular weights (M,, and M, respectively).
This means, such materials contain significant amounts of polymer chains, which are either
too short or too long to effectively wrap the SWCNTSs. Specifically, too long fractions tend
to accumulate in the re-cycled sediment with the SWCNTs, leading to deterioration of the
source material, explaining the observed selectivity loss. This finding underscores the need
for better understanding of the CP synthesis. The above described observations allowed to

further improve the yield (from 5% to 25%) and chiral purity. To consume the polymer more
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efficiently, the sonication temperature was increased from 5 to 35 °C and sonication time was
elongated from 8 to 16 minutes. Then the repeatability and scalability of the process was proven
by differing the amount of the source material (CP/SWCNT weight ratio was kept constant) and
solvent, as well as polymer molecular weight. High (M,, = 50.4 kg mol~!, D = 2.3) and medium
(M,, =35 kg mol~!, D = 2.8) molecular weight polymers were effectively used in toluene, upon

proper selection of the sonication and centrifugation parameters.

Moreover, due to environmental considerations, toluene was replaced with more sustainable,
but structurally similar p-cymene.!?? Successful recurrent isolation of the high-purity (6,5)
SWCNTs in this solvent was conducted using PFO-BPy6,6’ of low molecular weight
(M,, = 6.3 kg mol~!, b = 1.6) while for medium molecular weight polymer both p and y were
low, due to worse solubility of the polymer in this solvent. This showed, that the recurrent CPE

method can be adapted to the requirements of ’green’ chemistry.

Washing off the polymer, as mentioned in the introduction, is not certainly necessary, but in
large-scale production, it could anyway be useful to be able to re-use the free polymer chains
present in the dispersion. This work shows such re-cycling is possible in case of PFO-BPy6,6’
and PFO, as it was earlier proved for imine-based polyfluorene'?* and polycarbazole.’”-!>* By
simple filtration, polymer-wrapped SWCNTSs were separated from the free polymer chains, and
the latter were re-used in one of the further extraction cycles. It appeared, that the re-cycled
CPs are in general of lower molecular weight than their as-synthesized counterpart, probably
due to the consumption of the optimal-length chains by the SWCNTs and sedimentation of the
long chains. When too short CP was used (PFO-BPy6,6’, M,, = 1.55 kg mol~!, b = 4.2), the
extraction was unsuccessful, which again suggest the necessity for improved methods of the CP

synthesis, allowing to better control their molecular weight.

Raw SWCNTs
Polymer
Solvent Solvent Solvent Solvent Solvent or CP/Solvent

| y Y Y Y
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Figure 4.3. Proposed mechanism of reuse of the SWCNTs slurry leading to prolonged extraction of the

(6,5) SWCNTs (marked in violet) from other chiralities (gray). Simultaneously, large molecular weight

fractions of the CP are gradually deposited in the supernatant. Ppt — precipitate. Figure was copied from
reference P1.
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The proposed mechanism that accounts for the observed behavior is illustrated in Figure 4.3.
During the sonication—centrifugation process, along with the wrapped SWCNTs, the polymer
chains in either unbound form or aggregated as 3-phase'” were driven into the sediment.
When this residue was reused, the accumulated polymer material could be reactivated and
participate again in wrapping the SWCNTSs during subsequent sonication steps. Because the
low—molecular-weight fractions dissolved most readily, they were predominantly present in
the supernatant during the initial extraction cycles. With each successive extraction, however,
the proportion of long, nonselective polymer chains increased in both the sediment and the

supernatant. As a result, at later extraction stages, the overall chiral selectivity was diminished.

The presented approach, capable of reclaiming all three components of the extraction system,
i.,e. SWCNT, CP and solvent, is a considerable step towards the sustainable and large-scale
methods of chiral sorting of SWCNTs.
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4.2. Modification of photoluminescent (PL) emission of the SWCNT's
using BPO

The close-to monochiral s-SWCNTs are promising for photonics due to their selective NIR
emission spectra. Their intrinsically low PLQY can be enhanced by functionalization,
specifically the creation of luminescent sp® defects. Here, it was obtained by the covalent
bonding of radicals, originating from thermally decomposed BPO, to the (6,5) SWCNT. This

method was first proposed by the authors colleagues''! and further developed in this study.

First, PFO-BPy-wrapped (6,5) SWCNT was reacted with BPO in toluene, in broad range of
temperatures (from 40 to 100 °C) and radical initiator concentrations (from 0.5 to 15 mM). After
the reaction, PL spectra of the SWCNTSs contained, next to the original E£1; emission (~1000 nm
wavelength), also defect-induced Eq;* peaks (Figure 4.4). Most common defect resulted with
Eq1* peak at ~1158 nm wavelength and was therefore assigned to the attachment of benzoyloxy
radicals, which can be described as a SWCNT-O-C(=0)-R. Increase in the E;;*/E, peak area
ratio corresponded to increasing density of defects on the SWCNTSs’ surfaces. For a given
temperature, defect density increased linearly with BPO concentration (Figure 4.5a), which
enables good control over the reaction progress. In the same time, for a given concentration,
the increase with temperature was fitted with exponential curve (Figure 4.5b). This was
explained by the fact, that upon temperature increase, the defect formation accelerated when
both decomposition pathways (uni- and bimolecular) occurred. When high temperature (100°C)
was combined with significant concentration of the radical initiator (>3.8 mM), additional
emission features were observed (Figure 4.4c), which was associated with the attachment
of different functional groups, originating from radical recombination or radical transfer. In

general, good control over the defect density was obtained upon using elevated temperature
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Figure 4.4. Normalized PL spectra of (6,5) SWCNTs functionalized using various concentrations of

BPO from 0.5 to 15.0 mM. The spectra were registered after the reaction conducted at a) 40, b) 70, c) 85

and d) 100 °C for 1 hour. Excitation wavelength was 574 nm. Figure was copied from reference P2 and
modified.
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Figure 4.5. The ratio of E11*/E1; integrated intensities of light emission as a function of: a) employed

BPO concentrations for various temperature levels with linear fits (the inset illustrates the change in

the slope a of the linear fit function as a function of temperature); b) temperature for different BPO
concentrations with exponential fits. Figure was copied from reference P2.

(70-100 °C) and limited initiator concentration (<3.8 mM). This showed that considerate
choice of the conditions, especially limited of the BPO concentration, allows for controlled

modification of the PL spectra.

The radical formation mechanism is prone to environmental factors such as presence of oxygen
and moisture. Although functionalization in organic solvents is considered free from the
water-originating aggressive hydroxyl radicals (-OH), the moisture can be absorbed during
storage or preparation, or present in the commercially available BPO as a stabilizer. Importantly,
solubility of water in toluene increases with temperature,'?® which increases the probability of
implementing various defects into the SWCNT structure in harsh reaction conditions. The -OH
radicals can attack the SWCNTSs or BPO or its by-products, leading to formation of secondary
radicals and as a consequence additional PL emission features. Oxygen, on the other hand,
can retard the BPO decomposition and in most cases it inhibits the radical pathways.!?”-128
To establish the effect of these environmental factors on the functionalization reaction course,
SWCNT grafting was carried out: in the absence of oxygen, meaning that samples were flushed
with argon ("—0O5’), in the absence of water, i.e. dried with molecular sieves ('—H>O’) or with
the intentional addition of water ("+H>0’) (details in Experimental Section). The reaction
outcome was different for each version of the procedure, especially large differences were
observed when it was conducted at high temperature of 100 °C (Figure 4.6a). Spectrum of
the SWCNTs prepared ’in air’, meaning in standard conditions, without flushing with argon
nor drying, consisted of several different features: Eq; at 1005 nm, E;;* with two peaks at
1130 and 1160 nm, respectively, and lower intensity emission peaks (supposedly 3 different)
in 1200-1450 nm range. Removing the oxygen from the reaction (’—O,’) was proven to have
a very subtle impact on the reaction course in the organic environment. Creation of the main

defect peak (1160 nm) was practically insensitive towards the oxygen content, however, the
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Figure 4.6. a) Normalized PL spectra of (6,5) SWCNTSs functionalized with 3.8 mM BPO at 100°C

under various conditions. The wavelengths at which the main peaks were found (E1; — 1005 nm, E11*

— 1130 nm and 1160 nm) are marked with dashed lines. PL excitation-emission maps of the samples

prepared with b) argon and c) addition of water. PL spectra of the samples prepared with d) argon and e)

addition of water fitted with component peaks: E11, E11* consisting of two peaks at 1130 and 1160 nm,
and E1,2* peaks at 1285, 1330, and 1355 nm. Figure was copied from reference P2.

appearance of the emission at around 1130 nm was slightly promoted when the O, was removed.
Knowing that carbon-based radicals are rapidly trapped by molecular oxygen and other reactive

129

oxygen species, ~ it seems reasonable to associate this particular emission feature with the

attachment of phenyl or benzyl radicals to the SWCNT walls.

On the other hand, the spectra were significantly influenced by water content — the appearance
of Eq1* peak at 1160 nm was boosted with the addition of H,O. This may be related to the role

of water as an effective source of hydrogen atom, which saturates the radical formed on the
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Figure 4.7. Comparison of defect emission spectra of (6,5) SWCNT functionalized with 3.8 mM BPO

in mixed-solvent environments with chemical structure of the solvents used to dissolve BPO (co-solvents

with toluene), shown below. Spectra are compared for a) diphenyl ether, toluene, o-xylene, and DCB, b)

cyclohexane, decalin, and tetralin and c) hexane, cyclohexane, THF and acetonitrile co-solvents. Figure
was copied from reference P2.

surface of SWCNTs after breaking a double bond and attachment of the aryl group.!?8 130-133

Interestingly, the peak at 1130 nm was not prominent upon water addition nor removal, which
made the functionalization reaction more selective. This was observed in PL maps (Figure 4.6b
and c¢). Fitting PL spectra extracted from these maps allowed for the visualization of the

particular peaks’ contribution to PL emission (Figure 4.6d and e).

Due to the possibility of radical transfer to the solvent molecule, and creation of the secondary
radicals leading to various defect configurations in the SWCNTs, the solvent selection is
crucial for obtaining selective PL emission from modified SWCNTSs. Additionally, the optical
properties of the SWCNTs are sensitive to the microenvironment surrounding them, e.g.
polymer conformation is altered in polar solvents. This was proven earlier for aqueous
dispersions of the SWCNTs,!** and corroborated here also for the organic ones. In general,
polar and very non-polar solvents result with nanotubes precipitation, which prevents the PL
measurements altogether. To better understand the role of liquid medium and its impact
on the extent of functionalization, the reaction of SWCNTs with BPO was conducted in
a 1:1 vol. mixture of toluene with another organic solvent, referred here as a co-solvent.
Each mixed-solvent environment resulted with different shape of PL emission (Figure 4.7).
They were not simply affected by the optical properties of the solvents themselves, nor by their
dielectric constants. Instead, the results correlated with BPO decomposition reaction rates in
the particular type of solvent in the employed temperature of 100 °C, and also with the solvent
molecular structure. E.g. if the aromatic co-solvent molecule contained methyl groups (toluene,
o-xylene), the carbon-based radicals were formed via the chain transfer reaction,'*® leading to

the emission at 1130 nm wavelength (Figure 4.7a). This phenomenon was not observed in
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case of tetralin (Figure 4.7b), probably due to presence of the aromatic rings. The aliphatic
rings of cyclohexane and decalin led to high ratios of E;*(1160)/E1;, due to high reaction rates
of the solvent-induced unimolecular BPO decomposition, mentioned in the introduction. In
case of these systems, limited emission at 1130 nm wavelength suggest low reactivity of the
solvent-induced radicals with the SWCNTs. In case of cyclohexane and hexane (Figure 4.7¢),
additional further red-shifted emission in 1200-1450 nm range probably originated from the
bimolecular functionalization, meaning the attachment of two benzoyloxy, or one benzoyloxy
and one solvent-induced radical. The latter moieties reactivity towards the nanotubes depends
on the radicals flexibility and size. When THF or acetonitrile was used as a co-solvent, the
peak at 1130 nm wavelength was dominating in the obtained spectra, and the further red-shifted
emission >1200 nm was also present. It can be explained by high decomposition reaction rates
of BPO in these solvents and formation of the alternative, small radical structures (especially in
case of acetonitrile) able to graft the SWCNTs.

To confirm that peak observed in spectra at 1130 nm originates from the C—C bond, the
nanotubes were transferred to benzene and chlorobenzene, which does not contain any methyl
groups. As expected, functionalization in these environments did not show emission at 1130 nm,
even at high concentration (15 mM) of the BPO. Last but not least, the C—O bond, contrary to the
C—C bond was prone to hydrolysis conducted using tetramethylammonium hydroxide (TMAH),

which further corroborated the results.

This study allowed to further understand the mechanism of SWCNT functionalization for the
purposes of PL emission, especially in terms of spectral selectivity. It showed, that upon
proper selection of the temperature, solvent and environmental conditions, quick, effective and
selective functionalization can be conducted using the BPO in organic environment, increasing

the application potential of the SWCNTs in photonics.
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4.3. BPO derivatives as a toolset for modifying PL emission from the
SWCNTSs

In this chapter and in publication P3, the focus was on gaining deeper insight into the radical
chemistry of benzoyl peroxide (BPO) and its potential to enhance the photoluminescence (PL)
emission of SWCNTs. For example, while BPO enabled the introduction of luminescent defects
into the structure of (6,5) SWCNTs, it was found to be less effective for the larger-diameter
(7,5) chirality (Table 3.2), which exhibits reduced reactivity due to lower curvature. Effective
functionalization strategies for larger-diameter SWCNTSs are nevertheless highly desirable,
as these nanotubes exhibit a greater redshift in their optical emission. Moreover, even for
small-diameter (6,5) SWCNTSs, relatively high initiator concentrations at elevated reaction
temperatures were required to achieve a satisfactory degree of functionalization. The underlying
hypothesis of this study was that structural modification of the initiator could alter the
reactivity of the resulting radical species toward SWCNTs of different chiralities, while also
providing significantly improved control over physicochemical properties such as solubility,

decomposition rate, and chemical stability.!!7- 136137

The ability to tailor the chemical structure
of BPO derivatives thus enables a more comprehensive understanding of the complex behavior
associated with radical-based transformations and facilitates the identification of potential

applications of this widely used class of compounds.

The reactivity of the BPO was tailored by the addition of functional groups. Commercial
availability of these aryl peroxides is very limited, so they were synthesized in-house by
the authors colleagues. Briefly, to get desired acyl peroxide, the acyl chloride was in situ
transformed into peroxy acid in reaction with hydrogen peroxide and coupled with unreacted
acyl chloride in presence of sodium hydroxide (Figure 4.8a). More details regarding this
synthesis can be found in publication P3 and Supporting Information. The procedure was
implemented to provide series of BPO derivatives with alkyl, alkoxyl, carbonyl, halide, nitrile
and nitro functional groups symmetrically attached to phenyl moiety (Figure 4.8b). Obtained
peroxides were tested by me for functionalization of the (6,5) SWCNTs. Based on the results
obtained, I used more reactive derivatives to functionalize also the (7,5) SWCNTs. The
formation of C—O and C-C bonds at the SWCNTSs surface, caused by the attachment of
benzoyloxy and carbon-type radicals (Figure 4.8c), was observed in PL emission maps and
spectra. Variations in the chemical structure of the initiator significantly affected both, the
radical generation and their affinity towards the nanotubes. More electron-donating substituents
(with lower values of Hammett constant o) in the aryl peroxide structure made it less reactive,
meaning that higher relative concentrations [R-BPO]/[CNT] and/or higher reaction temperature
were necessary to obtain similar defect densities, measured by E;;*/E1; peak area ratios. Please
notice, that this order is reversed comparing to the rate of spontaneous thermal decomposition

of the substituted peroxide, meaning that the active nature of the substituent, which assures
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Figure 4.8. a) Synthetic approach used to obtain BPO derivatives. b) A spectrum of BPO derivatives

produced for SWCNT functionalization. c¢) Decomposition of BPO derivatives giving rise to the

generation of alternative carbon-type radicals for SWCNT functionalization. Figure was copied from
reference P3.

the creation of functionalizing radicals, does not necessarily assure functionalization of the
SWCNTs.

The electron density distribution which influences the reactivity is reflected in the
Atom-Centered Charge (ACC) on the carbon atom adjacent to the carbonyl group (Figure 4.9a).
For example, for the 4-CH3-BPO reactant, the partial positive charge of 0.062 is slightly lower
than for 3-CH;3-BPO (0.068) and unsubstituted BPO (0.067), which correlates with the increase
in defect density under the influence of these compounds (Figure 4.9b-e). The correlation of
the ACC with radical affinity towards the (6,5) SWCNTSs was especially significant, when
4-OCH3-BPO was used. The partial positive charge on the carbon atom adjacent to the
carbonyl group was the lowest among tested (0.046) and this compound was found unable

to functionalize the (6,5) SWCNTs in any conditions, even though the radicals were generated.

The same as for BPO, at high initiator excess, functionalization reaction accelerated, judging
by the elevated E,*/E; area ratios. The peak at ca. 1130 nm emerged for 4-CH3-BPO and
unsubstituted BPO, but also for the 3-OCH3-BPO (Figure 4.10a). It was explained by the
increased concentration of the benzyl radicals in the reaction mixture. Rate of decarboxylation
of aryloxyl radicals, yielding secondary phenyl radicals, increases along the series 4-F-Ph-COO-
< 4-OCHj3-Ph-COO- < 4-CH3-Ph-COO- ~ 4-Cl-Ph-COO- < PhCOO- < 3-CI-Ph-COO-.!*
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Figure 4.9. a) Calculated Atom Centered Charges for radicals derived from unsubstituted BPO,

3-CH3-BPO, and 4-CH3-BPO. b-d) PL spectra of SWCNTs functionalized using (b) unsubstituted, (c)

3-CHs- and (d) 4-CHgs- substituted BPO in 1 hour-long reaction at 100 °C. e) The area ratios of E11*/E1;

peaks versus [R-BPO]/[CNT] concentration ratios. For better visibility, values obtained using 3- and

4-substituted BPOs were plotted using triangles and squares, respectively. Figure was copied from
reference P3.

The reduced electrophilicity of the 4-CH3-PhCOOQO- radical — arising from its electron-rich
character — extends its lifetime because it is less prone to functionalize SWCNTSs. This also
increases the likelihood of radical transfer to the solvent (toluene). Consequently, phenyl
radicals can convert into more stable benzyl radicals via the cage effect, in which surrounding
solvent molecules transiently confine reactive intermediates and alter their reaction pathways,

yielding the more stable species.!®

Ester groups, connected via their carbonyl carbon, exert a strong electron withdrawing behavior
due to combination of the —/ and —R effects. Analysis of optical spectra collected at 100 °C
revealed clear differences in both reactivity and the resulting spectral features between methoxy-
and ester-substituted peroxides, as well as the effect of functional group position. While
3-COOCH;3-BPO showed a distinct additional peak at ca. 1300 nm, 4-COOCH3-BPO exhibited
no notable features beyond the primary E;;* defect at 1166 nm. Moreover, using both
3-COOCH; and 3-OCHj3; for SWCNT functionalization led to a pronounced increase in the
ca. 1300 nm peak compared to spectra from unsubstituted BPO. This was attributed to the
interactions between 3-position substituents and the SWCNT sidewall, consistent with Yu et
al., who reported that similar meta-substituted modifications of SWCNTSs produce strongly
redshifted PL peaks.'* Such specific interactions — particularly strong for reactive meta

substituents — can promote localized defect clustering and, at higher concentrations, result
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Figure 4.10. a) Comparison of spectral shapes of the defect region E;1*, especially the E1;*(1130)

peak, obtained with large excess of different initiators. Comparison of PL spectra obtained with

halogen-substituted BPO, at (e) lower temperature but higher [R-BPO]/[CNT] and (f) higher temperature
but lower [R-BPO]J/[CNT]. Figure was copied from reference P3.

in overfunctionalization and fluorescence quenching, observed as increased noise and light

scattering in the PL spectra (further discussed in the SI).

Halogen substituted BPO (F-BPO and CI-BPO) also exerted significantly different electronic
effects depending on the functional group position. Again, more electron-withdrawing
meta-substituted structures were proven more reactive and for high initiator concentrations the
formation of far redshifted peak at ca. 1300 nm was observed (Figure 4.10b and c). Width
of this fluorescent emission band was increasing with the substituent group size. Interestingly,
the band located at ca. 1130 nm, corresponding to carbon-type radicals on the surface of the

SWCNT, was not observed in any case.

Finally, strongly electron-withdrawing nitro- and cyano- groups were introduced into the
BPO structure. Especially electron-poor para-substituted counterparts were weakly soluble in
toluene. They required high [R-BPO]/[CNT] concentration ratios to successfully functionalize
the (6,5) SWCNTs. On the contrary, nitrogen-containing substituents in the 3— position led
to extreme reactivity towards the (6,5) SWCNTs, allowing for substantial decrease of the
[R-BPOJ/[CNT] concentration ratio and/or reaction temperature. For SWCNTs exposed to
higher concentrations of 3-NO,-BPO, uncontrolled functionalization occurred, producing a
jagged optical spectrum and, eventually, complete fluorescence quenching. This behavior
supported previous findings that SWCNT functionalization may become self-accelerating,

when reactant molecules are abundant.!#!

This is because adding new functional groups
becomes energetically more favorable on an already modified surface. Consequently, multiple
defects can accumulate in the affected region, degrading the optical properties of SWCNTs.
Thus, it is essential to optimize the functionalization conditions so that reactive radicals are
fully consumed during the process or deactivated using radical scavengers. This was discussed

in greater details in the Supporting Information for publication P3.

To further prove, that the electron-poor substituent in the initiator structure lead to increased
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defect density on the SWCNTSs’ surfaces, the PL emission spectra were correlated with Raman
spectra. For this experiment, the (6,5) SWCNTSs were functionalized in identical conditions
but with different radical initiators: 4-F-, 3-F- and 3-CI-BPO (4.11a and b). The observed
increase in the intensity ratio of the D to G bands in the Raman spectra confirmed more
severe modification for more electron-withdrawing substituents in BPO structure. It was
proposed, that the introduced exciton traps are not only deeper, as previously disclosed,!” but
the underlying photophysics was also changed. For these SWCNTSs, which are supposedly
more functionalized, it is likely that excitons, which generally have high mobility!*!** can
be detrapped and effectively retrapped by the defect sites present in abundance (Figure 4.11c
and d). Radiative recombination becomes therefore much probable, explaining stronger E;;*
spectral features. Similar phenomena were recently described by Sebastian et al.!** in case of

oxygen-based defects.

Increasing electron deficiency of the functionalizing group was earlier proved to redshift the
E;1* emission from the diazonium-functionalized SWCNTs.”! BPO derivatives exhibit similar
effect, although here several groups of values were observed (Figure 4.12). Within each group,
substituents with significantly different Hammett o values lead to similar E1;* redshifts, e.g.
4-CHj3, 3-CHj, -H, 4-F, 3-OCHj3 or 4-Cl, 3-F, 3-COOCH3; or 3-NO,, 4-NO,, 4-CN. Also
significant differences were observed for a given substituent in 4- or 3- position. They could
arise from steric effects, variations in the spatial arrangement or orientation of the attached
functional group relative to the SWCNT surface, or subtle changes in the electronic coupling

between the substituent and the SWCNT lattice, depending on the meta- or para- orientation.

Various reactivity of the BPO substituents towards the (6,5) SWCNTs is a powerful tool
for covalent functionalization of other chiralities. Larger SWCNTs have further redshifted

emission, which could enable operation in the telecommunication window. However, they are
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also known to be substantially less reactive, due to reduced curvature.'* 146 The (7,5) SWCNTs
were not prone to functionalization using unsubstituted BPO, but it successfully functionalized
using 5 more reactive derivatives, i.e. 4-COOCHj3-, 4-Cl-, 3-Cl-, 3-CN- and 3-NO,-BPO.

The systematic investigation presented in this work, supported by detailed kinetic studies and
analysis of substituent effects, offers valuable insight into the surface chemistry of SWCNTSs,
enabling more rational design of nanomaterials for optoelectronic applications. In addition, the
library of in-house—synthesized BPO derivatives reveals how structural modification can tune

their electrophilicity and, in turn, the efficiency of key chemical transformations.
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5. Conclusions

This study expands previous understanding of mechanisms underlying the reactivity of the
SWCNTs, in the context of both chirally selective isolation using polyfluorenes and radical
initiated covalent functionalization. Both processes are scalable and require only common
equipment and operators’ skills, which makes them promising in terms of applications. In

the same time they allow to observe an abundance of fascinating physicochemical phenomena.

Affinity of the CP towards the small diameter SWCNTs of specific chiralities was known
to be highly dependent on the chain length, but here the consequences of this fact for the
recurrent extraction process were elucidated. The highest extraction yields reported so far
were obtained here, when temperature, sonication time and power were adjusted to the polymer
macromolecular parameters, i.e. higher temperature and sonication time improved the isolation
yield especially for CPs of high molecular weight. On the other hand, higher excess of the
CP over SWCNTs could enable successful isolation using short-chained re-cycled polymer
material. This knowledge enables more effective using of the existing CPs and allows to better
predict the desired properties of the ones dedicated for the nanotubes extraction in the future.
Additionally, the CPE process enabled use of a different solvent without significant changes in

the procedure, as long as the new solvent was structurally similar and assured the CP solubility.

In laboratory practice, these observations were extremely useful to obtain dispersions of
the (6,5) and (7,5) SWCNTs in toluene, having great potential for modern thin-film optical
devices. Compatible methods of precise tuning of the PL emission from these materials were
developed here, demonstrating the potential of well known radical reagent, i.e. BPO and its
derivatives. Optimal conditions for the reaction of controlled defect implantation included
moderate level of temperature (70-85°C), low radical initiator concentration and proper
combination of the solvent and radical structures. Please notice, that e.g. decarboxylation of
the benzoyloxy radicals could be reduced either by using solvents containing no methyl groups
or electron-withdrawing substituents to BPO. Importantly, the substituents in radical initiator
structure modified not only the exciton trap depth, as it was shown in earlier studies, but also
directly influenced the reactivity of the created radicals toward the SWCNTSs, which allowed
e.g. for successful functionalization of the larger (7,5) SWCNTs.

In summary, this research provides a comprehensive understanding of the process of SWCNT
functionalization, offering a new approach into controlled engineering of the luminescent
defects and can be useful for rational designing of the processes and materials for new

optoelectronic applications.
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