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1. Introduction

Beyond the natural allotropic forms of carbon (amorphous carbon, diamond and
graphite), in the last decades other carbon-based nanomaterial were discovered and
gained great interest due to their novel properties and unique chemico-phisycal features.
Nowadays, the most studied carbon nanomaterials are fullerene,’ carbon nanotubes® and

graphene® (Figure 1.1).

Figure 1.1. Different carbon-based nanomaterials: A) fullerene, B) carbon nanotube, C)

graphene.

Carbon nanotubes (CNTs) were described for the first time by lijima in 1991.2 They
can be conceived as graphene sheets rolled up to form long hollow cylindrical
structures; depending on the way to wrap the graphene sheet it’s possible to obtain
CNTs with different chiralities. The circumference of a CNT is described by the chiral
vector C defined as a combination of two integers (n, m) and the basis vectors of the

graphene sheet* (eq. 1.1):

C=na+mb=(nm) (eq. 1.1)

When n = m nanotubes possess an armchair structure, when n = O they get a zigzag
geometry while in all other cases (when n and m have different values) nanotubes

present a chiral structure (Figure 1.2).
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Figure 1.2. (left) Schematic representation of CNTs formation by wrapping a graphene sheet.

(right) Different chiralities of CNTs obtained by rolling a graphene sheet.

Carbon nanotubes can be classified into two different categories: single-walled carbon
nanotubes (SWCNTs) and multi-walled carbon nanotubes (MWCNTS) depending if
they consist in a single shell of graphene or in a structure constituted by multiple

concentric tubes (Figure 1.3).

v

1-2 nm 2-25nm
Figure 1.3. A) Single-walled carbon nanotube (SWCNT). B) Multi-walled carbon nanotube
(MWCNT).

SWCNTs typically show a diameter between 1 and 2 nm, while MWCNTSs diameter
normally ranges between 2 and 25 nm even if there are cases where it can reach 100 nm.
The length of CNTs is instead in the size of micrometers.

Thanks to their uniqgue mechanical, thermal and electrical properties, CNTs have
received growing attention for applications in materials science, nanotechnology and
medicinal chemistry.>®’ However, the strong Van der Waals interactions between the
nanotubes cause the formation of bundles that are at the origin of the lack of solubility
of pristine CNTs, both in organic and agqueous media. This aspect represents the major
drawback for their use in practical applications; however, the possibility to functionalize
the nanomaterial in different ways with various techniques and strategies permits to

obtain an increase of miscibility and processability of CNTs in the most common
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media. The several approaches that have been developed to functionalize CNTs can be
divided into two main categories: the covalent and the non-covalent (exohedral or

endohedral) approach.®

1.1 Covalent functionalization

1.1.1 Amidation/esterification reactions

One main approach in the field of chemical functionalization of CNTSs consists in
their acidic and oxidative treatment, such as in a mixture of nitric and sulphuric acid
under sonication, which leads to the formation of defective, opened and short nanotubes
(less than 500 nm in length). The as-prepared materials possess oxygenated
functionalities, mainly carboxylic groups,® that represent reactive groups susceptible to
undergo further functionalization in the presence of alcohols or amines to give the

corresponding esters or amides, respectively'® (Scheme 1.1).

SOCl, or (COCI),

ROH or RNH,

(or CONHR)

1. activating agent

. (e.g.diimide)

2. ROH or RNH,

path B

Scheme 1.1. Amidation and/or esterification of carboxylic groups through acyl chloride

intermediates (path A) or through the employment of activating agents (path B).

In 1998 Smalley and co-workers first reported the functionalization of oxidized
SWCNTs through amidation, using thionyl chloride to convert the carboxylic functions
in reactive sites for the coupling with a thiolated undecylamine and the subsequent
anchoring of the carbon nanomaterial to a gold substrate.® In a similar way, Chen et al.

functionalized oxidized CNTs with long chain alkylamines (after acylation treatment)



and obtained for the first time a material soluble in organic solvents.!' The same
reaction can be conducted using carbodiimide-based coupling agents as DCC (N-N’-
dicyclohexylcarbodiimide) or EDC  (1-ethyl-3-(3-dimethylaminopropyl)carbodiimide)
in the presence of NHS (N-hydroxy succinimide) or HOBt (1-hydroxy-benzotriazole)

that allow to perform the amidation/esterification reaction under milder conditions.

1.1.2 Direct functionalization of CNT sidewalls and tips
Highly reactive species are required in order to perturb the graphitic Csp® network and
functionalize CNT sidewalls and tips. On this ground, several synthetic methodologies

grew up in the last decades (Scheme 1.2).2

:CCIZ

- Li/R-l

R-(CgHa)-Ny"
Br-CH-(COOR),

NH,-CH,-COOH
ROOC COOR R-CHO

Scheme 1.2. Different approaches to CNTs chemical functionalization.



1.1.2.1 Sidewall halogenation, hydrogenation and epoxydation

It is possible to obtain F-decorated CNT sidewalls through a thermal treatment of
CNTs in the presence of elementar fluorine.!? The reaction is very useful because upon
treatment with organolithium or Grignard reagents the fluorine atoms can be easily
replaced by alkyl groups.®® Moreover, several nucleophilic species such as diamines or
diols have been reported to react with fluorinated CNTs.'*

Chlorination and bromination of CNTs were also accomplished through an
electrochemical oxidation of the appropriate inorganic salts.*®

Hydrogenation of CNTs has been performed upon treatment with Li or Na in liquid
NH; (Birch reduction):*® the as-prepared materials show thermal stability till 400 °C.

CNTs can be also decorated with epoxy groups using strong oxidizing agents such as
m-CPBA (meta-chloroperbenzoic acid), dioxiranes or a mixture of ReMeO3 and H,0,.*’
The as-formed epoxy groups can be further derivatized by reaction with nucleophiles, e.

g. amines. 8

1.1.2.2 Cycloaddition reactions

Carbenes cycloaddition was reported for the first time by Haddon and co-workers.*®
The reactive species were generated in-situ using a mixture of chloroform/sodium
hydroxide or using phenyl (bromodichloro methyl mercury. The as-obtained
dichlorocarbene efficiently reacts with CNT sidewalls thus forming cyclopropane rings.

The Bingel cyclopropanation has also been reported to modified CNTs sidewalls.?® In
this case, the carbene species is originated in-situ from diethyloromomalonate in the
presence of DBU (1,8-diazobicyclo[5,4,0]-undecene).

Hirsch and co-workers also reported a nucleophilic addition of carbenes on CNTs
with the formation of zwitterionic adducts (Scheme 1.3, path A).>* Another important
reaction investigated by the same group is the thermal functionalization of CNTs by
nitrene species produced in-situ (Scheme 1.3, path B).>? Starting from an alkyl
azidoformate derivative, a thermal decomposition of the azide leads to the formation of
the reactive alkoxycarbonylnitrene through nitrogen elimination. The cycloaddition of
the as-produced nitrene to the CNT sidewalls resulted in the formation of
alkoxycarbonylaziridino  derivatives. Hirsch and co-workers demonstrated also the
feasibility of this reaction using different types of alkyl chains, such as oligoethylenic
derivatives, crown ethers and dendrimers that increase the dispersibility of the

functionalized materials.



Scheme 1.3. Path A: nucleophilic addition of carbenes to CNTs. Path B: functionalization of
CNTs by in-situ produced nitrene species.

An important and versatile approach to the CNTs functionalization is the azomethine
ylides cycloaddition reported for the first time by Prato and co-workers.”® The reactive
species is thermally generated in-situ by condensation of aldehydes and a-amino acids

forming pyrrolidine rings fused to the CNTs network (Scheme 1.4).

Scheme 1.4. CNTs functionalization by in-situ generated azomethine ylides.

More recently, the same reaction was reported to proceed under solvent-free
microwave irradiation.?* In principle, as shown in Scheme 1.4, a wide and virtually
infinite variety of groups can be anchored to CNTs making this approach highly
versatile.

Thinking to CNTs Csp? network as a dienophile, a Diels-Alder cycloaddition was
performed with o-quinodimethane generated in-situ, as reported by Delgado and co-

workers.?®



Other 1,3-dipolar cycloaddition were reported employing other reactive species such

as nitrile imines?® and nitrones.?’

1.1.2.3 Reactions with radical species

The addition of radicals on SWCNTs sidewalls has been reported for the first time by
Tour’s group using aryl diazonium salts.?® The reactive aryl diazonium salt species can
also be generated in-situ from the corresponding aniline derivative using NaNO,2° or an

organic nitrite like the isopentyl nitrite (Scheme 1.5).%°

Scheme 1.5. Functionalization of CNTs by in-situ formed aryl diazonium species.

A variety of different reaction conditions has been reported later, such as solvent-

31 or microwave assisted®? functionalization procedures. Also in this case the

free
synthetic protocol allows to bring at the CNTs surface a large range of different
aromatic groups.

Thermal and photochemical approaches has also been reported for the covalent CNTs
sidewall functionalization with radicals. For example a thermal decomposition of alkyl
or aryl peroxide was reported to generate radical species able to covalently decorate the
CNTs network,®® while photoinduced homolytic dissociation of alkyl iodide precursors

was accomplished to perform perfluoroalkyl radical additions.>*

1.2 Non-covalent functionalization

An alternative approach to bring functional groups and/or to enhance the CNTSs
dispersibility in organic and aqueous solvents is the non-covalent functionalization,
regulated by interactions mainly based on Van der Waals forces, hydrophobic
interactions and n-7 stacking.

In order to obtain stable suspensions of CNTs in both organic and aqueous solutions

the use of polymers, aromatic compounds, surfactants and biomolecules have been



explored. The first example of CNTs functionalization with polymers was reported by
Xu and co-workers performing an in-situ polymerization of phenylacetylene that lead to
the CNTs easy dispersion in common organic media.®® Nakashima and co-workers®®
showed that different aromatic ammonium derivatives were able to disperse SWCNTSs;
among them, pyrene-based compounds demonstrated to be good candidates to solubilize
this type of nanomaterial®’ Exploiting this property, Harada and co-workers®
functionalized SWCNTs with B-cyclodextrins anchored to pyrene compounds obtaining
hybrid materials soluble in aqueous solutions. Great interest has also been devoted to
CNTs interactions with biopolymers:® in particular, DNA was found to be efficient in
dispersing CNTs in aqueous solutions generating DNA-SWCNTs adducts that result
stable for months thanks to the interaction of the nucleotide bases with the CNTs
graphitic walls.*°

An alternative and less common approach to functionalize carbon nanotubes is the
encapsulation of molecules inside the tubes cavity (endohedral functionalization). The
first example dealt with the possibility to fill CNTs with fullerenes,*® but later other
organic and inorganic molecules have been employed. For example, Kataura and co-
workers*! studied the possibility to encapsulate conjugated dyes, such as carotene, in the
inner cavity of CNTs but also metal halides have been introduced inside nanotubes*? (e.
g. the encapsulation of radioactive Nal has been used for in vivo localization and
imaging of SWCNTs*).

1.3 Multimodal and versatile CNTs decoration

CNTs have attracted great attention in the last years as they have potential
applications in different fields, from nanomedicine for drug delivery,** therapy and
imaging,*®> to their use as catalytic materials in specific fields of renewable energies
technology.*® CNT sidewall and tip decoration with organic functional groups
represents the only way to exploit their unique properties more conveniently but, in
spite of the huge number of CNT functionalization protocols developed,?® the efficient
synthesis of flexible and versatile systems still represents a challenge. In particular, one
main point is to impart multimodality to CNTs through the anchoring of different
molecules, possibly under mild reaction conditions and avoiding undesired side-
processes or conflicting side-reactions between the decorating groups. Several

approaches have been successfully applied to CNTs multiple functionalization taking
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advantage of well-established protocols. The first example was the site-selective
functionalization of the opposite tube ends on vertically aligned MWCNTSs exposed to
different photoreactive solutions.*” Later, different synthetic strategies and combinations
of organic protocols were exploited:*® in particular, there are several examples including
double azomethine ylide cycloaddition,*® double amidation reaction on oxidized CNTs>°
or double aryl diazonium salt reaction.>! Another possibility is to tune the reaction
conditions to perform a combination of different functionalization approaches such as
amidation and cycloaddition reaction,”> or aryldiazonium saft reaction and azomethine
ylide cycloadditions?***® (Scheme 1.6).

NH,

Scheme 1.6. Functionalization of CNTs through a combination of azomithine ylides

cycloaddition and aryl diazonium salt reaction.

Also  non-covalent functionalization  protocols has been used to perform
multifunctionalization and impart multimodality to the final nanomaterials. One of the
first examples was reported by Dai and co-workers using two different PEG-chains
decorated with different terminal functionalities,>* but there are also strategies based on
a combination of non-covalent and covalent approaches; for example, Liu and co-
workers performed an amidation reaction followed by the loading of an aromatic
species interacting with CNTSs by 7-7 stacking.>

A step-forward towards the easy and smart engineering of carbon nanomaterials is the
covalent anchoring of masked functionalities bearing orthogonally cleavable protecting

4905256 for example, a one-pot triple functionalizaton with different

groups;
aryldiazonium derivatives was reported to bring at the CNTs surface three masked
benzylamines groups that can be orthogonally and selectively deprotected under specific
conditions (Scheme 1.7).°® The sequential removal of the amines protecting groups
allows the grafting of different molecules of interest imparting multimodality to the

final nanomaterial.



Scheme 1.7. One-pot triple CNTs functionalization through aryl diazonium salt cycloaddition

Another relevant strategy to design flexible CNT platforms is the incorporation of
functionalities containing cleavable bonds for the controlled release of specific
molecules under appropriate chemical and/or biological settings.”” For example, Prato
and co-workers decorated CNTs surface with an anticancer compound through a
peptide-based linker to facilitate a controlled release of the drug from CNTs by an
enzymatic cleavage.’’® Other examples include CNTs functionalization with groups
bearing disulfide bonds that can be easily cleaved by pH changes®® and/or reducing
agents.”"

In spite of the huge efforts devoted in the last years to conceive different synthetic
strategies and protocols, making CNTs (and complex carbon-based nanomaterials in
general) flexible platforms through their efficient, facile and multiple functionalization,
still represents a priority to be properly faced in order to widen the application of these

unique nanomaterials in different technological and biomedical fields.

1.4 Doping of CNTSs: creating efficient and powerful metal-free

catalysts

In the last few years, great attention was focused to the doping of CNTs with
heteroatoms. Indeed, CNTs application in various catalytic reactions requires their
chemical modification in order to tune and whenever possible control their ultimate
physico-chemical properties. Most importantly CNT doping is expected to render these
nanomaterials capable to coordinate different substrates and drive catalytic
transformations efficiently. The natural choice for CNTs doping is nitrogen®® since it

differs by only one additional valence electron from a carbon atom and may provide
10



additional m-electrons in the Csp? graphitic network. However, there are several
examples of doping with other heteroelements such as boron,®® phosphorus,®* sulphur®?
or even selenium.*® The insertion of an alien atom breaks the electroneutrality typical of
the CNTs sp? network and transform them either in interesting supports for growing
metal nanoparticles (NPs) or in metal-free systems suitable for promoting specific
catalytic transformations.

One of the main advantages in employing doped CNTSs as supports for metal NPs is a
stronger interaction with the metal NPs themselves respect to pristine CNTSs, that
implies a minor metal leaching and a minor tendency to the NPs sintherization.%® In this
way the catalytic activity of the NPS/CNTs system is maintained through several
catalytic trials and the heterogeneous catalyst can be recycled many times. Moreover,
the donor atoms present at the nanostructure surface also represent valuable nucleation
site for NPs, allowing for the synthesis of small and monodispersed metal systems.

In many cases, due to the high cost of metal-based catalysts (particularly those based
on platinum group metals — PGMs) and their scarce abundance in nature, doped CNTs
have attracted the interest of many research groups for their ability to replace efficiently
metal-based systems of the state-of-the-art for promoting (as metal-free catalysts)
important catalytic processes.®* There are several catalytic reactions where they exhibit
good performances including selective alcohol oxidation,®® oxidative dehydrogenation

64266 selective oxidation of H,S,%” oxidation of

of aromatic hydrocarbons and alkanes,
cyclohexane,®®  acetylene  hydrochlorination®® and  Knoevenagel —condensation.”®
However, the largest area of employment of doped-CNTs as metal-free catalysts is the

clean and sustainable energy sector,’*

e.g. in photovoltaic applications’® and lithium ion
batteries,”® but one of the main field in which doped-CNTs, and in particular nitrogen
doped-CNTs (N-CNTs), have proved to be very promising and attracting systems is the
electrochemical oxygen reduction reaction (ORR) in fuel cells cathodes.*® Indeed, the
development of alternative and green energy sources has become a priority because of
the increasing global energy demand and the environmental impact of traditional energy
sources;’* on this ground, fuel cells are clean and highly efficient devices able to
directly convert chemical energy from a fuel (e.g. hydrogen or alcohols) into electrical
energy. The main drawback for the large scale application and commercialization of
fuel cells is the high cost and poor durability of platinum-based catalysts, that are, to

date, the most active catalysts for ORR. Thus, in the last few years, many research
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efforts have been devoted to the development of efficient, durable and inexpensive
alternatives to platinum.%*"®

The first example of N-doped CNTs used as efficient electrocatalysts in ORR was
reported by Dai and co-workers in 2009.”® They demonstrated that N-CNTs show a
catalytic activity comparable to that observed with the commercially available Pt/C in
alkaline media. The main reason to this remarkable ORR activity is that, while pristine
CNTs are composed of neutral C-C bonds with high chemical inertness, N-doped CNTSs
present C-N bonds that are permanently polarized with weak negative charges localized
on N atoms and weak positive charges on C atoms. These latter facilitate the O
absorption, the initial step for the ORR process, while the locally increased electron
density on N atoms promotes a charge transfer to the adsorbed O, molecules that
reduces the dissociation energy barrier weakening the O-O bond and favouring the
reduction process. Moreover, while the simple employment of pristine CNTs translates
into a 2e” reduction process with formation of hydrogen peroxide as the main product,’’
the introduction of a heteroatom (mostly nitrogen) in the Csp? network leads to very
efficient metal-free catalysts for ORR able to foster a prevalent 4e” reducing path with
formation of water as the main reduction product.

This revolutionary discovery quickly focused great interest on carbon-based catalysts
for ORR and therefore huge efforts have been devoted to the synthesis of either mono-
dimensional (1D) or bi-dimensional (2D) nitrogen-doped carbon nanomaterials and to
fully exploit their catalytic ability to promote ORR both on a theoretical’® and

experimental”®

ground. Many different methods have been developed for the synthesis
of N-doped carbon nanomaterials. The most widely used technique is the in-situ
Chemical Vapour Deposition (CVD) approach.®® This process is commonly used to
produce CNTs through a thermal decomposition (600-1200 °C) of a hydrocarbon
vapour in the presence of a metal catalyst, typically Fe or Co, on alumina supports. To
prepare N-doped CNTs a nitrogen source (e.g. ammonia) is added in the hydrocarbon
flow obtaining N-doped CNTs with different types of nitrogen functionalities embedded
in the Csp® network.®* Alternative approaches start from already synthesized CNTs and
achieve the nitrogen doping through different post-treatments such as ion implantation
with N,* 82 thermal annealing of CNTs in the presence of different nitrogen sources®® or
reduction with N-containing reducing agents.®*

Anyway, none of the above synthetic methodologies is able to control the nitrogen

species formed and, as a result, all the nanomaterials produced contain, at the same

12



time, a wide variety of different nitrogen species (pyridine, pyrrolic, quaternary and

nitrogen oxide groups), as shown in Figure 1.4.46:8%

Figure 1.4. Different nitrogen species tipically present in N-doped CNTSs.

The coexistence of different nitrogen species makes extremely hard to identify which
is the real nature of the active sites in N-doped CNTs.”® Only a partial control on the
degree and type of N-doping can be achieved through an accurate optimization of the
CVD synthetic conditions®® or through a thermal post-synthetic treatment on already
prepared N-CNTs, but in all cases a simple adjustment of the different N-species
relative concentration is achieved.®” The result is that the role of the different N-
functionalities on the catalytic efficiency of N-doped CNTs still remains unclear and it
is at the origin of controversial debates in the scientific community, sometimes
producing even conflicting literature results.®

The in-depth comprehension of the real nature of the N-containing active species
would represent an important step-forward towards the understanding of the underlying
ORR mechanism and a fundamental starting point for the design, synthesis and
development of stable and efficient metal-free electrocatalysts for their application on a

large scale.

1.5 Objects of the Thesis

In the first part of the thesis an original, efficient and versatile approach to the
convenient and facile functionalization of carbon nanotubes capable of imparting
multimodality to these fundamental nanostructures, is described. In particular, the
strategy developed takes advantage from the well established Cu-mediated acetylene-
azide coupling (CuAAC) reaction applied to phenylazido-functionalized CNTs for their
convenient homo-/hetero-decoration using different organic/organometallic frameworks
bearing terminal acetylene pendant arms. The mild reaction conditions required, the

high chemoselectivity and functional group tolerance of the CUAAC approach make the

13



protocol highly versatile for CNT single step multidecoration, avoiding those drawbacks
resulting from the application of different and subsequent organic functionalization
methods. The protocol has been properly applied for the synthesis of optically traceable
nanocarriers through the smart and easy hetero-decoration of CNTs with a fluorescent
probe and a new bifunctional linker designed for the facile and controllable conjugation
of complex (bio)molecules.

The CuAAC protocol has been conveniently extended from monodimensional carbon
nanomaterials to other complex structures such as Metal Organic Frameworks (MOFs),
imparting multimodality to these porous, crystaline 3D organometallic coordination
polymers and demonstrating the general applicability of the developed method.

In the second part of the work, an energy- and atom-saving process to the production
of tailored N-doped and catalytically active metal-free carbon nanostructures, has been
set up. The N-decoration of multiwalled carbon nanotubes occurs via chemical
functionalization under mild reaction conditions and generates effective catalysts for the
oxygen reduction reaction in alkaline medium. Our ex-situ approach allows a precise
control of the N-containing groups representing a unique tool for shedding light on the
complex structure-reactivity relationship of N-doped carbon nanomaterials in ORR and

a unigue model for an in-depth understanding of the underlying reduction mechanism.
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2. “Click” on Tubes: a Versatile Approach
Towards Multimodal Functionalization of
SWCNTs

2.1 Abstract

Organic functionalization of carbon nanotube sidewalls is a tool of primary
importance in material science and nanotechnology, equally from a fundamental and an
applicative point of view.n? In this chapter, an efficient and versatile approach to the
organic/organometallic functionalization of single-walled carbon nanotubes (SWCNTS)
capable of imparting multimodality to these fundamental nanostructures, is described.
Our strategy takes advantage from well established Cu-mediated acetylene-azide
coupling (CuAAC) reactions applied to phenylazido-functionalized SWCNTs for their
convenient  homo-/hetero-decoration using a number of organic/organometallic
frameworks, or mixture thereof, bearing terminal acetylene pendant arms. The
phenylazido-decorated SWCNTs are prepared by chemoselective arylation of the CNT
sidewalls with diazonium salts under mild conditions, and subsequently used for the
copper-mediated cycloaddition protocol in the presence of terminal acetylenes. The
latter reaction is performed in one-step using either single acetylene derivatives or
equimolar mixtures of terminal alkynes bearing either similar functional groups
(masked with orthogonally cleavable protecting groups) or easily distinguishable
functionalities (on the basis of complementary analytical/spectroscopic techniques). All
the materials and intermediates have been characterized with respect to their most
relevant  aspects/properties, through TEM microscopy, thermogravimetric analysis
coupled with MS analysis of volatiles (TG-MS), elemental analysis, cyclic voltammetry
(CV), Raman and UV-vis spectroscopy. The functional loading and related chemical
grafting of both primary amino- and ferrocene-decorated SWCNTs have been
spectroscopically (UV-vis — Kaiser test) and electrochemically (CV) determined,

respectively.
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2.2 Introduction

Since their discovery,® carbon nanotubes (CNTs)* have received growing attention in
nanotechnology because of their unique mechanical, thermal and electrical properties.®
At present, CNTs are among the nanomaterials with the largest impact on a wide range
of technological applications:'* from nanocomposite materials with improved chemico-
physical properties® to biology’ and nanomedicine® for drug delivery and imaging. Due
to their scarce processability and miscibility in the most common media, both covalent
and non-covalent functionalization approaches have been extensively investigated in the
last few years. CNT sidewalls and tips decoration with organic functional groups has
allowed scientists to exploit the unique properties of these macromolecular systems
more conveniently. Indeed, the development of new methodologies for the covalent
functionalization of CNTs, aimed at integrating these nanomaterials into more complex
functional structures, has recently emerged as an area of great interest.” Despite the
chemical inertness of the CNT sidewalls, relevant examples of organic functionalization

have been successfully addressed.® Among them, reactions with nitrenes,*

nucleophilic
carbenes,*!  diazonium  salts,'?>  bromomalonates,'* free radicals’* and 1,3-
dipoles'®16:17:18:192 have peen widely documented on both experimental® and theoretical
ground. In spite of that, making complex carbon nanostructures such as SWCNTs
and/or MWCNTs flexible platforms for the efficient/facile and  multiple
functionalization of their sidewalls and tips, still represents a priority to be properly
faced. In particular, one main challenging issue is to impart multimodality to these
systems by exploiting the whole CNT surface for the anchoring of different molecules,
possibly under mild reaction conditions and avoiding undesired side-processes or
conflicting side-reactions between the decorating groups.

Different synthetic approaches have been successfully applied to the CNT
multifunctionalization, all of them taking advantage of well-established organic
strategies: from the combination of different organic protocols'® and the covalent
anchoring of masked functionalities bearing orthogonally cleavable protecting
groups'®®?° to site-selective functionalization of the opposite tube ends on vertically
aligned multi-walled carbon nanotubes (VA-MWCNTSs) exposed to different
photoreactive  solutions.?! In this chapter is described a versatile and efficient
organometallic approach to the (multifunctionalization of SWOCNTs starting from
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covalently modified nanomaterials bearing phenylazido pendant arms. Their subsequent
exposure to terminal acetylenes under Cu'-mediated conditions (CUAAC reaction)
allows for the conwvenient homo- and/or hetero-decoration of the CNT sidewalls with
organic/organometallic fragments or mixture thereof. Reactions described hereafter are
found to be  highly efficient in producing differently functionalized carbon
nanomaterials, even at relatively low reaction temperatures (85 °C), setting the way for
a \versatile approach towards the CNT sidewall multifunctionalization. Moreover, the
azide-alkyne cycloaddition reaction is compatible with various solvents and functional

groups??23

and the produced triazole functionality is chemically stable, with structural
and functional properties similar to those of the (most common) amide bond.
Accordingly, click chemistry represents a promising and original choice for boarding
molecular systems on the “CNT skeleton”, thus mmparting multimodality to the final
carbon nanomaterials.>*2%2°

Alkynes containing either orthogonally cleavable protecting groups or chemical
functional groups imparting well-defined redox properties to the final carbon
nanomaterials have been selected; this choice was motivated by the need of controlling
the course of the functionaliation process and the degree of the final functionalization
loading  through  complementary ~ chemical/spectroscopic  and  electrochemical
measurements.

Such an approach to the functionalization of carbon nanostructures aims at providing
chemists with “flexible platforms” (phenylazido-decorated SWCNTs) to be used for
“mild” organic/organometallic (multi)decoration. In addition, the high functional group
tolerance of the CuAAC protocol makes this approach highly suitable for imparting
multimodality  (hetero-decoration) to carbon nanostructures. Indeed, a one-step
cycloaddition using acetylene mixtures can be conveniently used to bring different
molecules on the tube board, minimizing those potential drawbacks resulting from the
application of different (and subsequent - multi-step) organic functionalization
protocols.

All homo- and hetero-functionalized materials presented hereafter have been
characterized by thermogravimetric-MS analysis, FT-IR, Raman spectroscopy and TEM
microscopy. Cyclic voltammetry (CV) and ninhydrin (Kaiser) test were finally used

(whenever applicable) to calculate the functional loading.
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2.3 Results and Discussion

Our approach to the (multiyfunctionalization of carbon nanostructures relies on the
preliminary derivatization of the CNT sidewalls and tips with 4-azidoaniline (1) under

classical Tour conditions®’ (Scheme 2.1).

I\ >_L
ONO

ODCB:CH3CN = 2:1
60°C, 14h

Scheme 2.1. Synthesis of the arylazido-decorated fy3-SWCNTSs (2) sample.

The  reaction  proceeds  chemoselectively in  o-dichlorobenzene/acetonitrile
(ODCBI/CH3CN) through the in-situ generation of aryldiazonium salts affording the
arylazido-decorated fyn3-SWCNTs (2). The 4-azidoaniline (1) is entirely recovered with
no apparent decomposition of the azido group once the reaction is carried out in the
absence of the proper alkyl nitrite (blank test). Furthermore, the azido group does not
show any functionalization tendency even under harsher reaction conditions (ODCB
140 °C for prolonged reaction times) that might enhance its chemical reactivity (nitrene
formation after a thermally-induced N elimination).*®t!

In a typical procedure, the chemoselective arylazidation proceeds smoothly at 60 °C,
affording the fy3-SWCNTs material.  Successive  sonication/centrifugation/washing
cycles and filtration through a 0.2-um-pore inorganic membrane (Anodisc™) have been
used to recover the functionalized sample; the collected solid (2) was dried under
vacuum and stored under N, atmosphere without decomposition per months. The
thermal stability of the azido-functionalized material (2) was established according to
the following thermal-stress test; the solid sample is maintained under stirring at 60 °C
on-air overnight with no apparent alteration. Furthermore, the extremely high C/N ratio
of 2 makes it a relatively safe, handling and harmless, azido-containing material.?®

This chemistry produces highly-functionalized samples and can be conveniently

performed on a relatively large scale (up to 200 mg of SWCNTSs per run). Evidence of
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the sidewall functionalization is firstty obtained by comparing the TGA profiles of
pristine and functionalized materials (Figure 2.1); a weight loss of 6.84 % is calculated

in the 40-700 °C temperature range.2%®

700°C | .-
600 from 40°C to 750°C, 5°C / min / N, L —

Temp (°C)
§

i W 0SS 22l e e S S S e
wtloss: 29,7% ——————————=

Weight (%)

- = SWCNTs  S=—eel 3
75] ——f-SWCNTs (2)

65 T T T T T T T T T T T T T 1
0 10 20 30 40 50 60 70 80 90 100 110 120 130 140
Time (min)

Figure 2.1. TGA profiles of pristine SWCNTSs and fy3-SWCNTSs (2).

The N and C quantitative elemental analysis (pristihe SWCNTs: N, 0.26; C, 63.34;
fns-SWCNTs 2: N, 6.95; C, 64.55) also provides evidence of the occurred
functionalization.?® According to these data, it can be roughly inferred that one
phenylazido group is present every 80-90 C atoms of the CNT, hence about 0.58 mmol
of —CsH4-N3 per 1g of 2 are covalently tethered to the sidewalls. Additional evidence of
the phenylazido decoration at the CNT sidewalls is unambiguously provided by the FT-
IR spectrum of 2 (Figure 2.2). A relatively intense asymmetric stretching v(N3) close to
2100 cm’ together with its symmetric counterpart faling around 1290 cm™ are

indicative of azido pendant groups.*°
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Figure 2.2. FT-IR spectrum of fy;-SWCNTSs (2).

The fn3-SWCNTs sample does not show any appreciable improvement of its
solubility/dispersibility in either polar (DMF, EtOH) or apolar (toluene) organic
solvents compared to the pristine material. On the other hand, TEM analysis of the
former sample reveals a higher deaggregation degree of the CNT bundles throughout

the whole scanned area (Figure 2.3).

rrrrrrr

Figure 2.3. TEM micrographs of a) pristine SWCNTSs and b) fysSWCNTSs (2) prepared by drop
casting previously sonicated suspensions (EtOH) over copper grids coated with a Formvar film
(FF200-Cu - Formvar film only).

Raman spectroscopy has been finally used for the characterization of 2; an increased
intensity of the disorder-induced mode (D-band) at 1314 cm’ together with an overall
reduction of the peak’s intensity of the RBMs (between 75 and 250 cm), are
unambiguously indicative of the occurred sidewall derivatization (Figure 2.4).18193132
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Figure 2.4. a) Raman spectra of fysSWCNTSs (2) vs. pristine SWCNTSs and their respective
curve fittings b) and c).

From a closer examination of the spectra reported it can be easily inferred that the
functionalization increased the (Ip/lg) intensity ratio from 0.34 (for pristine SWCNTS)
to 0.66 (for 2), suggesting a substantial sp> CNT sidewall perturbation after the
functionalization (Figure 2.4b and 2.4c).

The as-synthesized fn3-SWCNTs (2) are exploited as a versatile starting material for
the convenient CNT sidewall (multi)decoration, using organic and/or organometallic
reagents bearing terminal alkyne pendant arms. Our strategy towards the
(post)functionalization of 2 relied upon an efficient Cu'-mediated azide-alkyne
cycloaddition protocol (CUAAC).22223033 A conceptually related but complementary
approach has been recently proposed by Adronov and co-workers;*® polymer-nanotube
conjugates are prepared from alkyne-decorated SWCNTs and azido-terminated

polystyrenes employing different Cu(l) precursors. Campidelli, Guldi et al. have used a
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similar Cu-mediated strategy for the CNT-chemical grafting of azido end-capped zinc-
phthalocyanines.®*
Our approach for the facile (post)functionalization of 2 is summarized in Scheme 2.2.

According to that, a series of alkyne-terminated organic/organometallic compounds

HC=C-R,v (3-6) have been successfully coupled via CuAAC reaction using either
36,37

CuSO4/Na-ascorbate®® or the organosoluble (EtO)sPCul as metal sources.

Ry
[Cu(l]

2\

)

DMF, 85°C, 48h

RO
o) Z:L o O
‘z& N J\O /% Fe 5 %/— OR
H @ R = COCHj3; OR
@ R, (3) @ R; (4) 2 E"I (5) 2 Elv (6)
() (8) 9) (10)

Scheme 2.2. CuAAC reaction between arylazido-decorated fy;-SWCNTs (2) and alkyne-

terminated organic/organometallic compounds (3-6).

In a typical procedure, terminal alkynes 3-6 and the fy3-SWCNTSs (2) are reacted in
degassed DMF at 85 °C for two days in the presence of CuSO4/Na-ascorbate (10 mol%
Cualkyne ratio). Attempts to improve the functionalization degree by replacing
CuSOy4/Na-ascorbate  with the organosoluble [(EtO)sPCul] in DMF resulted
unsuccessful for almost all the scrutinized acetylene derivatives,®® except for the
ethynylferrocene 4 (Table 2.1, entry 2).

All functionalized samples (7-10) undergo successive
sonication/centrifugation/washing cycles and filtration through a 0.2-um-pore inorganic
membrane (Anodisc™) before being dried under vacuum. Afterwards, compounds 7, 9
and 10 undergo chemical deprotectection to give either the hydroxy- (11) or the amine-

decorated (12) carbon nanomaterials (Scheme 2.3).
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for Ry
EtOH, H,SO, cat.

reflux, 14h

for R
1) TFA/ CH,Cl, (1:1), r.t., 24h

2) NEty/THF/H,0 \

for Ry
HoNNH,

EtOH, r.t., 20h

Scheme 2.3. Preparation of hydroxy- (11) and primary amine-decorated (12) carbon

nanostructures.

According to Scheme 2.3, a complete deacetylation of the A-D-glucopyranoside 9 is
achieved by refluxing the CNT-tethered tetraacetyl-sugar in acidic (H,SO,4 cat.) ethanol
overnight to afford the glycoconjugate derivative fiion)-SWCNTs (11).%° Acidic
conditions have been also used to remove the Boc protecting group (TFA/CH2Ch),
while ethanolic hydrazine is employed to cleave the orthogonal phthalimide framework;
both procedures are used to generate primary amine groups at the CNT-sidewall
[f1.1vinH2)-SWCNT (12)].%°

2.3.1 Characterization of the f.;v-SWCNTs samples (7-10) and their deprotected
counterparts (11-12)

The functionalized carbon nanomaterials 7-10 and their derivatives fiion)- and fi.
v(NH2)-SWCNTs (11-12) have been characterized by different chemical (Kaiser test,
solubility tests, elemental analysis) spectroscopic/spectrometric (FT-IR, TGA-MS,

Raman) and morphological (TEM) techniques. Evidence of the occurred Cu-mediated
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Temp (°C)

Weight (%)

azide-alkyne cycloaddition is primarily achieved by comparing the TGA profiles of the

pristine SWCNTSs with those of the functionalized materials.

In particular, 7 and 10 (Figure 2.5, left) show a weight loss of 9.9 and 15.7 %
respectively, in the 40-700 °C temperature range (calculated as the weight difference
between the TGA profiles of 7/10 and the pristine sample). As a result, one may
conclude that the cycloaddition reactions proceed smoothly with both alkynes under Cu-

mediated conditions (ca. 85 % and 95 % yield respectively, calculated referring to the —

CsHs-N3 loading on the fn3-SWCNTs sample — see also Table 2.1, entries 1 and 4).
Similarly, 8 and 9 (Figure 2.5, right) show a weight loss of 9.7 and 27.3 % respectively,

consistent with an azide/alkyne cycloaddition reaction taking place with ca. 78 and 95

% vyield respectively (Table 2.1, entries 2 and 3).
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Figure 2.5. TGA profiles of pristine SWCNTs and f,.,~SWCNTSs in the 40-700 °C temperature
range. MS analysis of selected volatiles are reported for 7 (left) and 9 (right).

A mass analysis performed on the low molecular weight volatiles (from 25 amu to

125 amu) generated during the thermogravimetric tests is used to obtain further

qualitative

information on the composition of selected functionalized samples.

In

particular, the thermal decomposition and rearrangement (below 300 °C) of both t-
butoxyl groups at the N-Boc protected cycloadduct 7 and the acetyl fragments at 9 are
evidenced by isobutene (mVz 56 M™; m/z 55 M* - 1; m/z 57 M* + 1 — Figure 2.5, left)
and acetic acid (mz 60 M*; myiz 59 M" - 1 — Figure 2.5, right) evolution; for both

samples neither  additional

decomposition

paths nor other significant mass

fragmentations are observed in the same temperature range.
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FT-IR spectra of the functionalized materials show characteristic broad bands

between 1740 and 1630 cm’, unambiguously attributed to v(C=0) vibrational modes of

carbamate, acetyl and phthalimide moieties in 7, 9 and 10, respectively; in addition, the

almost complete suppression of the intense v(N3) asymmetric stretching (close to 2100

cml) for all f-derivatives (7-10) is an additional proof of evidence of the occurred Cu-

mediated azide-alkyne cycloaddition (Figure 2.6).
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Figure 2.6. FT-IR spectra of: (left) fys-SWCNTs (2), f-SWCNTs (7), and f,-SWCNTSs (10);
(right) fy3-SWCNTSs (2), f;-SWCNTs (8), and f,,-SWCNTs (9).

Raman spectra recorded on the (post)functionalized samples 7-10 do not show any

relevant modification of the Ip/lg ratio measured for 2. This is consistent with the

absence of additional perturbations at the CNT sp? network after the post-derivatization

of the tethered phenylazido moieties under CUAAC conditions.

Primary amine-decorated SWCNTs (12) are prepared by successive Boc and Pht

deprotection at 7 and 10, under acidic (CF3COOH/CH,Cl,, r.t.) and ethanolic hydrazine
(H2NNH,, EtOH, r.t) environment, respectively (Scheme 2.3). The primary amine

loading on both samples are determined using the colorimetric Kaiser test and the

measured values are reported in Table 2.1, entries 5 and 7. The TGA profile of the

deprotected finH2) Sample together with the complete disappearance of the typical

isobutene evolution in the 100-300 °C temperature range (Figure 2.7, left) are consistent

with a complete Boc removal under acidic conditions. According to that, a complete

suppression of the v(C=0) stretching mode is also evidenced on the FT-IR spectrum of

the deprotected material (Figure 2.8, left). On the contrary, the TGA profile of fivh2)

sample as well as its FT-IR spectrum (a broad band around 1630 cm™ is still present
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after the hydrazine treatment) are indicative of a partial deprotection of the Pht moiety

(Figures 2.7 and 2.8, right).
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Figure 2.7. TGA profiles of a) f-SWCNTs (7) and b) f,,~-SWCNTs (10) together with their
Boc/Pht deprotected counterparts (12). Mass analysis of volatiles [isobutene (m/z 56 M™)] of the
Boc-deprotected sample fnuySWCNT (12) was also reported to highlight the protecting group

removal.
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Figure 2.8. FT-IR of a) f-SWCNTs (7) and b) f~-SWCNTs (10) and their (Boc/Pht)-

deprotected counterparts (12).

No significant changes in the final material characterization (FT-IR, TGA profiles)

are observed when harsher deprotection conditions (40 °C, 96 h) are employed. As a

support of this (qualitative) information, the more difficult Phthalimide removal from

10 is evidenced by the lower free-amine loading measured by the ninhydrin (Kaiser)

test on the fivnH2) Ssample (Table 2.1, entry 7). For both the amino-decorated samples

(finv2) and frynmz) - 12), the Kaiser test shows a lower functionalization loading

compared to that estimated from the thermogravimetric profiles. Notably, the relatively
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high difference in the free-amine loading measured between the finnz) and fivnm2)
samples (Table 2.1, entry 5 vs. 7) is likely due to the incomplete deprotection of 10
under alcoholic hydrazine conditions; other reasons, including detrimental -7t
interactions between the CNT sidewalls and the protecting Phtalimide moieties,?
hampering the regular efficiency of the CuUAAC protocol, can be reasonably ruled out.
As a matter of fact, both N-protected propargylamine (3 and 6) undergo highly efficient

cycloadditions under Cu-mediated conditions (Table 2.1, entries 1 and 4).

Table 2.1. Loading capacity of f-SWCNTSs

“Clicked” Measured
Entry f-material molecule loading loading (mmol/g)
(mmol/g)®9 [%6]"¢ [functional group]
1 fi-SWCNT (7) (0.49) [85] -
2 fi-SWCNT (8) (0.45) [78] 0.38%% 049%¢[ferrocene]
3 fii-SWCNT (9) (0.55) [95] -
4 frv-SWCNT (10) (0.55) [95] -
5 fi(NH2)-SWCNT (12) (0.49) [>99] 0.34%" [NH.]
6 finon)-SWCNT (11) (0.55) [>99] -
7 fivinz)-SWCNT (12) nd. 0.12%"[NH,]

*As calculated from the TGA profiles, assuming a phenylazido loading [-CsH4N5] of 0.58
mmol-g* of fys-SWCNTs (2). "mol% of reacted phenylazido groups, as calculated from the
TGA weight losses. °As calculated from cyclic voltammetric data. ‘CuSO,/Na-ascorbate as

metal source. ® (EtO);PCul as metal source. "As calculated from the Kaiser test.

Cyclic voltammetry (CV) is used to quantify the ferrocene loading on sample 8.
Figure 2.9 shows the CV data obtained from 8 as measured in a 1 M aqueous perchloric
acid solution. Well-defined redox peaks (centered at E® = +0.37 V — forward scan; E° =
+0.32 V — backward scan vs. A/AgCIVKClsat.) are observed.
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Figure 2.9. Cyclic voltammentry of 8 recorded at 100 mV/s as scan rate.

The peak current is found to vary linearly with the scan rate (from 20 mV/s to 400
mV/s), that is consistent with a real ferrocene surface grafting.*® Anodic and catodic
peaks (160 mV full-width measurements at half maximum; +76 %) larger than the ideal

Nernstian width*?

suggest possible interactions between the ferrocene units.*?> The
charge measured under the reduction and oxidation peaks (as obtained from samples
prepared at different concentrations of 8) is consistent with a 2.1 wt. % iron content (see
section 2.5); these data translate into 0.38 mmol of grafted ethynylferrocene (4) per
gram of f;-SWCNT derivative (8), in fairly good accord with the TGA outcomes (Table
2.1, entry 2).

Classical deacetylation conditions are finally used to prepare hydroxyl-decorated
SWCNTs (11) from the polyacetylated material 9 and the reaction course is investigated
by TGA-MS and FT-IR spectroscopy. While only a partial deacetylation of 9 is
observed by heating the sugar-decorated sample 9 in acidic EtOH (EtOH, HCI cat.), a
complete acetyl deprotection is obtained under harsher reaction conditions (refluxing
EtOH, H,SO,4 cat.). TGA-MS analysis and FT-IR spectroscopy of 11 are consistent with
the occurrence of a complete transesterification and the subsequent generation of the

hydroxyl-decorated nanomaterials (Scheme 2.3 and Figure 2.10).
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Figure 2.10. TGA profiles of f;;-SWCNTSs (9) and their fy;on) (11) counterpart. Mass analysis of
volatiles [acetic acid (m/z 60 M")] was also used to follow the deacetylation process till
completeness, under different reaction conditions.

Most importantly, 11 shows enhanced solubility in protic polar solents (EtOH)
compared to precursor 9 (Figure 2.11); stable inks (up to 1.5 mg/mL of EtOH) with no
apparent CNTs rebundling for days are conveniently prepared upon simple sample
sonication (Figure 2.11a). A direct comparison of TEM images recorded on 9 and 11
(rom EtOH solution/suspension) clearly shows a high deaggregation degree for the
latter sample (Figure 2.11b). No appreciable changes of either tube diameters (from 3 to
8 nm as measured in the smaller CNT bundles) or tube lengths (from 50 nm to several
micrometers) are observed throughout the whole scanned area for both samples, before

and after deacetylation.
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Figure 2.11. a) Solubility of f;;~-SWCNTS (9) vs. fiom-SWCNTSs (11) in EtOH and related
b) TEM micrographs.

2.3.2 Hetero-decoration of SWCNTs

Our approach to the CNT decoration via CUAAC chemistry has also been applied to
mixtures of acetylene end-capped molecules, thus imparting multimodality to the final
functionalized nanomaterials. Hetero-decorated SWCNTs are prepared by reaction of
the arylazido fn3-SWCNTs (2) in the presence of equimolar amounts of two selected
acetylenes (Scheme 2.4). In all the hetero-functionalization experiments the total
amount (mmol) of the acetylenes in the initial mixture was kept equal to that used in the
homo-decoration experiments.** Acetylene mixtures have been selected in order to
bring on the SWCNT board either the same functional groups but masked with
orthogonally cleavable protecting groups, or different functional groups distinguishable
on the basis of complementary analytical/spectroscopic techniques.

In a typical experiment, an equimolar mixture of 3 and 6 are reacted with the
arylazido fn3-SWCNTs (2) under CUAAC conditions (Scheme 2.4).** Successive and

multiple  sonication/centrifugation/washing cycles are accomplished on the hetero-
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functionalized material 13 (fmix1-SWCNTs), to remove the unreacted alkynes and
physisorbed reagents. The fymix2-SWCNTs material 15 is prepared similarly by reacting
2 with an equimolar amount of alkynes 4 and 6 under Cu-mediated conditions, followed
by identical work-up procedures. Filtration/washing through a 0.2-um-pore inorganic
membrane (Anodisc™) is finally used to recover both mix-decorated samples; the
solids are finally dried under vacuum up to constant weight and stored in air without
any apparent decomposition per months.

Pht-deprotection
1) HoNNH, EtOH, r.t., 20h
fBOC(NHZ)-SWCNTS (14)

Boc-deprotection
2) TEA/CH,Cl, (1:1), r.t., 24h
2.1) NEty/THF/H,0

/RI,II,IV

H
equimolar mixture (1:1)

[Cu(]
DMF 85°C, 48h

Pht-deprotection
1) HoNNH, EtOH, r.t., 20h

Scheme 2.4. Hetero-decoration of SWCNTSs using equimolar mixtures of terminal alkynes and
subsequent removal of Boc and Pht-protecting groups.

According to the “deprotection” procedures described above for the homo-decorated
samples (7, 9 and 10), all mixed functionalized materials (13 and 15) undergo sequential
cleavage protocols (Boc and Pht removal) to give the free-amine decorated samples 12,
14 and 16; UV-vis measurements (Kaiser test) and cyclic voltammetry (CV) are finally
used to calculate the achieved functionalization loading. TGA and FT-IR spectra
recorded on both the mixed decorated samples and their deprotected counterparts were

used for qualitative investigation only. TGA spectra are reported on Figure 2.12.
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Figure 2.12. TGA profiles of a) fuixx (13) and b) fyix-SWCNTs (15) compared to their
(mono/bis)deprotected counterparts (12, 14 and 16). Figures al)-a3) reports the mass analysis of
volatiles [isobutene (m/z 56 M"; m/z 55 M" - 1 and m/z 57 M + 1) as observed for fyx; (13),
feocurz) (14) and funzy (12) samples, respectively.
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Sample 13 is sequentially treated under ‘basic” (ethanolic hydrazine) and acid
conditions in order to orthogonally remove both amino-protecting groups. Firstly, the
Pht group is cleaved upon treatment with hydrazine in ethanol at room temperature to
give the intermediate 14; subsequently, the latter material undergoes classical acidic
conditions to remove the Boc framework, affording 12. For each deprotection step, the
samples are submitted to work-up procedures identical to those described above for the
relative homo-decorated/deprotected SWCNTs. The mono- and bis-deprotected samples
from 13 (feoc(nH2)-SWCNTs, 14 and f(nH2)2-SWCNTs, 12) are spectroscopically
characterized with respect to their amine-free loading, using the colorimetric Kaiser

test; the respective -NH; contents are summarize in Table 2.2 (entry 1).

Table 2.2. Loading capacity of fyxi- and fyxSWCNTs®

Pht° Boc” Ferrocene Total
Entry f-material NH; loading loading loading®®
(mmol/g)° (mmol/g)° (mmol/g)
1 fmix1-SWCNTs 0.09 0.16° - 0.25
2 faixo-SWCNTs 008 - 0.23 0.31

*Prepared using CuSO, (10 mol%)/Na-ascorbate as Cu(l) source. "Protecting group removed
°As spectroscopically determined from the colorimentric Kaiser test. °As calculated from cyclic
voltammetry. © Calculated as loading difference between the total loading and the NH, loading
measured by the only Pht deprotection.

Cyclic voltammetry and UV-vis spectroscopy are finally used to determine the
functionalization loading on the fymixo-SWCNTs (15) sample.** The functionalization
loading of 15, as measured spectroscopically and electrochemically on the
monodeprotected material (fnHo(re)-SWCNTS) 16, is summarized in Table 2.2, entry 2.
Similarly to 8, the CV profile recorded for 16 shows larger anodic and catodic peaks
(180 mV; + 90 % compared to the ideal Nernstian width*') and a peak current varying
linearly with the scan rate (from 20 mV/s to 400 mV/s). The charge measured under the
reduction and oxidation peaks (as obtained from samples prepared at different
concentrations of 16) is consistent with a 1.3 wt. % iron content (see section 2.5), this

accounting for ca. 0.23 mmol of grafted ferrocene per gram of 16 (Figure 2.13).
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Figure 2.13. CV curve of the fyprey-SWCNTS (16) sample.

As one may infer from Table 2.2, equimolar alkyne mixtures result (overall) into
slightly lower functionalization degrees (compared to those calculated for the homo-
decorated samples).*® In spite of that, the “free-amino” and “ferrocene” finctional
loading is found to decrease almost linearly while reducing the molar amount of the
respective alkynes. This result is of crucial importance, because it allows for a
convenient tuning of the functional groups at the SWCNT sidewalls just varying the

molar ratio of each alkyne in the reactive mixture.

2.4 Conclusions

In this chapter we have described an original approach to the convenient and facile
homo- and hetero-decoration of single-walled carbon nanotubes. Our methodology
relies on flexible and versatile “CNT platforms” chemoselectively decorated with aryl-
azido pendant arms. Joining the latter functionalities with differently substituted
terminal acetylenes (or mixture thereof), under classical CUAAC conditions, allowed for
a single-step homo- and hetero-functionalization/derivatization of the CNT sidewalls.
Azidated CNTs represent safe and stable substrates (high C/N ratio) for the CNT
sidewall (multi)decoration, avoiding those drawbacks resulting from the application of
different and subsequent organic functionalization protocols. Indeed, they allow for

operating mildly under the popular ‘click chemistry” conditions with a variety of
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reactive alkynes. Additionally, the bio-orthogonal character of the click reaction makes
this approach highly desirable for conjugating CNTs and biomolecules.*®

Accordingly, examples of homo- and hetero-functionalization of SWCNTs have been
presented; model acetylene reagents, featured by either the same functional groups but
masked with orthogonally cleavable protecting groups or by easily distinguishable
moieties (on the basis of complementary analytical/spectroscopic techniques), were
employed. Free amino- and alcohol decorated SWCNTs have been prepared by reacting
the aryl-azido functionalized CNTs with N-protected propargylamine and tetra-O-
acetyl-beta-D-glucopyranoside acetylene derivatives, respectively; protecting groups
removal (Boc, Pht or Ac) has been conveniently achieved under standard deprotection
conditions. The functional group loading was estimated according to the TGA-MS
profile and elemental analysis; when possible, they were measured more precisely using
either UV-vis spectroscopy (Kaiser test for primary amine groups) or electrochemical
titrations (CVs) for the functionalized materials containing redox active groups.

All the functionalized materials and intermediates were characterized according to
their most relevant properties using TEM microscopy, thermogravimetric analysis
coupled with MS analysis of volatiles, elemental analysis, cyclic voltammetry, Raman
and UV-vis spectroscopy.

Finally, the established applicability of the aryldiazonium chemistry (our first step in
the production of fn3-SWCNT “platforms”) to the arylation to different types of
CNTs?*?27 [in terms of diameter, number of walls (SWCNTs, MWCNTs) and length
(pristine and shortened CNTs)] and carbon nanostructures, widens the applicability

range of our protocol.

2.5 Experimental Section

2.5.1 General Considerations

All manipulations were carried out under dry nitrogen atmosphere using standard
Schlenk-type techniques. Nitrogen (> 99.999% from Rivoira) was dried through a CaCl
column and deoxygenated with an oxisorb cartridge from Messer Griesheim prior to
use. Dry DMF (dimethylformamide) and ODCB (orthodichlorobenzene) were prepared
according to the literature procedures*® and stored over 4 A molecular sieves under a

nitrogen atmosphere. Acetonitrile was obtained by means of an MBraun Solvent
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Purification System. Pristine SWCNTs were purchased from Nanocyl S. A. (Nanocyl™
1100, average diameter and length: 2 nm and several nm, respectively). The 4-
azidoaniline 1 was prepared according to modified literature procedures*’ (half gram
per single batch) and stored under N, atmosphere at 5 °C without decomposition. N-
Boc-propargylamine, Ethynylferrocene, 2-Propynyl-tetra-O-acetyl-beta-D-
glucopyranoside and  N-Propargylphthalimide were purchased from commercial
suppliers. The phenylazide (CeHs)N3 for “model” homogeneous CuAAC screening tests
(see section 2.5.4), was prepared according to literature procedures.*® Unless otherwise
stated, all other chemicals/solvents were obtained from commercial suppliers and used
as received without further purification.

Samples sonication was carried out using an Elma S15 Elmasonic sonicator bath (37
kHz) cooling the samples in a water/ice mixture throughout the sample treatment. CNT
filtration was accomplished using inorganic Anopore™ membranes/filters — Anodisc™
47, Whatman with 0.2 pm pore size.

All measurements carried out on pristine SWCNTs and functionalized materials (f-
SWCNTs) were conducted on  samples which  underwent identical

washing/sonication/filtration work-up procedures.

2.5.2 Material Characterization and Analyses Conditions

Thermogravimetric analysis (TGA) was performed under N, atmosphere (50 mL/min)
on an EXSTAR Thermo Gravimetric Analyzer (TG/DTA) Seiko 6200 coupled with a
ThermoStar™ GSD 301 T (TGA-MS) for MS gas analysis of volatiles.

Transmission Electron Microscopy (TEM) analysis of modified and unmodified
CNTs was performed by a Philips CM12 microscope operating at 120 kV, on samples
prepared by drop casting previously sonicated suspensions (EtOH) over copper grids
coated with a Formvar fim (FF200-Cu- Formvar film only). TEM images were
recorded with a CCD camera (Gatan 791).

Raman spectra were measured using the 647.1 nm emission of a Kr ion laser source,
accordingly to the preferential reactivity of aryldiazonium derivatives with metallic
SWCNTs.>**® The scattered radiation was collected in a back scattering geometry,
dispersed using the single stage configuration of a triple Raman spectrometer (Trivista
TR555) equipped with a 900 grooves/mm grating and recorded by a liquid nitrogen
cooled CCD detector. The beam profile was cleaned by a spatial fitter and Rayleigh
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scattering was filtered out using Notch filters. The spectral resolution was 1.7 cm™. The
incident laser power on the sample was lower than 0.4 mW and any damage of the
sample due to the laser was carefully checked and excluded. The Raman spectra were
collected in order to detect the presence and strength of the G and D modes.®! The G
mode, which is located at around 1590 cm, is characteristic of the sp? in-plane bond-
stretching motion of pairs of carbon atoms in graphite-like structures. The D mode,
which is forbidden in perfect graphite, is found at around 1320 cm™ and becomes active
only in the presence of disorder.3* All recorded curves were fitted using Lorentzian line-
shapes and the intensity ratios (namely Ip/lg) were calculated from the fitted areas of the
D and G bands.>**%5! According to the literature,®* D- and G-peak intensities were used
for the calculation of the Ip/lg ratios.

FT-IR spectroscopy was performed on a Perkin-Elmer Spectrum BX FT-IR
spectrophotometer and all CNT samples were prepared by mixing spectroscopic grade
KBr with pristine SWCNTs or f-SWCNTs (2-3 wt. %) and analyzed in the 400-4000
cm* range (600-800 scans) with a resolution of 1 cm™. For all reported FT-IR spectra,
SWCNTs (2-3 wt. %)/KBr were used as background and directly subtracted from the
spectra of the functionalized (f-SWCNTSs) samples.

NMR spectra of all organic products and intermediates were obtained on either a
Bruker Avance 300 MHz instrument or a Bruker Avance DRX-400 spectrometer.
Chemical shifts are reported in ppm (8) relative to TMS and referenced to the chemical
shifts of residual solvent resonances.

Elemental analyses were performed using a Thermo FlashEA 1112 Series CHNS-O
elemental analyzer with an accepted tolerance of + 0.4 units.

Cyclic voltammetry (CV) experiments were conducted on a Princeton 2273A
potentiostat/galvanostat, using a three-electrode arrangement with a saturated
AY/AQCIKCI reference electrode and a platinum wire as counter electrode.

UV-vis measurements were performed on a CARY VARIAN 4000 Spectrometer.

2.5.3 Synthesis of 4-azidoaniline (1)

4-bromoaniline (0.5 g, 2.91 mmol), NaN3 (0.378 g, 5.82 mmol), Na-ascorbate (0.03 g,
0.15 mmol) and Cul (0.055 g, 0.29 mmol) were put in sequence into a two-necked 25
mL flask equipped with a magnetic stir bar and a reflux condenser. The mixture was

then dissolved in 5 mL of a EtOH:H,O = 7:3 mixture and degassed through several
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freeze-pump thaw cycles. N,N-dimethylethylendiamine (0.048 mL, 0.44 mmol) was
added in one portion and the mixture was stirred for 3 h at 80 °C. Afterwards, the
reaction was cooled at room temperature and diluted with water (20 mL). The mixture
was extracted with CHCl; (5 x 20 mL) and the collected organic phases were washed
with brine and then water before being dried over Na,SO4. The organic solvent was
removed under vacuum and the resulting crude product was purified by flash
chromatography [silica gel (eluent: CH,CL)] to give 0.288 g of pure 1 in 74 % vield. *H
NMR (400 MHz, CD,Ck) & (ppm): 3.73 (bs, 2H), 6.69-6.71 (2H), 6.85-6.87 (2H).

2.5.4 General procedure for the “homogeneous” CuAAC “click” reaction between
the model phenylazide and the alkynes 3-6

To a solution of the model phenylazide (0.05 g, 0.42 mmol) in dry and degassed DMF
(2 mL), the proper alkyne (0.5 mmol), CuSO4 (0.003 g, 0.02 mmol) and Na-ascorbate
(0.008 g, 0.04 mmol) were added in sequence. The reaction mixture was stirred at room
temperature overnight and then quenched with water. The reaction mixture was
extracted with Et;O (3 x 15 mL) and the collected organic phases washed twice with
water (2 x 30 mL). The organic layer was then dried with Na,SO4 and concentrated at
reduced pressure. The crude material was purified by flash chromatography over silica
gel (eluent: petroleum ether/Et,O = 1/1 for cycloadducts with 3 and 4; EtOAc/petroleum
ether = 80/20 for cycloadducts with 5 and 6) to give the pure product. ldentical
conditions were used with the organosoluble P(OEt);Cul (5 mol% respect to the
reactive alkyne) instead of the CuSO4(5 mol%)/Na-ascorbate system. No appreciable
differences were observed in the isolated yields whatever copper(l) source used under
homogeneous conditions. Cycloadduct with alkyne 3 (C1sHigN4O>): yield 80 %. *H
NMR (400 MHz, CDCk) & (ppm): 1.42 (s, 9H), 4.46 (s, 2H), 5.36 (bs, 1H), 7.39-7.42
(1H), 7.47-7.51 (2H), 7.68-7.70 (2H), 8.00 (1H). **C{*H} NMR (100 MHz, CDCl) &
(ppm): 28.5, 36.1, 79.9, 120.3, 128.8, 129.4, 129.9, 137.2, 156.1; Cycloadduct with
alkyne 4 (C1sHisN3Fe): yield 82 %. *H NMR (400 MHz, CDCk) & (ppm): 4.12 (s, 5H),
4.34 (2H), 4.79 (2H), 7.42-7.46 (1H), 7.52-7.56 (2H), 7.77-7.79 (2H), 7.89 (1H);
Bc{H} NMR (100 MHz, CDCl) & (ppm): 66.7, 68.8, 69.6, 74.9, 116.5, 120.3, 128.5,
129.7, 137.1, 147.6; Cycloadduct with alkyne 5 (C,3H27N3010): vield 87 %. *H NMR
(300 MHz, CD,Ck) & (ppm): 1.97 (s, 6H), 2.01 (s, 3H), 2.06 (s, 3H), 3.78 (ddd, 3J = 9.9
Hz, 3J = 4.8 Hz, 3] = 2.4 Hz, 1H), 4.11-4.31 (2H), 4.75 (d, 3J = 8.4 Hz, 1H), 4.85-4.89
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(1H), 4.95-5.01 (2H), 5.08 (t, 3J = 8.4 Hz, 1H), 5.21 (t, *J = 9.9 Hz, 1H), 7.44-7.49 (1H),
7.53-7.58 (2H), 7.73-7.76 (2H), 8.02 (1H). *C{*H} NMR (75 MHz, CD,Ck) & (ppm):
20.4, 20.4, 20.4, 20.5, 61.8, 62.8, 68.3, 71.2, 72.0, 72.6, 100.0, 120.5, 121.2, 128.8,
129.8, 137.1, 144.8, 169.3, 169.4, 169.9, 170.5; Cycloadduct with alkyne 6
(C17H12N402): yield 86 %. *H NMR (400 MHz, CD,Ck) & (ppm): 5.07 (s, 2H), 7.46-
7.50 (1H), 7.54-7.58 (2H), 7.73-7.74 (2H), 7.77-7.80 (2H), 7.89-7.91 (2H), 8.10 (1H);
Bc{*H} NMR (100 MHz, CD,Ch) & (ppm): 33.0, 120.5, 121.3, 123.3, 123.4, 128.7,
129.7,132.1, 134.2, 134.3, 187.7.

2.5.5 Functionalization of SWCNTs with 4-azidoaniline (1)

SWCNTs (100 mg) were weighed into a two-necked 250 mL flask and suspended in
80 mL of dry and degassed ODCB. The suspension was sonicated for 15 min and then
treated with a degassed acetonitrile solution (40 mL) of the 4-azidoaniline 1 (200 mg).
Afterwards, isopentylnitrite (0.30 mL, 2.3 mmol) was added in one portion and the
suspension was further sonicated for 10 min. The mixture was maintained under stirring
in nitrogen atmosphere and heated at 60 °C for 14 hours, then cooled to room
temperature and diluted with ethylacetate (50 mL). The mixture was then sonicated for
10 minutes and centrifugated in order to recover the solid residue. The latter was then
washed three times with dichloromethane, each time sonicated for 10 min and separated
from the supernatant by centrifugation. The solid residue was suspended in
dichloromethane, sonicated for 15 min and filtered through a 0.2 pm-pore filter. The
collected material (fnz-SWCNTs - 2) was then dried under vacuum to constant weight.
The azido-decorated SWCNTs were then stored under nitrogen atmosphere at room

temperature.

2.5.6 General procedure for the CuAAC reaction on azido-decorated fyz-SWCNTSs
2 —homo and hetero-functionalization

In a typical procedure, fn3-SWCNTs — 2 (20 mg) were weighed into a two-necked 25
mL flask and suspended in 3 mL of dry and degassed DMF. The suspension was
sonicated for 15 min and then treated with proper alkyne(s) (0.17 mmol), CuSO4 (3 mg,
0.017 mmol) and Na-ascorbate (7 mg, 0.034 mmol). The mixture was then sonicated for
10 min and heated at 85 °C for 48 h, under stirring and under nitrogen atmosphere.

Additional sonication cycles (2 x 10 min) were done on the mixture after 8 and 16
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hours. The final mixture underwent an identical work-up procedure to that described
above for 2. The recovered solid was dried under vacuum at 50 °C to constant weight.
All f-SWCNT samples were stored on air at room temperature. The same procedure was
followed also for the hetero-derivatization protocol except for using equimolar mixture
(0.085 mmol + 0.085 mmol) of the two reactive alkynes.

CUuAAC experiments with the organosoluble metal source P(OEt)sCul (10 mol%
respect to the reactive alkyne) instead of the CuSO4(10 mol%)/Na-ascorbate system,

were accomplished similarly to the procedure described above.

2.5.7 Removal of the Boc-protecting group from either homo- or hetero-decorated
f-SWCNTs

In a typical procedure, f-SWCNTs (20 mg) were suspended in 5 mL of a TFA/CH,Ch
(111) solution and sonicated for 15 min. The mixture was maintained under stirring at
room temperature for 24 h till completeness, diluted with ethylacetate, sonicated for 10
min and centrifugated to remove the supernatant. The collected solid was finally
suspended in a EtsN/THF/H,O 1:20:2 mixture (20 mL), sonicated for 10 min and
maintained under stirring overnight before being filtered through a 0.2 pm-pore filter
and washed twice with EtOH (2 x 20 mL) and CH,Ch (2 x 20 mL). The resulting solid
sample underwent an identical work-up procedure to that described above for the fys-
SWCNTs. The recovered material was dried under vacuum at 50 °C to constant weight.
All deprotected samples were stored on air at room temperature. Amine loadings were
measured spectroscopically (UV-vis) using the colorimetric Kaiser test (see section
2.5.11).

2.5.8 Removal of the Pht-protecting group from either homo- or hetero-decorated
f-SWCNTSs

In a typical procedure, f-SWCNTs (20 mg) were suspended in 22 mL of ethanol and
sonicated for 15 min. Then hydrazine hydrate (0.08 mL, 1.6 mmol) was added and the
suspension was sonicated for further 10 min. The reaction mixture was stirred at room
temperature for 20 h, then diluted with ethylacetate, sonicated for 10 min and
centrifugated to remove the supernatant. The solid residue underwent an identical work-
up procedure to that described above for the fn3-SWCNTS. The recovered material was

dried under vacuum at 50 °C to constant weight. All deprotected samples were stored on
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air at room temperature. Amine loadings were measured spectroscopically (UV-vis)
using the colorimetric Kaiser test (see section 2.5.11).

2.5.9 Preparation of fjjon)-SWCNTs (11) from the p-D-glucopyranoside derivative
fii-SWCNT sample (9)

fin-SWCNTs (20 mg) were weighed into a 25 mL flask, suspended in 5 mL of ethanol
and sonicated for 15 min. Then 2-3 drops of sulphuric acid (98 %) were added and the
mixture was further sonicated for 10 min. Afterwards, the suspension was stirred at the
EtOH reflux temperature for 24 h, then diluted with a large excess of ethylacetate (30
mL), sonicated for 10 min and centrifugated as to remove the supernatant. The collected
solid residue was then washed three times with dichloromethane, each time sonicated
for 10 min and separated from the supernatant by centrifugation. The solid residue 11
was finally suspended in dichloromethane, sonicated for 15 min, filtered through a 0.2

pm-pore filter and dried under vacuum at 50 °C to constant weight.

2.5.10 Cyclic voltammetry (CV) measurements

The cyclic voltammetric measurements were carried out in a 1 M aqueous perchloric
acid solution, using AgQ/AgCl/KClsat. as reference electrode and a Pt wire as
counterelectrode. A 1 wt. % ethanol suspension of carbon nanotubes (f-SWCNTs) was
put on a glassy-carbon electrode (A = 0.1963 cm?) and covered with 2.6 pL of a 0.5 wi.
% solution of nafion in EtOH. Unless otherwise stated, samples were analyzed at 50
mV/s. For all scrutinized samples, the peak current was found to vary linearly with the
scan rate from 20 mV/s to 400 mV/s. Each measure was repeated up to 6 times using
different sample loadings (from 2 mg to 7 mg of 1 wt. % CNT suspension deposited on
the glassy-carbon electrode) and the resulting peak areas were properly correlated (by

means of a linear regression curve) with the relative iron loadings.

2.5.11 General procedure for the Kaiser test on Boc-deprotected and Pht-
deprotected homo/hetero-decorated samples

Primary amine loadings were measured spectroscopically using the “classical”
colorimetric Kaiser conditions.?°**2 Three standard solutions were prepared as follows:
a: 10 g of phenol in 20 mL of absolute EtOH.

47



b: 2 mL of potassium cyanide 1 mM (aqueous solution) dissolved in 98 mL of
pyridine.
c: 1 g of ninhydrin in 20 mL of absolute EtOH.

200 pg of carbon nanotubes (f-SWCNTs) were carefully weighted using a Sartorius
4503 microbalance (d = 0.001 mg) and treated in sequence with 75 pL of solution (a),
100 pL of solution (b) and 75 pL of solution (c). The resulting dispersion was sonicated
in a water bath until complete CNTs disaggregation. Afterwards, the mixture was
heated at 120 °C for 5 min and immediately diluted with 4750 pL of a 60 % (v/v) EtOH
solution. After centrifugation at 14000 rpm, the supernatant was analyzed by UV-vis
spectroscopy. The absorbance at 570 nm was correlated to the amount of free amine

functional groups present at the CNTs surface using the following equation:

[AbSSamp|e - AbSb|ank] X dI|UtI0n (mL) X 103

NH; loading (mmol/g) =

e M™ cmt) x sample weight (mg) x optical path (cm)

Dilution was fixed to 5 mL and extinction coefficient (¢) was 15000 M™* cm™. The

blank absorption was measured exactly in the same way but without CNTs.
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3. “Click” on MOFs: a Versatile Tool for the
Multimodal Derivatization of N;-decorated Metal

Organic Frameworks

3.1 Abstract

The CuAAC protocol developed for the smart and multimodal functionalization of
carbon nanotubes can be easily and usefully extended to other complex materials such
as Metal Organic Frameworks (MOFs), 3D coordination polymers obtained from the
combination of multidentate organic linkers with metal-based inorganic units. Post-
synthetic modification (PSM) has been exploited for the preparation of two novel Ns-
decorated MOFs, namely UMCM-1-N; [ZnsO(Nstpa)(btb)ss; Natpa® = 2-
azidoterephthalate; btb®™ = 4,4’ 4"-benzene-1,3,5-triyl-tribenzoate] and MIXMOF-5-N3
[ZnsO(Nstpa)o.4(tpa)z6; tpa® = terephthalate], featured by both different azido functional
group content and crystalline structure. Subsequently, the as-synthesized materials were
further transformed through an efficient and versatile approach capable of imparting
multimodality to these porous organic-inorganic polymers. Cu-mediated acetylene-azide
coupling (CuAAC; ‘“click” reaction) has been performed in a single step, under
optimized conditions, with complete azidlo — triazole conversion using either single
acetylene derivatives or mixtures of reactive terminal alkynes in variable molar
fractions to give homo- and hetero-derivatized MOFs. An accurate control of the
relative percentages of the functional groups in the final hetero-functionalized materials
is conveniently achieved through a fine tuning of the starting acetylene mixtures molar
ratio. All MOFs derivatives have been characterized through thermogravimetric analysis
coupled with MS analysis of volatiles (TG-MS), powder X-ray diffraction (PXRD), FT-
IR spectroscopy and *H NMR spectroscopy of the digested functionalized samples.
Fluorescence studies on properly labeled (dye-functionalized) MOFs have been used for
the first time to assess the statistical distribution of the “reactive probe” throughout the

bulk material.
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3.2 Introduction

The chemistry of metal-organic frameworks (MOFs), crystalline coordination
polymers obtained from the combination of multidentate organic linkers with inorganic
units, has seen a tremendous boost in the last two decades.! Their unique properties like
high surface area, chemicalthermal stability and tunable pore size, have opened new
perspectives in gas storage and separation,® catalysis,® and medicinal chemistry.* The
virtually infinite choice of spacers available to build MOFs is the most versatile feature
of this class of materials, when searching for practical applications. In the last few
years, the discovery of new chemical protocols for the introduction of more than one
functional group within the same material (multimodality) has become the main target
in MOFs synthesis. The most intuitive synthetic pathway is the combination of organic
linkers of the same kind but bearing different functional groups (“tags”) during the
MOF synthesis; this leads to the so-called MIXMOFs or multivariate MOFs.> A high-
throughput approach has been exploited to obtain MIXMOFs with up to eight different
tags. Albeit being easy to pursue, this method suffers from a severe lack of control of
the functionalization extent. Looking for alternatives, organic chemistry allows for the
introduction of new functional groups within the main molecular skeleton even after the
MOF synthesis, through the post-synthetic modification (PSM) route.® As a result, a
series of isoreticular MOFs having the same network topology can be prepared. PSM
popularity is witnessed by a number of seminal papers appeared in the literature in the
last few years,>’ but an extensive investigation of the real potential of this synthetic
method in combination with a variety of organic and organometallic reagents has not
been addressed yet. PSM provides high flexibility in the material design; nonetheless
PSM is still rather complicated and requires multistep procedures, with a careful
screening of the synthesis conditions to have a precise control of the amount of
functional groups introduced in the final material. One desired target is to impart
multimodality to these porous materials by the covalent anchoring of different
molecules to the reactive sites present in the pores of the reticular MOF network
possibly under mild reaction conditions, avoiding conflicting side-reactions and
preserving the crystalline texture of the starting material. While selected PSM
procedures like the vapor-phase PSM (VP-PSM) are simple and extremely clean
approaches to reach a high functionalization degree (particularly in the case of small
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and volatile reactive molecules)® “click chemistry” is an alternative powerful tool
capable of introducing complex organic and organometallic moieties into MOFs.°

In this chapter is described the PSM of two novel N3-decorated MOFs starting from
the related NH,-functionalized analogues: UMCM-1-N3 [ZnsO(Nstpa)(btb)ass; Natpa® =
2-azidoterephthalate; btb® = 4,4’ 4”-benzene-1,3,5-triyk-tribenzoate], showing muo
(UMCM-1) network topology,’® and MIXMOF-5-N3 [ZnsO(Nstpa)o.4(tpa)s.s; tpa® =
terephthalate], with the same pcu (primitive cubic lattice) network topology as that of
MOF-51' A versatle and efficient organometalic  approach to the
(multi)functionalization of these MOFs by their exposure to terminal acetylenes under
Cu'-mediated conditions (CUAAC reaction) is reported. This experimental methodology
allows for the use of relatively mild reaction conditions, following the well consolidated
“click chemistry” protocol and starting from a variety of reactive alkynes or mixtures
thereof. Additionally, the azide-alkyne cycloaddition reaction is compatible with

various solvents and functional groups'?*®

and the produced triazole functionality is
chemically stable, with structural and functional properties similar to those of the (more
common) amide bond. We have already exploited this copper-mediated protocol
successfully in the derivatization of carbon nanomaterials like carbon nanotubes (see
chapter 2).'* Single organic/organometallic terminal acetylenes or defined binary and
ternary acetylene mixtures have been employed for the homo- and hetero-decoration of
the MOF network, respectively. Noteworthy, a precise tuning of the grafted
organic/organometallic groups within the MOF’s tridimensional network is simply
achieved through a fine control of the relative amount of each terminal acetylene in the
binary or ternary reactive mixture. This translates into a facile and convenient MOFs
engineering and constitutes a real breakthrough in MOFs PSM procedures. Finally, the
use of an acetylene end-capped dye has been employed for the first time as both model
polycyclic reagent and fluorescent probe for the monitoring of the guest molecule

distribution within the tridimensional MOF’s network.

3.3 Results and Discussion

The selection of the appropriate MOF topologies suitable for PSM is the starting point
of our study. The ideal candidates should have large channels capable of hosting bulky

dangling substituents. The efficiency on a fully decorated MOF framework (i.e., all the
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organic linkers in the framework carrying one reactive group available for PSM) is
dramatically limited by the scarce diffusion of the reagent throughout the MOF
crystals.’®> On the contrary, a reduced loading of the reactive functional groups
(MIXMOF-5 case) combined with large pore and channels size (UMCM-1 case) can
guarantee a high diffusion rate of the reactive molecules throughout the material
tridimensional network.*® On this basis, two NH,-decorated MOFs, UMCM-1-NH, (1)
and MIXMOF-5-NH, (2)® with a relatively low density of NH, reactive groups (43 %
for 1 and 12 % for 2, as determined by *H NMR spectroscopy after sample digestion)
and large pores and high surface areas have been chosen as starting materials for the
present study.’” 1 and 2 have been straightforwardly prepared in gram scale via
solvothermal synthesis following the literature procedures®!® (see also section 3.5).
PXRD spectra and BET surface area measurements (1: 3780 m?/g; 2: 3350 mf/g) were
in line with literature data. The as prepared NHj-decorated materials have been
converted into the corresponding Ns-derivatives UMCM-1-N3 [ZnsO(Nstpa)(btb)ays;
Nstpa®" = 2-azidoterephthalate; btb® = 4,4’ 4"-benzene-1,3,5-triyl-tribenzoate, 3] and
MIXMOF-5-N3 [ZnsO(Nastpa)o 4(tpa)z6; tpa® = terephthalate, 4, Scheme 3.1] using a

highly efficient one-step literature procedure (Scheme 3.1).%

'‘BUONO

UMCM-1-NH
1 2 TMS-N,

‘BUONO
TMS-N,

MIXMOF-5-NH,
2

“btb”

MIXMOF-5-N, (4)
Scheme 3.1. Synthesis of UMCM-1-N3 (3) and MIXMOF-5-N3 (4) materials via PSM of their

NH,-decorated precursors (1 and 2, respectively).
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In a typical procedure (Scheme 3.1), crystals of 1 or 2 are suspended in a CHClI;
solution of tert-butylnitrite (7 equiv.) and azidotrimethylsilane (TMS-N3 - 6 equiv.)
while being gently shaken overnight (see section 3.5). The -NH, conversion into the
azido (-N3) group occurred without loss of the framework integrity, and it was
ascertained for each sample through FT-IR spectroscopy (KBr pellets); evidence for the
azido formation is given by the appearance of a relatively intense asymmetric stretching
v(N3)*® band close to 2120 cm* (2131 cm™ for 3, Figure 3.1 and 2117 cm* for 4, Figure
3.2) and confirmed by *H NMR spectroscopy of the digested samples (see section 3.5
and Figure 3.3).

100 4 100 —
95 95
90 + 90
o -
2 85 4 g 85
2 80 > 804
2 z
g 5
8 75 g 754
1S UMCM-1-NH, =
704 70 UMCM-1-N,
65 - 65 -
80 . . . . ~ 60 : : : : ,
3000 2500 2000 1500 1000 500 3000 2500 2000 1500 1000 500
Wavenumber (cm™) Wavenumber (cm )

Figure 3.1. FT-IR spectra [KBr pellet] of the UMCM-1-NH; (1) (left) and UMCM-1-N; (3)
(right).
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Figure 3.2. FT-IR spectra [KBr pellet] of the MIXMOF-5-NH, (2) (left) and MIXMOF-5-N3
(4) (right).
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btb + N,tpa from acidic 7
digestion of UMCM-1-N, e jgﬁgr

tpa + N,tpa from acidic
digestion of MIXMOF-5-N,

82 81 80 79 7.8 7.7
Figure 3.3. Low-fields "H NMR spectra of the digested UMCM-1-N; (top) and MIXMOF-5-N,

samples (bottom).

The distinctive low-fields *H NMR signals from the aromatic building-blocks [2-
azidoterephthalate  (Nstpa®), terephthalate (tpa®) and 4,4’,4"'-benzene-1,3,5-triyl-
tribenzoate (bth®")] show the quantitative conversion of the -NH, into -N3 for both 3 and
4 (Figure 3.3).

Accordingly, the calculated molecular formulae for 3 and 4 are Zn,O(Nstpa)(btb)a/s
and Zn,O(Nstpa)o.4(tpa)2.6 respectively, matching those of the NH,-containing starting
materials and confirming the quantitative —NH, — —N3 conversion. As a matter of fact,
the Nstpa molar loading for 3 is almost 2.5 times higher than that found in 4. The larger
size of the azido group compared with the amino substituent is witnessed by the lower
BET surface area of 3 and 4 when compared with that of 1 and 2 (3090 vs. 3780 m’/g
and 2980 vs. 3350 m/g for 1-3 and 2-4, respectively — see Figures 3.4 and 3.5).
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Figure 3.4. N, adsorption isotherms of UMCM-1-NH, (1) and UMCM-1-Ns (3) and relative

SSA values.
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Figure 3.5. N, adsorption isotherms of MIXMOF-5-NH, (2) and MIXMOF-5-N; (4) and

relative SSA values.

59



The as-prepared crystalline samples are indefinitely stable once stored in the dark and
kept wet with toluene at room temperature.® Each N3-MOF sample is recovered as a
solid and semi-dry material by filtration of a toluene suspension on a sintered glass frit
(pore size 4-5.5 pum) and drying to constant weight under a stream of N,.2% As semi-dry
microcrystalline powders, both N3-MOF samples maintain relatively high lifetimes
when stored under N, atmosphere and they can be handled in air for short time periods
with no apparent decomposition.

Our strategy for the PSM of 3 and 4 relies upon the efficient azide-alkyne
cycloaddition protocol (CUAAC) by using Cul[P(OEt)s] as catalyst.!??! Related Cu-
mediated approaches to the MOF’s PSM have already been reported in the literature:
from the pioneering work of Sada et al.*® to the recent contributions by Farrusseng and
co-workers.*® Despite the conceptual similarities of our approach to these studies, our
contribution is focused on the unprecedented use of complex mixtures of model
organic/organometallic alkyne-end-capped reagents (including a selected fluorescent
probe) and their capillary distribution into the MOF reticular network. The controlled
MOF’s decoration is a remarkable key tool for a versatile and convenient MOF

engineering.

3.3.1 MOF homo-decoration

Our initial approach to the homo-PSM of 3 and 4 is summarized in Scheme 3.2.

~

Ris " @PhTh (5)
H% (1.2eq.) UMCM )ﬁ/R«s UMCM-1- < @Ferr (6)
~N
UMCM-1-N; (3 N=N -Thi
3G [cug) cat. (10 mol%) N | @tert-Thio (7)
or > or
DMF, 85°C, 14h R PhTh (8
MIXMOF-5-N (4) MlXMOF\N)ﬁ/ 3 e ®)
N=N MIXMOF-5-< @Ferr (9)
M2 2 ] H2 \@tert-Thlo (10)
H
EXN 0 2@\#
H3 3gaH2
o H3H eH H3
H3
H3 H3
H3 H3
R1 (PhTh) R, (Ferr) Rj3 (tert-Thio)

Scheme 3.2. CUAAC reaction between N3;-MOFs (3 and 4) with different alkyne-end-capped

organic/organometallic reagents.
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In a typical PSM procedure, the semi-dry solid N3-MOF samples are suspended in dry
and degassed DMF (1 mL) and treated, in sequence, with the selected alkyne (1.2 equiv.
with respect to the estimated N3 loading for semi-dry samples containing an average 60
wt. % of N3-MOF)?° and the copper catalyst Cul[P(OEt)s] (10 mol% with respect to the
alkyne). Each addition step (DMF, alkyne and catalyst) is followed by an impregnation
time during which solvent and reagents are allowed to diffuse homogeneously
throughout the material network. After each addition, the suspension undergoes three
degassing cycles before being purged with nitrogen. The final catalyst addition is
followed by heating in an oil bath at 85 °C while gently shaking it overnight (14 h).
Successive washing cycles/filtration (over a 0.2 pm PTFE filter) with freshly distilled
and degassed toluene give the post-modified material that is isolated and stored under
N, atmosphere. The simplicity of the employed modification protocol and the
quantitative conversion of the N3 functional groups under the conditions used, together
with the easy material handling (before and after PSM) and its relatively high stability
under controlled conditions, make this approach highly convenient for running
processes on a relatively large scale (up to 500 mg of N3-MOF per run).

The post-functionalized materials 5-10 have been characterized by different
spectroscopic/spectrometric (FT-IR, TGA-MS, NMR) and powder X-ray diffraction
technigues whose combination has unambiguously provided evidence of the
guantitative PSM.

FT-IR spectra recorded on all the functionalized materials show the complete
suppression of the intense v(N3) asymmetric stretching (close to 2120 cm; see Figures
3.1 and 3.2 vs. 3.6 and 3.7 for two selected examples) together with the appearance of
relatively intense and distinctive stretching bands of selected functionalities present on
the triazole-containing dangling group [for example, a characteristic band/shoulder
around 1730 cm™ ascribed to the W(C=0) vibrational modes of the phthalimide moiety
in 5 and 8, see Figures 3.6 and 3.7].
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Figure 3.6. FT-IR spectrum [KBr pellet] of the UMCM@PhTh (5) sample.

Intensity (T%)

MIXMOF@PhTh

30 +

20 4

T T T T T
3000 2500 2000 1500 1000 500

Wavenumber (cm")

Figure 3.7. FT-IR spectrum [KBr pellet] of the MIXMOF@PhTh (8) sample.

TGA profiles of 5-7 and 8-10 vs. 3 and 4, respectively, gives an additional proof of
the occurred Cu-mediated azide-alkyne cycloaddition (see Figures 3.8 and 3.9). From a
thorough analysis of the TGA profiles, one main distinctive feature is represented by a
moderate weight loss measured only for samples 3 and 4 in the 170-220 °C temperature
range and tentatively ascribed to the thermal N3 decomposition followed by N
evolution. While the azide-alkyne cycloaddition transforms those thermally “labile” N3
groups with the formation of the stable triazole systems (no weight loss is measured in
the 170-220 °C temperature range for derivatives 5-7 and 8-10), the post-
functionalization process leads to an increase of carbonaceous residues that gradually

decomposes at higher temperatures (over 500 °C).
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Figure 3.8. Normalized TGA profiles at comparison (N,, 50 mL/min) of 5-7 vs. 3 in the 150-
800 °C temperature range.
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Figure 3.9. Normalized TGA profiles at comparison (N, 50 mL/min) of 8-10 vs. 4 in the 150-
800 °C temperature range.

The PXRD diffractograms of the homo-functionalized UMCM-based samples 5-7 do
not show any significant change of the crystalline texture with respect to 3 after the
functionalization process (Figure 3.10); in the case of the homo-functionalized
MIXMOF-based materials 8-10, new peaks appear for the phthalimide decorated (8)
only (at 20 = 7.8, 14.7, 15.9, 24.4 and 26.8 °, corresponding to a d-spacing of 11.3, 6.0,
5.6, 3.6 and 3.3 A, respectively - Figure 3.11); this is likely due to the ability of
phthalimide to form extended and periodic z-stacking interactions with the benzene
rings of the MOF scaffold. In fact, similar d(phenyl-phenyl) distances have been found

in other crystalline structures of phthalimide-containing organic compounds.??> The
63



same peaks also appear in the diffractograms of the phthalimide-containing MIXMOF
hetero-functionalized samples (vide infra).
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Figure 3.10. PXRD diffractograms of the homo-functionalized UMCM derivatives 5 (red), 6
(green) and 7 (light-blue). The diffractogram of 3 (black) is also reported for the sake of
comparison.
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Figure 3.11. PXRD patterns of the homo-functionalized MIXMOF derivatives 8 (red), 9 (light-

blue) and 10 (violet). The pattern of 4 (black) is also reported for the sake of comparison.
Although a direct comparison of the two different pristine MOFs textures (Figures

3.10 and 3.11, 3 vs. 4) reveals that the crystallinity degree of UMCM is consistently
lower than that of MIXMOF-5, as confirmed by other reports,?® the post-synthetic
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modification treatment does not affect the crystalline texture of the final derivatives
significantly (Figures 3.10, 3 vs. 5-7 and 3.11, 4 vs. 8-10).

A direct evidence of the successful post-functionalization process is unambiguously
given by the *H NMR spectroscopy of the digested MOF samples (Figures 3.12 and
3.13). Each sample is digested in an acidic DMSO-dg solution (DMSO-ds/D,O/DCI)
before being analyzed by *H NMR spectroscopy at room temperature. The resulting
spectra reveal the complete disappearance of the aromatic signals between 7.70 and 7.85

ppm, attributed to the N3tpa® component present in both N3-MOFs.
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Figure 3.12. Left: low-field "H NMR spectra [300 MHz, (DMSO-d¢/DCI/D,0) 298 K, 9.2 > §
(ppm) > 7.6] of digested samples 3, 5-7. Right: high-field "H NMR regions of digested samples

5-7. For H atoms labelling see above Scheme 3.2.
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Figure 3.13. Left: low-field "H NMR spectra [300 MHz, (DMSO-d¢/DCI/D,0) 298 K, 9.2 > §
(ppm) > 7.6] of digested samples 4, 8-10. Right: high-field *H NMR regions of digested samples

8 and 10. For H atoms labelling see above Scheme 3.2.
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The simultaneous appearance (in all derivatives) of new distinctive lower-field signals
and, more importantly, of a singlet (H* in Figures 3.12 and 3.13) attributed to the
triazole moiety (5: 8.59 ppm; 6: 8.70 ppm; 7: 9.11 ppm; 8: 8.60 ppm; 9: 8.68 ppm; 10:
9.08 ppm), confirms the formation of the cycloaddition product as the unique species.
Upper-field *H NMR spectra show the presence of characteristic signals attributed to the
ferrocene (6), tert-thiophene (7 and 10) and phthalimide methylene bridge moieties (5
and 8), respectively (see Figures 3.12 and 3.13 right).

The homogeneous functionalization of 7 and 10 has been ascertained
spectroscopically, following the fluorescence of the tert-thiophene pendant arm by
means of Laser Scanning Confocal Fluorescence Microscopy. Figure 3.14 (left) shows a
maximum intensity projection (MIP) obtained for 7 upon excitation at 405 nm. The
confocal fluorescence spectra of 7 (obtained from images recorded with the spectral
module of the confocal microscope for excitation at 405 and 488 nm, respectively) are
shown in Figure 3.14 (right). The fluorescence pattern obtained upon sample excitation
at 488 nm presents a maximum around 540 nm; it is close to that measured on triazole-
terthiophene derivatives in solution upon sample excitation at 440 nm.** For the
fluorescently labeled derivatives 7 and 10, images reveal a homogeneous fluorescent

probe diffusion into the bulk material.

—a— 7 (exc. at 405 nm)
—e— background

7 (exc. at 488 nm)

400 450 500 550 600 650 700 750
Wavelenght (nm)

Figure 3.14. Left: Maximum intensity projection (MIP) obtained for crystals of 7 upon
excitation at 405 nm. Right: Fluorescence spectra of 7 for excitation at 405 (-m-) and 488 nm
(- A -), respectively.
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For the sake of completeness, the absorption and fluorescence properties of both
pristine MOF-N3 (3, 4) and fluorescently labeled (7, 10) samples have also been
investigated through the respective acidic “digested” DMSO solutions (see Figure 3.15).
This study has been carried out with the aim of distinguishing the triazole-based dye
fluorescence emission from that of the MOF organic building blocks. As far as
absorption spectra are concerned, a solution of 3 shows only one band centered at 273
nm (Figure 3.15, left); a red-shiffed peak (280 nm), together with a lowest energy
absorption band centered at 388 nm, is instead recorded for the digested terthiophene-
containing sample 7 (Figure 3.15, right). The digested sample 3 solution shows, upon
excitation at 282 and 365 nm, fluorescence centered at 361 and 436 nm, respectively
(Figure 3.15, left), and no fluorescence for excitation at 440 nm. Differently, the
solution from digested sample 7 shows three distinctive emission bands centered at 360,
443 and 538 nm for excitations at 282, 365 and 440 nm, respectively (Figure 3.15,
right).?> While the origin of the fluorescence centered at 538 nm is not totally clear, the
weakly structured fluorescence emission centered at 443 nm unambiguously originates
from the So—S; absorption of the terthiophene moiety, according to the excitation
spectra. Red-shift of the main peaks i the absorption and fluorescence spectra are
consistent with the generation of triazole o-substituted terthiophene moieties.”® All the
fluorescence spectra of the digested samples have been corrected and the excitation

spectra were recorded for solutions absorbing less than 0.1 > 300 nm.
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Figure 3.15. Left: Absorbance and fluorescence spectra of an acidic DMSO solution of the
digested sample 3 in a 1 cm cuvet (3ds). Fluorescence is recorded upon sample excitation at
282, 365 and 440 nm. Right: Absorbance and fluorescence spectra of an acidic DMSO solution
of the digested sample 7 ina 1 cm cuvet (7ds). Fluorescence is recorded upon sample excitation

at 282, 365 and 440 nm.
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Z-stack imaging has also been performed on a sample thickness varying from 10 to 20
um. Figure 3.16 shows the fluorescence of 10 on a selected area (about 75 x 75 pm)
along the z axis with a progression of about 0.9 pm from image Z1 to Z12. Z-stack

images have been also acquired on 7 on a similar z-range.

Z3 Z10 Z11 212

Figure 3.16. Z-stack images recorded on sample 10 for a section of 10 um (along the z-axis,

twelve z values) of a detail (white dashed box) of the top-left MIP image. Fluorescence is
collected in the 500-550 nm range upon material excitation at 488 nm.

As Figure 3.16 shows, the fluorescence intensity is almost unchanged in this z-range,
highlighting a homogeneous dye functionalization throughout the tridimensional
network of the MOF sample.

All these characterization data taken together prove that the reaction conditions used

for the PSM protocol lead to a full conversion of the N3 groups into the corresponding
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cycloadducts. As a matter of fact, each reactive alkyne and the Cu-catalyst smoothly
diffuse through the channels of the reticular MOF networks.

3.3.2 MOF hetero-decoration

The introduction of multimodality into porous organic-inorganic materials under
“mild” and “controlled” “click” conditions is accomplished following the same
approach described above. The strategy to the hetero-PSM of N3-MOFs is summarized

in Scheme 3.3.
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Scheme 3.3. CUAAC reaction between N3;-MOFs (3 and 4) with variable mixtures of alkyne-

end-capped organic/organometallic reagents.

Hetero-functionalized samples are prepared via CuAAC chemistry using binary or
ternary mixtures of acetylene end-capped reagents. The owerall amount (equiv.) of
acetylenes in the reactive mixture is maintained equal to that used in the homo-PSM
experiments and constant to 1.2 equiv. with respect to the azido group content. In a
typical experiment, equimolar binary mixtures of reactive alkynes (0.6 + 0.6 eq.; cfr.
with the N3 loading) are dissolved in DMF, and the resulting solutions are then used to
impregnate the solid N3-MOF sample before adding the Cu catalyst Cul[P(OEt)s] (10
mol% with respect to the alkyne). Similarly to the homo-PSM procedure, each addition
step [DMF, alkyne(s) and catalyst] is followed by an impregnation time, during which
solvent and reagents are allowed to diffuse homogeneously throughout the material
network. After each addition, the suspension undergoes three degassing cycles before
being purged with nitrogen. The final mixture is then heated in an oil bath at 85 °C,

69



while gently shaking it overnight (14 h). Successive washing cycles/filtrations (over a
0.2 pm PTFE filter) with freshly distilled and degassed toluene give the expected
hetero-modified materials that are isolated and stored under N, atmosphere. As for the
other binary and ternary reactive alkyne mixtures, the PSM protocol employed is the
same reported above; the only difference is the variable molar fractions of the reactive
alkynes in the mixture [70:30, 1:1:1 or 252550; overall 1.2 alkyne(s) equiv. with
respect to the azido group content].

Likewise homo-functionalized samples, the final semi-dry hetero-functionalized
materials are recovered by washing/filtration processes and dried under a stream of N
to constant weight before being handled in air with no apparent decomposition for
hours.

The characterization of the hetero-functionalized samples 11-17 has been
accomplished similarly to that of 5-10. All FT-IR spectra of the hetero-PSM materials
show the complete suppression of the intense W(N3) asymmetric stretching (close to
2120 cml), together with the appearance of relatively intense and distinctive stretching
bands ascribable to functionalities present on the triazole-containing dangling group.
The analysis of the TGA profiles do not reveal any distinctive thermal behavior,?’
except for the tert-thiophene-decorated samples (14 and 17) where the MS analysis of
volatiles shows a characteristic peak at m/z = 84 attributed to the thiophene framework
(TGA-MS profile of sample 17 is reported on Figure 3.17).
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Figure 3.17. TGA/DTG profiles (N,, 50 mL/min) of MIXMOF@Ferr(1)PhTh(1)tert-Thio(1)
(17) and MIXMOF-5-N3 (4) samples at comparison (150-700 °C temperature range) associated
with the MS analysis of volatiles [m/z (C4,H,S) =84 a.m.u.].

70



As for the homo-decorated samples, a more precise qualitative and quantitative
analysis is achieved through *H NMR spectroscopy carried out on the digested samples.

Each MOF-derivative is then digested in an acidic DMSO-ds solution (DMSO-
ds/D,0/DCI) before being analyzed through *H NMR spectroscopy. As Figures 3.18
and 3.19 show, the spectra reveal the complete disappearance of the aromatic signals
attributed to the Nstpa component present in both Ns-decorated MOFs (Figure 3.18, 3
vs. 11-14; Figure 3.19, 4 vs. 15-17). Once again, the appearance of new aromatic
signals, together with distinctive low-field singlets typical of the triazole aromatic
moieties (Figure 3.18, 11: 8.68 ppm and 8.61 ppm in a 1:1 ratio; 12: 8.68 ppm and 8.61
ppm in a 3:7 ratio; 13: 9.09 ppm and 8.68 ppm in a 3:7 ratio; 14: 9.09 ppm, 8.68 ppm
and 8.60 ppm in a 50:25:25 ratio; Figure 3.19, 15: 8.62 ppm and 8.54 ppm in a 1:1 ratio;
16: 8.60 ppm and 8.53 ppm in a 3.7 ratio, 17: 9.06 ppm, 8.61 ppm and 8.53 ppm in a
1:1:1 ratio) is indicative of the presence of the cycloaddition product as the unique
species. Finally, upper-field *H NMR spectra (Figures 3.18 and 3.19, right) show the
presence of characteristic signals attributed to the ferrocene (11-17), tert-thiophene (13,
14 and 17) and phthalimide methylene bridge moieties (11, 12, 14 and 15-17),
respectively.

From a thorough and quantitative analysis of all *H NMR spectra acquired on the
hetero-functionalized samples, it is evident that the applied protocol allows for a full
control of the relative percentages of the hetero-groups covalently grafted on the MOF
reticular network. Indeed, the simple adjustment of the relative molar fraction of the
alkynes in the reactive mixtures (binary or ternary) is entirely maintained in the post-
synthetically modified material.

As a result, a material impregnation with either 50:50 or 70:30 binary alkyne mixtures
leads to hetero-modified MOFs with an identical molar ratio of the functional groups
grafted to the MOF’s network (Figure 3.18, spectra 11-13; Figure 3.19, spectra 15-16).
Notably, a complete control on the MOF’s network grafting is also achieved in the
presence of selected and variable ternary mixtures of alkynes.

As shown in Figures 3.18 (spectrum 14) and 3.19 (spectrum 17), the material
impregnation with either a 2522550 or 1:1:1 ternary mixture of alkynes ultimately

shows the same molar ratio as that of the starting mixture.
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Figure 3.18. Left: low-field *"H NMR spectra [300 MHz, (DMSO-d¢/DCID,0) 298 K, 9.2 > §
(ppm) > 7.6] of digested samples 3, 11-14. Right: most representative high-field "H NMR
regions of digested samples 11-14.
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Figure 3.19. Left: low-field *H NMR spectra [300 MHz, (DMSO-d¢/DCID,0) 298 K, 9.2 > §
(ppm) > 7.6] of digested samples 4, 15-17. Right: high-field "H NMR regions of digested
samples 15-17.
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The hetero-functionalization procedure highlights the general character, the high
functional groups tolerance, selectivity and orthogonality of the adopted Cu-mediated
protocol, besides being an experimental proof of the homogeneous and smooth
diffusion of the alkyne reagents in the MOF reticular network. As a matter of fact, a
proper material impregnation with mixtures of different terminal alkynes can be
employed to tune the specific functional group loading into the accessible channels of
porous MOFs.?®

As for the UMCM-based samples 5-7, no significant changes of the PXRD patterns
are observed for the hetero-decorated derivatives 11-14. As Figure 3.20 shows, hetero-
derivatized samples do not vary their crystalline texture with respect to the starting Ns-
MOF reagents except for phthalimide-containing MIXMOFs (15-17). Similarly to
sample 8, diffractograms of samples 15-17 present additional peaks due to the

contribution of the phthalimide substituent.?2
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Figure 3.20. (left) PXRD spectra of the hetero-functionalized UMCM derivatives 11 (light-
blue), 12 (green), 13 (red) and 14 (violet). Spectrum of 3 (black) is also reported for the sake of

comparison. (right) PXRD spectra of the hetero-functionalized MIXMOF derivatives 15 (light-

blue), 16 (red) and 17 (violet). Spectrum of 4 (black) is also reported for the sake of comparison.

The BET surface area (SA) of selected hetero-functionalized samples has also been
measured and compared. In general, the SA values recorded for the post-synthetically
modified MOFs are always lower than those of the corresponding Ns-based starting
material; the higher the functional group loading, the lower the SA value obtained

within the same MOF topology (cfr. Figures 3.21 and 3.22 for an example from the
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UMCM-1 family). This is in line with the increased steric hindrance created within the

pores when filled with bulky dangling groups.
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Figure 3.21. N, adsorption isotherms of UMCM-1-N;(3) and UMCM@PhTh(50)Ferr(50) (11)

and relative SSA values.
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Figure 3.22. N, adsorption isotherms of UMCM-1-N3 (3) and UMCM@PhTh(25)Ferr(25)tert-
Thio(50) (14) and relative SSA values.

74



When considering different MOFs topologies at comparable loading degree, the SA
decrease observed within the UMCM-1 family is more pronounced than that of the
MIXMOF-5 class (cfr. Figures 3.21 and 3.23). This mirrors the higher functionalization
degree of UMCM-1 when compared with MIXMOF-5.
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Figure 3.23. N, adsorption isotherms of MIXMOF-5-N; (4) and MIXMOF@PhTh(50)Ferr(50)
(15) and relative SSA values.

The quantitative material impregnation and functionalization is proved for the hetero-
functionalized samples as well, exploiting the same confocal microscope spectroscopy
tools in the presence of a fluorescent dye. The confocal fluorescence spectra recorded
on sample 13 (Figure 3.24 right) are similar to those measured for the digested sample

solutions, even though they have an appreciably red-shifted maximum.
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Figure 3.24. Left: Maximum intensity projection (MIP) obtained for sample 13 upon material
excitation at 405 nm (fluorescence image collected in the 500-550 nm). Right: Fluorescence
spectra of 13 upon sample excitation at 405 (-m-) and 488 nm (- A -), respectively.

Z-stack imaging has been performed also in this case (sample thickness ca. 10 pm),
and it confirms the homogeneous dye distribution in the bulk material (Figure 3.25).

The same conclusions also holds for sample 14.

Figure 3.25. Z-stack images recorded on sample 13 for a section of 12 um (along z-axis,
progression of about 1um from Z1 to Z12) of the top-left MIP image. Fluorescence is collected

in the 500-550 nm range upon material excitation at 488 nm.
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3.4 Conclusions

Post-synthetic functionalization methods have been successfully exploited for the
preparation of novel multi-decorated MOFs through the simple “click” chemistry
procedure (CuAAC). In particular, more than one functional group is introduced into
the MOF scaffold at once, through the employment of mixtures of alkyne reagents on a
well-defined stoichiometric ratio, that is maintained within the decorated products.
Therefore, a variation of the alkynes molar ratio in the reactive mixture results in a
facile and efficient tuning of the grafted functional groups in the final material. Smooth
reagents and catalyst diffusion into the material channels, together with the general
character of the CuAAC chemistry (i.e. its high selectivity and functional group
tolerance), play a fundamental role in the achieved control. Both the relatively mild
reaction conditions used and the relatively large material pore size contribute to the
success and control of the functionalization process. Such a precise control on the
functional group loading on the final material network constitutes a key tool for the

simple and versatile MOF’s engineering.

3.5 Experimental Section

3.5.1 General Considerations

All manipulations were carried out under dry nitrogen atmosphere using standard
Schlenk-type techniques. Nitrogen (> 99.999%; Rivoira) was dried through a CaCk
column and deoxygenated with an oxysorb cartridge from Messer Griesheim prior to
use. DMF was degassed and stored at room temperature over 4 A molecular sieves
under nitrogen atmosphere. Toluene was obtained by means of a MBraun solvent
purification system. 5-ethynyl-tert-thiophene was prepared from the 5-bromo-tert-
thiophene®® in 95 % isolated vield according to a literature procedure.®® All the other
chemicals were purchased from commercial suppliers and used as received without
further purification. Samples sonication was carried out using an Elma S15 Elmasonic
sonicator bath (37 kHz). Filiration was accomplished by using PTFE filter (Whatman)
with 0.2 ym pore size.
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3.5.2 Material Characterization and Analyses Conditions

Thermogravimetric analysis (TGA) were performed under N, atmosphere (50
mL/min) on an EXSTAR Thermo Gravimetric Analyzer (TG/DTA) Seiko 6200 coupled
with a ThermoStar™ GSD 301 T (TGA-MS) for the MS analysis of volatiles.

FT-IR spectroscopy was performed on a Perkin-Elmer Spectrum BX FT-IR
spectrophotometer and all samples were prepared by mixing spectroscopic grade KBr
with either N3-MOFs or MOF derivatives (3-5 wt. %) and analyzed in the 400-4000
cm! range with a resolution of 1 cm™.

'H NMR spectra of all the digested MOF samples were recorded on an Avance 300
MHz instrument (300.13 MHz for H). Chemical shifts are reported in ppm (&) relative
to TMS, referenced to the chemical shifts of residual solvent resonances.

Powder X-ray diffraction (PXRD) measurements were carried out in a Bragg-
Brentano geometry either with a Panalytical X’PERT PRO powder diffractometer
equipped with a PIXcel® solid state detector or with a D8 Advance Bruker AXS
diffractometer. The diffractograms were recorded at room temperature in the 5-60 ° 20
region, operating with Cu K, radiation (2, = 1.5418 A). A 7.5 mm height anti-scatter slit
was used on the diffracted beam. The 26 step size was 0.0263 °, with a counting time of
317 s/step. The measurements were carried out in air at ambient pressure and
temperature.

Fluorescence imaging was performed on an inverted Nikon Al laser scanning
confocal microscope equipped with a 405 nm pulsed/CW diode laser (Picoquant,
Germany) and a 488 nm CW Argon ion laser (Melles Griot).

Confocal fluorescence imaging was carried out on the samples at 20 °C. The 5215 x
512 or 1024 x 1024 pixel images were collected using a Nikon PLAN APO VC 60 oll
immersion objective with NA 1.40. With this imaging configuration, pixel side
dimension ranged from 100 to 250 nm. Z-stack fluorescence imaging was performed on
0.5-1 um sections for a total thickness of 20-30 um. Fluorescence was collected in
several spectral windows. In front of the photomultiplier we used bandpass filters
centered at 450 nm (50), and 525 nm (50). Spectral imaging has been performed using
the Nikon Al spectral detector consisting of a multi-anode photomultiplier with an

array of 32 anodes. A wavelength range of 6 or 10 nm per anode has been applied.
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BET surface area measurements. N, adsorption isotherms were recorded at 77 K
(liquid nitrogen bath) on a Micromeritics® ASAP 2020 instrument. Prior to the

measurements, the samples were degassed at 100 °C for 16 h.

3.5.3 Preparation of MIXMOF-5-NH,®

2-Aminoterephtalic acid (0.045 g, 0.25 mmol), terephtalic acid (0.125 g, 0.75 mmol)
and Zn(NO3),-4H,O (0.784 g, 3.00 mmol) were dissolved in DMF (50 mL), and the
clear solution was divided and transferred into five 20 mL scintillation vials. The
vessels were placed in a sand bath and heated into a programmable oven to 105 °C
using a gradient of 2.0 °C/min. The temperature was held for 24 h, and after that time
the oven was slowly cooled to room temperature. The solvent was decanted, and
crystals of MIXMOF-5-NH, were washed with DMF (3 x 5 mL) rinsed and soaked in
CHCl; for 3 days, replacing the solvent every 24 h with fresh one. Finally, the solvent

was decanted and the crystals soaked and stored in toluene until needed.

3.5.4 Preparation of UMCM-1-NH,*!

2-Aminoterephtalic acid (0.490 g, 2.7 mmol), Zn(NO3),-4H,O (2.83 g, 10.8 mmol),
and 4,4',4""-benzene-1,3,5-triyl-tribenzoic acid (btb, 0.424 g, 0.97 mmol) were dissolved
in 100 mL of DMF. The solution was divided into 10 mL portions and transferred into
10 scintillation vials (20 mL capacity each). The vials were placed in a sand bath, and
the bath was transferred to an isothermal oven heated at 85 °C. After 48 h, the vials
were removed from the oven and left to cool at room temperature. The mother liquor
was decanted, and crystals of UMCM-1-NH, were washed with DMF (3 x 12 mL) and
soaked in CHCIz (12 mL) for 24 h. The crystals were then rinsed with fresh CHCI3 (3 x
10 mL) and left to soak for 3 days in CHCIs, replacing the solvent every 24 h. The

crystals were finally stored wet under CHCIz until needed.

3.5.5 Preparation of MIXMOF-5-N3

Freshly dried MIXMOF-5-NH, (28 mg, 0.36 mmol of -NH,) was placed into a dried
vial (20 mL capacity) with 3.0 mL of CHCIl3, 0.29 mL (2.52 mmol, 7 eq) of tert-butyl
nitrile and 0.26 mL (2.16 mmol, 6 eq) of azidotrimethylsilane under an argon
atmosphere. The sample was reacted overnight at room temperature to convert
MIXMOF-5-NH; into MIXMOF-5-N3 (quantitative). The reaction was quenched by
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decanting the solvent. Excess reactants were removed by washing with CHCl; (6 x 4

mL). The crystals were stored in toluene until needed.

3.5.6 Preparation of UMCM-1-N3

Freshly dried UMCM-1-NH, (47 mg, 0.71 mmol equiv of —NH;) was placed into a
dry vial (20 mL capacity) with 6.0 mL of CHCl3, 0.58 mL (4.97 mmol, 7 eq) of tert-
butyl nitrite and 0.52 mL (4.26 mmol, 6 eq) of azidotrimethylsilane (TMSN3) under an
argon atmosphere. The sample was left to react overnight at room temperature to get
UMCM-1-N3 (quantitative). The reaction was quenched by decanting the solvent.
Excess reactants were removed by washing with CHCIl; (6 x 6 mL). The crystals were

stored in toluene until needed.

3.5.7 General procedure for the homo-(hetero)-PSM of N3-MOFs via CuAAC
chemistry

All manipulations were carried out in the dark or keeping all MOF reagents and
products away from the direct contact with the light as much as possible. In a typical
homo-PSM procedure, crystals of N3-MOFs (50 mg) were filtered on a sintered glass
frit (pore size 4-5.5 um) and dried under a stream of N, up to constant weight. The
semi-dry samples (45 wt. % and 50 wt. % of residual toluene in the UMCM-1-N3 and
MIXMOF-5-N3 samples, respectively) were then transferred under N, atmosphere in a
10 mL Schlenk-tube and suspended in dry and degassed DMF (1 mL). The suspension
was then treated with a DMF solution (0.5 mL) of the selected alkyne (1.2 equiv. with
respect to the azido groups) or alkynes mixture (in case of hetero-decoration procedure
— overall 1.2 equiv. with respect to the azido groups) and maintained at room
temperature for 5 hours (impregnation time) while being gently shaken. Afterwards,
Cul[P(OEt)3] (0.12 equiv. cat. 10 mol%) was added as a DMF solution (0.3 mL), and
the resulting suspension underwent three degassing cycles before being purged with
nitrogen. The reaction mixture was finally heated at 85 °C for 14 h while being gently
shaken. The mixture was allowed to cool to room temperature and crystalline
derivatives were recovered by successive washing cycles/filtration (over a 0.2 pm PTFE
fitter) and dried under a stream of N, up to constant weight. All homo- (hetero)-
decorated materials were stored in the dark as semi-dry samples under N, atmosphere,

with no apparent decomposition for weeks.
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3.5.8 "H NMR characterization of MOF’s reagents and derivatives

All semi-dried MOF reagents and derivatives were characterized by liquid *H NMR
spectroscopy after material’s “digestion”. In a typical procedure, 6 mg of MOF crystals
were dissolved in DMSO-dgs (500 L) and diluted DCI (100 pL of a solution prepared as
follows: 23 pL of 35 % DCI in D,O diluted with 1 mL of DMSO-dg) with sonication for
a few minutes. After complete MOF dissolution, the clear solution was analyzed by *H
NMR (d1 =8 5s).
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4. A Hetero-bi-Functional Spacer for the Smart

Engineering of Carbon-based Nanostructures

4.1 Abstract

Big efforts have been made in recent years to dewvelop novel functionalization
protocols aimed at imparting multimodality and improved properties to complex
carbon-based nanostructures. Relatively unexplored is the incorporation of cleavable
bonds to the nanomaterial surface for the controlled release (or exchange) of specific
molecules under appropriate chemical and biological settings. In this chapter, we
describe the design and synthesis of a hetero-bi-functional linker joining a “cleavable”
disulfide moiety for the covalent anchoring of a wide range of thiol end-capped
(bio)molecules and a “clickable” terminal acetylene group. The strategy lies on the
well-established Cu-mediated acetylene-azide coupling (CUAAC) reaction between the
acetylene linker and single-walled carbon nanotubes (SWCNTSs) decorated with
phenylazido pendant arms. This chemical approach is very versatile and it allows for a
fine control of the carbon nanomaterial functionalization and post-derivatization degree.
Indeed, the disulfide “bond cleavage”, operated by sulfhydryl containing molecules,
occurs with the controlled release of a pyridine-dye whose concentration is proportional
to the extent of cleavage or conjugation by an incoming thiol end-capped molecule. A
controlled CNT hetero-decoration with the bi-functional linker in mixture with selected
terminal  acetylene  molecules is exploited to impart multimodality  (i.e.
multifunctionality) to the final carbon nanohybrids. As a result, easily “post-
derivatizable” and traceable nanostructured platforms containing a linking group
potentially available for a wide range of biological probes are prepared and completely
characterized.

4.2 Introduction

Many efforts have been devoted in the last two decades to the development of
effective and simple functionalization schemes for 1D and 2D carbon nanostructures

with the final aim of improving their processability and handling as well as imparting
85



multimodality to the resulting hybrids.® In particular, carbon nanotubes (CNTs) have
been widely explored as substrates for a number of functionalization protocols to afford
decorated nanostructured systems with unique chemico-physical properties.’ Potential
applications of the as prepared CNT-based hybrids are envisaged in different
technological fields: from the preparation of nanocomposite materials with improved
properties® and their exploitation in nanomedicine for drug delivery,* therapy and
imaging,®> to their use as catalytic materials in specific fields of renewable energies
technology.® In spite of a number of well-established CNT functionalization protocols,’
the development of new synthetic methodologies that lead to a more efficient
integration of these nanomaterials into complex functional structures still represents a
challenging research matter in the field. In particular, the incorporation of
functionalities containing cleavable bonds (under appropriate chemical and/or biological
settings) represents a step-forward towards the smart engineering of these
nanostructures.®. A controlled molecular exchange at the CNT surface is still a relatively
unexplored field; on the other hand it can offer a unique strategy to the controlled
release of specific guest molecules initially linked to the surface of the nanomaterial
carrier (CNT). For instance, Dai and co-workers have demonstrated how the
intracellular delivery of CNT-based bioconjugates and the subsequent release of the
biological probe from the nanocarrier (CNT) can be smartly triggered by a selective
disulfide bond cleavage operated by thiol reducing enzymes.® Similarly, You et al. have
demonstrated how chemically decorated CNTs can easily conjugate and release
biological molecules at will, according to specific biological or chemical stimuli.'® Both
technologies conceptually lie on the design and synthesis of a ‘“cleavable” linker for the
covalent anchoring of a wide range of thiol end-capped biomolecules (including DNA,
RNA and proteins).

In chapter 2 we have already exploited the preparation of flexible and versatile “CNT
platforms”  chemoselectively ~ decorated with aryl-azido pendant arms;*!  their
exploitation in combination with variably substituted terminal acetylenes (or mixtures
thereof), under classical bioorthogonal CUAAC conditions,*? has provided a valuable
protocol for a controlled single-step homo- and hetero-functionalization of the SWCNT
sidewalls.’® In this chapter, the easy-to-scale-up synthesis of a simple organic linker
joining a ‘“cleavable” disulfide moiety and a “clickable” terminal acetylene group Iis
described. Its chemistry is fully investigated in the homogeneous phase by means of

model reaction protocols before being “clicked” at the surface of the above mentioned
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fns-SWCNT platforms. The data reported hereafter describe a functionalization scheme
capable of imparting multimodality (i.e. multifunctionality) to 1D carbon nanostructures
while they operate as nanocarriers for potential biological probes. The CNT conjugation
with thiol end-capped biomolecules is conveniently followed spectroscopically by
monitoring the appearance of a characteristic absorbance peak(s) due to the release in
solution of the pyridine-2-thiol (or pyridine-2-thione) as side-reaction product(s). While
simple UV-vis measurements allow for a precise estimation of the CNT-covalently
grafted biomolecule loading, an appropriate hetero-decoration of the nanomaterial with
a selected fluorescence dye (BODYPy-derivative) generates an optically traceable
bioconjugate. In addition, this study offers interesting insights on the role of the grafted
molecules on the ultimate material morphology while providing a clear evidence of the
distribution of the phenyl-azido groups at the CNT surface as a consequence of the aryl-

diazonium salts regiochemistry.
4.3 Results and Discussion

4.3.1 Synthesis of the hetero-bi-functional spacer 3
The approach to this study starts with the gram-scale synthesis of the hetero-bi-
functional cross-linker 3. Scheme 4.1 illustrates the stepwise procedure developed to

prepare the desired acetylene derivative in fairly good yield (51 % over three steps).
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Scheme 4.1. Synthesis of the acetylene spacer 3. Reagents and conditions: i) Ph;CCl, CH,Cl,,
r.t., overnight;** ii,) DCC, HOBt, DMF, r.t. 3h. ii,) propargylamine, Et;N, DMF, 24 h; iii) 1,2-
di(pyridin-2-yldisulfane (2-aldrithiol™), Et;SiH, TFA, CH,Cl, r.t. 5 h.
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According to this synthetic path, the 3-tritylsulfanyl-propanamide (2) is
straightforwardly prepared through an initial sulfhydryl trityl protection of the
commercially  available  3-mercaptopropionic  acid followed by a one-pot
activation/amidation of the carboxylic acid (DCC, HOBt, propargylamine) to give the
acetylene intermediate as a white solid in 82 % isolated yield over two steps. At odds

with several literature precedents,***>1%17

all our attempts to get the free alkyl-thiol
intermediate by sulfhydryl deprotection of the isolated 2 failed. Indeed, the reaction of 2
with Et3SiIH and TFA gave, upon solvent evaporation, only untreatable rubbery
materials. On the contrary, the one-pot addition'® of the 2-aldrithiol™ reagent to a
CH,CL solution of 2, followed by treatment with EtsSiH and TFA, gives the desired
product 3 as a viscous pale yellow oil in 62 % isolated yield after chromatographic

purification.

4.3.2 Reactivity study on the hetero-bi-functional cross-linker 3 in homogeneous
phase

Before applying 3 to the homo- and hetero-decoration of complex carbon
nanostructures, the reactivity of its terminal functionalities is scrutinized and optimized
in homogeneous phase in combination with model reactants (Scheme 4.2). To verify the
reactivity at the disulfide linkage in 3, a solution of dithiothreitol (DTT) is added to
cleave and reduce the disulfide bridge, leading to the free sulfhydryl derivatives 4 with
the simultaneous release of one equivalent of pyridine-2-thione (5). The reaction is
performed in a 25:75 DMF:PBS (dimethylformamide:phosphate buffer saline) solution
at pH 7.2, where the cleavage proceeds quantitatively. DMF is used to improve the

solubility of 3 and the reaction course is conveniently followed by UV-vis

measurements.
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Scheme 4.2. Reactivity tests on the hetero-bi-functional cross-linker 3. Optimized conditions
for the S-S cleavage and CuAAC reaction in homogeneous phase.
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Two solutions at different concentration of 3 (1.10™ and 5.10° M) have been prepared
and treated with DTT. The UV-vis measurements on the solutions, before (blank
samples — dashed lines) and after DTT treatment (solid lines), show the appearance of a
clear absorbance (A) peak at 343 nm (Figure 4.1A), typical of the pyridine-2-thione

moiety, whose intensity is proportional to the extent of occurred disulfide cleavage (see

section 4.5).
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Figure 4.1. A) UV-vis measurements on 3 solutions at different concentration, before and after
DTT (20-fold excess) treatment. B) Fluorescence measurements on 6, before and after (7)
CUuAAC reaction; the excitation scattering light is eliminated by means of a long-pass filter
setup (cut-on 500 nm) — see section 4.5. C) UV measurements on a 7 solution, before and after
TDT (20-fold excess) treatment.

According to the UV-vis measurements, for both solutions a quantitative disulfide
cleavage takes place already at room temperature within few minutes. Optimized
CUuAAC conditions have also been set-up in homogeneous phase between the terminal
acetylene moiety on 3 and the model BODIPy phenylazido derivative 6. Different Cu',
Cu'-based catalysts have been systematically scrutinized under classical reaction
protocols to afford the cycloaddition product in fairly good yields. Among these, both
CuSO4/Na-ascorbate/DMF and (EtO)sP/Cul/DMF gave almost identical yields, while
other soluble Cu' sources like Cul/DBU/DMF resulted into moderately lower chemical
yields for 7. A fluorescence study is performed on 6, before and after the CUAAC
reaction (7) as to assess the effect of the triazole “linker” on the dye fluorescence
emission properties. As Figure 1B shows, the fluorescence of the dye is invariably
maintained in the cycloaddition product 7.'° Finally, the cleavage of the disulfide bridge
IS quantitatively achieved at room temperature in a few minutes upon treatment with
2,2’-thiodiethanethiol (TDT) as reagent (Scheme 4.2). The scarce solubility of 7 in
protic media requires a modification of the cleavage conditions as well as the use of the
more lipophilic TDT. The reaction is performed in pure DMF and the process is
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systematically followed by UV measurements. A clear absorbance peak at 292 nm, due
to the preferred pyridine-2-thiol isomer (9) in aprotic solvents,?® is observed, without
any interference with the absorbance wavelengths of the BODIPy dye (Figure 4.1C).
For the sake of completeness, both the spacer 3 and the intermediate 7 have been
reacted with the protected natural L-aminoacid 10 [N-(tert-Butoxycarbonyl)-L-cysteine
methyl ester] selected as a mimic of a sulfhydryl terminating residue of a more complex
protein chain (Scheme 4.3). On both systems, the reaction with 10 proceeds smoothly,
leading to a complete conjugation of the protected L-aminoacid through the disulfide
bond after stirring the mixture in DMF at r.t. over 6 h. Similarly to above, the reaction
course is followed spectroscopically till completeness by monitoring the appearance of
the absorbance peak at 292 nm due to the generation of the pyridine-2-thiol species (9).
Reactions work-up and chromatographic purification of the crude mixtures gave the

conjugated compounds 11 and 12 in 62 % and 39 % isolated yield, respectively.

N._SH | BODIPy
X N._SH
|/ 4 ) ! BODIPY DMF, r.t., 6h [
i + Z
y O
S |
: ‘ BOC'N\:)J\O/ N 9
o : N s NG IloH
| / N N (@]
/ i N, | H 10
goc™N ! N N.__O s
1
10 ! —0 —s~
i S/sj 2 8
DMF, r.t., 6h i —
HN BOC ! A 0 HN-BOC
11 i = 7 12
1
1
1

Scheme 4.3. Reaction of a model sulfhydryl terminating aminoacid 10 [N-(tert-
Butoxycarbonyl)-L-cysteine methyl ester] on 3 and 7 and isolation of the respective conjugated
compounds 11 and 12.

4.3.3 Homo- and hetero-decoration of fn3-SWCNTSs; towards multifunctional
carbon nanotube platforms

As a natural step forward towards the covalent homo and hetero-decoration of
complex carbon nanostructures, the hetero-bi-functional cross-linker 3 is employed in
combination with “CNT platforms” decorated with aryl-azido pendant arms according
to the protocol developed in chapter 2. The exploited post-functionalization
methodology relies on the preliminary covalent anchoring of 3 to the CNT sidewalls
using a Cu'-mediated azide-alkyne cycloaddition protocol (CUAAC) (Scheme 4.4).
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Scheme 4.4. CuAAC reaction between the arylazido-decorated fy;-SWCNTs (13) and the
alkyne-terminated spacer 3. Post-derivatization of the 14 intermediate by either disulfide

cleavage (14 — 15) or conjugation with a HS-terminating aminoacid residue of a model protein
chain (14 — 16).

In a typical procedure, 3 and the fn3-SWCNTSs (13) are reacted in degassed DMF at 85
°C for two days in the presence of a catalytic amount (10 mol% respect to 3) of the
soluble Cu' source Cul[P(OEt)s]. No appreciable changes (in terms of either chemical
conversion or work-up/purification procedures) are observed when the reaction was run
using CuSOg4/Na-ascorbate as catalyst. The reaction stoichiometry was arbitrarily fixed
to 1 : 5 mol% between the estimated azido groups at the CNTs and the acetylene moiety
of 3, respectively. The catalyst amount was more precisely tuned and fixed to 10 mol%
with respect to the reactive terminal alkyne. Finally, the functionalized material (14)
undergoes successive sonication/centrifugation/washing cycles and filtration through a
0.2-um-pore inorganic membrane before being dried under vacuum to constant weight.
Afterwards, a selective disulfide bond chemical cleavage is performed on 14, upon
treatment with DTT in a 2575 DMFPBS solution (Scheme 4.4). The reaction is
followed spectroscopically by monitoring the evolution of 9 (and 5 - vide infra) till
completeness after 1 h at 50 °C. In opposition to the homogeneous process, the disulfide
cleavage in 14 does not proceed quantitatively at room temperature, even after several
hours, while a gentle heating of the reaction mixture rapidly drives the process to
completeness (Scheme 4.4; 14 — 15). Similarly to the disulfide cleavage, the CNT
conjugation with a natural L-aminoacid 10 [N-(tert-Butoxycarbonyl)-L-cysteine methyl
ester] containing a sulfhydryl moiety (selected as a HS-terminating residue of a model
protein chain) is achieved upon reaction under almost identical conditions (Scheme 4.4;

14 — 16). The reaction course is again followed spectroscopically, on the basis of the
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dyes evolution (5, 9). In a typical procedure, the crude mixture containing either fsy-
SWCNTs (15) or fsscys-SWCNTs (16) is centrifuged to remove the suspended solid
material, and the reaction course is monitored by sampling 1 mL of the clear
supernatant and analyzing it by UV-vis spectroscopy. Figure 4.2 shows the UV-vis
measurements on the solutions before (gray dashed lines) and after treatment with a
thiol (red solid lines for treatment with DTT and 10). In the case of DTT, the red line
highlights the appearance of two absorbance peaks at 292 and 343 nm (Figure 4.2A),
due to the coexistence of the two tautomeric forms of the pyridine-based dye in solution
(5 and 9); the relative intensities measured account for the complete
cleavage/conjugation processes (see section 4.5). As expected for aprotic reaction
media, only 9 results from the treatment of 14 with 10 (Figure 4.2B).

0,67 292 nm A 1,07

_ -4, 091 292nm B
0.5 — 14,,., + DTT 0,81
g 0,4' < 0'7-
8 ® 0,67
Q 3 ,
_‘E 0,3 2 051
e Qo
502 S 041
< 3 0,37
< ,
0,1 < 0.2]
00{¥-"""""~ """ """ 77" 0,11
_0 1 O,O_ T T T T 1
’ 300 350 400 450 500 300 350 400 450 500
Wavelenght (nm) Wavelenght (nm)

Figure 4.2. UV-vis measurements on the reaction supernatant before and after treatment of 14
with a selected thiol: (A), DTT, 20-fold excess or (B), 10, 5-fold excess.

The functionalized nanomaterials 14 and 16 have been characterized through different
chemical (elemental analysis) spectroscopic/spectrometric (FT-IR, TGA-MS) and
morphological (TEM) techniques. A first evidence of the occurred Cu-mediated azide-
alkyne cycloaddition to give 14 is qualitatively achieved by comparing the TGA-MS
profile of 14 with that of the starting material fn3-SWCNTs (13) (Figure 4.3).
For the sake of consistency, all comparative measurements have been done on a starting
material (13) that underwent identical reaction conditions and reagents except for the

use of the copper catalyst (“blank sample”).
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Figure 4.3. (left) TGA profiles (N, atm., 50 mL min™) of 13 and 14 associated with the MS
analysis of volatiles (m/z 78 and m/z 79) from 14. (right) FT-IR spectra of 13 and 14.

As Figure 4.3 (left) shows, a weight loss of 13.7 % has been measured on sample 14
in the 200-450 °C temperature range (calculated as the weight difference between the
TGA profiles of 13 and 14). Most importantly, the analysis of volatiles in the same
temperature range reveals the appearance of two distinctive fragmentation peaks, typical
of pyridine units (m/z 79 M*; mVz 78 M*-1) and exclusively present in sample 14. At
higher temperatures (> 450 °C), only gradual, comparable and not distinctive weight
losses are observed for the two materials. The N and C quantitative elemental analysis
[fn3-SWCNTSs (13 - blank sample): N, 2.67; C, 87.71; S, 0.06; fsspy-SWCNTSs (14): N,
3.31; C, 77.99; S, 2.70) also provides evidence of the occurred functionalization.?* From
the TGA measurements, it can be inferred that about 0.543 mmol of -CgHj-(C2HN3)-
CH>;NHCO(CH>)2S2(CsHsN) pendant arm per g of 13 are consumed in the 200-450 °C
temperature range.??> This is in good agreement with the functionalization loading
measured from the elemental analysis, where 0.412 and 0.473 mmol are calculated from
the S and N contents, respectively. In addition, FT-IR spectrum of sample 14 clearly
shows an almost complete suppression of the relatively intense v(N3) asymmetric
stretching close to 2100 cm™ (Figure 4.3, right), accounting for an only minor residual
amount of -CgHs-N3 groups, not reactive under the adopted CUAAC conditions.

For the reaction with 10, a qualitative evidence of the occurred L-aminoacid grafting
is similarly provided by the comparison of the TGA profiles of 14 and 16 and the
respective MS analysis of volatiles. As shown in Figure 4.4, the TGA profile of 16 do
not show any distinctive weight loss in the 40-900 °C temperature range but only a
gradual decomposition takes place. If only an extra and not distinctive 6.4 % weight
loss can be measured at the end of the TGA analysis on 16, the MS analysis of volatiles
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gives more clear evidence of the L-cysteine conjugation. Indeed, MS peaks due to the
pyridine units (m/z 79 M™; m/z 78 M™-1) are totally suppressed in 16, while two new
and distinctive fragmentation peaks due to the thermal decomposition and
rearrangement of the tert-butoxyl groups of the N-Boc protecting moieties (m/z 56 M";

m/z 55 M*-1 relative to the isobutene evolution) clearly grow-up (Figure 4.4).
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Figure 4.4. TGA profiles (N, atm., 50 mL min™) of 14 and 16 associated with the MS analysis
of volatiles (m/z 55, m/z 56, m/z 78 and m/z 79) from 16.

Similarly to above, the CNT hetero-decoration is performed by reacting the fys-
SWCNTs (13) with a controlled mixture of selected alkyne end-capped molecules. At
odds with our previous outcomes in the field, the final goal of this study goes beyond
the production of complex carbon nanostructures with broad chemical diversity, but it
aims at providing functional nanomaterials as easily and cleanly post-derivatizable
macromolecular fluorescent probes. With this aim, the alkyne derivative 18 of the
fluorescent BODIPy scaffold is conveniently prepared in fairly good yield and in a
single reaction step from the BODIPy aniline?® 17 and 4-pentynoic acid, under classical
amidation conditions (Scheme 4.5).

HoN

DCC, DMAP
CH2C|2’ r.t.

18 (75%)

Scheme 4.5. Synthesis of an alkyne terminated BODIPy scaffold from the BODIPy aniline 17.
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Similarly to related BODIPy derivatives,?® the amidation reaction does not affect

significantly the fluorescent properties of the BODIPy core (Figure 4.5).%%
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Figure 4.5. Fluorescence spectrum of the alkyne-BODIPy derivative 18.

The chemical approach to the CNT hetero-decoration via CUAAC chemistry consists
in the use of an equimolar mixture of the two acetylene end-capped molecules 18 and 3

(Scheme 4.6); the total amount (mmol) of the acetylene reactants is kept equal to that

used in the homo-decoration experiment.

Scheme 4.6. Hetero-decoration via CUAAC reaction between the arylazido-functionalized fy;-
SWCNTs (13) and a 1:1 ratio mixture of the alkyne-terminated spacer 3 and BODIPy
fluorescent derivative 18. (i) 13 (0.020 g), 18:3 = 1.1 ratio (0.17 mmol overall), Cul[P(OEt)s]
(0.017 mmol), DMF, 85 °C, 48 h. Post-derivatization of the fy;x-SWCNTS via conjugation with
a HS-terminating aminoacid residue (fyxi-SWCNTS — fyixe-SWCNTS). (i) 10 (0.05 mmol),
DMF, 50 °C, 1 h.
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In a typical procedure, 18, 3 and the fn3-SWCNTs (13) are reacted in degassed DMF
at 85 °C for two days in the presence of a catalytic amount (10 mol% respect to the
alkynes content) of the soluble Cu' source Cul[P(OEt);]. Successive and multiple
sonication/centrifugation/washing cycles are accomplished on the hetero-functionalized
materiall MIX1 to remove the wunreacted alkynes and physisorbed reagents.
Filtration/washing through a 0.2-um-pore inorganic membrane is used to recover the
sample and the solid is finally dried under vacuum up to constant weight. Afterwards,
MIX1 undergoes reaction with the sulfhydryl-containing L-aminoacid 10 under a gentle
heating and the process (MIX1 vs. MI1X2) is followed spectroscopically on the basis of
the formation of the by-product 9. The UV-vis measurements on the reaction solutions,
before (gray dashed lines) and after treatment with 10 (blue solid line), clearly show the
appearance of an absorbance peak at 292 nm (Figure 4.6 left), due to the release of the
pyridine-based dye 9; assuming a complete covalent grafting of 10 to the nanotubes
through the disulfide bridge (vide infra), the measured absorbance intensity accounts for
the functionalization loading of 3. The fluorescence spectra (Figure 4.6 right) recorded
upon excitation of the solid samples at 488 nm, before (MIX1) and after (MI1X2)
addition of 10, are consistent with samples which maintain their fluorescence properties

almost unchanged.
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Figure 4.6. (left) UV-vis measurements on the reaction supernatant before (dashed gray line)
and after (blue solid line) treatment of M 1X1 with 10. (right) Fluorescence spectra of M 1X1 and
MIX2.

For the sake of completeness, the effect of the dye covalent grafting to the surface of
SWCNTs on its fluorescence properties, has been discussed in brief. A remarkable

decrease of the dye fluorescence signal is commonly observed on nanotube-dye hybrids,
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where the support itself (CNT) as well as the presence of metal impurities (coming from
the CNT synthesis) can dramatically compromise (quench) the fluorescence dye
emission.® As Figure 4.7 shows, in the case of sample MIX1, the fluorescence
emission is reduced up to 80 % compared to that recorded for free dye 18 (assuming

equal dye concentrations in M1X1 and 18).
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Figure 4.7. Fluorescence spectra of 18 and MIX1 assuming an equal concentration of the
BODYPy dye on both systems.

TGA-MS analyses and IR spectra of MIX1 and MIX2 samples account for a
complete conversion of the azido groups on 13 (Figures 4.8 and 4.9). Although only a
gradual thermal decomposition takes place on both samples with no really distinctive
weight losses, the measured weight loss difference and the MS analysis of volatiles give
clear evidence of the occurred transformations. As shown in Figure 4.8 (left), a weight
loss of 21.3 % is measured on the MIX1 sample in the 40-875 °C temperature range
(calculated as the weight difference between the TGA profiles of 13 and MIX1). In
addition to that, the analysis of volatiles in the 200-450 °C temperature range shows
again the appearance of two fragmentation peaks due to pyridine units (m/z 79 M™; m/z
78 M*-1) and ascribed to a partial material functionalization with the spacer 3. Notably,
the MS analysis of the MI1X2 sample reveals the complete suppression of the pyridine
peaks, while distinctive fragmentations ascribed to the thermal
decomposition/rearrangement of the protecting tert-butoxyl groups (isobutene - m/z 56
M*; m/z 55 M*-1) can be clearly observed in the narrower 125-275 °C temperature
range (Figure 4.8, right); these results represent a clear evidence of an occurred ligand
exchange at the disulfide bridge between the pyridine-2-thiolate group and the incoming
N-Boc-L-cysteine methyl ester (10).
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Figure 4.8. (left) TGA profiles (N, atm., 50 mL min™) of 13 and M1X1 associated with the MS
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Figure 4.9. FT-IR spectra of 13, MIX1 and M1X2.

The N, C, S elemental analysis [fns-SWCNTs (13 - blank sample): N, 3.07; C, 84.55;
S, 0.03; fmix1-SWCNTs (MIX1): N, 4.73; C, 74.98; S, 1.82; fpmix2-SWCNTs (M 1X2): N,
3.25; C, 77.81; S, 0.95] do not offer more than a qualitative outlook on the two
successive reaction pathways (13 — MIX1 — MIX2) with a trend of the C, N, S ratio
lying on the expected values for a roughly 50:50 3:18 functionalization in MIX1 and
the expected ligand exchange in M1X2.

A morphological study based on TEM analysis of 13 and MIX2 unwveils a higher
tubes aggregation degree on the multidecorated sample, with the generation of highly
ordered and straight bundles made of tens of SWCNTSs (Figure 4.10 A vs. B).
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Figure 4.10. TEM micrographs of samples 13 (A) and M1X2 (B).

Although any reasonable explanation to this morphological change lies on a merely
speculative ground, a cohesive effect driven by CNTs surface modification/decoration
with highly conjugated polyaromatic frameworks can be invoked. The fluorescently
labeled sample M1X2 has also been analyzed by Confocal Laser Scanning Fluorescence
Microscopy, in order to evaluate the dye distribution at the material surfaces. As Figure
4.11 shows, the confocal image obtained upon material excitation at 488 nm, reveals a
prevailing spot-like distribution of the dye on the CNT bundles.

Figure 4.11. Confocal Laser Scanning Fluorescence microscopy of sample M 1X2: fluorescence
image collecting photons in the range 500-550 nm.

The as-generated (Ar)n,-1-CNT radical species can be rapidly intercepted and trapped
by a second aryl radical reagent, thus allowing a close distribution of the chemically
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grafted functionalities. In addition, the sp2-network perturbation due to the aryl radical
attack induces the local generation of high-energy sites (defects), potentially suitable for
an additional (and proximal) chemical attack. Moreover, the observed spot-like
distribution of the BODIPy dye derivative can also originate from a multilayer aryl
coating of the CNT surface. Menna and Pignataro have recently demonstrated how a
simple modulation of the aryldiazonium salt concentration under classical Tour
conditions can promote the growth of multilayered structures.?® This process, also
named CNT superfunctionalization, is expected to increase the concentration of the aryl
functionalities locally, as a consequence, their subsequent post-derivatization (click
chemistry) will result in a spatially confined fixation of the newly introduced

functionalities (i.e. formation of dye “spots” throughout the material).

Figure 4.12. Z-stack of sample M1X2, for a section of 12 um (along z-axis, progression of

about 1um from Z01 to Z15); the images show the distribution of the fluorescent spots
throghout the material thickness

Fluorescence lifetime measurements on sample MIX2 have revealed the co-existence
of two different fluorescence decays. In particular, lifetimes of 4.2 and 0.5 ns (with the
former being strongly dominating) have been measured (Figure 4.13).>” The shorter
lifetime may be reasonably due to the close proximity of dyes in a spot, as well as

fluorescence quenching effects due to the CNTSs.
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Figure 4.13. (left) Fit of the fluorescence decay calculated for the scanned area with bi-

exponential function and (right) lifetime frequency of the fitted image.

4.4 Conclusions

In this chapter we describe the synthesis of a linear hetero-functional cross-linker
featured by a “cleavable” disulfide moiety for the covalent anchoring of a wide range of
thiol end-capped (bio)molecules and by a “clickable” terminal acetylene group for the
CUuAAC reaction at the surface of phenylazido-decorated carbon-based nanostructures.
The bio-orthogonal character of the click reaction makes it highly desirable for

conjugating CNTs and biomolecules.!?28

The adopted methodology generates
“multifinctional CNT platforms” where the disulfide “bond cleavage” operated by
sulfhydryl containing molecules occurs with the controlled release of a pyridine-dye,
whose concentration is proportional to the extent of cleavage or conjugation by an
incoming thiol end-capped molecule. As a result, the cleavage/functionalization scheme
provides a useful tool for the chemical linkage of a wide range of thiol-terminating
probes to the carbon nanomaterial surface, while a precise functionalization loading is
simple assessed by UV-vis measurements. A controlled CNT hetero-decoration through
a one-step CUAAC reaction with an acetylene mixture composed by the bi-functional
linker and an acetylene fluorescence dye (BODYPy-derivative) is used to impart
multifunctionality at the final carbon-nanohybrid. This approach generates optically
traceable nanocarriers, whose conjugation with sulfhydryl containing (bio)molecules is
allowed through a simple ligand exchange at the disulfide bridge; most importantly,
each functionalization and post-derivatization step can be precisely followed by
spectroscopic measurements (UV-vis) of the reaction solutions by monitoring the

release of a pyridine dye. A morphological study of the as prepared hetero-decorated
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nanohybrids has provided interesting insights on the ultimate distribution of the
functional groups at the nanomaterial surface, as a consequence of the regiochemical

attach of radical species generated from aryl-diazonium intermediates.

4.5 Experimental Section

4.5.1 General Considerations

All reactions were performed under dry nitrogen atmosphere using standard Schlenk-
type techniques. Nitrogen (> 99.999%; Rivoira) was dried through a CaCl, column and
deoxygenated with an oxysorb cartridge from Messer Griesheim prior to use.
Dichloromethane was freshly distilled owver CaH, prior to wuse, dry DMF
(dimethylformamide) and  triethylamine  were  purified according to literature
procedure®® and stored over 4 A molecular sieves under nitrogen atmosphere. Pristine
SWCNTs (90 % C) were purchased from NanoAmor and used without further
purification. Phenyl-azido decorated SWCNTs (fns-SWCNTs, 13),1' amino- (17)%° and
azido-phenyl-BODIPy  (6)** compounds were prepared according to literature
procedures. Unless otherwise stated, all other chemicals/solvents were purchased from
commercial suppliers and used as received without further purification.

Sample sonication was carried out by using an Elma S15 Elmasonic sonicator bath
(37 kHz) while cooling samples in a water/ice mixture throughout the whole treatment.
CNTs filtration was accomplished by using PTFE membranes/filters (Whatman) with
0.2 um pore size. All measurements carried out on pristine SWCNTs and functionalized
materials (f-SWCNTs) were conducted on samples which underwent identical

washing/sonication/filtration workup procedures.

4.5.2 Material characterization and analyses conditions

Thermogravimetric analyses (TGA) were performed under N, atmosphere (50 mL
min?) on an EXSTAR thermogravimetric analyzer (TG/DTA) Seiko 6200 coupled with
a ThermoStar GSD 301T (TGA-MS) for MS analysis of volatiles.

FT-IR spectroscopy was performed on a Perkin-Elmer Spectrum BX FT-IR
spectrophotometer and CNT samples were prepared by mixing spectroscopic grade KBr
with pristine SWCNTs or f-SWCNTs (2-3 wt. %) and analyzed in the 400 — 4000 cm™*
range with a resolution of 1 cm™. IR spectra of pristine SWCNTs (2—-3 wt. %)/KBr was
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used as background and directly subtracted from the spectra of the functionalized (f-
SWCNTSs) samples.

'H- and 3C-NMR spectra of all organic products and intermediates were obtained on
a Bruker Avance 300 MHz instrument. Chemical shifts are reported in ppm (0) relative
to TMS and referenced to the chemical shifts of residual solvent resonances.

Elemental analysis were performed on a Thermo FlashEA 1112 Series CHNS-O
elemental analyzer with an accepted tolerance of 0.4 units on C, H, N and S.

UV-vis measurements were performed on a Perkin Elmer UV/VIS/NIR Lambda 19
Spectrometer.

Esi-MS was acquired on a LCQ-Fleet Thermo Scientific lon Trap Mass Spectrometer
using diluted MeOH sample solutions (10 M).

Fluorescence measurements were performed on a laboratory setup by using, for the
excitation, a Nichia NDS1113E laser diode with emission at 486 nm, filtered by means
of an interference band pass optical fiter Andover 488FS10 (central wavelength: 488
nm; bandwidth: 10 nm FWHM). The emitted fluorescence was collected by means of a
multimode optical fiber coupled with a collimating GRIN lens, filtered by means of an
interference long-pass optical fitter Semrock BLP01-488R-25 (cut-on wavelength: 500
nm) for blocking the excitation scattered light, and detected on a spectrometer Andor
Shamrock 303i.

Confocal fluorescence imaging was performed on an inverted Nikon Al laser
scanning confocal microscope equipped with a CW argon ion laser for excitation at 457,
488 and 514 nm (Melles Griot, 40 mW), and a diode laser for excitation at 485 nm
(LDH-D-C-405 of Picoguant GmbH Berlin, Germany) operating both in continuous
mode (50 mW) and pulsed at 40 MHz (1.0 mW average power for pulse FWHM of 120
ps). Confocal fluorescence imaging was carried out on the samples at room temperature.
The images were collected using a Nikon PLAN APO VC 20x or Nikon PLAN APO
VC 60x oil immersion objective with NA 0.95 and 1.40, respectively. Images of
512*512 pixels have been acquired and pixel dimension of the xy plane falls in the
range 0.1-0.4 um. Hexagonal pinhole dimension was set to 1.0 au corresponding to 38
um and optical thickness of 440 nm. Two dichroic mirrors reflecting either 405 and 488
nm or 405, 488, 541 and 640 nm were used. Bandpass filters in front of the PMT
selected fluorescence in the ranges 500-550 nm and 570-620 nm. Spectral imaging was
done with Nikon 32-PMT array detector with resolution varying from 6 to 10 nm per
channel. For fluorescence lifetime imaging a time-correlated single photon counting
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(TCSPC) system of Picoquant GmbH Berlin was used exciting at 485 nm. Photons were
detected in TTTR mode with two Single Photon Avalanche Diodes manufactured by
Micro Photon Devices (MPD), Bolzano, Italy. Fluorescence was filttered with the
opportune fluorescence  SEMROCK bandpass filters 520/40 nm, and 585/40 nm.
PicoHarp 300 photon processor completes the TCSPC system. SymPhoTime v. 5.1
analysis software was used for image processing and lifetime fitting. A tail fit with
multi-exponential functions was performed to analyze fluorescence decays of selected
ROI. The system allowed measurement of fluorescence lifetimes from 300 ps up to

several nanoseconds.

4.5.3 Synthesis of 3-(tritylthio)propionic acid (1)

The carboxylic acid derivative 1 was prepared according to literature procedure** and
the final product was isolated in 90 % yield as analytically pure white crystals. *H NMR
(300 MHz, CDCls, selected data) & (ppm): 2.25 (t, *J = 7.2 Hz, 2H), 2.48 (t, 3J = 7.2 Hz,
2H), 7.23-7.33 (9H), 7.33-7.45 (6H). Elem. Anal. for C»,H,00,S: calc. (%): C 75.83, H
5.78, S 9.20; found: C 76.09, H 5.91, S 9.05. For additional characterization data see
ref. 14.

4.5.4 Synthesis of N-(prop-2-yny|)-3-(tritylthio)propanamide (2)

To a solution of 1 (6 g, 17.2 mmol) in dry and degassed DMF (120 mL), N-
Hydroxybenzotriazole (HOBt, 2.56 g, 18.9 mmol) and N,N'-dicyclohexylcarbodiimide
(DCC, 3.90 g, 18.9 mmol) were added in sequence and the resulting mixture was
maintained under stirring at room temperature for 3 h till completeness. The reaction
course was followed by TLC chromatography (eluent: petroleum ether/AcOEt = 60/40),
monitoring the progressive disappearance of the starting acid 1. Afterwards, EtsN (2.88
mL, 20.6 mmol) and propargylamine (1.4 mL, 20.6 mmol) were added and the resulting
mixture was stirred at room temperature for further 24 h. The reaction was quenched by
adding a diluted HCI solution (0.05 M, 120 mL) followed by 120 mL of CH,Chk. The
organic mixture was then extracted and the aqueous phase was treated with additional
120 mL of brine. The aqueous mother liquors were then extracted three times with
CH,CL (3 x 90 mL). The collected organic phases were dried over Na,SO, and
evaporated to dryness under reduced pressure. The crude semisolid material was
purified by flash chromatography (SiO,, petroleum ether:AcOEt = 60:40) to give 2 as a
white solid in 91 % isolated yield. *H NMR (300 MHz, CDCk) & (ppm): 2.03 (t, 3J =
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7.3 Hz, 2H), 2.23 (t, 3J = 2.4 Hz, 1H), 2.53 (t, J = 7.3 Hz, 2H), 3.99 (m, 2H), 7.23-7.26
(10H), 7.33-7.46 (5H). *C{*H} NMR (75 MHz, CDCk) & (ppm): 27.5, 29.2, 35.4, 66.9,
71.7, 79.4, 126.8, 128.0, 129.6, 144.6, 170.6. Elem. Anal. for C25H23NOS: calc. (%): C
77.89, H 6.01, N 3.63, S 8.32; found: C 78.01, H 5.91, N 3.68, S 8.35. IR (KBr): 1636.4
cm* (v, C=0).

4.5.5 Synthesis of N-(prop-2-ynyl)-3-(pyridin-2-yldisulfanyl)propanamide (3)

To a solution of 2 (6 g, 15.6 mmol) in dry and degassed CH,ClL (140 mL), 1,2-
di(pyridin-2-yl)disulfane (10.3 g, 46.8 mmol) and Et;SiH (2.75 mL, 17.2 mmol) were
added in sequence. To the resulting mixture, trifluoroacetic acid (35 mL) was added
dropwise and the system was maintained under stirring at room temperature for 4 h.
Afterwards, the mixture was concentrated to reduced volume and was treated with 550
mL of a AcOEtEtsN (1:1) solution. The solution was stirred at room temperature
overnight before being diluted with water (550 mL). The resulting phases were
separated and the aqueous liquor was extracted three times with AcOEt (3 x 500 mL).
The collected organic layers were dried over Na,SO4 and the solvent removed under
reduced pressure. The crude product was purified by flash chromatography (SiO»,
AcOEtpetroleum ether = 80:20) to give 3 in 62 % isolated yield as a pale yellow oil. *H
NMR (300 MHz, CDChk) & (ppm): 2.26 (t, *J = 2.6 Hz, 1H), 2.64 (t, *J = 6.7 Hz, 2H),
3.10 (t, ) = 6.7 Hz, 2H), 4.10 (m, 2H), 7.17 (1H), 7.62 (1H), 7.69 (1H), 8.56 (1H).
BC{H} NMR (75 MHz, CDCk) & (ppm): 29.2, 35.1, 35.5, 71.6, 79.8, 120.7, 121.2,
137.5, 149.3, 159.2, 170.7. Elem. Anal. for C11H12N20S;: calc. (%): C 52.35, H 4.79, N
11.10, S 25.41; found: C 52.41, H 4.65, N 10.77, S 25.07. IR (KBr): 1647.6 cm™ (v,
C=0). MS-Esi: m/z =275 (M + Na").

4.5.6 Synthesis of the alkyne-BODIPy derivative 18

To a solution of N,N’-dicyclohexylcarbodiimide (0.254 g, 1.23 mmol) in CH,ChL (5
mL) was added 4-pentynoic acid (0.076 g, 0.79 mmol) in CH,ChL (5 mL) followed by
the addition of the aniline-BODIPy derivative 17 (0.268 g, 0.79 mmol) in CH,CL (4
mL). Anhydrous 4-dimethylaminopyridine (DMAP, 0.010 g, 0.079 mmol) was then
added and the resulting solution stirred under nitrogen for 24 h at room temperature.
The reaction mixture was then diluted with CH,Cl,, washed in sequence with water, a
0.5 M HCI solution (2 x 40 mL), a saturated NaHCO3 solution (2 x 40 mL) and brine.

After drying over anhydrous Na,SOg4, the solvent was evaporated and the crude product
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was purified by flash cromatography on silica gel, eluting first with EtOAc/hexane (1:3)
and then with EtOAc/hexane (1:2) to afford the compound 18 as an orange gummy
solid in 75 % yield. *H NMR (300 MHz, CDCk) & (ppm): 1.41 (s, 6H), 2.54 (s, 6H),
2.63 (m, 4H), 5.97 (s, 2H), 7.23 (2H), 7.69 (2H), 7.83 (1H). *C{*H} NMR (75 MHz,
CDCk) & (ppm): 14.6, 24.9, 25.5, 33.9, 36.3, 49.3, 53.4, 69.8, 82.8, 120.0, 121.7, 128.7,
130.6, 131.6, 138.7, 141.2, 143.1, 155.4, 169.4. Elem. Anal. for C,5H,9BF2N3O: calc.
(%) N 9.63, C 68.82, H 6.70; found: N 9.76, C 68.65, H 6.91. IR (KBr): 1658.6 cm™ (v,
C=0).

4.5.7 Homogeneous CUAAC reaction on 3 with the azido-BODYPy-derivative 6

To a solution of 6 in dry and degassed DMF (2 mL), 3 (0.55 mmol), CuSO, (0.02
mmol) and Na-ascorbate (0.04 mmol) were added in sequence. The mixture was stirred
for 24 h at 50 °C under nitrogen atmosphere. Afterwards, distilled water (20 mL) was
added and the mixture extracted with ACOEt (3 x 15 mL). The collected organic phases
were washed twice with water (2 x 30 mL) before being dried over Na,SO, and
concentrated under reduced pressure. The crude material was purified by flash
chromatography over silica gel (eluent: ACOEt/petroleum ether : 80/20) to afford 7 as
dark-red crystals in 45 % isolated yield (93 % vyield if we consider the recovery of the
azido reagent 6 during the chromatographic purification). The reaction has been also
performed using Cul[P(OEt);] as alternative soluble CuAAC catalyst under identical
experimental conditions, without any appreciable improvement of the isolated chemical
yields. *H NMR (300 MHz, CDCl) &: 1.44 (s, 6H), 2.58 (s, 6H), 2.66 (t, °J = 6.7 Hz,
2H), 3.11 (t, 3 = 6.7 Hz, 2H), 4.66 (d, *J = 5.8 Hz, 2H), 6.00 (s, 2H), 7.13 (1H), 7.46
(2H), 7.55-7.65 (3H), 7.90 (2H), 8.15 (1H), 8.51 (1H). BC{*H} NMR (75 MHz, CDCl)
o: 14.5, 14.7, 34.7, 35.6, 120.6, 120.9, 121.3, 121.7, 130.0, 131.3, 135.5, 137.1, 137.4,
139.5, 142.9, 146.2, 149.9, 156.2, 159.1, 171.1. Elem. Anal. for C30H30BF2N-OS: calc.
(%): C 58.35, H 4.90, N 15.88, S 10.38; found: C 58.41, H 4.65, N 15.77, S 10.07. IR
(KBr): 1647.6 cm* (v, C=0).

4.5.8 General procedure for the homo- and hetero-derivatization of phenyl-azido
decorated SWCNTSs via CUAAC reaction

The CuAAC protocol used for the homo- and hetero-derivatization of fy3-SWCNTSs
(13) to give fspy-SWCNTs (14), fmix1-SWCNTs (M 1X1) and fmix2-SWCNTs (M 1X2)
hybrids follows that already described in chapter 2. In a typical procedure, fya-
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SWCNTs (20 mg) were suspended in dry and degassed DMF (3 mL) and sonicated for
15 min. The resulting suspension was treated in sequence with the acetylenic derivative
3 (0.17 mmol) or an equimolar mixture of 3/18 (0.17 mmol overall), and Cul[P(OEt)s]
(6 mg, 0.017 mmol). The mixture was then sonicated for 30 min and heated at 85 °C
while being stirred under nitrogen atmosphere for 48 h. After cooling to room
temperature the suspension was diluted with ethyl acetate, sonicated for additional 10
min and centrifugated in order to recover the solid residue by simple decantation. The
solid was washed and sonicated three times with AcOEt and CH,CkL (1 x 10 mL AcOEt,
2 x 10 mL CH,Ck) and the supernatant solution was removed after centrifugation.
Finally, the solid residue was suspended in CH,CL (15 mL), sonicated for 10 min and
filtered through an inorganic membranes/filtters (Whatman) with 0.2 um pore size

before being dried under vacuum at 50 °C to constant weight.

459 General procedure for the disulfide cleavage on 3, 7 and the SWCNT
composite 14 by a model dithiol and subsequent monitoring of the reaction course
by UV-vis measurements

In a typical procedure, 0.5 - 1 mg of the disulfide 3 was accurately weighted using a
Sartorius 4503 microbalance (d = 0.001 mg) and dissolved in 2 mL of a mixture of
DMFPBS (phosphate buffered saline) = 25:75 (pH = 7.2). The solution was divided
into two portions; the first was directly analyzed by UV-vis spectroscopy (“blank”
sample), while the second was treated with a 20-fold excess of a solution of model thiol
(DTT - dithiotreithol). After 15 min at room temperature, the solution was analyzed by
UV-vis spectroscopy in the same condition used for the “blank™ sample. The difference,
in terms of absorbance values, measured between the two samples at 343 nm was
correlated with the amount of pyridin-2-thione (5) released from the spacer using the

Lambert-Beer equation (eq. 1):
C (mol L) = [Asample — Aviank] / [e M cmit) b (cm)]  (eq. 1)

where ¢ is the molar extinction coefficient of pyridin-2-thione 5 (8080 M™ cm) and b
is the optical path (1 cm).

The same procedure was followed on sample 7 except for using the 2,2’-
thiodiethanethiol (TDT) as model cleaving agent (for solubility reasons) in pure DMF

as solvent, to give 8 and 9.
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An identical procedure to that described for the homogeneous disulfide cleavage on 3
was employed on the SWCNT samples containing the disulfide spacer (samples 14 —
15) except for keeping, after the DTT addition, the well sonicated samples under
heating (50 °C) for 1 h to bring the cleavage process to completeness. The resulting

suspension was centrifuged and the supernatant analyzed by UV-vis spectroscopy.

45.10 Covalent grafting of the L-aminoacid 10 [N-(tert-Butoxycarbonyl)-L-
cysteine methyl ester] on 3 to give 11

A solution of 3 (0.02 g, 0.08 mmol) in 1.5 mL of dry and degassed DMF was treated
with a DMF solution (0.5 mL) of the N-(tert-Butoxycarbonyl)-L-cysteine methyl ester
(0.025 mL, 0.12 mmol) and the resulting solution was maintained under stirring at room
temperature for 6 h. The reaction was then quenched with 20 mL of distilled water and
extracted with CH,ChL (3 x 25 mL). The collected organic phases were dried over
Na,SO,4 and concentrated at reduced pressure. The crude product was purified by flash
chromatography (SiO,, AcOEtpetroleum ether = 50:50) affording 11 as a colourless oil
in 62 % isolated yield. *H NMR (300 MHz, CDCh) &: 1.45 (s, 9H), 2.22 (s, 1H), 2.61
(m, 2H), 2.93-3.19 (4H), 3.77 (s, 3H), 4.07 (m, 2H), 4.60 (m, 1H), 5.36 (m, 1H), 6.32 (s,
1H). BC{*H} NMR (75 MHz, CDCl) &: 28.3, 29.3, 34.0, 35.9, 41.9, 52.7, 53.2, 71.6,
79.4, 80.5, 155.2, 170.5, 171.2. Elem. Anal. for C15H24N205S;: calc. (%): C 47.85, H
6.43, N 7.44, S 17.03; found: C 47.41, H 6.55, N 7.77, S 17.07. IR (KBr): 1744.2 cmt
(v, MeO-C=0), 1708.3 cm* (v, 'BuO-C=0), 1653.1 cm' (v, NH-C=0).

45.11 Covalent grafting of the L-aminoacid 10 [N-(tert-Butoxycarbonyl)-L-
cysteine methyl ester] on 7 to give 12

A solution of 7 (0.035 g, 0.06 mmol) in 1.5 mL of dry and degassed DMF was treated
with a DMF solution (0.5 mL) of the N-(tert-Butoxycarbonyl)-L-cysteine methyl ester
(0.02 mL, 0.08 mmol) and the resulting mixture was maintained under stirring at room
temperature for 6 h. Afterwards, the reaction was quenched with 20 mL of distilled
water and extracted with ACOEt (3 x 25 mL). The collected organic phases were dried
over Na,SO,4 and concentrated at reduced pressure. The crude product was purified by
flash chromatography (SiO2, AcOEtpetroleum ether = 80:20) to give 12 as red crystals
in 39 % isolated yield. *H NMR (300 MHz, CDCl) &: 1.44 (15 H), 2.57 (s, 6H), 2.65
(m, 2H), 3.00-3.14 (4H), 3.77 (s, 3H), 4.62 (3H), 5.36 (1H), 6.01 (2H), 6.67 (1H), 7.49
(2H), 7.93 (2H), 8.15 (1H). *C{*H} NMR (75 MHz, CDCl, selected data) &: 14.1,
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28.3, 29.4, 29.7, 30.9, 31.9, 52.7, 53.2, 121.8, 122.8, 129.8, 169.8. Elem. Anal. for
Ca4H42BF2N705S;: cale. (%): C 55.06, H 5.71, N 13.22, S 8.65; found: C 54.81, H 5.65,
N 13.37, S 8.27. IR (KBr): 1749.1 cm™ (v, MeO-C=0), 1711.1 cm™ (v, 'BuO-C=0),
1649.1 cm* (v, NH-C=0).

45.12 Covalent grafting of the L-aminoacid 10 [N-(tert-Butoxycarbonyl)-L-
cysteine methyl ester] on 14 to give fsscy-SWCNTS (16)

20 mg of fspy-SWCNTSs were suspended in 1.5 mL of dry and degassed DMF and
sonicated for 15 minutes. A solution of the N-(tert-Butoxycarbonyl)-L-cysteine methyl
ester (0.010 mL, 0.05 mmol) in DMF (0.5 mL) was added in sequence and the resulting
suspension was sonicated for further 10 minutes before being stirred at 50 °C for 1 h.
After cooling down the mixture to room temperature, AcCOEt (10 mL) was added and
the suspension sonicated for further 10 min. The solid residue was separated from the
mother liquor by centrifugation and submitted to the following work-up procedure. The
recovered solid residue underwent three successive washing/sonicating cycles (2 X
AcOEt, 1 x CHyCk) each time recovering the solid compound by centrifugation.
Afterwards, the solid residue was suspended in dichloromethane, sonicated for
additional 10 min and fitered through 0.2 pm filter (Whatman) before being dried

under vacuum at 50 °C to constant weight.
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5. Tailoring Carbon Nanotube N-Dopants while
Designing Metal-Free Electrocatalysts for the

Oxygen Reduction Reaction in Alkaline Medium

5.1 Abstract

A straightforward, energy- and atom-saving process to the production of tailored N-
doped and catalytically active metal-free carbon nanostructures, has been set up. The N-
decoration of multi-walled carbon nanotubes (MWCNTS) occurs via chemical
functionalization under mild reaction conditions and our ex-situ approach generates
effective catalysts for the oxygen reduction reaction (ORR) in alkaline environment.
The adopted methodology lists a number of remarkable technical advantages, among
which the full exposure of the N-containing functionalities to the nanomaterial outer
side where the catalytic process takes place, an absolutely remarkable electrocatalytic
activity and long-term stability of selected N-doped metal-free samples for ORR in
basic medium and an easy tailoring of the N-containing functional groups. This latter
aspect contributes to elucidate the complex structure-reactivity relationship of N-doped
carbon nanomaterials in ORR, providing fundamental insights on the nature of the N-
active sites as well as on the role of neighboring carbons. The protocol described
hereafter offers an excellent basis for the development of more active metal-free

electrocatalysts for the ORR.
5.2 Introduction

Intensive research efforts have been devoted in the last few years to the development
of efficient, durable and inexpensive alternatives to precious-metal based
electrocatalysts (typically containing Pt and its alloys) for the Oxygen Reduction
Reaction (ORR) in fuel cells (FC) cathodes.! Typically, the ORR can proceed either
through a four-electron process to combine oxygen with electrons and protons into
water as the final product, or through a less efficient two-step, two-electron pathway

involving the formation of the hydroperoxide ions as intermediates.® On this ground,
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nitrogen-doped 1D and 2D carbon nanomaterials (occasionally combined with non-
noble metal nanoparticles) have recently emerged as valuable candidates capable of
promoting this reaction efficiently.? It is generally accepted that N-doped carbon
nanostructures can favor the surface O; chemisorption/activation improving their

catalytic performance in the ORR remarkably.?3

While a relatively high number of N-
doped carbon nanostructures showing catalytic activity in ORR have been prepared by
the in-situ CVD approach,?> much less work has been done for the obtainment of
catalytically active N-decorated carbon nanomaterials using milder and easily tunable
ex-situ (exohedral) organic functionalization techniques. The latter imply a number of
important issues whose achievement may represent a real breakthrough in the
development of novel nanostructured metal-free catalysts. Indeed, besides leading to a
fine tuning of the chemical identity of the N-dopants, an ex-situ approach better matches
the requirements for energy- and atom-saving processes than the classical CVD
approach. In addition, N-dopants are entirely present at the nanotube surface, where the
catalytic process takes place. Last but not least, an ex-situ approach can contribute to
answer the widely debated question related to the intrinsic ability of different N-
containing groups, randomly embedded in the sp? CNT network, at promoting ORR.’
Although the real nature of the active sites in N-doped carbon nanomaterials still
remains unclear, it is generally accepted that pyridine and pyrrole nitrogen atoms
contribute differently to the ORR, the former playing a key role in promoting the
process.* In this regard, a puzzling question arises: what is the effect of the neighboring

atomic environment on the ability of pyridinic nitrogen atoms to promote ORR?

5.3 Results and discussion

Trying to shed light on which is the effect of the neighboring atomic environment on
the ability of pyridinic nitrogen atoms to promote ORR, we took advantage from the
well consolidated aryldiazonium salt (Tour) functionalization protocol as a convenient
synthetic methodology for the ex-situ N-doping of MWCNTs with pyridine- and

pyrrole-containing dangling groups (Scheme 5.1).
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NH,

isopentylnitrite
oDCB:CH5;CN = 2:1

isopentylnitrite
oDCB:CH;CN = 2:1
80°C, 14h

isopentylnitrite
oDCB:CH3CN = 2:1
80°C, 14h

Scheme 5.1. CNTs ex-situ functionalization via aryl diazonium salt (Tour) conditions. **The
Npy content (Npy%) is calculated for sample 2 and 4 via acid-base titration and reported as

average value over the three independent runs (see Table 5.2).

As shown in Scheme 5.1, 4-aminopyridine (1), 9-aminoacridine (3) and 3-
aminocarbazole (5) are selected as N-containing candidates, 3 and 5 being selected as
mimics of pyridine and pyrrole frameworks, respectively, embedded in a conjugated
Csp? network. All reactions proceed smoothly under mild conditions, providing the
expected functionalized samples 2, 4 and 6. Careful work-up procedures and parallel
“blank-tests” (carried-out in the absence of the isopentylnitrite reagent) have been used
to rule out any possible reagent contamination resulting from simply physisorbed
molecules (see section 5.5).

The as synthesized N-doped materials have been spectroscopically [XPS (Figure 5.2)
Raman (Figure 5.3) and morphologically (TEM, Figure 5.4) characterized (vide infra)].

CHN elemental analysis on 2, 4 and 6 is used to calculate the functionalization
loading (2.0 N wt. % for 2, 1.7 N wt. % for 4 and 2.8 N wt. % for 6, see Table 5.1),
while an acid-base titration for the more basic samples 2 and 4 provides a well matching

response on the pyridine-group content (see Table 5.2).°
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Table 5.1. Elemental analyses for samples 2, 4 and 6 and relative “blank tests”. “Blank tests”
are performed using identical reaction conditions and reagents except for the use of the
isopentylnitrite reagent. The N% content of each “blank sample” is subtracted from the N-
content % of the respective sample.

C% | N% C% | N% C% | N%

Sample 2 | 87.19 | 205 | Sample 4 | 92.60 | 1.87 | Sample 6 | 92.45| 2.91
MWCNT MWCNT MWCNT

CNTS 1 5558 | 0.08 CNTS 1 9281 | 0.14 CNTS 1 9371 015
(blank test) (blank test) (blank test)

Table 5.2. Acid-base titration for the more basic samples 2 and 4.
Npy% Npy%

Sample 2 (1° run) 164 Sample 4 (1° run) 128

Sample 2 o1y | 1.44 | Sample 4 oruny | 1.52

Sample 2 zorun) | 1.49 | Sample 4 zoruny | 1.38

Sample 2 (average) 152 Sample 4 (average) 139

Finally, thermogravimetric analyses (TGA) give additional evidence of the occurred
functionalization process (Figure 5.1). More gradual decomposition profiles observed
for all N-doped samples are indicative of a substantial sidewall perturbation as

consequence of the functionalization procedure.

900 J
—~ 8009 from 40°C to 900°C, 5°C / min / Air
O 7004
< 600
500 3
& 400
3004
200
1004 .
03
100 - i
S —— MWCNTs
0 T — Py@MW (2)
e — Acr@MW (4)
= 404 Carb@MW (6) -
Rl
[1}]
S 204 i
0 4
-20 T T T T T T T T
0 20 40 60 80 100 120 140 160

Time (min)
Figure 5.1. TGA profiles of pristne MWCNTs (black-line) and N-decorated CNT samples 2
(red-line), 4 (blue-line) and 6 (orange-line). Thermal program: 40-900 °C, 5 °C/min; air
atmosphere, 100 mL min™.
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XPS spectra of the N-containing samples present characteristic N 1s profiles. Peaks at
398.6 eV for 2 and 4, and 400.2 eV for 6 (Figure 5.2) are attributed to pyridinic
nitrogen’ and pyrrole-type containing groups, respectively. Minor components at higher
binding energy values arise from the N 1s spectra of both pyridine containing samples

and are ascribed to commonly observed surface contaminations.®®%’
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Figure 5.2. Survey core level regions (left) and high resolution N 1s (right) core level regions

and their relative fits for the XPS spectra of samples 2, 4 and 6, respectively.
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Raman spectra of all the N-decorated materials (Figure 5.3) do not show any
significant change in the Ip/lg values compared to the pristine sample, thus revealing

only negligible crystallite and defect sites surface density alterations.

a) MWCNTs b) \ Py@MW (2)

Intensity (arb. units)
o
Intensity (arb. units)

1200 1300 1400 1500, 1600 1700 1200 1300 1400 1500, 1600 1700
Raman shift (cm™) Raman shift (cm™)

c) Acr@MW (4) d) Carb@MW (6)

Intensity (arb. units)
Intensity (arb. units)

1200 1300 1400 1500, 1600 1700 1200 1300 1400 1500 1600 1700
Raman shift (cm™) Raman shift (cm™)

Figure 5.3. Raman spectra of a) pristine MWCNTS, b) Py@MW (2), ¢c) Acr@MW (4) and d)
Carb@MW (6) and their relative fits. Colored dots represent the experimental points. The single
peak fittings are reported as dot-dashed lines, while the full line represents the total spectrum fit.
All recorded curves were fitted using Lorentzian lineshapes and the intensity ratios (namely,
Io/lg) were calculated from the fitted total curve parameters.ls'18 Calculated 1/l ratios are 2.3

and 2.1 for MWCNTSs, 2, 4 and 6, respectively.

Similarly, TEM images of the N-decorated samples do not reveal any significant
morphological difference in terms of tube length and diameter compared to the pristine
one; slightly deaggregated tube bundles appear for the functionalized samples

throughout the whole scanned area (Figure 5.4).
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Figure 5.4. TEM images of a) pristine MWCNTSs, b) Py@MW (2), c) Acr@MW (4) and d)
Carb@MW (6).

The as prepared N-decorated CNT samples have been scrutinized with respect to their
catalytic performance in ORR.2 To evaluate their electrocatalytic activity, N-
CNTs/Nafion films deposited on a rotating glassy carbon (GC) electrode have been
preliminarily investigated by cyclic voltammetry (CV) using a three electrode cell
operating in O, saturated 0.1 M KOH solution. Under O,-saturated conditions, the N-
decorated samples show an irreversible ORR peak not present under N-saturated

electrolyte conditions (Figure 5.5).
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Figure 5.5. Cyclic Voltammograms for sample Acr@MW (4) in N,-saturated (blue-line) and

J/mA cm?

O,-saturated solutions (red-line). The potential was linearly swept from -1.1 V to 0.2 V with a

scan rate of 5mV s™. Ag/AgCI/KCl sat. was employed as reference electrode.

To gain further insights on the ORR electrochemical performance of the ex-situ N-
doped samples, rotating ring disk electrode (RRDE) voltammograms have been
systematically acquired (Figure 5.6). The amount of the N-decorated material deposited
on the RRDE is maintained constant and fixed to the optimal value measured on sample
4 (see section 5.5.5).

Linear-sweep voltammograms (LSVs) for each sample at different spin rates are
shown in Figure 5.6. Potentials are linearly swept from -1.1 V to 0.2 V and finally

reversed against an Ag/AgCIUKClsat. as reference electrode with a scan rate of 5mV s™.
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Figure 5.6. Polarization curves at different rotation rates recorded for ORR in O,-saturated 0.1
M KOH solution for (from up to bottom): GC, MWCNTSs, Py@MWCNTSs (2), Acr@MWCNTSs
(4), Carb@MWCNTs (6) and Pt samples. Scan rates: 5 mV s™, catalyst loading 358 pg cm.

Figure 5.7 illustrates the ORR polarization curves of the three N-doped samples (2, 4,
6), compared with pristine MWCNTSs, GC and Pt-based electrocatalysts, along with the
respective H,O, production? For all ORR profiles reported on Figure 5.7, background
currents, measured under saturated N conditions, are subtracted from the respective
curves to eliminate all capacitive contributions.

As Figure 5.7 shows, the onset potentials (Eon) of all C-based catalysts are negatively
shifted from the E,, value measured for the Pt electrocatalyst. Noteworthy, while ORR
starts at -0.181 V (Eon) on 2, corresponding to an overpotential of ca. 80 mV compared
to Pt, less than 40 mV (overpotential) are measured for 4. Compared to pristine CNTs
and samples 2 and 6, the ORR onset potential measured for 4 is shifted to a more
positive value featuring a remarkably higher electrocatalytic activity (Figure 5.7). The
average number of electrons (ng = -1 v) transferred for O, molecule in the ORR process is
calculated according to the Koutecky-Levich (K-L) equation and relative values are
outlined in Table 5.3.%%°
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Figure 5.7. (A) Current-potential curves at 293 K for ORR in O, saturated 0.1 M KOH solution
for the disk electrode [0.196 cm?® GC rotating-disk electrode] and (A’) for the ring electrode
[0.11 cm’® Pt rotating-ring electrode]. All samples are measured at an angular rotation rate (f) of
800 rpm. (B) H,0O, production (%) for all N-doped and undoped samples.

The K-L plots (3" vs. f ) of each catalyst, obtained from LSVs according to J values
measured at -1 V, show good linearity at various rotation speeds (Figure 5.8) implying a
first-order reaction towards dissolved Os.

The calculated n value for the ORR catalyzed by 4, as measured at high overpotential
(E = -1 V), suggests a largely prevailing four-electron process. This is further confirmed
by the moderate ring current recorded for this catalyst at the Pt rotating ring-disk

electrode along with the modest percentage of H,O; produced (Figure 5.7B).%°
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Table 5.3. E,, values (V), average number of electrons transferred (ng -.; ) for O, molecule and
average yield of hydrogen peroxide formation in 0.1 KOH. Data derived from Figures 5.7 and
5.8.

Catalyst Eon (V) nNe=av H,0, (%)*
GC -0.307 2.0 64
MWCNTSs -0.299 2.5 48
PYy@MW (2) -0.181 2.9 24
Acr@MWw (4) -0.139 3.2 10
Carb@MW (6) -0.250 2.5 32

Pt -0.101 4.1 -

Saverage values calculated in the -0.4 + -1 E/V range.

As it can be inferred from these data, pyridinic nitrogen sites are responsible in part of
the final catalyst performance whereas neighboring carbon atoms seem to play an
essential role on the catalyst ability to perform ORR efficiently.* Indeed, pyridine units
embedded in a conjugated (although spatially limited) sp? carbon network dramatically
improve the catalyst performance both in terms of E,, and diffusion-limited current
density values (J) (Table 5.3, catalyst 4 vs. 2 and Figure 5.7). Such a result contributes
to shed light on the complex structure-reactivity relationship of N-doped carbon
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nanomaterials with respect to their catalytic performance in ORR and evidences the
central role played by the N-chemical environment.

In line with literature precedents for variably in-situ prepared N-doped carbon
nanomaterials containing relatively high N-pyrrolic fractions,*** our carbazole-based
system 6 shows only moderate electrocatalytic performance together with a relatively
high H,O, production (Figures 5.7 and 5.8). Additionally, the catalytic activity gap
measured between 4 and 6 is even more remarkable while considering the higher
surface N-loading on 6 as it results from the experimental data (> 50 % based on N-
elemental analysis — see Table 5.1).

For the sake of completeness, any electrochemical activity (RRDE measurements)
potentially associated to reagent and solvent contaminations has been properly ruled out
using a blank test conducted on a “blank-test” for sample 4. (Figure 5.10).

] Disk i
A © 041 Ring B
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% % 0‘2
= =
24
00+
B | : " o — : T :
1.2 -1,0 -08 0.6 -0.4 0.2 00 -12 1.0 0.8 -08 -0,4 -02 00
1 E(V) vs Ag/AgCI/KCl sat. E(V) vs Ag/AgCI/KCl sat.
100 | C
80|
o — GC
N et
I 4 — MWCNTs
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0
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1,0 08 06 -0.4

E(V) vs Ag/AgCI/KCl sat.

Figure 5.10. RRDE “blank test” A) Polarization curves at 800 rpm of GC (gray line),
MWCNTSs (black line) and “blank-test” for sample 4 (pink line) [MWCNTSs and acridine in
mixture - in the absence of the isopentylnitrite reagent — after regular work-up procedure] at
comparison. B) Current-potential curves at the ring electrode [0.11 ¢cm® Pt rotating-ring
electrode]. C) H,0, production (%) for GC (gray line), MWCNTSs (black line) and “blank-test”

for sample 4 (pink line).
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5.4 Conclusion

In summary, a straightforward single step and reproducible approach to the
production of tailored N-doped and catalytically active carbon nanostructures, has been
set up. Compared to the classical in-situ approach our ex-situ method, besides providing
fundamental insights on the complex structure-reactivity relationship of N-doped carbon
nanomaterials in ORR, lists a number of remarkable advantages: 1) mild reaction
conditions required to N-decorate the CNTs surface (energy saving process); 2) easy
tailoring of the N-containing functional groups and 3) their full exposure (atom saving)
to the nanomaterial outer side where the catalytic process takes place; 4) absolutely
remarkable electrocatalytic activity and long-term stability of selected N-doped metal-
free samples for ORR in basic medium. As for the latter point, ink of catalyst 4 presents
a complete reproducibility of its electrochemical performance in successive CV cycles,
while maintaining its electrochemical properties almost unchanged when simply stored
at room temperature for months. Owing to the established wversatility of the Tour
functionalization protocol with both 1D and 2D nanomaterials,"> the methodology
developed in this study can be conveniently applied to the ex-situ hetero-decoration of
different nanocarbon materials with light-elements for the production of metal-free
catalysts.

5.5 Experimental Section

5.5.1 General Considerations

All manipulations were carried out under dry nitrogen atmosphere using standard
Schlenk-type techniques. Nitrogen (> 99.999%; Rivoira) was dried through a CaCl,
column and deoxygenated with an oxysorb cartridge from Messer Griesheim prior to
use. oDCB (ortho-dichlorobenzene) was dried according to the literature procedures®
and stored under nitrogen atmosphere. Dry acetonitrile (CH3CN) was obtained by
means of an MBraun Solvent Purification System. MWCNTs (98 % in C) were
purchased from Sigma-Aldrich (Lot# MKBH5811V). Unless otherwise stated, all other
chemicals were purchased from commercial suppliers and used as received without
further purification.

Samples sonication was carried out using an Elma S15 Elmasonic sonicator bath (37

kHz) while cooling the samples in a water/ice mixture throughout the treatment. CNTs
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filtration was accomplished by using inorganic PTFE filter (Whatman) with 0.2 pm
pore size.

All measurements carried out on pristine MWCNTSs and functionalized samples (2, 4,
6) were conducted on samples which underwent identical
washing/filtration/sonication/work-up procedures. For each functionalized sample (2,
4, 6) a “blank functionalization test” was performed using identical reaction conditions
and reagents except for the use of the isopentylnitrite reagent. For RRDE of a blank
sample see Figure 5.10. Furthermore, any electrochemical activity (RRDE
measurements) potentially associated to reagent and solvent contaminations has been
properly ruled out using a blank test conducted on MWCNTs treated with the
isopentylnitrite in oDCB/CH3sCN mixture.

5.5.2. Material Characterization and Analyses Conditions

Thermogravimetric analysis (TGA) was performed under air (100 mL/min) on an
EXSTAR Thermo Gravimetric Analyzer (TG/DTA) Seiko 6200.

X-ray photoelectron spectroscopy (XPS). For XPS measurements, the samples were
dispersed in ethanol and after short sonication a small drop of the suspension was drop-
casted onto gold coated (about 50 nm) glass and left to dry at room temperature. Then
samples were introduced in the UHV system via a loadlock and kept in the introduction
chamber for at least 12 hours, allowing for the removal of volatile substances such as
water and organic solvents, as confirmed by the pressure value achieved (2 x 107°
mbar), just above the instrument base pressure. The spectra were collected at normal
emission using a non-monochromated Mg-Ko X-ray source (1253.6 eV) and a VSW
HAC 5000 hemispherical electron energy analyzer operating in the constant-pass-
energy mode at Epas = 44 eV. The overall energy resolution was 1.2 eV as measured as
a fullwidth at half maximum (FWHM) of the Ag 3ds, line of a pure silver reference.
The binding energies of the obtained spectra were referenced to C 1s peak at 285.0
eV.'* Prior to the elemental scans, a survey scan was measured for all the samples in
order to detect all the elements present. Spectroscopic analysis included a Shirley
background subtraction and peak separation by using mixed Gaussian-Lorentzian
functions in a least-squares curve-fitting software (Winspec)!® developed in the LISE at
the Facultés Universitaires Notre-Dame de la Paix, Namur, Belgium.

Raman spectra were recorded using the 647.1 nm emission of a Kr ion laser source

and each CNTs sample was prepared by gently pressing the carbon powder into the
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cavity of the sample holder. The scattered radiation was collected in a back scattering
geometry, dispersed using the single stage configuration of a triple Raman spectrometer
(Trivista TR555) equipped with a 900 grooves/mm grating and recorded by a liquid
nitrogen cooled CCD detector. The beam profile was cleaned by a spatial filter and
Rayleigh scattering was filtered out using Notch filters. The spectral resolution was 1
cm. The incident laser power on the sample was lower than 0.3 mW and any damage
of the sample due to the laser was carefully checked and excluded. The Raman spectra
were collected in order to detect the presence and strength of the G and D modes.'® The
G mode, which is located at around 1590 cm™, is characteristic of the sp® in-plane bond-
stretching motion of pairs of carbon atoms in graphite-like structures. The D mode is
found at around 1320 cm™ and becomes active only in the presence of disorder.® All
recorded curves were fitted using Lorentzian line-shapes and the intensity ratios
(namely Ip/lg) were calculated from the fitted areas of the D and G bands.!51"18
According to the literature,'® D- and G-peak intensities were used for the calculation of
the Ip/lg ratios.

Transmission Electron Microscopy (TEM) analysis of modified and unmodified
CNTs was performed by a Philips CM12 microscope operating at 120 kV, on samples
prepared by drop casting previously sonicated suspensions (EtOH) over copper grids
coated with a Formvar fim (FF200-Cu- Formvar film only). TEM images were
recorded with a CCD camera (Gatan 791).

Rotating-ring disk electrode (RRDE) measurements were performed using a ring-disk
electrode from Pine instrument consisting of a glassy carbon (GC) disk insert (@ 5mm;
A = 0.196 cn?) and a Pt ring (A = 0.11 cm?) The RRDE measurements were carried out
using a Modulated Speed Rotator (MSR) from Pine Instruments. All the measurements
were carried out using an Autolab potentiostat/galvanostat in a single compartment
glass cell using a three electrode arrangement. The working electrode was prepared as
follows: a proper amount of CNTs (10 mg) was dispersed in 0.220 g of water, 0.112 g
of ethanol and 0.084 g of a Nafion solution (5 wt. % in lower aliphatic alcohols and
water). The resulting ink was sonicated for 30 - 45 min and drop-casted onto the glassy
carbon electrode (3 mg). The as-prepared electrode was then dried at room temperature
and its final loading was calculated in 358 Mg/cmz. A platinum wire was used as counter
electrode, and a double junction AgQ/AgCIUKClsat. electrode served as reference
electrode. All CV and RRDE experiments were carried out at a scan rate of 5 mV/s in

the potential range of + 0.2 to - 1.2 V. Nitrogen or oxygen were used to purge the
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solution to achieve oxygen-free or oxygen-saturated electrolyte solution. Commercial
Metrohm Pt electrode (@ 3 mm) was used for comparison. All measurements were
repeated at least four times for verification and all CNT inks resulted undefinitively
stable in air for months.

Elemental analyses were performed using a Thermo FlashEA 1112 Series CHNS-O

elemental analyzer. The average values are calculated over three independent runs.

5.5.3 General procedure for the ex-situ MWCNTs functionalization via
aryldiazonium salt chemistry

In a typical procedure, MWCNTs (40 mg) were weighed into a two-necked 100 mL
flask and suspended in 32 mL of dry and degassed oDCB. The suspension was
sonicated for 30 min and then treated with a degassed acetonitrile solution (16 mL) of
the corresponding aniline (1, 3, 5, 0.86 mmol). Isopentylnitrite (0.17 mL, 1.30 mmol)
was added via syringe and the suspension was further sonicated for 10 min. The mixture
was heated at 80 °C for 14 hours under stirring and nitrogen atmosphere. Afterwards,
the mixture was cooled to room temperature, diluted with ethylacetate (20 mL) and
sonicated for 20 minutes before being centrifugated in order to recover the solid residue.
The latter was then washed with ethylacetate and then twice with dichloromethane, each
time sonicated for 10 min and separated from the supernatant by centrifugation. The
solid residue was finally suspended in dichloromethane, sonicated for 20 min and
filtered through a 0.2 pm-pore PTFE filter. The collected material was dried at 50 °C

under vacuum to constant weight and stored on air at room temperature.

5.5.4 Acid-base titration of N-decorated samples 2 and 4

5 mg of the selected N-decorated material (2 or 4) were suspended in 7 mL of a
standard HCI solution (2.8 x 10 M, standardized with Na,CO3 as primary standard),
sonicated for 30 min and maintained in the dark at room temperature under stirring for
48 h. Afterwards, the suspension was centrifugated and three aliquots of the supernatant
solution were titrated with a standardized solution of NaOH (2 x 10 M). The pyridine
content (Npy %) was calculated for each sample as the average value over the three

independent runs.®
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5.5.5 Electrochemical data processing
The amount of the N-decorated material deposited on the RRDE is maintained

constant and fixed to the optimal value [catalyst loading (ug of N-MWCNTSs cm?)]

measured on sample 4.

Table 5.4. Number of exchange electrons for RRDE measurements carried out at different
catalyst loadings (298, 358 and 430 pg cm).

Catalyst loading (mg of ink) 2.5 3 3.6
Catalyst loading (ug cm®) 298 358 430
Catalyst loading (ug)® 58 70 84
Exchange electrons (n) 2.94 3.24 3.13

20.196 cm’ GC rotating-disk electrode

The ORR is studied through the RRDE measurements as described before. The Pt
Ring electrode potential is kept constant at a value of 0.5 V vs. Ag/AgCIVKClsat. while
the potential of the Disk electrode is swept from -1.1 V to 0.2 V and reversed against an
Ag/AgCIKClsat. as reference electrode with a scan rate of 5 mV s*. The Ring potential
value is chosen to allow only the oxidation of H,0,.2° While the total Disk current Ip is
the sum of the O, reduction current to H>O (ly20) and to H2O» (lh202) (eg. 5.1), the Ring
current Ig is due to the H,O, oxidation (lh202) exclusively (eg. 5.2).

I‘D = IH:D + IH:D: (eq 51)

Ip=1Iyo N (eq. 5.2)

N is the Collection Efficiency’® and it is the fraction of the material from the disk which
subsequently flows at the ring electrode. It can be expressed as a fraction between 0.0
and 1.0 and depends on the electrode geometry. In this work we make use of the
theoretical Collection Efficiency of 0.256 as reported for the employed Pine RRDE
electrode.

Accordingly, the molar fraction of H,O, (XH202) produced in the process is calculated
from the number of moles of H,O (nw20) and H2O2 (nw202) using equations 5.3, 5.4 and
5.5:
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Ny,o = _4:1,& (eq. 5.3)

_ 0,
M0, = "op (eq. 5.4)

i Py

Xeo, = o7 imns (eq.5.5)

ny.0, T RE 0

Replacing moles with the experimental currents (Ip and Ig) as calculated from

equations. 5.1 and 5.2 we obtain eq. 5.6:

_ 2Ug/N
Xrzo, = Ip+ig /N (eg. 5.6)

The number of electrons transferred per O, molecule in the ORR for the different
catalysts has been calculated by the Koutecky-Levich equation applied to the ORR
curves obtained at different rotation rates (rpm).?° The Koutecky-Levich equation is

given by equation 5.7:
1 1 1

=—+
.j'- jcc Tlf(}-\,'? (eq 57)

With:
K¢ = 0.2FCoDg*3v /6

Where, | is the current density, jec is the Kinetic current density, n is the number of
exchanged electrons, F is the Faraday constant, Do is the oxygen diffusion coefficient
(1.95 x 10° cn? s?), f is the angular rotation rate of the electrode (rpm), v is the
kinematic viscosity of the solution (0.008977 cm? s!) and Cy is the O, concentration in
solution (1.15 x 10 mol dm?®).}° With these parameters, the value of K constant is
0.03538. The average number of electrons n exchanged during the ORR has been

extrapolated from the slop of the plot of j* versus f /2

at a specific potential value. We
have recorded cyclic voltammetries from -1.1 V to 0.2 V at different rotation rates (from

400 to 2000 rpm) and calculated the n values at -1 V.
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6. Chemically Functionalized Carbon Nanotubes
with Pyridine Groups as Easily Tunable N-
decorated Nanomaterials for the Oxygen

Reduction Reaction in Alkaline Medium

6.1 Abstract

We report on the N-decoration of multi-walled carbon nanotubes (MWCNTS) via
chemical functionalization under mild reaction conditions. The introduction of tailored
pyridinic functionalities as N-containing edge-type group mimics, generates effective
catalysts for the oxygen reduction reaction (ORR) in alkaline environment. The adopted
methodology lists a number of remarkable technical advantages, among which an easy
tuning of the electronic properties of N-containing groups. The latter aspect further
increases the level of complexity for the rationalization of the role of the N-
functionalities on the ultimate electrochemical performance of the as-prepared metal-
free catalysts. Electrochemical outcomes crossed with the computed electronic charge
density distributions on each scrutinized pyridine group have evidenced the central role
played by the N-chemical environment on the final catalyst performance. Notably, little
variations of the atomic charges on the N-proximal carbon atoms of the chemically
grafted heterocycles change the overpotential values at which the oxygen reduction
reaction starts. The protocol described hereafter offers an excellent basis for the
development of more active metal-free electrocatalysts for the ORR. Finally, the as-
prepared catalytically active materials represent a unique model for the in-depth

understanding of the underlying ORR mechanism.
6.2 Introduction

Efficient and low-cost electrocatalysts capable of facilitating the sluggish cathodic
oxygen reduction reaction (ORR) are at the heart of renewable energy technologies
based on fuel cells and other electrochemical energy devices. The prohibitive cost of the
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platinum-group metal (PGM)-based electrocatalysts, together with their limited reserves
in nature, constitute the major drawback to their sustainable commercial application in
several technological fields. In spite of their outstanding electrocatalytic performance in
the ORR, Pt-based electrocatalysts can suffer from severe poisoning effects (such as gas
adsorption or fuels cross-over) which affect their durability and limit their practical
application sphere.® Along with recent intensive research efforts in reducing or
replacing Pt-based electrocatalysts in ORR,? light-heteroelement doped carbon
nanomaterials (CNMs) with at least one dimension tailored at the nanometer scale have
raised the interest of the catalysis and material science community.® In particular,
nitrogen-doped CNMs (N-CNMs) have been intensively investigated, in light of their
remarkable electrochemical properties for the ORR in alkaline environment.>**
Moreover, the presence of an adequate number of catalytically active sites exposed on
materials typically featured by high surface area and excellent electrical conductivity
makes them attractive single-phase catalysts with no need of any additional conductive
support. Although the ORR in alkaline media is catalyzed by a wide variety of pure
carbon-based electrocatalysts such as glassy carbon (GC),® active carbon,® carbon
nanotubes,’ graphene and other related carbon-based materials,®® the absence of alien
atoms in the sp® C-network translates into a simple 2e” reduction process featured by
moderate current densities (J) and low onset potentials, with the generation of HO,™ ions
as the main oxidation product. On the contrary, an appropriate CNMs engineering
through a light-heteroelement doping (mostly N-doping) has led to the obtainment of
more performing metal-free electrocatalysts fostering a prevalent 4e” reduction process
with OH" ions as the major oxidation product. Intensive studies in the field have
contributed to the discovery of excellent N-CNM-based, metal-free systems active in
the ORR, showing similar and even better electrocatalytic activity, long-term stability
and tolerance to crossover effects than expensive platinum-based electrocatalysts.3*4%°
Since the first seminal report by Dai and co-workers in 2009,% a huge effort has been
done to prepare either mono-dimensional (1D) or bi-dimensional (2D) N-CNMs and to

10
I

fully exploit their catalytic ability on both a theoretical®™® and experimental® ground.

Among the synthetic methods used for their preparation, Chemical Vapor Deposition

(CVD) still remains the most effective and widely used technique,* although other

approaches like CNMs annealing in the presence of different nitrogen sources,?*'

3b,13

chemical reduction/doping with selected N-containing reducing agents or direct

14,24e

carbonization of N-containing organic precursors constitute valuable and
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alternative synthetic paths. However, none of the above mentioned approaches fulfills
the requirement of a protocol for an effective tailoring of the introduced N-
functionalities.

Although the role of nitrogen doping and the nature of the “catalytically active”
nitrogen sites in these complex carbon nanostructures still represent an intensive matter
of debate,? it seems clear that the inclusion of nitrogen(s) in the honeycomb carbon
structure, besides inducing remarkable modifications of the physico-chemical properties
of the undoped 1D and 2D materials (such as structure, electrical conductivity, surface
properties and oxidation stability), breaks the electroneutrality of the Csp® network, thus
generating carbon active sites proximal to the heteroatom®™ which take part in the
molecular oxygen activation and subsequent O-O bond breaking.”*!® Indeed, a net
redistribution of the charge density around the nitrogen atoms improves the material
oxygen adsorption properties and facilitates the occurrence of the electrochemical
oxygen reduction;?**" an appropriate balance between a moderate oxygen binding
energy and a highly localized electron density around the active site, seems to be crucial
for getting highly performing ORR catalysts.®**® Independent research groups have
recently discussed how the introduction of N-atoms into the network of a carbon-based
nanomaterial would increase the electronic density of states near the Fermi level, thus
facilitating the electron transfer from the electronic bands of the C network to the O,
antibonding orbitals.’® As a matter of fact, the polarization of the C-N bond as well as
the net atomic electronic charge distribution on selected N-containing heterocycles, can
be invoked as a descriptor for the catalyst/substrate interaction, proviso that a fine
tuning of the N-dopants in the carbon nanostructures can be achieved.

The type of nitrogen functional groups and the nitrogen doping level strongly depend
on the applied synthetic conditions;*?° a precise control of these factors still remains far
from being exhaustively accomplished. If a partial control on the degree and type of N-
doping in 1D N-CNMs is achieved through an accurate optimization of the CVD
synthetic conditions,?* a similar goal seems to be more efficiently approached in the
case of 2D N-CNMs through the annealing of undoped CNMs in the presence of well
defined N-containing precursors.?” Irrespective of the method used, different N-
functionalities (such as pyridinic N, pyrrolic N, quaternary N, etc...) often co-exist in
the as-synthesized N-CNMs; a simple adjustment of their relative concentration in the
material remains the only tunable parameter. As a consequence, the role of the different

N-functionalities on the catalytic efficiency of the as-synthesized N-CNMs still remains
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rather elusive and it is at the origin of controversial debates in the scientific community,
sometimes producing even conflicting literature results.*%

Wagberg and co-workers have recently demonstrated how a thermal post-synthetic
treatment on CVD-prepared N-doped MWCNTSs can result in the transformation of
pyrrolic and pyridinic nitrogen sites into quaternary nitrogen sites (N-Qs), with an
overall improvement of the electrocatalytic performance in ORR.?® Although any
conclusion on the electrocatalytic contribution of pyridinic and quaternary N-

9,d,162,23,24.2526 4 the role of the total

27,28

functionalities still remains difficult to draw up,
N-loading on the ORR activity looks like rather uncertain, it is accepted that
nitrogen sites located at the graphitic edge planes®®?’® exhibit the highest catalytic
efficiency in ORR. Accordingly, a 4e” reduction path takes place prevalently on the
nitrogen edge defects [i.e. on the pyridinic and on the quaternary N-sites (the so-called
“valley graphitic-N”")], while a less efficient 2¢” process preferentially occurs on the in-
plane nitrogen defects.?’

Taking advantage from these fundamental concepts, the chemical functionalization
candidates as a valuable and alternative approach to the nitrogen decoration of complex
carbon nanostructures by means of tailored “edge-type” N-containing functionalities.*
Compared with the classical CVD approach, chemical functionalization offers a unique
tool to the rationalization of the fundamental structure-reactivity relationship of N-
doped carbon nanomaterials active in ORR. Moreover, it lists a number of remarkable
technical advantages: (i) the energy-saving conditions required for the CNTs decoration
with well defined N-containing functional groups; (ii) their easy chemical and structural
tuning; (iii) a substantial atom-economy decoration strategy (full exposure of the N-
containing groups to the nanomaterial outer side where the catalytic reaction takes
place); (iv) a remarkable electrocatalytic activity and long-term stability of the as-
prepared N-doped carbon nanostructure employed as metal-free systems for the ORR in
basic environment. In chapter 5,*° we have demonstrated how simple pyridine groups
embedded in a conjugated (although spatially limited) sp? carbon network and
covalently linked to the CNT sidewalls can guarantee remarkable catalytic performance
in ORR, in terms of both onset potentials (Eon) and diffusion-limited current density (J)
values. The interest for tailored electron-poor N-containing groups as mimics of
“nitrogen edge-type defects” stems from their postulated ability to improve the onset

potential values in the electrochemical mediated ORR.?* Here, we report a full account

on the synthesis, characterization and electrocatalytic activity of a series of MWCNTSs
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functionalized with a variety of well defined pyridine groups. This study highlights the
central role played by the pyridine moiety on the electrocatalytic activity of these N-
decorated MWCNTSs in the ORR. Most importantly, a clear-cut evidence of the role of
the electronic charge density distribution at the chemically grafted N-heterocycles on
the final catalyst performance in the ORR is given. Such a result introduces an
additional level of complexity to the rationalization and comprehension of the ultimate
role of the pyridine groups on the electrocatalytic performance in the ORR promoted by

these nanomaterials.

6.3 Results and Discussion

The main objective of the present study is to provide a clear-cut understanding of the
complex structure-reactivity relationship which drives the electrocatalytic performance
of carbon nanomaterials decorated with well-defined N-containing functionalities (i.e.
pyridinic-N sites). Besides offering a definitive answer to the widely debated question
dealing with the role played by pyridine groups on the electrocatalytic activity of N-
functionalized/doped carbon nanomaterials in the ORR, the obtained results suggest the
existence of a coherent descriptor of the catalyst performance (at least in terms of onset
potential values) based on the electronic charge density distribution at the N-
neighboring carbon atoms as well as on the related N—C, bond polarization.

On a merely speculative ground, the concept of “doping” is more properly referred to
those CNMs featured by “implanted” heteroelements in the sz carbon network;
therefore it should be kept distinguished from that of “chemical functionalization” with
heteroelement-containing functionalities attached to the carbon basal or edge planes. On
the other hand, selected “dopants” or “hetero-functionalities”, like those containing
pyridine or pyrrole groups, are conceivable as “edge-type” groups only, and therefore
“chemical functionalization” can be proposed as a valuable alternative path to bring N-
containing functionalities on the CNM’s board as edge-type defect mimics. Such an
approach offers a unique tool to the unambiguous understanding of the catalytic role
exerted by selected N-containing groups in the ORR, paving the way to the
development of tailored and more catalytically active metal-free electrocatalysts for the
ORR and providing a simplified model for the in-depth understanding of the underlying

reaction mechanisms.
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Following our preliminary studies on Acridine and Pyridine-functionalized MWCNTSs
(see chapter 5),% a series of variably substituted pyridine groups have been selected as
candidates for the chemical functionalization of MWCNTSs (Scheme 6.1). A control on
the electronic properties of the heterocycles as well as on the polarization of the N—-C,
bond is made possible through a selection of either electron donating (EDG) or electron

withdrawing (EWG) groups attached to the a-position of the pyridine ring.

N/

N_Me Ne_Br N N F |
| _ | — | _ | = Nl D
=

PyMe (Ny) PyB" (Np) Chin (N3) PyF (Ng) Napth (N5)

PyOMe (Ng) i Acrid (N7) Carb (Ng) Py (Ng)

Scheme 6.1. N-containing heterocycles used for the MWCNTSs decoration (N this chapter).
Functional groups N;.9 (included in the dashed frame) have already been discussed in chapter

5% and cited here for completeness.

6.3.1 Synthesis and characterization of the N-functionalized MW@N1.¢ samples

The adopted procedure for the N-decoration of the MWCNTSs is based on the classical
aryl-diazonium salt chemistry (Tour protocol).®* The functionalization is conveniently
performed under relatively mild reaction conditions (Scheme 6.2), starting from pristine
MWCNTSs and one aniline derivative chosen among the selected N-containing moieties
(Scheme 6.1).

i ('I“1-9)
NH,

isopentylnitrite
oDCB:CH3;CN = 2:1
80°C, 14h

Scheme 6.2. MWCNTSs N-decoration via aryl diazonium salt (Tour) protocol (MW@N,¢ this
chapter). Samples MW@N-4 have been already discussed in chapter 5% and cited here for

completeness.
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Each functionalized sample undergoes a careful workup procedure made of
successive and multiple sonication/centrifugation and filtration cycles as to remove all
the unreacted reagents. A blank functionalization test (a parallel reaction conducted in
the absence of the isopentylnitrite reagent) is carried out for each aniline sample, with
the aim of quantifying the residual amount (traces) of physisorbed N-contaminants
potentially deriving from the reaction procedure. All the as-prepared samples
(MW@N3.6) have been spectroscopically [XPS (Figure 6.4), Raman (Figure 6.2)] and
morphologically (TEM, Figure 6.1) characterized.

Figure 6.1. TEM images of pristine MWCNTSs (A) and MW@N, (B), MW@N;3; (C), MW@N,
(D) samples.

In the TEM analyses, all the functionalized materials (MW@N;.¢) don’t present any
appreciable morphological change in terms of either tubes length and diameter or
bundles aggregation on the whole scanned area. Figures 6.1B-D show TEM pictures
recorded on a selection of the most representative functionalized samples (Figure 6.1B:
MW@N,; Figure 6.1C: MW@Ns3; Figure 6.1D: MW@N,) compared with the pristine
ones (Figure 6.1A).

Similarly, Raman spectra of all the MW@N samples do not reveal any major change
in the intensity ratio of the D and G modes (Ip/lg), this parameter being commonly used

as a benchmark of the crystallite and defect sites surface density alteration (Figure 6.2).
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Figure 6.2. Raman spectra of pristine MWCNTSs and all N-functionalized samples MW@N¢
and their relative fits. Colored dots represent the experimental points. The single peak fittings
are reported as dot-dashed lines, while the full line represents the total spectrum fit. All recorded
curves were fitted using Lorentzian lineshapes and the intensity ratios (namely, Ip/lg) were
calculated from the fitted total curve parameters. Calculated Ip/lg ratios range from 1.08 for p-

MWCNTSs to 1.17 for one of the most functionalized sample (MW@N3).
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The Raman and TEM issues are consistent with a non-invasive N-decoration
procedure which leaves the main physico-chemical properties of the functionalized
materials unchanged while grafting tailored pyridine-based dangling groups to their
outer surface.

A preliminary evidence of the occurred functionalization is given by the analysis of
the thermogravimetric profiles (TGA). All samples are heated in air within the same
temperature range (40-900 °C); a more gradual decomposition profile is evidenced for
all the N-decorated samples when compared with the pristine ones (Figure 6.3). Such a
trend, indicative of a slightly increased “sidewall roughness” as a consequence of the
functionalization procedure, does not give more than a qualitative indication of the

occurred CNTSs decoration.
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| —— MW@N
20 - 6
10 4
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Figure 6.3. TGA profiles of pristine MWCNTs (black-line) and N-decorated CNT samples
MW@N,.. Thermal program: 40-900 °C, 5 °C/min; air atmosphere, 100 mL min™.

A quantitative loading of the N-containing heterocycles is provided by the crossed
comparison of the CHN elemental analysis and the acid-base titration of the pyridinic
basic sites (Table 6.2). The acid-base titration guarantees the most reliable and accurate
guantification of the N-loading, restricting the measurement to those N-containing

groups really available and/or chemically accessible at the CNT surface (Table 6.1).
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Table 6.1. Acid-base titrations on the MW@N,.¢ samples.

N, (N%) Np, " (N%) Np, "™ (N9%)
MW@N; ¢ run) 0.77 MWG@N; ¢ run) 0.23 MW@N; 3 rny 1.37
MW@N; (2 runy 1.04 MW@N, (2 runy 0.41 MW@Ns (2 runy 1.03
MW@N; (3 runy 0.86 MW@N, (3 runy 0.41 MW@Ns (30 ) 1.23
MW@N; (average) 0.89 MW@N; (average) 0.35 MW@Ns (ayerage) 1.21

Ney" (N9E) Ney " (N%) Ney ™ (N%)
MW@N, gy | 038 | MW@Ns e runy 1.28 MW@Ns (= un) 0.99
MW@N; oy | 016 | MW@Ns @ runy 1.61 MW@Ns ¢ un) 0.52
MW@N, guny | 024 | MW@Ns 3 runy 1.53 MW@Ns @ un) 0.76
MW@N; eragey | 026 | MW@Ns gaerage) 1.47 MW@Ns (average) 0.76

Table 6.2. Calculation of the N-functional loading on each MW@N sample.

Elemental Analysis * Acid-base titration ° XPS analysis
C% | N% | N (wt.%)° [mmol/g]® | Np, (Wt.%); [mmol/g]® | N (at.%); [mmol/g]'

p-MWCNTs ® | 93.83 | 0.20

1.02; [0.73] 0.89 ; [0.64] 1.9;[1.50]
MW@N, 90.58 | 1.22
p-MWCNTs ® | 93.97 | 0.09

0.42 ; [0.30] 0.35;[0.25] 0.6 ; [0.48]
MW@N, 92.65 | 0.51
p-MWCNTs ® | 95.30 | 0.17

1.28; [0.91] 1.21; [0.86] 1.5;[1.13]
MW@Nj; 90.97 | 1.45
p-MWCNTs ® | 95.04 | 0.03

0.41;10.29] 0.26 ; [0.19] 0.6 ; [0.49]
MW@N, 92.05 | 0.44
p-MWCNTs ® | 92.75 | 0.33

1.65 ; [1.18] 1.47 ; [1.05] 2.0;[1.54]
MW@Ns5 91.34 | 1.98
p-MWCNTs ® | 95.30 | 0.02

0.72 ;[0.51] 0.76 ; [0.54] 1.1;[0.85]
MW@Ns 9199 | 0.74

2 Average C% and N% values calculated over three independent runs. ® Average Np,% values
calculated over three independent runs. © The N% content calculated as difference between the
N-content (%) of each functionalized sample (MW@N.¢) and the respective “blank sample” (p-
MWCNTSs). ¢ Relative functional group loading. ® “Blank samples” prepared using identical
reaction conditions, reagents and work-up procedure applied to the synthesis of MW@N,¢
samples, except for the use of the isopentylnitrite as reagent. ' Relative functional group loading

calculated from the extrapolated N (wt. %).
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As Table 6.2 shows, Elemental Analysis provides N-contents for almost all the
functionalized samples with slight overloadings (compared to the acid-base titration)
ranging from 0.07 to 0.18 N%. The lower functionalization loading measured for
materials containing pyridine functionalities substituted with inductive EWGs (samples
MW@N,; MW@N; MW@Nsg) is in line with the electron poor character of these
heterocycles and their subsequent ability to stabilize the postulated reactive aryl radical
intermediates during the Tour reaction protocol.*

XPS spectra of MW@N1.¢ show characteristic N 1s profiles featured by one main
peak in the 398.8 + 399.3 eV range, consistent with the presence of pyridine nuclei
(Figure 6.4).22*3 Although not catalytically relevant (see section 6.5), minor residues
coming from solvents and/or reagents retained by the material porosity are not totally
removed by the work-up procedure. Accordingly, minor N 1s shoulders at higher
binding energy values and present in almost all functionalized samples (Figures 6.4B,

30,31e,9,34

C, E, G, H) are ascribed to commonly observed surface contaminations. Figure

6.4D shows the typical Br 3d signal consisting of a doublet (Br 3ds;, and Br 3dsp,

respectively at 70.7 and 71.8 eV) due to spin-orbit coupling,®

which position is
indicative of a Br-pyridine group.

A little shoulder at higher Binding Energy values in the F 1s spectrum of MW@N,
has been explained by invoking two different fluorine environments (Figure 6.4F); the
main peak at 687.4 eV (85 %) is ascribed to the 2-fluoropyridine moiety, while the
minor component at 689.6 eV (15 %) is indicative of a direct binding of F to the
MWCNT sidewall.*

From a quantitative point of view, the overall N-loading measured through XPS is
typically much closer to the Elemental Analysis values than those coming from the
acid-base titration (see Table 6.1 and Table 6.2). Apart from slightly overestimated N-
loadings, the XPS technique provides unambiguous evidence of the surface material

decoration with the expected N-containing heterocycles.
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Figure 6.4. High resolution N 1s (A: MW@Ny; B: MW@N3;; C: MW@N,; E: MW@N,; G:
MW@Ns; H: MW@Ng) Br 3d (D: MW@N,) and F 1s (F: MW@N,) core level regions and
their relative fits for the XPS spectra of samples MW@N.¢.

6.3.2 Electrochemical tests on MW@N;.¢ samples as electrocatalysts for the ORR
After the material characterization, the study of their electrocatalytic performance in

the ORR has been performed. To this purpose, a MW@N/Nafion® ink is prepared for

each functionalized sample and subsequently casted on a rotating glassy carbon (GC)

electrode to give a thin and homogeneous film after solvent evaporation (see section
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6.5). The as-prepared electrocatalysts have been investigated by cyclic voltammetry
(CV) using a three-electrode cell consisting of an Ag/AgCI/KCI saturated reference

electrode and a Pt counter electrode operating in a 0.1 M KOH solution (Figure 6.5).
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Figure 6.5. Cyclic voltammograms for MW@N,.¢ samples recorded under N,-saturated (blue)
and O,-saturated solutions (red). The potential was linearly swept from —1.1 to 0.2 V at a scan
rate of 5 mV s * vs. Ag/AgCI/KClsat. as the reference electrode.

As Figure 6.5 shows, under O,-saturated conditions each N-decorated sample presents
a well-defined ORR cathodic peak not present under a saturated N, environment. To
gain further insights into the oxygen-reduction reaction, rotating ring disk electrode
(RRDE) voltammograms are acquired in Op-saturated 0.1 M KOH electrolyte solution
and compared with the electrocatalytic performance of the pristine MWCNTS, the bare
GC and a commercial Metrohm Pt-polycrystalline electrode (& 3 mm). For all CNMs,
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the amount of the deposited catalyst is fixed to 358 pg/cm? irrespective of the different
N-loadings measured on the relative MW@N;.¢ samples; such a value is assumed in
accord with the highest number of exchanged electrons at variable N-CNM ink loadings
(see also Table 6.5 in section 6.5.4), measured for one of the most performing system of
this series (MW@N,). Linear sweep voltammograms are firstly recorded for each
sample at different spin rates (from 400 to 2000 rpm), while sweeping potentials
linearly from —1.1 to 0.2 V and reversing them against Ag/AgCI/KClsat. (Figure 6.6);
for all the electrochemical profiles, background currents measured under saturated N,
conditions at the same potential scan rate (5 mV s™) are subtracted from the respective

curves to eliminate all the capacitive contributions.
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Figure 6.6. Linear sweep voltammograms (LSVs) for ORR in O,-saturated 0.1 M KOH solution
for MW@N,.¢ samples, GC, pristine MWCNTSs and the Pt-based reference electrode, at variable
spin rates (400, 800, 1200, 1600 and 2000 rpm). Scan rate: 5 mV s, catalyst loading 358 g

cm?.
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Figure 6.7A shows the ORR polarization curves recorded at 800 rpm for each system,
along with the respective ring current values relative to the oxidation of hydrogen
peroxide ions (HO,) measured at the Pt-ring electrode held at a potential of 0.50 V
(Figure 6.7A”).

As Figure 6.7A shows, the onset potentials (Eo,) measured for all N-CNMs are
negatively moved from that of Pt, while maintaining a remarkable and positive shift
compared to the GC (a) and pristine MWCNTSs (b). For the latter two catalysts only, a
clear reduction pre-wave is observed at low overpotentials, followed by a second
reduction wave starting around -0.7 V, this being indicative of a prevalent 2e” reduction
path.>*"%3 Accordingly, lower ring currents are measured for all N-decorated samples
(Figure 6.7A’) compared to pristine MWCNTs and GC. This reduced current is
indicative of a decreasing amount of HO, ions reaching the ring electrode under

increasing negative potentials.
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Figure 6.7. [Left] (A) RRDE current-potential curves at 293 K for ORR in O, saturated 0.1 M
KOH solution recorded by using a rotating ring-disk GC electrode [GC disk, A = 0.196 cm?]
with (A”) Pt ring [A = 0.11 cm?]. All samples are measured at an angular rotation rate (f) of 800
rpm. [Right] (B) K-L plots for MW@N,.,, GC, MWCNTS and Pt catalysts as obtained from the
respective LSVs at -0.75 V. Parameters used: O, concentration (C), 1.15 10 mol L?; O,
diffusion coefficient (D), 1.95 10®° cm? s™; kinematic viscosity (v) of the electrolyte solution,
0.008977 cm® s™.
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The onset potential (Eon) values measured for each catalyst are listed in Table 6.3.
Noteworthy, while ORR starts at -0.299 V (E,n) on pristine MWCNTS, corresponding to
an overpotential of ca. 200 mV compared to Pt (Table 6.3, entry 2 vs. 9; Figure 6.7A, b
vs. i), overpotentials between 34 and 78 mV are measured for all the N-decorated
samples. In particular, it is possible to identify two distinct classes of catalysts, each one
characterized by similar Eo, values in the ORR. Among these, the ORR onset potentials
measured for MW@N;, MW@N, and MW@N3; (Table 6.3, entries 3-5; Figure 6.7A,
curves e, f, g) are shifted to more positive values, thus featuring higher electrocatalytic
activity compared to the other N-CNMs. Their ORR performance (number of
transferred electrons per O, molecule) in the diffusion and kinetically limited regions
(from -0.65 to -0.95 V) is evaluated on the basis of the Koutecky-Levich (K-L)
equation.>*3” K-L plots of each catalytic system obtained at different potential values
(from -0.65 to -0.95 V) are reported on Figure 6.8.

All curves show excellent linearity thus implying a first-order reaction towards
dissolved O,. For the sake of comparison, the K-L plots (J* vs. f ) of each catalyst
obtained at -0.75 V are reported in Figure 6.7B. The calculated average number of
electrons (ne = - 0.75 v) transferred per O, molecule in the ORR process are outlined in
Table 6.3 (see section 6.5 for calculation details).

Table 6.3. E,, values (V) and average number of electrons transferred (ng = . 075 v) for O,

molecule as derived from plots in Figures 6.7A and 6.7B, respectively.

Entry Catalyst Eon (V) NE=-075V
1 GC -0.307 1.9
2 MWCNTSs -0.299 2.5
3 MW@N; -0.135 3.1
4 MW@N;, -0.144 3.7
5 MW@N3 -0.137 3.4
6 MW@N,4 -0.179 3.5
7 MW@Ns -0.168 3.6
8 MW@Ns -0.169 35
9 Pt -0.101 3.9
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Figure 6.8. K-L plots for MW@N,¢ GC, MWCNTSs and Pt catalysts as obtained from the
respective LSVs at -0.65 (pink line), -0.75 (blue line), -0.85 (red line) and -0.95 V (black line),
respectively. Parameters used: O, concentration (C), 1.15 10 mol L% O, diffusion coefficient
(D), 1.95 10° cm? s™; kinematic viscosity () of the electrolyte solution, 0.008977 cm?s™.
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Notably, the N-functionalized materials show from good to excellent n values
measured at -0.75 V for the ORR,; this is indicative of a prevailing 4e” reduction process
for all these systems. Such a statement is further supported by the rather moderate ring
current values recorded for all N-CNMs at the Pt ring electrode, consistent with a scarce
amount of HO,™ ions produced during the catalytic cycles (Figure 6.7A”).

The Eon values for the already reported (see chapter 5)* N-decorated CNMSs bearing
different N-containing heterocycles (see Scheme 6.1, samples N7.g) are shown for

comparison in Table 6.4.

Table 6.4. Eon values (V) measured for samples MW@N7.q.

Catalyst | Eon (V)
MW@N; | -0.139
MW@Ns | -0.250
MW@Ny | -0.181

Compared to the classical preparation protocol (CVD approach), chemical
functionalization gives the rare opportunity to rationalize the structure-activity
relationship of these metal-free catalysts systematically, through a fine tuning of the
electronic properties of the N-containing heterocycle involved as “active site” in the
catalytic process. All the substituted pyridine derivatives used in the study can be
roughly conceived as mimics of edge-type N-defects with tunable chemical
environment (substituents) that modifies the ring electronic charge density distribution.
Most importantly, the functionalization protocol meets the fundamental requirement of
maximizing the number of N-edge-sites at the nanomaterial surface, where the oxygen
adsorption presents considerably lower energy barriers compared to equivalent undoped
edge-sites as well as to in-plane N-sites.’®* A comparison between the different N-
containing heterocycles present at the CNT sidewalls and the voltammetric performance
of the relative MW@N;s nanomaterials, highlights the influence of the electronic
charge density distribution at the N-sites (as well as at the N-neighboring carbon atoms)
on the ability of the N-CNMs to promote the kinetically sluggish dioxygen reduction
reaction more or less efficiently. If electron-accepting nitrogen atoms are known to

generate a highly positive charge density on the adjacent C, atoms, electron-
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withdrawing (EW) or electron-donating (ED) groups attached to the a-position of the
heterocyclic ring certainly have a strong influence on the final atomic charge density
redistribution. As a matter of fact, a tuning of the adsorption energy of the dioxygen
species (substrate) and/or its reduction intermediates (products) onto the catalytically
active sites (N-heterocycle) is expected. On this regard, we have proposed a rationale to
the experimental outcomes in the ORR obtained with the MW@N;.¢ samples based on
the calculation of the Bader atomic charges on each N-heterocycle.® After a DFT pre-
optimization of the dangling substituents (Ni1-Ng) at the B3LYP//6-31G** level of
theory, a Bader charge analysis has been performed for each case to infer the Bader
atomic charges on the N and C, atoms,*® whose values are outlined in Table 6.5.

Table 6.5. Net Bader charges (q) of the N and C,, atoms calculated on N, ¢ heterocycles. Bader
analysis of the atomic charge density on previously reported N;.q systems (see chapter 5)* has
also been listed here for completeness.

. N\Cf,R\ N-C, bond

Entry N-heterocycle an @Vj polarization

Jca Jca [lanl+lacal]
1 N1 -2.857 1.324 1.281 4.181
2 \P) -2.982 1.504 1.183 4.486
3 N3 -2.649 1.416 1.258 4.065
4 Ny -2.905 2.330 1.294 5.235
5 Ns -2.745 2.649 1.293 5.394
6 Ns -2.845 2.467 1.208 5.312
7 N~ -2.696 1.448 1.448 4.144
8 Nsg -2.356 0.828  0.828 3.184
9 No -2.670 1.161 1.161 3.831

The analysis of the C, atomic charges, together with that of the corresponding N-C,
bond polarization, show a rather well-matching trend with the onset potentials (Eqn)
measured on the respective N-CNMs. An increase of the gc, value translates into worst
Eon values (Table 6.5, entries 4-6 vs. Table 6.3 entries 6-8) while reduced charge
densities on the C,, generate a better catalyst performance, at least in terms of E,, values

(Table 6.5, entries 1-3 vs. Table 6.3 entries 3-5). Minor discrepancies, as little
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deviations from the postulated gc, vs. Eon trend within each of the two series of catalysts
(MW@N;.3 and MW@N,¢), can be ascribed to the unsymmetrical nature of the N-
containing groups. Indeed, a minor contribution from the C, positions in the catalytic
process cannot be definitively ruled out.

In the case of previously reported (see chapter 5)*® N-decorated CNMs bearing
different N-containing heterocycles (see also Scheme 6.1, samples N;.g and Table 6.4
for the relative Eo, values), it can be noticed that reduced qc, values [compared to the
best performing systems (MW@N;.3)] lead to even worst E,, values. Such results
introduce an additional level of complexity to the original claim that pyridine-like
moieties in N-doped CNMs improve the onset potential values of the ORR.? According
to our experimental evidence, it can be stated that the nature of the pyridine moieties in
N-CNMs plays a fundamental role in favoring a predominant 4e” reduction process, as
well as in modulating the overpotential values at which the oxygen reduction starts.
Indeed, the variation of the atomic charges on the N-proximal carbon atoms of the
heterocycle is strongly linked to the dioxygen adsorption energy on the material “active
sites”. According to this phenomenological model, an optimal gc, value in the range of
1.32 + 1.50 (see also Table 6.5, entries 1-3,7) is calculated on the samples MW@N;.3
and MW@Ny7, while N-CNMs showing either higher (MW@N,.¢) or lower (MW@Ns.q)
Jc. Charges are featured by worse Eo, performance. Notably, deviations from the
optimal gc, values (Table 6.5, entries 1-3,7) can also lead to alternative reduction paths,
especially at high overpotentials. This is the case of the sample MW@Ng (containing
pyrrole groups) and the MW@Ng sample (containing plain pyridine units), where rather
moderate qc, values (as well as the relative N-C, bond polarization values) make a 2e’
reduction process highly competitive. In line with this observation, a significant amount
of HO; ions is detected during the ORR when using these samples as catalysts. For the
two limit samples MW@N, and MW@Ng, a diffusion and kinetically limited process
(at high overpotentials) seems to be significantly affected by the too high qc, values
(see Figure 6.7A, curves d and h). If any possible rationale to this behavior remains
merely speculative, this experimental outcome can be tentatively justified by the
presence of an “overcharge” at the C, that makes the interaction with the reduction
intermediates/products too strong for the reaction to proceed further; from this point of
view, it can be seen as a sort of “catalyst poisoning”. Despite these data, no further
discussion can be done on the way dioxygen adsorbs to the “active sites” (side-on mode

- also known as the Yeager model and/or end-on mode - known as the Pauling model)*
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which is another largely debated issue on both an experimental and a theoretical ground.
On the other hand, it seems generally accepted that zigzag edge structures (as our
chemically grafted N-moieties can be considered) promote a preferential dioxygen end-

on adsorption mode.**

6.4 Conclusions

MWCNTSs decorated with tailored pyridine-containing groups are valuable materials
to be used as ORR catalysts giving, at the same time, a unique perspective on some
specific structure-reactivity relationship of these metal-free systems. In this chapter, a
number of variably substituted pyridine moieties are brought on the CNTs board (basal
or edge planes) through a well consolidated chemical functionalization approach. If it is
accepted that pyridine nuclei in N-CNMs play an important role in the improvement of

22 3 control on their

the overpotential values at which the oxygen reduction starts,
electronic properties through inductive electron donating (EDG) or electron
withdrawing (EWG) groups attached to the a-position of the pyridine ring adds another
level of complexity to the rationalization of the electrochemical outcomes. Indeed,
variations of the atomic charges on the a-carbon atoms of the heterocycles (as well as
the related N-C, bond polarization) translate into systems featured by different E,,
values. One possible rationale to this phenomenological trend is attributed to the change
of the adsorption energy of the dioxygen species (substrate) and/or its reduction
intermediates (products) onto the catalytically active sites (N-heterocycle). The
calculation of the Bader atomic charges on each substituted heterocycle has been used
to rationalize the observed electrochemical trend. As a result, MW@N featured by the
best onset potentials (Eo, ranging from 0.135 to 0.144 V) are associated to gc, values
measured in the 1.32 + 1.50 range (and the respective N-C, bond polarization values in
the 4.0 + 4.5 range). Out of this range, higher or lower qc, charges (or N-C, bond
polarization values) translate into catalytic systems showing worse E,, performance. In
addition, the electrochemical results reveal how deviations from the optimal gc, values
can trigger alternative reduction paths, especially at high overpotentials.

Overall, the results outlined in the chapter demonstrate that pyridine functionalized
MWCNTSs generate valuable electrocatalysts for the ORR. This alternative approach to
the heterodecoration of carbon nanomaterials stresses the importance of the N-chemical

surrounding on the catalytic performance of the N-functionalities, offering both an
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excellent work basis to the development of more catalytically active metal-free
electrocatalysts for the ORR and a unique model for the in-depth understanding of the
underlying ORR mechanism. In addition, our conclusions can settle a complex and
often controversial matter related to the catalytic role of the different N-functionalities
present in N-doped carbon nanomaterials prepared by the classical approaches, like
CVD or CNMs thermal annealing with different nitrogen sources. These latter synthetic
methods do not provide any control of the chemical surrounding at the N atom, thus
giving N-CNMs with N-functionalities “embedded” in a sp? network with totally
unpredictable stereo-electronic environment. Moreover, the implanted nitrogen atoms
are also present in the inner portions of the nanomaterial, not directly exposed to the
dioxygen during the catalytic trials; this makes their catalytic contribution (if there is
any) more and more unpredictable. These assumptions can contribute to justify many
conflicting data reported in the recent literature and in particular the controversial
catalytic role of specific N-functionalities present in differently prepared N-CNMs.

6.5 Experimental Section

6.5.1 General Considerations

All manipulations were carried out under dry nitrogen atmosphere using standard
Schlenk-type techniques. Nitrogen (> 99.999%; Rivoira) was dried through a CaCl,
column and deoxygenated with an oxysorb cartridge from Messer Griesheim prior to
use. oDCB (ortho-dichlorobenzene) was dried according to the literature procedures*
and stored under nitrogen atmosphere. Dry acetonitrile (CH3CN) was obtained by
means of an MBraun Solvent Purification System. MWCNTs (98 % in C) were
purchased from Sigma-Aldrich (Lot# MKBH5814V) and used as received. Unless
otherwise stated, all other chemicals were purchased from commercial suppliers and
used as received without further purification. Samples sonication was carried out using
an Elma S15 Elmasonic sonicator bath (37 kHz) while cooling the samples in a
water/ice mixture throughout the treatment. CNTs filtration was accomplished by using
inorganic PTFE filter (Whatman) with 0.2 um pore size. All measurements carried out
on pristine MWCNTs and functionalized samples (MW@N;.s) were conducted on
samples which underwent identical washing/filtration/sonication/work-up procedures.
For each functionalized sample (MW@Ni15) a “blank functionalization test” was

performed using identical reaction conditions and reagents except for the use of the
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isopentylnitrite reagent. RRDE measurements on the blank samples have excluded any
electrochemical activity associated to potentially physisorbed N-containing
heterocycles.®® Furthermore, any electrochemical activity (RRDE measurements)
potentially associated to reagent and solvent contaminations has been properly ruled out
using a blank test conducted on MWCNTSs treated with the isopentylnitrite in
oDCB/CH3CN mixture.

6.5.2 Material Characterization and Analyses Conditions

Thermogravimetric analyses (TGA) were performed under air (100 mL/min) on an
EXSTAR Thermo Gravimetric Analyzer (TG/DTA) Seiko 6200.

X-ray Photoelectron Spectroscopy (XPS) analyses were performed with a Thermo
Fisher Theta Probe spectrometer equipped with a monochromatic Al Ka X-ray source
(1486.6 eV) with a spot size of 300 um, corresponding to a power of 70 W and at a
take-off angle of 53 ° relative to the sample normal. Samples in form of powders were
fixed on ultra high vacuum compatible Cu adhesive tape (3M) ensuring, as much as
possible, an uniform coverage. Survey spectra (0 - 1300 eV) were acquired at a pass
energy of 200 eV with an energy step size of 1 eV. High resolution spectra were
recorded at a pass energy of 100 eV with a step size of 0.05 eV. In the set conditions the
overall energy resolution was 0.9 eV. When needed, charge compensation for treated
MWCNTs was accomplished by a low energy electron flood gun (1 eV). Charge
correction of the spectra was performed by taking the sp? graphitic component of the
C1s spectrum as internal reference (Binding Energy, BE = 284.6 eV). Special care was
devoted during the analyses, to verify that no change in the samples was induced by
exposure to the X-ray beam and the electron flood gun. XPS analysis was repeated on
three different spots for each sample. High resolution spectra of detected elements were
acquired for quantitative and detailed BE chemical shift analysis. Atomic percentages
were calculated using the Scofield sensitivity factors set in the Thermo Avantage V4.87
software (Thermo Fisher Corporation) and a non-linear Shirley background subtraction
algorithm. The high resolution spectra were fitted with mixed Gaussian-Lorentzian
peaks after a Shirley background subtraction. The determined standard deviation in the
peak position was + 0.2 eV.

Raman spectra were recorded using LabRAM ARAMIS Horiba Raman spectrometer
equipped with a 1200 grooves/mm grating and recorded by a peltier cooled CCD

detector. Spectra were recorded over the range of 200 - 3200 cm™ using the 532 nm
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emission of a YAG laser source with laser quantum MPC600 PSU. The beam profile
was cleaned by a spatial filter and Rayleigh scattering was filtered out using EDGE
filters. The spectral resolution was 1 cm™. The incident laser power on the sample was
lower than 42 mV and any damage of the sample due to the laser was carefully checked
and excluded. Samples were prepared by gently pressing CNTs and MW@N. fine
powders into a flat thin film on glass substrate, and each sample was recorded randomly
on 3 different positions. Raman spectroscopy was employed to investigate a change in
the structure during the CNT N-decoration by detecting the presence and strength of D
and G modes.*” The Raman spectrum shows a D band at around 1360 cm™, and a G
band at 1590 cm™, which correspond to the presence of sp® defects and tangential
vibration of sp? carbon atoms in hexagonal plane of graphite-like structures,
respectively. All recorded curves were baseline and fitted using Lorentzian line-shapes
and the D- and G-peak intensities were used for the calculation of the Ip/lg ratios.** 4> 44

Transmission Electron Microscopy (TEM) analysis of modified and unmodified
CNTs was performed by a Philips CM12 microscope operating at 120 kV, on samples
prepared by drop casting previously sonicated suspensions (EtOH) over copper grids
coated with a Formvar film (FF200- Cu- Formvar film only). TEM images were
recorded with a CCD camera (Gatan 791).

Rotating-ring disk electrode (RRDE) measurements were performed using a ring-disk
electrode from Pine instrument consisting of a glassy carbon (GC) disk insert (@ 5mm;
A = 0.196 cm?) and a Pt ring (A = 0.11 cm?). The RRDE measurements were carried
out using a Modulated Speed Rotator (MSR) from Pine Instruments. All the
measurements were carried out using an Autolab potentiostat/galvanostat in a single
compartment glass cell using a three electrode arrangement. The working electrode was
prepared as follows: a proper amount of CNTs (10 mg) was dispersed in 0.220 g of
water, 0.112 g of ethanol and 0.084 g of a Nafion solution (5 wt. % in lower aliphatic
alcohols and water). The resulting ink was sonicated for 30-45 min and drop-casted
onto the glassy carbon electrode (3 mg). The as-prepared electrode was then dried at
room temperature. A platinum wire was used as counter electrode, and a double
junction Ag/AgCI/KClsat. electrode served as reference electrode. All CV and RRDE
experiments were carried out at a scan rate of 5 mV/s in the potential range from -1.1 to
+ 0.2 V vs. Ag/AgCI/KClsat. Nitrogen or oxygen was used to purge the solution to
achieve an oxygen-free or an oxygen-saturated electrolyte solution, respectively.

Commercial Metrohm Pt electrode (@ 3mm) was used for comparison and all

158



measurements were repeated at least four times. Finally, the measurement set-up, the
moderate electrolyte viscosity and the entity of the measured currents did not required
any ohmic compensation.

All prepared CNT inks were indefinitely stable in air for months with neither any
apparent decomposition nor alteration of their electrochemical performance. The
number of electrons transferred per O, molecule (n) in the ORR for the different
catalysts has been calculated by the Koutecky-Levich equation applied to the ORR
curves obtained at different rotation rates (rpm).* The Koutecky-Levich is given by

equation 6.1:
1 1 1

=+
] Jec mKq[f

(eq. 6.1)

With:
K¢ = 0.2FCoDg2/3v-1/6

Where, j is the current density, j is the Kkinetic current density, n is the number of
exchanged electrons, F is the Faraday constant, Dy is the oxygen diffusion coefficient
(1.95 x 10> cm? s™), f is the angular rotation rate of the electrode (rpm), v is the
kinematic viscosity of the solution (0.008977 cm? s™) and Cy is the O, concentration in
solution (1.15 x 10 mol dm™).> With these parameters, the value of K; constant is
0.03538. The average number of electrons (n) exchanged during the ORR has been

extrapolated from the slop of the plot of j* versus f /2

at a specific potential value. We
have recorded the voltammetric curves from -1.1 V to 0.2 V at different rotation rates
(from 400 to 2000 rpm) and calculated the n values in the diffusion and kinetically
limited regions (from -0.65 to -0.95 V).

Elemental analyses were performed using a Thermo FlashEA 1112 Series CHNS-O
elemental analyzer and elemental average values were calculated over three independent

runs.

6.5.3 General procedure for the ex-situ MWCNTs functionalization via
aryldiazonium salt chemistry

In a typical procedure, MWCNTSs (40 mg) were weighed into a two-necked 100 mL
flask and suspended in 32 mL of dry and degassed oDCB. The suspension was
sonicated for 30 min and then treated with a degassed acetonitrile solution (16 mL) of
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the corresponding aniline (0.86 mmol). Isopentylnitrite (0.17 mL, 1.30 mmol) was
added via syringe and the suspension was further sonicated for 10 min. The mixture was
heated at 80 °C for 14 hours under stirring and nitrogen atmosphere. Afterwards, the
mixture was cooled to room temperature, diluted with ethylacetate (20 mL) and
sonicated for 20 minutes before being centrifugated in order to recover the solid residue.
The latter was then washed with ethylacetate and then twice with dichloromethane, each
time sonicated for 10 min and separated from the supernatant by centrifugation. The
solid residue was finally suspended in dichloromethane, sonicated for 20 min and
filtered through a 0.2 um-pore PTFE filter. The collected material was dried at 50 °C

under vacuum to constant weight and stored on air at room temperature.

6.5.4 Electrochemical data processing

The amount of the N-decorated material deposited on the RRDE is maintained
constant and fixed to the optimal value [catalyst loading (ug of N-MWCNTs cm™)]
measured on the MW@N, sample (Table 6.6).

Table 6.6. Number of exchanged electrons for RRDE measurements carried out at different
catalyst loadings (298, 358 and 418 pg cm™).

Catalyst loading (mg of ink) | 25 | 3 | 35
Catalyst loading (ug cm™) | 298 | 358 | 418
Catalyst loading (ug)® 58 | 70 | 82
Exchange electrons (n) 3.41|3.72 | 3.52
20.196 cm’ GC rotating-disk electrode

6.5.5 Acid-base titration of N-CNMs MW@N 4

5 mg of the selected N-decorated material (MW@N;.¢) are suspended in 7 mL of a
standard HCI solution (2.8 x 10 M, standardized with Na,CO3 as primary standard),
sonicated for 30 min and maintained in the dark at room temperature under stirring for
48 h. Afterwards, the suspension is centrifugated and three aliquots of the supernatant
solution are titrated with a standardized solution of NaOH (2 x 10 M). The pyridine
content (Npy %) was calculated for each sample as the average value over the three

independent runs.*®4
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6.5.6 Computational Details

Density Functional Theory (DFT) calculations were performed in the gas phase using
the Gaussian09 program (revision C.01).*® The real structures of the dangling groups on
the CNTs were optimized with a B3LYP functional®® using a 6-31G** basis set on all
atoms. A Grimme D3 dispersion correction was also included in the optimization,
through the Gaussian 10p(3/124 = 30) keyword.> Bader charge partitioning was made
through the free algorithm developed at Texas University available here:

http://theory.cm.utexas.edu/bader/. The Gaussian *.cube file coming from the

optimizations was taken as starting point for the Bader analysis on a charge density
grid.>
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