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ABSTRACT

Carbon nanotubes (CNTs) possess a unique set of electrical and mechanical properties and have
been used in a variety of applications. In this thesis, we explore strategies to functionalize CNTs
as well as applications which are enabled by functionalized CNTs.

Chapter 1 gives an overview of emerging applications of CNTs.

In Chapter 2, we describe a route that leads to highly water-soluble multi-walled CNTs
(MWCNTs). The good solubility facilitates processing and manipulation of the CNTs.
Furthermore, we explore the use of soluble MWCNTs as electrical interconnects in water. Using
a Wacker type oxidation reaction, we demonstrate that this type of CNTs can have a positive
effect on reactions that involve a metal to metal electron transfer.

In Chapter 3, we explore catalytic aziridination reactions to functionalize CNTs as well as

[60]fullerene and graphite.

In Chapter 4, we use amine functionalized single-walled CNTs (SWCNTs) to attach receptors for
gas sensing applications. We optimize the receptors and test the functionalized SWCNTs in an
array sensor with regard to sensitivity, selectivity, stability and reproducibility.

In Chapter 5, we demonstrate a highly selective sensor for N-methylammonium salts based on
SWCNTs that are functionalized with a cavitand.

In Chapter 6, we describe a sensor for the plant hormone ethylene. The sensor is based on
SWCNTs that are non-covalently functionalized with a copper complex. The device shows good
sensitivity and selectivity for ethylene and could be useful in the horticultural industries.

Thesis Supervisor: Timothy M. Swager

Title: John D. MacArthur Professor of Chemistry
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Emerging Applications of Carbon Nanotubes

1.1. Introduction

Carbon nanotubes (CNTs) possess a unique set of electrical and mechanical properties which

have been stimulating increasing interest in their applications. 1-5 Structurally, CNTs can be

described as a sheet of graphene rolled into a tube. Depending on the orientation of the tube axis

relative to the carbon network, different types of CNTs, described by the indices of their chiral

vector, n and m, can be obtained. The CNTs that are formed by connection of the head and tail of

the chiral vector are referred to by their respective indices (i.e. see the 14,0 and 8,8 structures in

Figure 1). Armchair CNTs (n = m) usually show metallic conductivity while zigzag (m = 0) or

chiral (n # m) CNTs are semiconducting (Figure 1.1 a).

a b

DWCNT

MWCNT

Figure 1.1. Structural variety of CNTs. (a) Orientation of the carbon network in armchair (n, n)

and zigzag (n, 0) CNTs. (b) Single, double and multi-walled CNTs.

Additionally, CNTs can vary by the number of carbon-layers in their sidewalls. Single-walled

CNTs (SWCNTs), double-walled CNTs (DWCNTs), and multi-walled CNTs (MWCNTs) have
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been synthesized and are commercially available (Figure 1. 1b).6- 9 Indeed, this variety opens the

field to many different applications. While semiconducting SWCNTs have, for example, been

used in field-effect transistor (FET) based sensors10 metallic conducting MWCNTs have found

their way into electrodes for electrocatalysis."

Even though CNTs are depicted as open-ended tubes for simplicity, their ends are usually capped

by fullerene-type hemispheres. The higher curvature at these end groups compared to the

sidewalls of the CNTs leads to a difference in chemical reactivity that can be exploited to

selectively functionalize the ends of CNTs.' 2 In addition to covalent functionalization, the

properties of CNTs can be modified by deposition of metal or metal oxide particles 3 or by the

non-covalent attachment of polymers' 4 or small molecules." These different options add another

level to the structural variety of CNTs and render them a highly customizable material.

In addition to their electrical properties, CNTs possess a very high strength which can be

exploited in mechanical applications. Their high aspect ratio allows them to be fabricated into

ropes analogous to spinning yams from macroscopic fibers.16 Utilized in a different context this

feature also enables the use of single CNTs as electrodes in nanoelectronic components.' 7

Finally, their high surface area to mass ratio has played a major role in CNT-based applications.

This is a particularly important advantage in electrocatalytic processes wherein metal catalysts

are immobilized on the surface of CNTs.18

This chapter provides an overview of a variety of applications that are based on the unique

properties of pristine as well as functionalized CNTs. The intense research on CNT applications

creates a dynamic situation with new discoveries being made constantly, hence it is impossible to
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cover all published and noteworthy work. As a result, illustrative examples from the main areas

of CNT-based applications are highlighted.

1.2. CNT-based Electrodes

Several properties of CNTs make them promising candidates for use as electrodes. Besides their

good conductivity, they have a high surface per mass ratio. Furthermore, they can be used in a

variety of shapes - as individual nanotube electrodes, as a layer on top of an existing electrode,

or as a free standing electrode without any additional support.19 As discussed in the introduction,

CNTs are known to interact with a variety of metal and metal oxide nanoparticles and can be

covalently and non-covalently functionalized. Such modifications have been used to tune the

properties of the CNT electrode to better suit the desired application.

Transparent Electrodes. Optically transparent electrodes (OTEs) are essential components of

organic solar cells as well as organic light emitting diodes (OLEDs). Thin layers of CNTs,

instead of the commonly used metal oxide conductive films like indium tin oxide, offer the

advantage of more flexible electrodes and an alternative to rare metals such as indium.

Depending on the desired application, CNT-OTEs must be processed into a thin film with strong

(low resistivity) CNT-CNT junctions. Free standing thin films can be assembled by collecting

dispersed CNTs on a filter2 or by solution casting of high quality dispersions followed by

doping or extraction of polymer. These thin films can then be transferred onto the substrate. An

alternative method involves direct spray-coating onto final substrates.2-25 The superior

suitability of CNTs for flexible electrodes becomes particularly obvious when low bending radii

are desired. OLEDs with CNT electrodes operate almost identically under bending, while the

sheet resistance of ITO-based electrodes dramatically increases due to cracks in their surface.2 4
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An important aspect when utilizing CNTs as transparent electrodes is finding the proper balance

between transparency and sheet resistance. While ITO is not well-suited for flexible OTEs, it

offers a low sheet resistance at good transparencies compared to CNTs. Nevertheless, by

optimizing these parameters, it is possible to assemble CNT-containing organic photovoltaic

devices that come close to controls using ITO in terms of quantum efficiency and fill factor.23

The film morphology of the CNT electrode is another important determinate of performance.

When using CNT-OTEs in electroluminescent devices inhomogeneous films can limit the

brightness and cause electric short circuits. Depositing CNTs onto substrates functionalized with

amine groups suitable for interaction with the CNTs addresses this issue in part and leads to

significantly better device performance,21 but it remains necessary to develop techniques that

yield homogenous CNT films reproducibly. Another important contributor toward the

performance of CNT-based electrodes is the effect of doping. The Stevenson group

systematically studied the effect of different amounts of nitrogen doping on the density of states

and the electrical conductivity of CNT electrodes. 26 It would be expected that an increasing

nitrogen content with the resulting higher density of states results in higher conductivities of the

CNT electrodes. In the presented study, this trend could however not be observed. The authors

attribute this to differences in CNT length (and the resulting increased junction resistance for

films of shorter CNTs) and morphology of the fabricated films. This underlines that CNT-based

electrodes present a complex system and the careful control of a variety of factors is necessary

on the way toward applications. Furthermore, the difference between mixtures of different types

of SWCNTs (i. e. metallic and semiconducting) and purely metallic SWCNTs plays a role with

regard to the stability of the sheet resistance of SWCNT thin films.27 While the sheet resistance

of a film consisting of a mixture of metallic and semiconducting SWCNTs dropped from
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19.6 kQ/sq to 0.99 kQ/sq after air exposure and doping with H2SO 4, a sample of 99 % metallic

SWCNTs only showed a change from 1.03 kK2/sq to 0.65 kQ/sq after the same treatment.

Electrodes for Lithium Ion Batteries. Their high surface area and similarity to currently used

graphite makes CNTs promising candidates for use in lithium ion batteries. Calculations suggest

that SWCNT bundles can intercalate Li on the interior wall of the CNTs and in interstitial spaces

up to a density of about one Li per two carbon atoms, which is significantly higher than

graphite.28 Furthermore, a theoretical study of the interaction between Li/Li* and the CNT

sidewall suggests that Li/Li* transport is energetically favored along the interior walls of CNTs

while the energy surface of lithium on the exterior wall suggests that the metal is localized above

the centroid of the six membered rings.29 Experimentally, the use of CNTs as electrodes for

lithium batteries has been demonstrated by several laboratories.19'3 -35 Examples include metal

oxide modified CNTs that further improve the properties of the CNTs. Reddy et al demonstrate

that the synthesis of CNTs inside MnO2 nanotubes leads to a composite electrode material that is

superior to both individual components in terms of the specific charge storage capacity (Figure

1.2).3

a b 2 , , ,

2000- e CNTs
. A A sMo02

1 0 0 'a 
s O C~

0 612 14 16
Cycle nuwer

Figure 1.2. CNT-containing MnO2 nanotubes for use in lithium ion batteries. (a) SEM image

and schematic representation of the coaxial structure. (b) Discharge capacity vs. cycle number
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for MnO2/CNT coaxial nanotubes, MnO2 nanotubes and CNTs. Reprinted with permission from

Ref 35. Copyright 2009 American Chemical Society.

Other studies demonstrate a high rate of Li intercalation for TiO 2/CNT composites,33 enhanced

air stability and improved safety in dichalcogenide/CNT based Li+ batteries, 32 and greater

reversibility of Sb/CNT and SnSbo.5/CNT based batteries compared to their CNT-free

counterparts. 31 CNTs in the form of aligned CNT arrays can be used as electrodes in battery

applications without the need of an additional metal or metal oxide. However, achieving good

electrical contacts between the aligned nanotubes has presented challenges. This can be

overcome by using a conducting polymer such as PEDOT as a back contact.30 The resulting

electrode shows stable performance during a large number of cycles and is of considerably lower

weight compared to conventional electrodes.

Another aspect that is important in the fabrication of batteries is the complexity of the electrode.

Conventional electrodes usually consist of a metal substrate onto which a mixture of active

material, binder, and electrical conductor is deposited. In contrast, CNTs can be fabricated into

"buckypaper" electrodes by collection of surfactant-dispersed CNTs on a filter.19 Even though

the discharge capacity of devices based on these electrodes is slightly lower than what can be

obtained with conventional electrodes, the more facile fabrication is a clear advantage.

In addition to the illustrated examples, CNT-containing electrodes can be used in a variety of

other applications. As will be discussed (vide infra), they can serve as components in

sensors,12,3 6 ,37 fuel cells, 3 8-4 2 dielectrophoretic trapping of DNA molecules, 43 and as superior

electrodes in cyclic voltammetry for trace level detection.44
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1.3. Supercapacitors

Electrochemical double-layer capacitors (EDLCs), are considered a superior alternative to

lithium batteries in applications that require high peak power for short periods of time. They

store energy in the charged double layer that develops when a voltage is applied between

electrodes that are immersed in an electrolyte. The capacitance of EDLCs scales with the active

surface area of the electrode. In commercial EDLCs, carbon electrodes are rendered highly

porous by thermal treatment to improve the surface area. In contrast, CNTs, offer intrinsically

high surface areas and have thus been studied extensively as a material for EDLC applications.

Extrapolation of experimental results has led Signorelli et al to suggest that CNT-based EDLCs

can achieve approximately seven times higher energy densities than current activated carbon

based devices.45

Capacitors based on pristine CNTs. There are several ways to produce CNT-based

supercapacitors. Pristine CNTs can be deposited onto a charge collector by electrophoretic

deposition from a CNT suspension,46 or they can be grown directly on a Ni support or a graphitic

foil.47'48 Another method demonstrated by Futaba et al is the liquid-induced collapse of SWCNT

forests to give a densified material (0.57 g cm 3 compared to 0.029 g cm-3 for as grown CNTs)

that maintains a high Brunauer-Emmett-Teller (BET) surface area similar to the "as grown"

CNTs (Figure 1.3).49
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a -Ib -1 , , '

Figure 1.3. Fabrication of a high density SWCNT material by liquid-induced collapse of CNT

forests. (a) SEM image of high density SWCNT ("solid") and the surrounding SWCNT forest (b)

Schematic diagram of the liquid-induced collapse process. Reprinted with permission from Ref

49. Copyright 2006 Nature Publishing Group.

In addition to these methods it is also possible to use binders such as poly(vinylidene chloride)

for EDLCs.50 Using this latter approach a specific capacitance of 180 F/g has been obtained.

Further improvement of the capacitance of an EDLC can be accomplished by the introduction of

defect sites on the CNTs which add a redox pseudocapacitance to the double-layer capacitance.

This can be achieved by plasma etching, argon irradiation,5 or by simply heating the CNTs in

CO 2 or dry air.53 Following this approach Lu et al were able to achieve energy densities of 148

Wh kg-' which is close to energy densities of Li ion batteries.51

Metal/CNT Capacitors. The combination of CNTs with metals or metal oxides is another route

to improve the performance of EDLCs as a result of pseudocapacitance that originates from

redox processes.54'" The deposition of Ag nanoparticles has been shown to improve the specific

capacitance of SWCNT based capacitors from 47 F g- to 106 F g~1.54 In this context it is notable
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that the capacitance increases with decreasing diameter of the utilized Ag nanoparticles in the

observed range of 13 nm to 1 nm. An even larger increase in capacitance from 29.8 F g- to 250.5

F g- has been achieved when pristine MWCNTs were modified with MnO 2 .56

Polymer/CNT Composite Capacitors. Although the MnO2-induced increase in capacitance

discussed above is remarkable, only the fraction of the Mn moieties that are within a thin layer at

the surface of the material are electrochemically active. 57 To achieve high loadings of

electrochemically active MnO 2 in a supercapacitor, ternary composites of CNTs, polypyrrole

(PPy), and MnO2 have been investigated.58 These composites exhibit high cyclability, retaining

88 % of the initial charge after 10,000 cycles. Sivakkumar et al attribute this performance to the

CNTs ability to disperse high loads of MnO 2 in the conductive polymer. In those studies the

ternary composite outperforms CNT/MnO2 as well as PPy/MnO 2 composites in terms of specific

capacitance.

The use of conducting polymers in CNT-based supercapacitors is not limited to devices that

contain metal oxides. Composites of polyaniline (PANI) and SWCNTs have been shown to have

superior performance compared to capacitors that use either material individually.59 Khomenko

et al demonstrated the use of two different types of conducting polymers, PPy and PANI, in a

CNT-containing supercapacitor. Using PPy/MWCNT as the negative and PANI/MWCNT as the

positive electrode they have achieved a capacitance of 320 F g-. 60

1.4. CNT-based Electronic Components

CNTs promise to be essential parts of many future electronic components such as nanowires,

transistors, and switches. Assemblies of metallic as well as semiconducting CNTs can be used to
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produce macroscopic devices, but methods are also being developed that allow for individual

tubes to be used as nanoelectronic components.

Nanowires. The high aspect ratio and electronic transport capabilities of CNTs make them

promising candidates for use in nanowires. These assertions are supported by both calculations

and experimental results61,62 that demonstrate excellent performance even at temperatures up to

250 'C and high current densities of up to 109 to 1010 A cm2 .63 In nanowire performance, CNTs

of typical dimensions (8.6 nm diameter and 2.6 pm in length) have been found to be comparable

to the calculated properties of Au nanowires with the same dimensions. 64 In addition to

individual CNTs, composites of CNTs and conducting polymers have many potential

applications. Wang et al have demonstrated a template method wherein pyrrole is

electropolymerized in the presence of CNTs to produce highly conductive nanowires.65

Use of CNTs as Contacts in Organic Transistors. Aromatic organic molecules and conjugated

polymers can interact with the surface of CNTs to give low contact resistance when CNTs are

used as the electrodes in organic field effect transistors (organic FETs or OFETs).66 The contact

resistance of poly(3-hexylthiophene) (P3HT) thin-film FETs produced using spray-coated CNT

array contacts was found to be similar to devices using Au bottom contacts. For pentacene-based

transistors the CNT array contact resistance was found to be lower than that of the corresponding

Au contacts.66 In addition to deposition by spray-coating, CNT arrays can also be applied by

spin-coating of CNTs that were previously dispersed in water by wrapping with poly(4-styrene

sulfonate) (PSS). Pentacene FETs, so created, displayed field-effect mobilities that were four

times higher than analogous FETs with Au bottom contacts.67
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In addition to this enhanced performance, pentacene-based FETs can be efficiently miniaturized

when individual CNTs instead of CNT arrays are used as the source/drain electrodes. Qi et al

recently demonstrated an FET in which pentacene bridges a sub-10 nm gap cut into a SWCNT. 17

In an example published by Aguirre et al, individual CNTs proved to be well-suited contacts for

charge injection into pentacene transistors, outperforming metal-based electrodes by an order of

magnitude. 68

CNT-based Field Effect Transistors. While metallic conducting CNTs are a good material for

the source/drain electrodes of OFETs, semiconducting SWCNTs themselves are an attractive

active material for FETs. In addition to creating simplified structures for FETs, the use of

SWCNTs has also led to the development of CNT-based sensors (vide infra).69 -7 0 In an early

example, Tans et al were able to fabricate a back-gated FET based on an individual

semiconducting SWCNT that spanned the gap between two Pt electrodes on an Si/SiO2

substrate.71 One challenge for early SWCNT FETs was the contact resistance at the interface

between the CNTs and the metal electrodes, which limited the conductance in the "on" state.

This problem was overcome by using Pd to contact the CNTs, as this material exhibits stronger

interactions with the nanotubes. The resulting FETs have been shown to behave as ohmically

contacted ballistic conductors when in the "on" state. 72 In order to fabricate more complex

devices it is necessary to employ methods to create arrays of individual CNT-based devices.

Franklin et al demonstrated that arrays can be produced by catalytically growing SWCNTs

between Mo contacts upon which catalyst particles had been deposited.73 The yield of contacts

that are bridged by individual SWCNTs was up to 30 % with a majority of the CNTs having the

prerequisite semiconducting properties to produce high quality FETs.
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Other uses of CNTs in electronic components. CNTs can be used as other active electronic

components, including bistable molecular switches. Many examples of molecular switches have

been demonstrated 74-75 but in order to incorporate these switches into individually addressable

electronic circuits, efficient contacts to discrete devices are necessary. CNTs are good candidates

for this purpose because they provide good conductivity on the nanoscale and can also be

attached covalently to molecular switching units. Recent theoretical studies suggest the

feasibility of this concept for optically as well as nanomechanically induced switching

mechanisms.76-78

A particularly interesting application of CNTs has been demonstrated by Jensen et al.,79 wherein

they describe a radio receiver based on a single MWCNT. In their setup, the MWCNT

simultaneously acts as the antenna, tuner, amplifier, and demodulator - functions that are usually

performed by individual components. The field emission from the tip of the MWCNTs in an

electric field was monitored. When a radio signal, tuned to the resonance frequency of the

MWCNTs, was broadcasted, the CNTs vibrate and the field emission changed as a function of

the modulation of the radio signal (Figure 1.4). By connecting a sensitive speaker to this device,

transmitted songs could be easily recognized by the human ear.
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a E sin(o) t)

+

Figure 1.4. Nanotube radio. (a) Schematic representation. Upon excitation by radio

transmissions, the MWCNT tip resonates and emits electrons that are detected via the resulting

current. (b) Transmission electron micrographs of the MWCNT radio off and on resonance.

Reprinted with permission from Ref 79. Copyright 2007 American Chemical Society.

1.5. Catalysis

Because of their conductivity, high surface area, and facile functionalization to give catalytically

active sites, CNTs are promising candidates for catalysis. One important aspect that needs to be

considered in this context is the purity of the CNTs. Commercial CNTs usually contain residual

metal catalyst particles from the synthesis and typical washing procedures such as the use of

nitric acid at elevated temperatures cannot always completely remove these impurities. 0 Purity

is especially important in cases wherein electrocatalytic activity is attributed to pristine CNTs,

because metal impurities can contribute toward the observed catalytic behavior.

Fuel cells. In the interest of developing clean, sustainable, and mobile power sources, much

attention has been focused on proton exchange membrane fuel cells (PEMFCs) in general, and

direct methanol fuel cells (DMFCs) in particular.-82 8 One limitation of these fuel cells is the

high cost of the utilized Pt catalyst. By depositing catalyst nanoparticles on the surface of CNTs
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with high active surface areas reduced amounts of Pt are needed to get high catalytic activity.

Other carbon based materials such as high surface area carbon black can also be used for this

purpose, but several studies demonstrate that MWCNT catalyst supports produce higher

activities. 2,83,86 There are multiple methods to synthesize Pt/MWCNT composites. CNTs are

first oxidized by refluxing in HN0 3 or H2SO4/HNO 3 and subsequently mixed with a Pt

nanoparticle precursor such as H2PtCl6. The latter salt is either reduced chemically with

NaBH 4 83,87 or reduced under thermal conditions using intermittent microwave irradiation to give

MWCNT/Pt nanoparticle composites.88 An alternative is the electrodeposition of the metal

catalyst onto pristine CNTs. 86 Although the use of CNT/Pt composites reduces the required

amount of the noble metal, it is still desirable to replace it with a more earth-abundant

alternative. The use of covalent linkages has been demonstrated in MWCNT materials

containing cobalt porphyrins and these materials have superior oxygen reduction performance as

compared to other related systems.8 9 More recently, another alternative has been demonstrated in

which nickel bisdiphosphine units are covalently attached to MWCNTs via diazonium

chemistry. 84 The active nickel center is a mimic of the active site of hydrogenase enzymes and

also showed excellent catalytic activity and stability.

Organic Reaction Catalysis. Metal modified SWCNTs and MWCNTs have been reported to

catalyze organic reactions. The aldehyde group in prenal (3-methyl-2-butenal) has been

hydrogenated using a Pt/SWCNT system yielding the unsaturated alcohol prenol (3-methyl-2-

butenol) in good selectivity relative to common side products 3-methyl-butyraldehyde and 3-

methyl-butanol. 90 When compared to A120 3 and SiO2, CNTs display superior catalytic

performance as supports for Pt or Pd catalysts in the hydrogenation of o-chloronitrobenzene to o-

chloroaniline. 91 Beyond the reduction of olefins and aldehydes, CNT-supported group 9 and 10
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metal catalysts (Pt, Rh, PtPd and PdRh) have been investigated for the hydrogenation of aromatic

molecules. In the hydrogenation of toluene and naphthalene, MWCNT supported PtPd exhibited

particularly high initial turnover frequencies compared to SiO2-A120 3 or ZrPSi supported

catalysts.18 The authors conclude that the low steric hindrance of metals adsorbed onto the

external sidewall of the CNTs, as compared to the alternative supports, contributes to this effect.

Furthermore, MWCNT-supported PdRh, Pt and Rh catalysts have been shown to hydrogenate

benzene at room temperature, a process that is not possible with commercial carbon-based Pd

and Rh catalysts.92 Beyond these examples, CNTs have been used as metal support for the

oxidation of cellobiose9 3 and in Suzuki coupling reactions.94

Immobilization of Biomacromolecules. A prerequisite for the use of CNTs in biocatalysis is the

successful immobilization of catalytically active biomacromolecules on the surface of the CNTs,

ideally with an electrical interconnection that can lead to electrocatalytic activity. Enzymes such

as horseradish peroxidase, 95 glucose oxidase,96 or hydrogenase97 have been successfully

immobilized on CNT-modified electrodes and their electrocatalytic activity has been confirmed

by cyclic voltammetry (CV). Several methods for the connection of CNTs and enzymes have

been utilized. A facile way to immobilize enzymes is to drop-cast a suspension of CNTs onto an

electrode and subsequently immerse this modified electrode in a solution of the enzyme. 97 The

biocompatibility of the CNTs in this process is improved by covalently attaching poly(ethylene

glycol) (PEG) chains.98 This functionalization also increases the water solubility and thus

facilitates the device fabrication. Alternatively, CNTs and enzymes can be deposited onto an

electrode by successive spray-casting from the respective dispersions. 96 In addition to these non-

covalent immobilization methods, it has been shown that covalently crosslinked networks of

CNTs and enzymes can be formed and linked to Au electrodes using electropolymerizable
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aniline moieties. 99 These resulting bioelectrocatalytic systems are able to oxidize glucose at a

turnover rate of ca. 1025 s~1 thereby showing that the incorporation of the functionalization does

not lead to degradation of the enzyme's activity.

1.6. Filters and Membranes

The interactions of the CNT surface with target molecules, in addition to the inherent porosity

resulting from their tubular structure, renders them interesting materials for the formation of

filters and membranes. For these applications, CNTs can be easily assembled onto a larger pore

size supporting filter or networks of nanotubes can be created to produce all-CNT membranes.' 00

Transport of Small Molecules Through CNTs. The internal diameter of CNTs varies

depending on the conditions that are used to synthesize the CNTs, with typical diameters ranging

from 1 nm for SWCNTs to several nanometers for MWCNTs. With diameters on the same order

of magnitude as most single molecules, CNTs are well-suited as pores for molecular transport.

Simulations have shown that water transport within the tubes is facile, which is at first glance

remarkable considering that the non-polar surface of the CNTs does not interact well with polar

water molecules.101 Water molecules inside the tubes are energetically stabilized by hydrogen

bond interaction with their neighboring molecules. Subsequent theoretical investigations have

built upon this and explored the possibility of using SWCNTs for water desalination. 0 2 Although

water can pass through armchair type SWCNTs with chiral vectors ranging between (5,5) and

(8,8), the diffusion of sodium ions is energetically too high for the smaller (5,5) and (6,6)

SWCNTs. This effect has been demonstrated experimentally in the direct contact membrane

distillation (DCMD) of salt water utilizing self-supporting CNT membranes.103 In these

experiments 99% salt rejection could be achieved at flux rates of ca. 12 kg m 2 h-.
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Functionalization of the CNT end-groups, which are the entrances to the CNT pores, can also be

used to influence the transport. In an early example, Hinds et al oxidized the end groups of the

membrane-forming CNTs and subsequently covalently attached biotin to the terminal

carboxylate groups which were then bound to streptavidin. 104 After streptavidin binding, the flux

of Ru(NH 3)6
3* across the membrane was reduced by a factor of 15 showing the successful

change of the transport through the pores. This approach has been extended to include

functionalizing the end groups of CNTs with aliphatic groups of different chain lengths as well

as anionically charged dye molecules.105 The flux of cationic ruthenium trisbipyridine and

methyl viologen was demonstrated to be significantly higher for the membranes that were

functionalized with the anionic dye, as compared to those functionalized by nonpolar groups.

Although these examples are interesting for applications that require the permanent preference

for the transport of a certain species, it is also desirable to have the ability to dynamically switch

the transporting ability of membranes. This can be accomplished by modulating the water

wettability of the CNTs in a membrane with external stimuli. Increasing the temperature of a

CNT-membrane from 293 to 306 K, or exposing it to sonication, led to a significant increase in

the diffusion of ionic compounds such as HCl, Na2SO 4 or KCl, thereby demonstrating the

feasibility of this concept.10 6

Substrate-supported Filters Based on CNT Networks. CNT-based membranes are not only

interesting candidates to discriminate between compounds that have a size on the A scale, but

can also be used to remove bacteria and viruses from water or to filter aerosols from air. A

particular advantage of CNTs in this context is that the resulting filters can be easily cleaned by

ultrasonication and autoclaving, which allows for repeated use with full filtering efficiency.107

For these applications, the CNTs are typically deposited onto a membrane such as
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polytetrafluoroethylene,1 08 poly(vinylidene fluoride),109 polyamide, or polypropylene for

structural support." 0 In these schemes SWCNTs as well as MWCNTs have been shown to

exhibit excellent retention of bacteria and viruses. An additional benefit of this approach is that

SWCNT-based filters exhibit high antimicrobial activity.109

1.7. Sensors

CNTs are widely viewed as natural sensing elements that deliver a key nanowire architecture that

had been previously identified as providing high sensitivity.'" Several aspects of CNT properties

that have been discussed earlier in the context of other applications can be exploited to create

sensory responses. Specifically CNTs that are functionalized with molecular units imparting

specificity can be used to make resistive or FET sensory devices. Electrical-based sensor

schemes have the potential for facile integration into other electronic circuits, miniaturization,

low power consumption, and low cost.

CNTs have been used in their pristine form to create sensory systems exploiting their high

surface area and adsorptive properties. Alternatively, they can be functionalized with metal or

metal oxide particles, coated with polymers, or covalently linked to DNA or enzymes to provide

specifity.

Sensors based on pristine CNTs. Numerous examples of sensors employing pristine

(unfunctionalized) SWCNTs have been reported. In these devices CNTs can interact directly

with analytes via van der Waals or donor-acceptor interaction between the target molecule and

the SWCNT sidewall. Additionally, sensitivity to specific classes of chemicals has been

attributed to the presence of defect sites on the SWCNTs as well as residual metal catalyst that is

left from the CNT fabrication process.
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SWCNT-based sensors for reactive gases such NO 2 and NH3 have been studied and in this case

the respective oxidizing and reducing nature of the analytes allows for them to be distinguished

with transistor type sensors using individual semiconducting SWCNTs.i12,113 Under a gate

voltage of + 4 V exposure to 200 ppm NO2 resulted in an increase in conductivity by three orders

of magnitude." 3 Randomly grown networks of SWCNTs were used to create sensors for the

nerve agent simulant dimethyl methylphosphonate (DMMP).12 Sub-ppb levels of DMMP could

be detected with minimal response to potentially interfering molecules, such as hydrocarbons or

water. CNTs can also be fabricated into sensors by dispersion in a solvent such as DMF and

subsequent drop-casting onto electrodes. A conductance-based sensor obtained in this fashion

was able to detect NO2 at a concentration of 44 ppb and nitrotoluene at 262 ppb." 4

As a result of their fabrication and purification processes, CNTs contain defect sites and residual

metal catalyst that can contribute to the sensing response. Purposely introducing defect sites by

partial oxidation of CNTs increased their electrical response to various chemical vapors,

presumably by creating stronger CNT-analyte interacations."5 As oxidative treatment is a

common CNT purification method, this effect needs to be considered when utilizing "pristine"

CNTs in a sensor. Iron oxide particles that are often present in unpurified CNT samples provide

another source that can induce a sensing response that does not stem intrinsically from the

carbon network. The Compton group investigated this effect by comparing the

cyclovoltammetric response of a CNT-modified basal plane pyrolytic graphite (BPPG) electrode

with an Fe (III) oxide modified BPPG electrode to H20 2. 36 Based on their findings, they suggest

that residual Fe 2O3 particles on the CNT surface are the main cause for the response of CNT

films to H 2 0 2.
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Metal and Metal Oxide Particles. Beyond being a potential contaminant in CNT-based sensing

devices, the aforementioned metal oxide particles can be introduced purposefully in order to

create more pronounced or more specific sensing responses. A CuO/MWCNT modified

electrode showed a significantly higher current response to glucose compared to a MWCNT

electrode.' 3 Using a standard three electrode cell with the CuO/MWCNT electrode as the

working electrode, this sensor was able to determine the glucose concentration in human blood

serum samples. The response time was ca. 1 s and the sensor recovered almost completely after

the measurement (> 95%). In another example, an MWCNT-carrying glassy carbon electrode

(GCE) was modified with a porous ZnO film.116 This sensor was used to detect hydroxylamine

with a very low detection limit of 0.12 RM and also exhibited a quick sensing response of < 3 s,

as well as complete recovery. In addition to metal oxides, metal nanoparticles have been used in

CNT sensors. An electrode composed of MWCNTs, gold nanoparticles, and glucose oxidase was

used as an amperometric biosensor for glucose achieving a detection limit of 20 pM. 17

Coating with Polymers or Biomacromolecules. Polymers have been utilized to increase the

sensitivity and selectivity of CNT-based sensors and Snow et al described a capacitive SWCNT

sensor for a variety of chemical vapors.' 4 Coating the sensor with a thin layer of a strong

hydrogen-bonding polycarbosilane (HC) increased the response to acetone ca. 100 fold, and a

self-assembled monolayer (SAM) coating containing hexafluoroisopropanol moieties

significantly decreased the response time for the nerve agent mimic DMMP (Figure 1.5).
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Figure 1.5. Decrease in response time to DMMP from a CNT sensor coated with a strong

hydrogen-bonding polycarbosilane (HC) (green curve) to one coated with a self-aligned

monolayer (SAM) coating of hexafluoroisopropanol moieties (red curve). Reprinted with

permission from Ref 14. Copyright 2005 American Association for the Advancement of Science.

In another example, an SWCNT-based FET type sensor was coated with either the electron

donating polymer polyethyleneimine (PEI) or the strongly acidic polymer Nafion.11 8 PEI lowered

the detection limit for the oxidizing gas NO 2 from 10 - 50 ppb to 100 ppt as compared to an

uncoated device. The PEI coated sensor did not react to NH 3 vapor (100 ppm in air), however

Nafion coatings enabled NH3-detection while at the same time eliminating the response to NO2.

Other recent examples of polymer enhanced selectivity include response to DMMP and xylene

isomers by wrapping SWCNTs with functionalized polythiophenes.119,120 In the case of xylene

detection, the latter method demonstrated the ability of sophisticated molecular recognition to

create differential sensory responses based solely on the isomeric composition of an analyte.

Blending MWCNTs with functionalized poly(olefin sulfone)s (POSs), polymers that degrade

upon exposure to radiation, led to devices which show a 5-fold increase in conductivity when
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exposed to 5x 103 rad of gamma radiation. 21 The effects were optimized by creating polymers

with affinities to the MWCNTs and heavy elements (bismuth) to create enhanced gamma ray

absorption. The increased conduction stems from spontaneous depolymerization and the

resulting increased interconnections of the conductive MWCNTs to create conductive pathways

between electrodes.

DNA or other biomacromolecules can also be used to improve the performance of CNT-based

sensors. Drop-casting a solution of single-stranded DNA (ss-DNA) onto an SWCNT FET sensor

increased its response to several vapors including methanol, trimethylamine, and DMMP.10

Furthermore, ss-DNA-modified SWCNTs can be used to electrochemically detect the

hybridization with a target ss-DNA strand. 22 The polysaccharide chitosan was used to wrap

MWCNTs and provided functional groups for the attachment of glucose dehydrogenase to create

a glucose sensor.m Enzymes can also be incorporated in sensors by drop-casting directly onto an

SWCNT electrode and subsequent coating with a nafion layer. 2 4 Another fabrication method for

creating a biocomposite electrode is the mixing of tyrosinase, epoxy resin, and MWCNTs and

subsequent curing at 40 'C for one week. Using this electrode, catechol could be detected at a

detection limit of 0.01 mM, a value about half of that obtainable with an analogous graphite

sensor.

Non-covalent Attachment of Small Molecules. The non-covalent interactions of small

molecules with the SWCNT surface have been used to provide functionality to increase sensor

selectivity. An early approach involved sensors created by depositing hematoxylin onto an

MWCNT-modified GCE.37 Utilizing differential pulse voltammetry (DPV), the resulting

electrode could be used to detect adrenaline with good sensitivity and selectivity over adrenalin,

ascorbic acid, and uric acid.
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As a result of the strong interaction with the a network of the CNT surface and pyrene, this

group has been widely used for the non-covalent attachment of functional groups to CNTs. Chen

et al exploited this by incubating CNTs in a solution of 1 -pyrenebutanoic acid succinimidyl ester

to create a precursor to biological functionalization. Subsequently, they immobilized various

proteins on the CNT by reaction of the succinimidyl ester with amine groups (Figure 1.6).

NH2

H2N c' . 1 NH?

NH22

1

Figure 1.6. 1 -Pyrenebutanoic acid succinimidyl ester is adsorbed onto the CNT surface

providing a chemically reactive anchor for the immobilization of proteins. Reprinted with

permission from Ref 15. Copyright 2001 American Chemical Society.

This method has further been utilized to incorporate glucose oxidase into an SWCNT sensor.' 26

The same pyrene linker was reacted with a functionalized aniline to bind hexafluoroisopropanol

1272

(HFIP) to SWCNTs.2 FET-type sensors based on these modified SWCNTs showed a very low

detection limit of 50 ppb for the nerve agent mimic DMMP, as well as good selectivity over

other chemical vapors such as ethanol, water, toluene, or hexane.
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Chemical Modification. Another possibility for the connection of sensing units onto CNTs is to

use covalent attachment of functional groups. Due to its simplicity, the oxidation of CNTs to

yield carboxylic acid groups has been the dominant method for this purpose. The carboxylic acid

groups can be used to attach oligonucleotides via carbodiimide chemistry.12,128 By combining

electrodes obtained in this fashion with Ru(bpy) 3 
2 mediated guanine oxidation, Li et al achieved

detection limits of only a few attomoles in a DNA sensor.' 2 The same strategy can also be used

to attach the enzyme glucose oxidase for the detection of glucose.129 Although less common,

other covalent functionalization methods have been employed in order to fabricate CNT based

sensors. SWCNTs have been covalently functionalized by phenyl boronic acid moieties for

glucose sensing by both wrapping with poly(aminophenylboronic acid) or the covalent

attachment of phenyl boronic acid using diazonium chemistry. 69

1.8. Biomedical Applications

With the development of covalent130 and non-covalent' 3 ' methods to achieve water soluble CNTs

as well as procedures to attach biomolecules to CNTs,10 the development of biomedical

applications of CNTs became possible.132 An interesting field in this context is the use of CNTs

for bioelectronic applications. The Kotov group demonstrated that it is possible to grow neuronal

cells on an SWCNT-based lbl film and subsequently excite the cells by passing a current through

the CNT network.133 While a synthetic polymer (poly(acrylic acid)) was used for the anionic

layers in this example, it is also possible to fabricate multilayer films using poly(styrene

sulfonate) wrapped SWCNTs and laminin, a component of the human extracellular matrix. 3 4

Neural networks could be grown and electrically excited on this substrate. The interfacing of

CNTs and neural cells can be an important step toward the development of bioelectronic

components such as neural prosthetic devices. Nevertheless, other challenges have to be
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overcome on the way to real world applications. One such challenge is the formation of CNT-

based nerve mimics that contain a sufficiently high density of separately addressable conductive

channels. One way to achieve this is by repeatedly drawing and bundling CNT-filled glass

fibers.135 Starting from a single channel with a diameter of 150 pim after the first draw, a bundle

of 19600 channels with an individual channel diameter of 0.39 pm was obtained after three

drawing and bundling cycles. The process also improves the CNT alignment inside the channels

resulting in an increased conductivity after each drawing step. The conductivity is however still

low (1.21 x 10-4 S/m) compared to other CNT-based electronic components and it would be

desirable to increase this value.

Another field of research in the context of CNT-based biomedical applications is the use of

CNTs for therapeutic applications. Several examples have been reported such as the CNT-

assisted delivery of platinum anticancer drugs' 36 or as molecular transporters for human T

cells.'37 Even though the cytotoxicity of the CNTs was tested and shown to be low in both

studies, the toxicity of CNTs remains a complex question and might limit their use in biomedical

applications. 138

1.9. Mechanical Applications

As a result of their covalent carbon networks, CNTs are exceptionally strong materials and

exhibit Young's moduli on the order of 1 TPa for SWCNTs and low defect density MWCNTs

grown by arc-discharge.139 140

High Strength Applications. CNTs strongly interact with each other via van der Waals forces

and unless specially treated after their synthesis, they form bundles. Separating these bundles can

be a challenge when individual CNTs are desired. In high strength applications, however, these
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bundles or ropes allow for the realization of the CNT mechanical properties on a macroscopic

scale. By manipulating ropes consisting of tens to hundreds of SWCNTs with an atomic force

microscope tip (AFM tip), the tensile strength of these bundles has been determined to be on the

order of 45 GPa.141 The synthesis of CNTs can be optimized to achieve ropes of macroscopic

dimensions. Zhu et al fabricated SWCNT strands with lengths up to several centimeters by

catalytic pyrolysis of n-hexane.142 These strands showed metallic conductance above 90 K and a

Young's modulus of 49 to 77 GPa. By spinning MWCNTs from nanotube forests while

introducing twist, CNT equivalents of cotton or wool yams could be obtained (Figure 1.7).16

ab

Figure 1.7. Spinning of CNT yams from MWCNT forests. (a and b) SEM images of the

spinning process. Reprinted with permission from Ref 16. Copyright 2004 American Association

for the Advancement of Science.

The MWCNT yams have a density of ca. 0.8 g cm-3 and a tensile strength of 460 MPa when

combined into two-ply yams. Yams fabricated by this procedure have been assembled into

sheets that were several centimeters wide and one meter long.143 These hydrophobic sheets could

support water droplets with a mass that was approximately 50,000 higher than the mass of the

area of the MWCNT sheet they contacted.
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CNT-containing Actuators. CNTs in pristine form or in combination with polymers have been

fabricated into electromechanical actuators. In these actuators, a voltage is applied to CNTs

immersed in an electrolyte and the charge injected into the CNTs is compensated by the

formation of a double-layer. At low charge injection, this results in expansion of the material for

electron injection and contraction for hole injection. In an early example, Baughman et al

demonstrated this effect using sheets of SWCNTs that were immersed in NaCl solutions as well

as other electrolytes.144 Higher strain rates and amplitudes could be achieved by using resistance

compensation.145 Based on the same principle, a ply actuator has been demonstrated by forming

a layered material of CNTs and an epoxy film.146 CNTs can also be used in Nafion-based

actuators wherein an applied voltage causes swelling, because the induced charge is

compensated by uptake of ions from a surrounding electrolyte. Landi et al demonstrated that

Nafion composites with high purity SWCNTs showed actuation with CNT contents as low as

0.5% w/w, which is an indication of the high conductivity and large aspect ratio of the CNTs.14 7

1.10. Challenges for Applications of CNTs

CNTs are good candidates for a variety of applications. Nevertheless, there are several

challenges associated with their synthesis, purification, processing and fabrication into devices.

CNTs are usually synthesized by either chemical vapor deposition (CVD),14 8 laser ablation14 9 or

arc discharge. 3 While the use of a metal catalyst in these processes can be avoided in some cases

such as the arc discharge production of MWCNTs, it is required in most synthetic processes. As

a result, residual metal particles are a common impurity in CNT samples. If not removed

properly, these impurities can significantly change the behavior of a CNT-based device as

illustrated by the Compton group and described previously.36 In addition to metal particles, as

synthesized CNTs commonly contain amorphous carbon, fullerenes and carbon nanoparticles. 5 0
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Several purification procedures have been suggested such as the gas15 and liquid phase 5 2 as

well as electrochemical oxidation 5 3 of impurities and high purities of over 99 % (with respect to

metal content) have been achieved. It has to be noted, however, that some of these methods

significantly alter the properties of the CNTs. The treatment with H2SO 4/HNO 3 for example is

known to cut long CNTs into smaller fragments introducing carboxylic acid groups at their

ends. 5 4 While this can be desirable for the subsequent attachment of functional groups it can be

a disadvantage when defect-free CNTs with high aspect ratios are required in electronic

applications. Physical methods such as filtration,15 centrifugationis5 or high temperature

annealing 15 can avoid CNT shortening and oxidation, but they are less effective in removing

impurities compared to oxidative methods and in some cases require dispersible CNT samples.

Therefore, the combination of chemical and physical methods has been attempted. Li et al.

reported a procedure in which SWCNT bundles were purified by washing with benzene and HCl

as well as ultrasonic and freezing treatment.158 A purity of 95 % was achieved while no damage

to the SWCNT bundles was observed by SEM and Raman measurements.

Despite these advances the purification of CNTs remains challenging. It is therefore desirable to

develop CNT synthesis conditions that result in low amounts of impurities. Hata et al. have been

able to synthesize SWCNT forests with a carbon purity of over 99.98 %.159 They observed that

water activates the metal catalyst in ethylene CVD. By optimizing the water and ethylene level

during the reaction, they were able to increase the SWCNT product to catalyst ratio by two

orders of magnitude compared to the high-pressure carbon monoxide (HiPCO) process which led

to the observed very high purities. Optimizing the CNT synthesis conditions can lead to other

advantages such as the formation of CNTs with narrow diameter distribution160 or the preferred

synthesis of metallic SWCNTs (up to 91 %).161
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Besides synthesis and purification, the processing of CNTs is a key challenge on the way to

applications. The major limiting factor in this context is the low solubility of CNTs. 162 Several

attempts have been made in order to overcome this limitation including the noncovalent

attachment of solubilizing units131,163 as well as the oxidation of defect sites164 or sidewall

functionalization using azomethine ylides130 or diazonium chemistry. 165 While pristine CNTs are

essentially insoluble especially in polar solvents such as water, aqeous solubilities of up to 20

mg/mL have been reported using the mentioned methods. This has enabled the use of solution

processing techniques such as drop-casting, spin-casting or spraying which facilitates the

fabrication of CNT-based devices and opens the field for new applications. Nevertheless, it has

to be noted that many of the reported high CNT solubilities rely on high-density covalent

sidewall-functionalization. When SWCNTs are used, this functionalization results in a drastically

reduced conductivity and is therefore not a viable option for many electronic applications. The

development of novel methods that facilitate the processing of CNTs while having little impact

on their electrical properties or providing the option to restore the conductivity in a subsequent

step would therefore be desirable.

1.11. Conclusions

Many applications of pristine and modified SWCNTs and MWCNTs have emerged since their

discovery about 20 years ago. The broad scope of these applications suggests that a multitude of

CNT-based technologies will result of their unique properties of high electrical conductivity,

mechanical strength, high aspect ratio, and nanoscale diameter. Many methods have been

developed to modify carbon nanotubes including the deposition of metal nanoparticles or metal

oxides, the non-covalent attachment of polymers, biomacromolecules and small aromatic

compounds as well as various methods for the covalent functionalization. Additionally, various
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ways to fabricate CNT-based devices such as drop-casting, spin-casting, spraying, or deposition

onto a filter support have been developed. A combination of these functionalization and

fabrication methods has made it possible to use CNTs in electrodes, capacitors and other

electronic components, sensors, filters and membranes, and in catalysis, biomedical and

mechanical applications. A prerequisite for further progress will be an increased availability of

high-quality CNTs combined with newly developed modification and fabrication methods that

overcome challenges that are currently limiting some applications of CNTs. Amazing progress

has been made in all areas of CNT applications in the recent past and based on the amount of

research that is being done on CNTs as well as the scientific community's fascination, significant

further progress can be expected to create dramatic technological advances.
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CHAPTER 2
Water Soluble Multi-Walled Carbon Nanotubes
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Adapted and reprinted in part from:

Schnorr, J. M.; Swager, T. M. "Wiring-up catalytically active metals in solution with

sulfonated carbon nanotubes"

J. Mater. Chem. 2011, 21, 4768-4770

Reproduced by permission of The Royal Society of Chemistry
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2.1. Introduction

As described in chapter 1, carbon nanotubes (CNTs) possess unique mechanical and electrical

properties which have led to intense research and enabled a variety of applications. 1-3 Despite

intense investigations and some progress, the low stability of CNT dispersions in a variety of

solvents and, in particular, in water remains a challenge which complicates processing,

manipulation, analysis, and ultimately, limits the scope of their applications. 4 Several approaches

to improve the solubility of CNTs in water have been explored including the non-covalent

attachment of solubilizing molecules,5- 9 functionalization by oxidation of defect sites to

carboxylateslo'" (with concomitant amide or ester formation 12-1), as well as sidewall

functionalization by reaction with azomethine ylides' 6 or diazonium chemistry.' 7 Each approach

has particular advantages. Non-covalent functionalization of CNTs typically only requires

mixing and sonication of CNTs with the solubilizing agent and thus has the advantage of being

easy to execute, especially in the case of commercially available solubilizing agents. Covalent

functionalization on the other hand can lead to higher functional group densities on the CNT

surface compared to non-covalent approaches and as a result very high solubilities especially

when ionic groups are attached to the CNTs.16 Furthermore, covalent attachment avoids potential

phase separation of the solubilizing agent and the CNTs and can, therefore, offer a longer shelf-

life of the soluble CNTs. Water solubilities obtained by the described methods range from below

1.0 mg mL up to 20 mg mU.

It has to be noted in this context that in contrast to determining the solubility of small organic

molecules or inorganic salts there is no common standard for the determination of CNT

solubilities. The high absorption coefficient of CNTs in the visible range makes it difficult to

distinguish a suspension from a solution by optical methods without prior dilution. Furthermore,
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reported CNT solubilities usually do not represent the formation of a solution with a negative

free energy change of mixing but rather maximum concentrations that form stable dispersions for

an extended amount of time and/or under centrifugation conditions.' 8 Even though the exact

conditions vary, in many cases a mixture of solubilized CNTs and water is centrifuged to remove

undispersed aggregates. Subsequently, a sample of the supernatant is diluted to reach an optical

density compatible with UV-vis spectroscopy directly followed by an absorption measurement to

determine the concentration. Alternatively, the concentration is determined after letting

aggregates settle for a certain amount of time without centrifugation. For the work described in

this chapter, we have chosen the first method, because it gives more conservative estimates and

because it is more widely used.

Despite of previous progress in solubilizing CNTs, we anticipated that a further improved

solubility of CNTs would not only simplify manipulation and handling of CNTs, but could also

lead to new applications. One such application enabled by soluble CNTs is their use as electronic

interconnects in an aqueous system (Figure 2.1).

Figure 2.1. Schematic representation of electron transfer facilitated by soluble MWCNT. A

CNT-bound metal such as Pd(II) is reduced during the catalytic cycle and is subsequently

regenerated via an electron transfer to an oxidant such as Cu(II) taking advantage of the

conductivity of the soluble MWCNT.
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Such a system can potentially accelerate electron transfer processes between metal centers in

small molecule catalysis, as well as between proteins in biocatalysis, and can lead to more

efficient processes. This chapter describes a method for the covalent functionalization of multi-

walled CNTs (MWCNTs) that introduces a high density of sulfonate groups on the CNT surface.

The very high solubility of these sulfonate MWCNTs (sulfMWCNTs) in polar solvents (up to 31

mg mL-' in water) led us to investigate their use as an additive to improve electron transfer

processes in a Wacker type oxidation reaction.

2.2. Results and Discussion

2.2.1. Solubilization of MWCNTs by Covalent Attachment of Sulfonate Groups

In order to enable applications, such as the use of soluble CNTs as electrical interconnects in a

polar environment, several criteria have to be met. Firstly, a sufficient solubility has to be

achieved by installing a high density of functional, ideally ionic, groups on the surface of CNTs.

Secondly, the solubilizing groups should be compact enough to allow access to the surface of

CNTs and allow electron transfers to and from the CNTs. Thirdly, the CNT itself has to be

sufficiently conductive.

We envisioned that these criteria could be met by following a two-step protocol to covalently

functionalize CNTs with sulfonate groups. As covalent functionalization partially disrupts the

conjugation on the CNT surface, and thus lowers the conductivity, we chose MWCNTs for this

project. These materials offer the advantage that their surface can be functionalized to provide

the necessary solubility while the inner CNT layers remain unfunctionalized and, therefore,

conductive. In the first step, we utilized a method outlined in Scheme 2.1 to install acetylene

moieties on the surface of MWCNTs. This route, previously developed in our laboratory' 9 , leads
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to high functional group densities and exhibits a good functional group tolerance compatible

with terminal acetylenes. 20,2 1 In the second step, the acetylene-functionalized MWCNTs were

reacted with sodium 3-azidopropane-1-sulfonate in a copper catalyzed 1,3-dipolar cycloaddition

reaction yielding sulfMWCNTs (3, Scheme 2.2).

Scheme 2.1. Zwitterionic Approach toward CNT Functionalization
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Although azides, such as 3-azidopropane-l-sulfonate, are known to react directly with CNTs at

elevated temperature,2 2 the utilized two-step approach allowed us to install two sulfonate

moieties per functional group on the CNT offering higher sulfonate densities.

To establish the generality of the functionalization process and test the role of the electronic

properties of CNTs in our study, we also covalently functionalized single-walled CNTs

(SWCNTs) with sulfonate groups. Fourier-transform infrared (FT-IR) spectroscopic analysis

indicated the presence of acetylene units in la and subsequent formation of 1,2,3-triazole groups,

as well as the introduction of sulfonates in 3a. The functional group density was determined by

X-ray photoelectron spectroscopy (XPS) to be one triazole sulfonate group per 17 SWCNT-

carbon atoms (based on the ratio of Cls to S2p signal). Thermogravimetric analysis (TGA)

provided a slightly lower estimate of one triazole sulfonate per 20 SWCNT-carbons. After

confirming high degrees of SWCNT functionalization, we extended this method to the synthesis

of sulfMWCNTs 3b. Successful functionalization was confirmed by FT-IR, TGA and XPS at

densities of 1 sulfonate group per 43 carbon atoms of the MWCNT.

To quantify the water solubility of 3b for comparison to other methods, the compound was

sonicated for 1 h in milliQ water at a concentration of 65 mg mL'. Aggregates were allowed to

settle for 24 h, and the concentration of sulfMWCNT in supernatant was determined to be 63

mg/mL using UV-vis spectroscopy with a previously determined extinction coefficient (see

Experimental Section). After an additional 24 h, the concentration of sulfMWCNT in solution

further decreased to 52 mg/mL. To complete the precipitation of aggregates, the mixture of

dissolved and aggregated sulfMWCNTs was then centrifuged for 10 minutes at 5,000 rpm

resulting in a sulfMWCNT concentration of 31 mg/mL in the supernatant. Centrifugation for an

additional 30 min did not further reduce the concentration, suggesting that the precipitation of
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aggregates was complete and the measured concentration represents the amount of dissolved

sulfMWCNTs (Figure 2.2a). We attribute the obtained high CNT concentration to the large

dissociation constant of the sodium from the sulfonate groups as well as the high density of these

moieties on the surface of the CNTs. It should be noted that based on this data, 48h without

centrifugation are not sufficient for complete precipitation of CNT aggregates further underlining

that care has to be taken when comparing reported CNT solubilities in the literature that are

based on different protocols (e.g., with and without centrifugation).

The good solubility of sulfMWCNTs could further be confirmed qualitatively by comparing

optical micrographs of droplets of 3b (20 mg mL~') with droplets containing pristine and

propargyl MWCNTs (Figure 2.2b-d).

a 2.5
-24 h, 63 mg/mL
-- 48 h, 52 mg/mL

2

- 10 min, 5k rpm, 31mg/mL

1.5 -40 min, 5k rpm, 32 mg/mL

0

4A- -- - -- -

200 300 400 500 600
Wavelength [nm]

=J . m'== m

700 800 900

Figure 2.2. (a) UV-vis spectroscopy was used to determine the concentration of sulfMWCNT in

water 24 h and 48 h after sonication as well as after subsequent centrifugation for 10 and 40
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minutes (all samples were diluted 1:1000 directly before the measurement). (b) Optical

micrograph of sulfMWCNTs in a water droplet, (c) propargyl MWCNTs, (d) pristine MWCNTs.

While pristine MWCNTs and propargyl functionalized MWCNTs both show strong aggregation,

the sulfMWCNT sample appears homogenous at the utilized magnification. Furthermore, in a

biphasic solvent system of water and dichloromethane, the sulfMWCNTs clearly prefer the

aqueous phase (Figure 2.3a-b). Free-standing films obtained by drop-casting concentrated

aqueous suspensions of sulfMWCNTs (50 mg mL-1) on the surface of glass show a smooth

surface on both sides appearing "shiny" on a photograph (Figure 2.3c) suggesting a small

amount or the absence of CNT aggregates whose presence would lead to a visibly higher surface

roughness.

Figure 2.3. sulIfMWCNTs in a biphasic H20/CH2Cl2 system (a) before and (b) after shaking the

vial showing the preference of the sulfMWCNTs for the aqueous phase, (c) free-standing film of

sulfMWCNTs (thickness ca. 0.25 mm) obtained by drop-casting onto a glass surface from a

suspension at 50 mg mL-.

2.2.2. Sulfonate MWCNTs as Water Soluble Electrical Interconnects

After confirming the high solubility of sulfMWCNTs in water, we investigated the possibility of

using the functionalized CNTs to connect metal ions in solution. In this context, the sulfonate
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and 1,2,3-triazole groups that were introduced on the CNT surface could potentially act as metal

binding sites in addition to providing water solubility. As a model demonstration system we

examined the Wacker oxidation of 1-decene to 2-decanone (Scheme 2.3).23

Scheme 2.3. Wacker-type oxidation in the presence of sulfonated MWCNTs

Pd(OCOCF 3)2 (3 mol%)
Cu(OTf)2 (100 mol%)

02 (1 atm)
sulfonated MWCNTs 0

(130 mg/mmol)
DMF/H 20, r.t., 3h 17

4 5

Mechanistically, during the Wacker reaction, the palladium(II) catalyst is first reduced to

24palladium(0) and then regenerated by oxidative electron transfer to copper(II). Provided that

the sulfMWCNTs can provide an electrical connection between the two metals, the addition of

sulfMWCNTs should lead to an observable rate enhancement (Figure 2.4a).

According to the literature, 23 as well as in our hands, the Wacker oxidation of 1 -decene to 2-

decanone, in the absence of MWCNTs as additives, goes to completion within 24 h. To

successfully observe meaningful rate enhancements in this transformation both, the catalyst

loading as well as the reaction time, were reduced compared to the literature procedure (3 mol%

vs. 10 mol% Pd, 3 h instead of 24 h). The yield after 3 h versus biphenyl as an internal standard

was determined by gas chromatography (GC) and used as an indicator for the influence of the

sulfMWCNTs on the reaction rates.
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a

b
Change of GC yield after sulfonate

MWCNT addition

CuCI, Cu(OTf)2, CuO, Cu(OTf),,
PdCI, Pd(OCOCF,) Pd(OCOCF,}, PdCt2
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C
Effect of different additives on GC yield

pristine sulfonated PSS sultonated
SWCNTs SWCNTs sodium salt PS beads

+33%

U,
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Figure 2.4. (a) Schematic representation of the proposed mechanism of electron transfer

facilitated by sulfMWCNT . The CNT-bound Pd(II) is reduced during the catalytic cycle and is

subsequently regenerated via an electron transfer to Cu(II) taking advantage of the conductivity

of the sulfMWCNT. (b) The addition of sulfMWCNTs leads to an increase in yield compared to

the control without MWCNTs if metal sources with weakly coordinating counterions are used.

(c) The addition of highly soluble sulfMWCNTs leads to an increase in yield which is more than

twice as high as the yield-increasing effect of pristine SWCNTs and MWCNTs. Non-conductive

sulfonated materials such as sulfSWCNTs lower the yield of 5. Reaction conditions see Scheme

2.3 and Experimental Section.

In initial studies using PdCl2 and in situ oxidized CuCl as the metal sources, the addition of

sulfMWCNTs did not have an appreciable effect on the yield after 3 h, suggesting negligible

metal-CNT interactions. This prompted us to investigate metal sources with less coordinating

counterions to favor metal-CNT association. Repeating the reaction with palladium

bistrifluoroacetate and copper triflate reduced the yield of the CNT-free control reaction. In the
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CNT free reactions, 41 % yield were obtained using PdCl2 and CuCL while the yield using

Pd(OCOCF 3)2 and Cu(OTf)2 was 16 %.

However, under these conditions, the addition of sulfMWCNTs resulted in a 73% increase in

yield after 3 h compared to a CNT free control reaction (the yield increased from 16 % to 29 %).

When only one of the metal chlorides was replaced by the more soluble metal source, a decrease

in yield was observed which suggests that only one metal interacted well with the CNT. As a

result, the CNT-facilitated electron transfer could not take place and sequestration of one of the

metals caused the negative effect on the yield (Figure 2.4b).

To further explore which role the conductivity, solubility, and surface functionalization of the

sulfMWCNTs played for the observed effect on the Wacker-type oxidation, we investigated

pristine MWCNTs and SWCNTs as conductive, but less soluble alternatives to sulfMWCNTs.

Both additives resulted in an improved yield (+31% for MWCNTs and +31% for SWCNTs)

compared to CNT-free controls (Figure 2.4c). Nevertheless, this improvement was significantly

lower than the effect of sulfMWCNTs even though both types of pristine CNTs showed a higher

conductivity (3.9 S cm-1 for pristine MWCNTs, 21.8 S cm~1 for SWCNTs compared to 2.8 S cm-1

for sulfMWCNTs in thin film measurements).

To gain further insight into the role of the conductivity of the additives, soluble but significantly

less conductive sulfSWCNTs (0.6 S cm' in thin film) were used instead of sulfMWCNTs. The

lower conductivity of sulfSWCNTs compared to their MWCNT counterparts stems from the

absence of conductive inner layers to compensate for the loss of conductivity in the outer CNT

layer after covalent functionalization. This stronger effect of covalent functionalization on

SWCNTs compared to MWCNTs is even more obvious when comparing the sulfCNTs to their
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pristine CNT starting material. In the case of MWCNTs, the functionalization procedure reduces

the conductivity by 28%, while the SWCNT's conductivity is lowered by as much as 97% as a

result of the covalent attachment of sulfonate groups in the described fashion. When using

sulfSWCNTs as an additive, the yield was decreased by 91%. This finding further supports the

idea that binding of the catalytically active metal ions to a conductive CNT is needed to facilitate

electron transfer. If the inner conductive CNTs are not present as in the case of sulfSWCNTs,

sequestration of the metal ions has a negative effect on the yield.

In further control experiments we examined the effect of sodium poly(styrene sulfonate) as well

as sulfonated polystyrene spheres. Similar to sulfSWCNTs the addition of these non-conductive

sulfonated materials resulted in a reduction in the reaction yield confirming that the positive

effect of the sulfMWCNTs is based primarily on their conductivity and not on the type or density

of surface functionalization (Figure 2.4c).

2.3. Conclusions

In summary, SWCNTs and MWCNTs have been functionalized with a high density of sulfonate

groups of 1 group for every 17 and 43 CNT carbon atoms, respectively. The obtained

sulfMWCNTs exhibited a water solubility of 31 mg per mL, which is ca. 50% higher than

solubilities obtained with previous methods. Furthermore, the addition of sulfMWCNTs to a

Wacker type oxidation reaction led to an increase in yield compared to controls without CNTs.

SulfMWCNTs performed significantly better than conductive but less soluble pristine CNTs as

well as soluble but less conductive sulfonated materials such as sulfSWCNTs which suggests

that modified CNTs that combine solubility and conductivity can be used to provide an electrical

connection between catalytically active metals in solution.
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2.4. Experimental Section

Materials

SWCNTs were received from SouthWest NanoTechnologies (CG- 100, >90% carbon content, lot

# CG100-000-0012) and used without further purification. MWCNTs were obtained from

Aldrich (>95% purity, for small-scale reactions) and Bayer Group (Baytubes*C 150 P, >95%

purity, for large-scale reactions) and used as received. All solvents were of spectroscopic grade

unless otherwise noted. Sodium 3-azidopropane-1-sulfonate 2 5  and dipropargyl

acetylenedicarboxylate were synthesized following reported procedures. All other chemicals

were of reagent grade and used as received.

General Methods and Instrumentation

Fourier transform infrared (FT-IR) spectroscopy was performed on a Perkin-Elmar model 2000

FT-IR spectrophotometer using the Spectrum v. 2.00 software package. Raman spectra were

measured on a Horiba LabRAM HR Raman Spectrometer using the excitation wavelength of 785

nm for SWCNTs and 532 nm for MWCNTs. The spectra in the UV-Vis range were obtained

using an Agilent 8453 UV-visable spectrophotometer. TGA analyses were performed with a

TGA Q50 apparatus (TA instruments). Experiments were carried out under nitrogen. Samples

were heated at 15 'C/min from 50 'C to 900 'C. The thickness of thin films was measured using

a Dektak 6M stylus profiler by Vecco and their conductivities were measured utilizing a

Signatone four point probe with a 1.27 mm spacing connected to a Keithley 2400 source meter.

XPS spectra were recorded on a Kratos AXIS Ultra X-ray Photoelectron Spectrometer. Gas

chromatography (GC) was performed on an Agilent Technologies 7890A GC system. Optical
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micrographs were recorded using a Leica DMRXP optical microscope with an attached Sony

DXC-970MD camera. All synthetic manipulations were carried out under an argon atmosphere

using standard Schlenk techniques unless otherwise noted.

Synthesis

Synthesis of propargyl SWCNTs la. A suspension of SWCNTs (240 mg, 20 mmol of carbon)

in 1,4-dioxane (240 mL) was sonicated for 3 h. The mixture was heated to 60 'C and a solution

of dipropargyl acetylenedicarboxylate (11.2 g, 59 mmol) in 1,4-dioxane (30 mL) and a solution

of 4-dimethylaminopyridine (8.4 g, 69 mmol) in CHCl3 (30 mL) were added simultaneously via

syringe pump over 36 h. Subsequently, propargyl alcohol (9 mL, 8.7 g, 156 mmol) was added

and the mixture was stirred at 60 'C for another 3 h. The reaction mixture was then cooled to

room temperature and centrifuged at 3500 rpm for 20 min. The supernatant was discarded and

the residue was extracted in a Soxhlet apparatus with NN-dimethylformamide (DMF) at reduced

pressure for 3 days. Afterwards, the obtained black solid was washed by dispersing, centrifuging

and decanting using acetone, water, ethanol and hexanes as solvents upon which it was dried at

high vacuum overnight. The sample was analyzed by TGA (Figure 2.5), XPS (Figure 2.6), FT-IR

(Figure 2.7) and Raman spectroscopy (Figure 2.8).

Synthesis of propargyl MWCNTs 1b. A suspension of MWCNTs (1.2 g, 100 mmol of carbon)

in 1,4-dioxane (1.2 L) was sonicated for 3 h using an ultrasonic probe. The mixture was heated to

60 'C and a solution of dipropargyl acetylenedicarboxylate (57 g, 300 mmol) in 1,4-dioxane (75

mL) and a solution of 4-dimethylaminopyridine (42.7 g, 350 mmol) in CHCl 3 (150 mL) were

added simultaneously via syringe pump over 36 h. Subsequently, propargyl alcohol (45 mL, 43.7

g, 780 mmol) was added and the mixture was stirred at 60 'C for 3 more hours. The reaction
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mixture was then cooled to room temperature and centrifuged at 3500 rpm for 20 min. The

supernatant was discarded and the residue was washed in a Soxhlet apparatus with DMF at

reduced pressure for 2 days. Afterwards, the obtained black solid was washed by dispersing,

centrifuging and decanting using DMF, N-methyl-2-pyrrolidone (NMP), dichloromethane

(DCM) and hexane as solvents upon which it was dried at high vacuum overnight. The sample

was analyzed by TGA (Figure 2.9), XPS (Figure 2.10), FT-IR (Figure 2.11) and Raman

spectroscopy (Figure 2.12).

Synthesis of sulfonate SWCNTs 3a. A suspension of propargyl SWCNTs (la, 150 mg) in

water/tert-butanol (1:1, 15 mL) was sonicated for 15 minutes. Sodium 3-azidopropane-1-

sulfonate (2, 735 mg, 3.9 mmol), sodium ascorbate (78 mg, 0.39 mmol) and copper(II) sulfate

pentahydrate (10 mg, 0.04 mmol) were added and the mixture was sonicated for 50 more

minutes. After stirring at room temperature for 4 days, the reaction mixture was centrifuged and

the supernatant was discarded. The black residue was transferred into an ultrafiltration cell

equipped with a polycarbonate membrane (Millipore, Isopore membrane, 50 nm pore size) and

washed with water until the filtrate was clear. The resulting black solid was washed by

dispersing, centrifuging and decanting using ethanol and hexane as solvents before it was dried

at high vacuum overnight. The sample was analyzed by TGA (Figure 2.13), XPS (Figure 2.14),

FT-IR (Figure 2.15) and Raman spectroscopy (Figure 2.16).

Synthesis of sulfonate MWCNTs 3b. Propargyl MWCNTs (1b, 1 g) were suspended in a 1:1

mixture of water and tert-butanol (100 mL) by sonication for 10 min. Subsequently, sodium 3-

azidopropane-1-sulfonate (2, 4.9 g, 26 mmol), sodium ascorbate (520 mg, 2.6 mmol) and

copper(II) sulfate pentahydrate (65 mg, 0.26 mmol) were added and the mixture was sonicated

for 50 more minutes. The mixture was stirred at room temperature for 12 days and sonicated for
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2 h every 2 days during this period. Afterward, the reaction mixture was centrifuged, the

supernatant was discarded and the residue was transferred into an ultrafiltration cell equipped

with a polycarbonate membrane (Millipore, Isopore membrane, 50 nm pore size). It was washed

with water until the filtrate was clear upon which it was dried at high vacuum overnight. The

sample was analyzed by TGA (Figure 2.17), XPS (Figure 2.18), FT-IR (Figure 2.19) and Raman

spectroscopy (Figure 2.20).

Determination of the mass exctinction coefficient of sulfonate MWCNTs (3b). Sulfonate

MWCNTs (3b, 8 mg), were dissolved in MilliQ water (8 mL) by sonication for 5 min.

Subsequently, the solution was diluted with MilliQ water to obtain concentrations of 0.1, 0.05,

0.025, 0.01 and 0.005 mg/mL. The UV-vis spectra of these solutions were measured and the

mass extinction coefficient was determined using the Beer-Lambert law with the absorbance at

650 nm yielding a mass extinction coefficient of 1.65 x 103 mL m~1 g~1.

Measurement of sulfonate MWCNT (3b) solubility. Sulfonate MWCNTs (3b, 130 mg) were

added to MilliQ water (2 mL) and sonicated for 1 h. Aggregates were allowed to settle for 24 h

upon which a sample was taken from the supernatant, diluted 1:1000 with MilliQ water and its

UV-vis spectrum was immediately measured. Another sample was taken, diluted and analyzed

by UV-vis spectroscopy after allowing aggregates to settle for 24 more hours. Subsequently, the

mixture was centrifuged for 10 min at 5000 rpm, another sample from the supernatant was taken

and treated similarly. The last sample was taken from the supernatant after centrifugation for 30

more minutes at 5000 rpm. It was diluted and the UV-vis absorption spectrum was recorded. The

concentration of 3b in all samples was determined using the absorption at 650 nm and the

experimentally obtained mass extinction coefficient of 1.65 x 103 mL m-' g~1 (Figure 2.2a).
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General procedure for the Wacker-type oxidation of 1-decene (4) to 2-decanone (5).

Palladium bistrifluoroacetate (1.5 mg, 4.5 pmol) and copper(II) triflate (53.5 mg, 0.148 mmol)

were dissolved in a 7:1 mixture of DMF and water (0.5 mL) containing biphenyl (11.5 mg,

0.0746 mmol) as an internal standard. Sulfonate MWCNTs (3b, 20 mg) were added and the

mixture was sonicated for 1 min. The reaction tube was purged with oxygen, sealed and an

oxygen-filled balloon was attached. 1 -Decene (28 tL, 21 mg, 0.15 mmol) was added via syringe.

The mixture was stirred at room temperature for 3 h upon which it was filtered through glass

wool. Brine (1 mL) was added and the mixture was extracted with diethyl ether (2 x 1 mL). The

organic phase was run through a short silica plug and then analyzed by gas chromatography

(GC) to determine the yield of 2-decanone vs. the internal standard. GC-yield vs. biphenyl: 29 %

(in the presence of 20 mg of 3b), 16 % (without addition of 3b).

Wacker-type oxidation of 1-decene (4) to 2-decanone (5) using PdCl2 and CuCl as the

catalysts. The reaction was performed analogous to the general procedure using PdCl2 (0.80 mg,

4.5 pmol) and CuCl (14.6 mg, 0.147 mmol; oxidized prior to the addition of 1-decene by stirring

for 1 h in an oxygen atmosphere) as the catalysts. GC-yield vs. biphenyl: 41 % (in the presence

of 20 mg of 3b), 41 % (without addition of 3b).

Wacker-type oxidation of 1-decene (4) to 2-decanone (5) using palladium

bistrifluoroacetate and CuCl as the catalysts. The reaction was performed analogous to the

general procedure using palladium bistrifluoroacetate (1.5 mg, 4.5 pmol) and CuCl (14.6 mg,

0.147 mmol; oxidized prior to the addition of 1 -decene by stirring for 1 h in an oxygen

atmosphere) as the catalysts. GC-yield vs. biphenyl: 34 % (in the presence of 20 mg of 3b), 42 %

(without addition of 3b).
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Wacker-type oxidation of 1-decene (4) to 2-decanone (5) using PdCl2 and copper(II) triflate

as the catalysts. The reaction was performed analogous to the general procedure using PdCl2

(0.80 mg, 4.5 pmol) and copper(II) triflate (53.5 mg, 0.148 mmol) as the catalysts. GC-yield vs.

biphenyl: 5 % (in the presence of 20 mg of 3b), 10 % (without addition of 3b).

Wacker-type oxidation of 1-decene (4) to 2-decanone (5) using palladium

bistrifluoroacetate and copper(II) triflate as the catalysts in the presence of pristine

SWCNTs. The reaction was performed analogous to the general procedure using palladium

bistrifluoroacetate (1.5 mg, 4.5 imol) and copper(II) triflate (53.5 mg, 0.148 mmol) as the

catalysts and pristine SWCNTs (20 mg) as an additive instead of 3b. GC-yield vs. biphenyl:

21%.

Wacker-type oxidation of 1-decene (4) to 2-decanone (5) using palladium

bistrifluoroacetate and copper(II) triflate as the catalysts in the presence of pristine

MWCNTs. The reaction was performed analogous to the general procedure using palladium

bistrifluoroacetate (1.5 mg, 4.5 pmol) and copper(II) triflate (53.5 mg, 0.148 mmol) as the

catalysts and pristine MWCNTs (20 mg) as an additive instead of 3b. GC-yield vs. biphenyl:

21%.

Wacker-type oxidation of 1-decene (4) to 2-decanone (5) using palladium

bistrifluoroacetate and copper(II) triflate as the catalysts in the presence of sulfonate

SWCNTs (3a). The reaction was performed analogous to the general procedure using palladium

bistrifluoroacetate (1.5 mg, 4.5 pmol) and copper(II) triflate (53.5 mg, 0.148 mmol) as the

catalysts and sulfonate SWCNTs (3a, 20 mg) as an additive instead of 3b. GC-yield vs. biphenyl:

1 %.
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Wacker-type oxidation of 1-decene (4) to 2-decanone (5) using palladium

bistrifluoroacetate and copper(II) triflate as the catalysts in the presence of sodium

polystyrene sulfonate. The reaction was performed analogous to the general procedure using

palladium bistrifluoroacetate (1.5 mg, 4.5 tmol) and copper(II) triflate (53.5 mg, 0.148 mmol) as

the catalysts and sodium polystyrene sulfonate (20 mg) as an additive instead of 3b. GC-yield vs.

biphenyl: 10 %.

Wacker-type oxidation of 1-decene (4) to 2-decanone (5) using palladium

bistrifluoroacetate and copper(II) triflate as the catalysts in the presence of sulfonated

polystyrene beads. The reaction was performed analogous to the general procedure using

palladium bistrifluoroacetate (1.5 mg, 4.5 tmol) and copper(II) triflate (53.5 mg, 0.148 mmol) as

the catalysts and sulfonate polystyrene beads (Amberlyst 15, 20 mg) as an additive instead of 3b.

GC-yield vs. biphenyl: 14 %.

Determination of the influence of sulfonate MWCNTs on the 2-decanone to biphenyl ratio.

In six sealable test tubes, Palladium bistrifluoroacetate (1.5 mg, 4.5 pmol) and copper(II) triflate

(53.5 mg, 0.148 mmol) were dissolved in a 7:1 mixture of DMF and water (0.5 mL) containing

biphenyl (11.5 mg, 0.0746 mmol) as an internal standard. 2-decanone (15 pL, 0.079 mmol) was

added via pipette. To three test tubes, sulfonate MWCNTs (20 mg) were added and all test tubes

were sonicated for 1 min. The reaction tubes were purged with oxygen, sealed and an oxygen-

filled balloon was attached. All mixtures were stirred at room temperature for 4 h, before brine (1

mL) was added. The mixtures were extracted with diethyl ether (2 x 1 mL) and the organic

phases were run through a short silica plug. Subsequently the ratio of 2-decanone to biphenyl

was determined via GC. Ratio 2-decanone to biphenyl: 1.14 ± 0.02 (without sulfonate

MWCNTs), 1.12± 0.05 (with sulfonate MWCNTs).

-75-

Chapter 2



Water Soluble Multi-Walled Carbon Nanotubes

General procedure for the determination of conductivities of pristine and sulfonate

SWCNTs and MWCNTs. A CNT sample was sonicated in water (sulfonate CNTs) or DMF

(pristine CNTs) for 1 min. Subsequently, 20 ptL of the suspension were drop-cast onto a glass

slide and air-dried to create a thin film. Using a four point probe setup, the electric potential was

measured at a current of 2 pA at three different positions for each film. Subsequently, the

thickness of the film was measured using a profilometer and the conductivity was calculated

using equation 1

o = I/ (V - t - CF) (for t/s < 0.4) .............................................. (1)

where I is the current, V is the voltage, t is the sample thickness, CF is the sheet resistance

correction factor, 26 and s is the four point probe spacing.

Conductivity of pristine SWCNTs The conductivity of a drop-cast film of pristine SWCNTs

was determined to be 21.8 S cm-1 (average of five films and three measurements each).

Conductivity of pristine MWCNTs The conductivity of a drop-cast film of pristine MWCNTs

was determined to be 3.9 S cm-1 (average of five films and three measurements each).

Conductivity of sulfSWCNTs (3a) The conductivity of a drop-cast film of sulfSWCNTs was

determined to be 0.6 S cm-1 (average of five films and three measurements each).

Conductivity of sulfMWCNTs (3b) The conductivity of a drop-cast film of pristine SWCNTs

was determined to be 2.8 S cm~1 (average of five films and three measurements each).
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Figure 2.6. XPS spectra of propargyl SWCNTs (la) and pristine SWCNTs
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Figure 2.8. Raman spectra of propargyl SWCNTs (la) and pristine SWCNTs
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Figure 2.10. XPS spectra of propargyl MWCNTs (1b) and pristine MWCNTs
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Figure 2.11. FT-IR spectra of propargyl MWCNTs (1b) and pristine MWCNTs
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Figure 2.12. Raman spectra of propargyl MWCNTs (1b) and pristine MWCNTs
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Figure 2.14. XPS spectra of sulfonate SWCNTs (3a) and pristine SWCNTs
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Figure 2.15. FT-IR spectra of sulfonate SWCNTs (3a) and pristine SWCNTs
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Figure 2.16. Raman spectra of sulfonate SWCNTs (3a) and pristine SWCNTs
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Figure 2.17. TGA of sulfonate MWCNTs (3b) and pristine MWCNTs
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Figure 2.18. XPS spectra of sulfonate MWCNTs (3b) and pristine MWCNTs

- 83-

-pristine MWCNTs

-sulfonate MWCNTs

--..

U

3J

0%
0 600 800

0

Chapter 2



Water Soluble Multi-Walled Carbon Nanotubes

V

-pristine MWCNTs

-sufonate MWCNTs

4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm)
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Figure 2.20. Raman spectra of sulfonate MWCNTs (3b) and pristine MWCNTs
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CHAPTER 3
Copper-Catalyzed Aziridination of Fullerene,

Carbon Nanotubes, and Graphite

s=o

/N-
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3.1. Introduction

Since their discovery in 1991,1 a variety of reactions have been developed to functionalize

carbon nanotubes (CNTs).' A few notable methods include the oxidation of carbon nanotubes

with mixtures of sulfuric acid and nitric acid (in some cases followed by amide formation),4

functionalization via diazonium chemistry,6 the zwitterionic approach described in chapter 2,7

and thermal aziridination with azides (Scheme 3.1).9

Scheme 3.1. Examples of carbon nanotube functionalization reactions.
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Each of these methods have particular strengths and weaknesses. While the oxidation with nitric

acid (Scheme 3.1 A) does not require air or moisture free conditions and is thus relatively easy to

conduct, it generates defect sites on the surface of the CNTs affecting their electronic and

mechanical properties. However, functionalization preferentially occurs on the end groups of the

CNTs and if this oxidation is performed in conjunction with an approach developed by our group

to shield defect sites on the surface of the nanotubes, selective functionalization of the tips of the

CNTs can be achieved.4 Diazonium salts show good reactivity toward CNT surfaces, but as the
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installed functional group typically reacts with diazonium salts as well, this method can lead to

branched groups on the surface (Scheme 3.1B). The reaction of CNTs with acetylene

dicarboxylic acid esters (Scheme 3.1 C) avoids this problem and furthermore shows a very good

functional group tolerance,8 but it is complicated by oligomerization of the esters under the

requisite basic reaction conditions - even when the reagent concentration is kept low by utilizing

syringe pump addition.'0 As a large excess of reagent is used in the reaction (typically 3

equivalents per CNT carbon atom), the formed side-product greatly hinders the workup of the

functionalized CNTs.

Installing aziridines on the surface of CNTs via thermal reaction with azides (Scheme 3.1D)

typically requires a similarly large excess of reagent (ca. 3 equivalents per CNT carbon atom),

but the side-products and/or excess reagent are easier to separate from the functionalized CNT

product, which can be a significant practical advantage. Using this method, gram quantities of

multi-walled CNTs (MWCNTs) can be easily functionalized with a variety of groups including

hydroxyls, amines, bromines, and carboxylates.9 A challenging aspect of this chemistry,

however, is the large amount of potentially explosive azides involved in the reaction. The

described installation of hydroxyl groups for example requires 20 g of 2-azido-ethanol per gram

of MWCNTs.

We were curious if a more reagent-efficient approach could be developed for the

functionalization of CNTs by taking advantage of the variety of catalyzed nitrene transfer

reactions reported for small molecules." In this context, different reagents have been used as

nitrene sources such as PhINTs (2), 12-14 chloramine-T (10, CAT),15 or bromamine-T (12, BAT)

(Scheme 3.2).16 In addition to finding suitable conditions for the installation of aziridines on
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CNTs, we were interested in testing if the developed method could also be used to modify C60 or

the less reactive graphite.

Scheme 3.2. Examples for catalyzed aziridination reactions, utilizing PhINTs with Cu(acac)2,13

PhINTs with Cu(I) scorpionate 1,12 in situ formed PhINTs with [Cu(CH3CN) 4]PF6 , 4 chloramine-

T and CuCl,1 5 and bromamine-T with Fe(TPP)Cl.16
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At the onset of this project, aziridination reactions on nano-carbon materials were primarily done

thermally9'"'" and attempts at catalyzed aziridination of C60 were sparse and only provided low

yields (< 10%).19 Additionally, this reaction had not been extended to CNTs or graphite. During

the course of the project, Itami and coworkers reported an improved procedure for the
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functionalization of C60 using PhINTs in combination with a Cu(I)Cl/2,6-lutidine system,

however, in their study functionalization of CNTs or graphite was not attempted.20 Initially, we

investigated the aziridination of MWCNTs. CNTs pose additional challenges in terms of

characterization and workup compared to C60 as the functionalization product cannot be analyzed

by mass spectrometry or standard NMR techniques and chromatographic techniques are not

possible for purification. Nevertheless, this approach ensured that the initial leads for reaction

conditions would be compatible with CNTs. Afterward, we further optimized the conditions

using C60 before transferring the most promising conditions back to the functionalization of

SWCNTs, MWCNTs as well as graphite.

3.2. Results and Discussion

3.2.1. Evaluation of Different Aziridination Conditions on C60 and MWCNTs

Initially, aziridination conditions that were closely related to reactions on small molecules were

investigated with MWCNTs. These included the use of [Cu(CH 3CN)4]PF 6 as a catalyst with

previously prepared as well as in situ formed PhINTs (2),14 chloramine-T (10) and CuCl,'5 as

well as bromamine-T (12) with Fe(TPP)Cl.16 Furthermore, thermal and photochemical

aziridination with 4-methylbenzenesulfonyl azide (14) was attempted.2 The thermal

aziridination of MWCNTs with 3-azidopropan-l-amine (15) was performed for comparison.9 As

techniques such as gas chromatography-mass spectrometry (GC-MS) or nuclear magnetic

resonance spectroscopy (NMR) were not suitable for determining the success of the reaction, X-

ray photoelectron spectroscopy (XPS) was chosen to analyze the product of the reaction. Pristine

MWCNTs do not contain nitrogen (neither in the actual CNTs nor as a common impurity) and

the ratio of nitrogen to carbon based on the N 1s and C 1s signals could be used to determine the

density of installed functional groups.
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No nitrogen signal was observed for the thermally performed reaction (Table 3.1, Entry 5) with

14 and only low incorporation of nitrogen was achieved photochemically with 14 (Table 3.1,

Entry 4). In the latter case, the high absorbance of the MWCNTs in the UV-vis range was likely

the cause for the poor functionalization.

Table 3.1. Evaluated conditions for MWCNT aziridination.

s=o
N

Entry Reagent(s)a Catalyst N/C ratiob

1 PhINTs (2) [Cu(CH 3CN)4]PF 6  1.7%

2 PhIO (7) + H2NTs (8) [Cu(CH 3CN)4]PF 6  0.4%c

3 Chloramine-T (10) Cul 0.9%

4 N 3Tsd (14) 0.5%

5 N 3Ts* (14) 0

6 Bromamine-T (12)g Fe(TPP)Cl 1.3%

aStandard conditions: 9 mg MWCNT, 0.2 eq. reagent per carbon, CH 3CN, rt, 25 h. bBy XPS

analysis of the product. eThe product also contained 2.9 % iodine as insoluble PhIO could not be

completely removed. d5 0 0 W Hg lamp, rt, lh. 'CH 3CN, reflux, 19 h. 'No nitrogen peak could be

observed by XPS. 9CH3CN, rt, 19 h. '2.4 equiv per CNT carbon atom, NMP, 160 'C, 2 d,

yielding propylamine functionalized MWCNTs.
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Among the other investigated conditions (Table 3.1, Entries 1-3 and 6) the highest incorporation

of nitrogen into the sample was obtained by using PhINTs with [Cu(CH3CN)4]PF6. Besides the

incorporated nitrogen atoms, XPS analysis further confirmed the presence of oxygen (0 Is) and

sulfur (S 2s and S 2p) (Figure 3.1).

0 KLL Cu 2p O is N is C is -pristine MWCNTs
-amine MWCNTs

tosyI MWCNTs

S2s S2p

a

C

C

1000 800 600 400 200 0

Binding energy (eV)

Figure 3.1. XPS analysis of pristine MWCNTs, amine functionalized MWCNTs (Table 3.1,

entry 7) and tosyl MWCNTs (Table 3.1, entry 1). Si 2p and Si 2s signals results from the utilized

Si/Si0 2 substrate. The binding energy of Cu 2p has been labeled to show that no significant

amount of copper is present in the products.

Based on these results, we decided to investigate the copper-catalyzed aziridination using

PhINTs as well as the reaction with 12 and Fe(TPP)Cl on C60 leading to N-

tosyl[1,2]aziridino[60]fullerene 16. In contrast to reactions on CNTs, the crude products of C60

reactions can be purified and analyzed by standard chemical techniques (chromatography, NMR

etc.). Initial attempts with PhINTs as the nitrene source and different Cu(I) and Cu(II) salts as

catalysts in acetonitrile did not show any product formation by thin layer chromatography (TLC),

presumably due to the poor solubility of fullerene in this solvent. Therefore, 1,2-dichlorpbenzene

was used as a solvent for further experiments. In addition to being well suited for tests with C60 ,
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1,2-dichlorobenzene is also commonly used for reaction with CNTs. While some product

formation was observed in 1,2-dichlorobenzene, only 3% yield could be obtained (Table 3.2).

Therefore, bromamine-T was further investigated as the nitrene source instead of PhINTs.

Table 3.2. Aziridination of C6 0

16

Entry Reagenta Catalyst Yield

1 PhINTs (2) Cu(CF3 SO 3)2  3%

2 BAT (12) Fe(TPP)Cl -b

3 BATc Fe(TPP)C1 29%

4 BAT' Fe(TPP)Cl 32%e

5 BAT' ' Fe(TPP)Cl 30%'

6 BAT'' Fe(TPP)Cl 2 9 %g

7 BAT'f [Cu(CH3CN)4]PF6  25%

8 BAT 'd Cu(OTf)2  13%

9 BAT' Cu(acac)2 25%

10 BAT' none 17%

aStandard conditions: 20 mg C60 , 1 eq. reagent, 10 mol% catalyst, 1,2-dichlorobenzene, rt, 18 h.

bNo conversion by TLC. cA solution of BAT in 0.5 mL DMF was added over 30 min. d2 eq. of

BAT were used. eReaction performed at 40 0C. '60 0C. 980
0C.
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Slow addition of BAT led to a yield of 29% (Table 3.2, Entry 3) of the desired aziridinofullerene

as determined by 'H-NMR spectroscopy, a superior yield than previously reported for metal-

catalyzed versions of this transformation. 19

Further optimization revealed that varying the temperature only had a small effect on the yield

and the best results were obtained at room temperature and 40 'C (Table 3.2, Entries 3-6). The

use of different copper catalysts also resulted in lower yields (Table 3.2, Entries 7-9).

Subsequently, the reaction was run in the absence of a metal catalyst and the product could be

isolated in 17 % yield (Table 3.2, Entry 10). These data suggest that the reaction follows an

ionic pathway as previously reported for chloramine-T at least in the catalyst-free case.22

In addition to the commercially available catalysts screened (Table 3.2), a Cu(I) scorpionate

complex was tested (Scheme 3.3). This complex previously displayed good activity in

aziridination reactions of small molecules.' 2

Scheme 3.3. Aziridination of C60 using Cu(I) scorpionate 6.

N H

F3C Q CF 3 CF3

PhINTs (2 equiv) N
6 (5 mol%) -N N- N-

1,2-dichlorobenzene F3C CF F3N ~r.t. 33

29%
6

16

Upon subjecting C6 0 to Cu(I) scorpionate (6) and PhINTs, 29% of desired product 16 was

isolated. However, unlike with the other catalysts employed, 27% of higher adducts were

observed. This result underlined the efficiency of the reaction and rendered it promising for the

functionalization of the more challenging nano-carbons CNT and graphite.
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After investigating conditions for catalytic aziridinations on C60 , we tested the two most

promising reagent/catalyst combinations, BAT in combination with Fe(TPP)Cl as well as

PhINTs with Cu(I) catalyst 6, with MWCNTs. Additionally, the acetonitrile complex of the

Cu(I) scorpionate (17) was evaluated as it could be prepared more easily than its ethylene

counterpart (Scheme 3.4) .

Scheme 3.4. Aziridination of MWCNTs using PhINTs and Cu(I) complex 17.

CF3

F3  N F3

N BCNN
PhINTs 

CF17 (2.5 mol%) N, ~F 3
CU

1,2-dichlorobenzene F3C CF3

CMe
tosyI MWCNT 17

The modified MWCNTs were evaluated by XPS to determined their relative functional group

densities (Table 3.3). At room temperature, the Cu(I) catalyst systems performed best among the

tested conditions, leading to N/C ratios of 2.2% and 1.9%, respectively (Table 3.3, Entries 5-6).

Increasing the reaction temperature to 60 'C or 80 0C led to a further increase of the functional

group density (Table 3.3, Entries 7-8). XPS analysis showed a N/C ratio of 6.9% and 7.5%,

respectively, corresponding to a functional group density of up to 1 group per 13-14 carbon

atoms on the MWCNT surface. This density is significantly higher than the density obtained

with the reference reaction (thermal aziridination with 15) which only led to functional group

densities of ca. 1 per 50 carbons on the MWCNT surface. Furthermore, the catalyzed reaction

only required the use of 1 equivalent of reagent per CNT carbon atom while the thermal

aziridination required over two equivalents of reagent.
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Table 3.3. Optimization of MWCNT functionalization conditions using BAT (12) and PhINTs

(2).

tosyl MWCNT

Entry Reagent(s)a Catalyst N/C ratiob

1 BAT (12)c Fe(TPP)Clc 0.8%

2 BAT' Fe(TPP)Cld 0.6%

3 BATd Fe(TPP)Cld 1.4%

4 BATc none 0.7%

5 PhINTs (2)' 6 2.2%

6 PhINTs'g 17 1.9%

7 PhINTstIh 17 6.9%

8 PhINTs'' 17 7.5%

aStandard conditions: 18 mg MWCNT, 0.4 eq. BAT per CNT carbon atom, DMF, r.t., 14 h. bBy

XPS analysis of the product. 'Addition of a solution in DMF over 10 h via syringe pump.

dImmediate addition of a solution in DMF. elO mg MWCNTs, 1 eq. PhINTs per CNT carbon

atom, 1,2-dichlorobenzene, r.t. 7 d. f'10 mg MWCNTs, 1 eq. PhINTs per CNT carbon atom, 1,2-

dichlorobenzene, 13 d. g r.t. h6 0 
0C. '80 0C

3.2.2. Catalyzed aziridination of CNTs and graphite

After confirming successful functionalization of MWCNTs using 17 and PhINTs, we

transitioned to SWCNT and graphite modification. The reaction was performed for 5 days at 80
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'C using 1 equivalent of reagent per carbon atom of the CNTs or graphite and 2.5% catalyst

(relative to reagent). Based on N Is and C Is signals in XPS, functional group densities of 1 per

22 carbons and 1 per 20 carbons were obtained for SWCNTs and graphite, respectively (Figure

3.2).

O KLL Cu 2p O1s N 1s C Is -SWCNTs

-graphite

S2s S2p

C

C

1000 800 600 400 200 0

Binding energy (eV)

Figure 3.2. XPS analysis of N-tosylaziridine-functionalized SWCNTs and graphite.

With these initial results, we looked to optimize the reaction conditions for decreased catalyst

loadings. Large amounts of catalyst are common for CNT and graphite functionalization

reactions as they are calculated relative to the reagent. In our case, 2.5 % catalyst loading

corresponds to 150 wt% of 17 relative to graphite or CNTs. Unfortunately, we found that

reducing the catalyst loading to 1% for the reaction on graphite, resulted in a lower functional

group density of 1 per 40 graphite carbons. This effect could not be compensated by using a

higher amount of reagent (4 equivalents). In this case a functional group density of 1 per 40

graphite carbons was achieved as well suggesting the catalyst loading dictates the degree of

functionalization.
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With a limited supply of catalyst 17, we returned to the commercially available CuCl/2,6-lutidine

catalyst system.20 Using 3% catalyst loading and 4 equivalents of 2 per graphite carbon atom, a

functional group density of 1 per 30 C was achieved (based on S 2p vs. C Is by XPS). By

comparison, these same conditions with the Cu(I) scorpionate complex 17 yielded 1 functional

group per 12 graphite carbons, further demonstrating the already established superiority of this

reaction. However, these high degrees of functionalization could be achieved with the CuCl/2,6-

lutidine system if a 6% catalyst loading was employed (functional group density of over 1 per 10

graphite carbons, Figure 3.3).

OKLL Cu2p FKLL F1s 13d O1s Nis

S 2s S 2p

1A

4'

1000 800 600 400 200 0

Binding energy (eV)

Figure 3.3. XPS analysis of aziridine-functionalized graphite using 4 equivalents PhINTs with

3% 17 (blue trace), 3% CuCl/2,6-lutidine (red trace), and 6% CuCl/2-6-lutidine (green trace).

To broaden the

of PhINTs

nitrophenylsulfo

after aziridinati

scope of the reaction, the synthesis of other iodinane reagents to be used

was pursued (Figure 3.4). Among these was

nyl)imino]phenyliodinane 18 as the nosyl group could potentially be

on leading to the NH-carrying species. Furthermore, iodinanes that
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reactive groups such as amines or substituents that could affect the polarity of the product such

as sulfonates or long alkyl chains were of interest.

SO 3K
0 0j 0 0 0

PhlN Phl=N L / NHBoc Phl=N)S

0 2 N

18

,, ~/OC 8H17  ~ S~/C 12H2c>
Phl=N Phl=N

Figure 3.4. Desired iodinane reagents for CNT and graphite functionalization.

Of these derivates, only 18 could be obtained in sufficient quantity and purity. Although

iodinanes are regularly used for the aziridination of small molecules, their preparation is

described as difficult to reproduce with conflicting reports in the literature.24

Using the previously optimized conditions (4 equiv of reagent, 6% CuCl/2,6-lutidine, 80 C)

aziridination of graphite with 18 was performed. XPS characaterization (S 2p vs C Is) of the

resulting graphite revealed that the obtained functional group density was only 1 per 150 graphite

carbon atoms (Figure 3.5).
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O KLL Cu 2p F KLL F 1s I 3d Ols N 1s C 1s

S2s S 2p

C

1000 800 600 400 200 0

Binding energy (eV)

Figure 3.5. XPS analysis of nosylaziridine-functionalized graphite using 4 equivalents PhINNs

18 with 6% CuCl/2,6-lutidine.

3.3. Conclusions

In summary, C60 , SWCNTs, MWCNTs, and graphite were functionalized using optimized

conditions with Cu(I) scorpionate 17 as the catalyst and the aziridination reagent PhINTs (2).

Very good yields could be obtained on C60 and high functional group densities were achieved on

CNTs and graphite. Utilizing different iodinane reagents to access a wider range of products,

however, proved to be difficult due to the challenging synthetic access to the required iodinane

reagents.

3.4. Experimental Section

Materials: SWCNTs were received from SouthWest NanoTechnologies (CG-100, >90% carbon

content, lot # CG 100-000-0012) and used without further purification. MWCNTs were obtained

from Aldrich (>95% purity, for small-scale reactions) and Bayer Group (Baytubes*C 150 P,

>95% purity, for large-scale reactions) and used as received. Graphite was received from Alfa
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Aesar. Cu(I) scorpionates 6 and 17 were prepared by Birgit Esser following literature

procedures.12,23 All other chemicals were of reagent grade and used as received.

General Methods and Instrumentation: Fourier transform infrared (FT-IR) spectroscopy was

performed on a Perkin-Elmar model 2000 FT-IR spectrophotometer using the Spectrum v. 2.00

software package. XPS spectra were recorded on a Kratos AXIS Ultra X-ray Photoelectron

Spectrometer. All synthetic manipulations were carried out under an argon atmosphere using

standard Schlenk techniques unless otherwise noted.

3-azidopropan-1-amine 15. 15 was synthesized following a literature procedure.9 Note:

Molecules with a high density of azide groups are potentially explosive and particular caution

has thus to be used, especially when isolating azides.25 ,26 Before synthesizing the compound on

the described scale the molecule was prepared on small scale and the explosive hazard has been

evaluated (shock, heat). 65.6 g (0.30 mol) 3-bromopropylamine hydrobromide were dissolved in

200 mL H2 0 and added to 39.0 g (2 equiv) sodium azide in 160 mL H20. The mixture was

refluxed for 15 h and subsequently cooled in an ice bath. Afterward, it was poured into 400 mL

diethyl ether containing 24 g NaOH (2 equiv). The organic phase was separated and the aqueous

phase was extracted twice with 100 mL Et20. The combined organic phases were dried over

MgSO 4 , filtered and stored in solution. A small aliquot was concentrated for characterization by

NMR. The concentration in solution was determined by 1H-NMR to be 0.3 M using toluene as an

internal standard. Yield: 470 mL of 0.3 M solution (47%). 'H-NMR (CDCl 3, 400 MHz): 6 = 3.33

(t, 2H, J= 6.6 Hz); 2.76 (t, 2H, J= 7.0 Hz); 1.68 (quin, 2H, J= 6.8 Hz); 1.17 (s, broad, 2H). 13 C-

NMR (CDCl 3, 100 MHz): 6 = 49.2, 39.4, 32.6.

- 102-

Chapter 3



Copper-Catalyzed Aziridination of Fullerene, Carbon Nanotubes, and Graphite

PhINTs 2. PhINTs was synthesized following a literature procedure.27 PhI(OAc)2 (32.0 g, 100

mmol) was added to a clear solution of H2NTs (17.1 g, 1 equiv) and KOH (14 g, 2.5 equiv) in

400 mL MeOH at 0 'C. The mixture was stirred for 3 h at room temperature and then poured

into 600 mL H20. Water was added until no further precipitation was observed. Subsequently,

the solid was collected by filtration. It was washed with water and diethyl ether and dried under

vacuum overnight. 24.10 g (65 mmol, 65%) of a yellow solid were obtained. 'H-NMR (MeOD,

400 MHz): 6 = 8.52 (dd, 2H, J= 8.4, 2.4 Hz); 7.80 (d, 2H, J= 8.4 Hz); 7.60-7.5 8 (m, 3H); 7.37 (d,

2H, J= 8.0 Hz); 2.43 (s, 3H).

PhI=O 7. PhI=O was synthesized following a literature procedure.' 4 45 mL of an aqueous 3 N

NaOH solution were added to PhI(OAc)2 (8.05 g, 25 mmol) over the course of 10 min. The

yellow suspension was stirred at room temperature for 90 minutes. 40 mL H2 0 were added and

the mixture was stirred vigorously for an additional hour. A solid precipitated, was collected by

filtration and washed with water and CHCl 3. It was suspended in acetone and subsequently

concentrated in vacuo. 2.66 g (12.1 mmol, 48%) of a pale yellow solid were obtained. mp 215 'C

(decomp., lit: 209-2 10 C). The product was not soluble enough to obtain an NMR spectrum.

Bromamine-T 12. Bromamine-T was synthesized following a literature procedure. 28 5.00 g

Chloramine-T trihydrate (17.8 mmol) were dissolved in 100 mL H2 0. 1.0 mL Br2 (19 mmol)

were added slowly via syringe upon which a yellow precipitate forms. The suspension was

stirred at room temperature for 1 hour. The solid was collected by filtration and 5.53 g of a

yellow intermediate were obtained after drying. 80 mL of 4 N aqueous NaOH solution were

added to the intermediate. After 1 h, the suspension was cooled to 0 'C and then stored in a

refrigerator overnight. The solid was collected by filtration and washed with ice water and dried.

3.53 g (13.0 mmol, 85%) of a yellow solid were obtained. 'H-NMR (D20, 400 MHz): 6 = 7.66
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(d, 2H, J= 8.0 Hz); 7.35 (d, 2H, J= 8.0 Hz); 2.36 (s, 3H). 1C-NMR (D20, 100 MHz): 6 = 143.3,

137.3, 129.6, 127.1, 20.6.

4-methylbenzenesulfonyl azide 14. 14 was synthesized following a literature procedure. 29 3.53

g 4-methylbenzenesulfonyl chloride (18.5 mmol) were dissolved in 8 mL acetone. 1.2 g (1

equiv) NaN3 in 5 mL H20 were slowly added via syringe. The mixture was stirred at room

temperature for 6 days after which 50 mL saturated aqueous Na2CO3 solution and 50 mL ethyl

acetate were added. The phases were separated and the aqueous phase was extracted with ethyl

acetate. The combined organic phases were dried over MgSO 4, filtered and concentrated. The

crude product was purified via column chromatography (hexanes/ethyl acetate 4:1). 3.00 g of a

colorless oil were obtained (15.2 mmol, 82%). 1H-NMR (CDCl 3, 400 MHz): 6 = 7.81 (d, 2H, J=

8.4 Hz); 7.37 (d, 2H, J= 8.8 Hz); 2.45 (s, 3H). 13C-NMR (CDCl 3, 100 MHz): 6 = 146.4, 135.6,

130.5, 127.7, 21.9.

[N-(2-nitrophenylsulfonyl)iminolphenyliodinane 18. 18 was synthesized following a literature

procedure. 30 Iodobenzene diacetate (19.3 g, 60 mmol) was added to a suspension of KOH (8.4 g,

2.5 equiv) and 2-nitrobenzenesulfonamide (12.1 g, 1 equiv) in 240 mL MeOH while the

temperature was kept at 5-10 'C. The mixture was stirred for 4 h at room temperature after which

the mixture was poured into 400 mL ice water. The formed precipitate was collected by filtration

and washed with water. The solid was dried in vacuo overnight. 17.1 g (42 mmol, 70%) of pale

yellow solid were obtained. 'H-NMR (DMSO-d 6 , 400 MHz): 6 = 7.78 (d, 2H, J= 7.2 Hz); 7.67

(d, 1H, J= 7.6 Hz); 7.58 (d, 1H, J= 7.6 Hz); 7.50 (t, 1H, J= 7.6 Hz); 7.46-7.38 (m, 2H); 7.29 (t,

2H, J= 8.0 Hz). '3C-NMR (DMSO-d6, 100 MHz): 6 = 195.5, 181,5, 147.2, 136.8, 133.6, 131.6,

131.1, 130.8, 130.3, 129.4, 122.9, 117.2.
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N-tosyl aziridine functionalized MWCNTs general procedure (Table 3.1). 9.0 mg MWCNTs

(0.75 mmol carbon), 0.2 equivalents aziridination reagent and 10 mol% catalyst were added to a

flame dried Schlenk flask. 2.5 mL acetonitrile were added and the mixture was sonicated for 120

min (bath sonicator). Afterward, the suspension was stirred for 25 h at r.t. The CNTs were

collected by centrifugation and washed by repeated redispersion and centrifugation with

acetonitrile, CH 2Cl 2 , hexanes, water and methanol before being dried in vacuo.

N-tosyl aziridine functionalized MWCNTs (Table 3.1, Entry 1). 56 mg (0.15 mmol) 2 and 5.6

mg (0.1 equiv) [Cu(CH 3CN)4]PF 6 were used. N/C ratio by XPS (based on N Is vs. C Is): 1.7%.

N-tosyl aziridine functionalized MWCNTs (Table 3.1, Entry 2). 34.2 mg (0.20 mmol) 8, 33.0

mg (0.15 mmol) 7 and 5.6 mg (0.1 equiv) [Cu(CH 3CN)4]PF6 were used. N/C ratio by XPS (based

on N Is vs. C Is): 0.4%.

N-tosyl aziridine functionalized MWCNTs (Table 3.1, Entry 3). 34.1 mg (0.15 mmol) 10,

obtained from chloramine-T trihydrate by drying at 90 'C in vacuo for 4 h, and 2.9 mg (0.1

equiv) Cul were used. N/C ratio by XPS (based on N Is vs. C Is): 0.9%.

N-tosyl aziridine functionalized MWCNTs (Table 3.1, Entry 4). 29.6 mg (0.15 mmol) 14, 9

mg MWCNTs and 2.5 mL acetonitrile were added to a flame dried Schlenk flask. The mixture

was sonicated for 30 min and subsequently irradiated for 55 min with a 500 W Hg lamp using an

OD 0.5 filter. The workup was similar to the general procedure. N/C ratio by XPS (based on N

Is vs. C Is): 0.5%.

N-tosyl aziridine functionalized MWCNTs (Table 3.1, Entry 5). 29.6 mg (0.15 mmol) 14, 9

mg MWCNTs and 2.5 mL acetonitrile were added to a flame dried Schlenk flask. The mixture
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was sonicated for 30 min and then refluxed for 19 h followed by workup similar to the general

procedure. No N Is peak was observed by XPS.

N-tosyl aziridine functionalized MWCNTs (Table 3.1, Entry 6). The general procedure was

followed using 40.8 mg (0.15 mmol) 12 and 5.3 mg (0.05 equiv) Fe(TPP)Cl. N/C ratio by XPS

(based on N Is vs. C Is): 1.3%.

Amino functionalized MWCNTs (Table 3.1, Entry 7). 100 mg MWCNTs (8.3 mmol carbon)

were added to a flame dried Schlenk flask. 5 mL NMP were added and the mixture was

sonicated for 80 min. Afterward, 2 g . 3-azidopropan-1-amine 15 were added and the reaction

was stirred at 160 'C for 2 d. The suspension was cooled to r.t. and the solid was collected by

centrifugation. The crude product was washed by repeated redispersion and centrifugation with

acetone, water, methanol and hexanes. N/C ratio by XPS (based on N Is vs. C Is): 4.2%

(functional group density: 2.1%).

N-tosyl[1,2]aziridino[60]fullerene 16; optimized procedure. C60 (100 mg, 139 pmol), 2 (103

mg, 2 equiv), and Cu(I) complex 17 (5 mg, 5 mol%) were added to a flame-dried Schlenk flask

under Argon. 10 mL ortho-dichlorobenzene was added and the mixture was sonicated for 40

min. After stirring at room temperature for 2 days, the solvent was distilled off at reduced

pressure and 50 'C. Subsequently, the remaining solid was purified by flash silica gel

chromatography (hexanes/toluene, 2:1) affording 33.7 mg (37.9 pmol, 27%) of a dark brown

solid. 'H-NMR (CDCl 3, 400 MHz): 6 8.23 (d, 2H, J= 8.4 Hz); 7.51 (d, 2H, J= 8.0 Hz); 2.52 (s,

3H. 13C-NMR (CDCl 3, 100 MHz): 6 = 146.1, 145.6, 145.4, 145.3, 145.3, 144.8, 144.4, 144.2,

144.1, 143.4, 143.4, 143.3, 143.0, 142.4, 142.1, 141.6, 141.1, 135.6, 130.4, 128.7, 77.4, 22.1.
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N-tosyl[1,2]aziridino[60]fullerene 16 general procedure (Table 3.2). 20 mg (28 pmol) C60, 28

gmol aziridination reagent and 2.8 pmol catalyst and 1.5 mL 1,2-dichlorobenzene were added to

a flame dried Schlenk flask. The mixture was sonicated for 15 min and then stirred at r.t. for

18 h. The solvent was evaporated in vacuo and the product was purified by flash silica gel

chromatography (hexanes/toluene 1:1).

N-tosyl[1,2]aziridino[60]fullerene 16 (Table 3.2, Entry 1). 10.4 mg (28 pmol) 2 and 1 mg (2.8

gmol) Cu(OTf)2 were used. Yield: 1 mg (3%)

N-tosyl[1,2]aziridino[60]fullerene 16 (Table 3.2, Entry 2). 7.5 mg (28 pmol) 12 and 1 mg (2.8

pmol) Fe(TPP)C1 were used. No product was observed by TLC.

N-tosyl[1,2]aziridino[60]fullerene 16 (Table 3.2, Entry 3). 7.5 mg (28 pimol) 12 and I mg (2.8

imol) Fe(TPP)Cl were used. 12 was added via syringe as a solution in 0.5 mL DMF over 30

min. Yield: 7.2 mg (29%)

N-tosyl[1,2]aziridino[60]fullerene 16 (Table 3.2, Entry 4). 15 mg (56 ptmol) 12 and 1 mg (2.8

pmol) Fe(TPP)C1 were used. 12 was added via syringe as a solution in 0.5 mL DMF over 30 min

and the reaction was conducted at 40 'C. Yield: 8.0 mg (32 %)

N-tosyl[1,2]aziridino[60]fullerene 16 (Table 3.2, Entry 5). 15 mg (56 pmol) 12 and 1 mg (2.8

pimol) Fe(TPP)Cl were used. 12 was added via syringe as a solution in 0.5 mL DMF over 30 min

and the reaction was conducted at 60 'C. Yield: 7.5 mg (30 %)

N-tosyl[1,2]aziridino[60]fullerene 16 (Table 3.2, Entry 6). 15 mg (56 pmol) 12 and 1 mg (2.8

pmol) Fe(TPP)Cl were used. 12 was added via syringe as a solution in 0.5 mL DMF over 30 min

and the reaction was conducted at 80 'C. Yield: 7.1 mg (29 %)
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N-tosyl[1,2]aziridino[60]fullerene 16 (Table 3.2, Entry 7). 15 mg (56 Imol) 12 and 1 mg (2.8

imol) [Cu(CH 3CN)4]PF6 were used. 12 was added via syringe as a solution in 0.5 mL DMF over

30 min. Yield: 6.2 mg (25 %)

N-tosyl[1,2]aziridino[60]fullerene 16 (Table 3.2, Entry 8). 15 mg (56 pLmol) 12 and 1 mg (2.8

pmol) Cu(OTf)2 were used. 12 was added via syringe as a solution in 0.5 mL DMF over 30 min.

Yield: 3.2 mg (13 %)

N-tosyl[1,2]aziridino[60]fullerene 16 (Table 3.2, Entry 9). 15 mg (56 pmol) 12 and 0.7 mg

(2.8 imol) Cu(acac) 2 were used. 12 was added via syringe as a solution in 0.5 mL DMF over 30

min. Yield: 6.2 mg (25 %)

N-tosyl[1,2]aziridino[60]fullerene 16 (Table 3.2, Entry 10). 15 mg (56 iLmol) 12 were used

without additional catalyst. 12 was added via syringe as a solution in 0.5 mL DMF over 30 min.

Yield: 4.1 mg (17 %)

N-tosyl[1,2]aziridino[60]fullerene 16 using Cu(I) scorpionate 6. 20 mg (28 pmol) C60 were

sonicated in 1,2-dichlorobenzene for 15 min upon which 21 mg (56 pimol) 2 and 1 mg (2.8

pmol) 6 were added as solids. The solution was stirred at r.t. for 20 h. The workup was similar to

the general procedure for 16. Yield: 7.2 mg (8.1 pLmol, 29 %)

N-tosyl aziridine functionalized MWCNTs (Table 3.3, Entry 1). 18 mg MWCNTs (1.5 mmol

carbon) and 11 mL DMF were added to a flame dried Schlenk flask and the mixture was

sonicated for 60 min (bath sonicator). Afterward, 163 mg (0.6 mmol) 12 in 5.4 mL DMF and

21.2 mg (0.03 mmol) Fe(TPP)Cl in 4 mL DMF were added via syringe pump over 10 h. After 4

additional hours, the CNTs were collected by centrifugation and washed by repeated redispersion
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and centrifugation using DMF followed by drying in vacuo. N/C ratio by XPS (based on N Is vs.

C Is): 0.8%.

N-tosyl aziridine functionalized MWCNTs (Table 3.3, Entry 2). 18 mg MWCNTs (1.5 mmol

carbon) and 11 mL DMF were added to a flame dried Schlenk flask and the mixture was

sonicated for 60 min (bath sonicator). 21.2 mg (0.03 mmol) Fe(TPP)C in 4 mL DMF after

which 163 mg (0.6 mmol) 12 in 5.4 mL DMF were added via syringe pump over 10 h. After 4

additional hours, the CNTs were collected by centrifugation and washed by repeated redispersion

and centrifugation using DMF followed by drying in vacuo. N/C ratio by XPS (based on N Is vs.

C Is): 0.6%.

N-tosyl aziridine functionalized MWCNTs (Table 3.3, Entry 3). 18 mg MWCNTs (1.5 mmol

carbon) and 11 mL DMF were added to a flame dried Schlenk flask and the mixture was

sonicated for 60 min (bath sonicator). 21.2 mg (0.03 mmol) Fe(TPP)C1 in 4 mL DMF and 163

mg (0.6 mmol) 12 in 5.4 mL DMF were added. The suspension was stirred for 14 h after which

the CNTs were collected by centrifugation and washed by repeated redispersion and

centrifugation using DMF followed by drying in vacuo. N/C ratio by XPS (based on N Is vs. C

Is): 1.4%.

N-tosyl aziridine functionalized MWCNTs (Table 3.3, Entry 4). 18 mg MWCNTs (1.5 mmol

carbon) and 11 mL DMF were added to a flame dried Schlenk flask and the mixture was

sonicated for 60 min (bath sonicator). 21.2 mg (0.03 mmol) Fe(TPP)Cl in 4 mL DMF and 163

mg (0.6 mmol) 12 in 5.4 mL DMF were added. The suspension was stirred for 14 h after which

the CNTs were collected by centrifugation and washed by repeated redispersion and
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centrifugation using DMF followed by drying in vacuo. N/C ratio by XPS (based on N Is vs. C

Is): 1.4%.

N-tosyl aziridine functionalized MWCNTs (Table 3.3, Entry 5). 10 mg MWCNTs (0.83

mmol carbon) and 10 mL 1,2-dichlorobenzene were added to a flame dried Schlenk flask and the

mixture was sonicated for 90 min (bath sonicator). 300 mg (0.8 mmol) 2 and 14.6 mg (20 Imol)

6 were added. The suspension was stirred for 7 d after which the CNTs were collected by

centrifugation and washed by repeated redispersion and centrifugation using 1,2-

dichlorobenzene, CH 2Cl 2, hexanes, and methanol followed by drying in vacuo. N/C ratio by XPS

(based on N Is vs. C Is): 2.2%.

N-tosyl aziridine functionalized MWCNTs (Table 3.3, Entry 6). 10 mg MWCNTs (0.83

mmol carbon) and 10 mL 1,2-dichlorobenzene were added to a flame dried Schlenk flask and the

mixture was sonicated for 2.5 h (bath sonicator). 300 mg (0.8 mmol) 2 and 14.7 mg (20 ptmol) 17

were added. The suspension was stirred at r.t. for 13 d after which the CNTs were collected by

centrifugation and washed by repeated redispersion and centrifugation using 1,2-

dichlorobenzene, CH 2Cl 2, ethanol, methanol, and hexanes followed by drying in vacuo. N/C

ratio by XPS (based on N Is vs. C Is): 1.9%.

N-tosyl aziridine functionalized MWCNTs (Table 3.3, Entry 7). 10 mg MWCNTs (0.83

mmol carbon) and 10 mL 1,2-dichlorobenzene were added to a flame dried Schlenk flask and the

mixture was sonicated for 2.5 h (bath sonicator). 300 mg (0.8 mmol) 2 and 14.7 mg (20 pimol) 17

were added. The suspension was stirred at 60 'C for 13 d after which the CNTs were collected

by centrifugation and washed by repeated redispersion and centrifugation using 1,2-
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dichlorobenzene, CH 2Cl2, methanol, and hexanes followed by drying in vacuo. N/C ratio by XPS

(based on N Is vs. C Is): 6.9%.

N-tosyl aziridine functionalized MWCNTs (Table 3.3, Entry 8). 10 mg MWCNTs (0.83

mmol carbon) and 10 mL 1,2-dichlorobenzene were added to a flame dried Schlenk flask and the

mixture was sonicated for 2.5 h (bath sonicator). 300 mg (0.8 mmol) 2 and 14.7 mg (20 tmol) 17

were added. The suspension was stirred at 80 'C for 13 d after which the CNTs were collected

by centrifugation and washed by repeated redispersion and centrifugation using 1,2-

dichlorobenzene, CH 2Cl2, methanol, and hexanes followed by drying in vacuo. N/C ratio by XPS

(based on N Is vs. C Is): 7.5%.

N-tosyl aziridine functionalized SWCNTs. 5 mg SWCNTs (0.4 mmol carbon) and 5 mL 1,2-

dichlorobenzene were added to a flame dried Schlenk flask and the mixture was sonicated for 2 h

(bath sonicator). 150 mg (0.4 mmol) 2 and 7.4 mg (10 pmol) 17 were added. The suspension was

stirred at 80 'C for 5 d after which the CNTs were collected by centrifugation and washed by

repeated redispersion and centrifugation using 1,2-dichlorobenzene, CH 2Cl 2, hexanes, ethanol,

and methanol followed by drying in vacuo. N/C ratio by XPS (based on N Is vs. C Is): 4.5%.

N-tosyl aziridine functionalized graphite, procedure 1. 5 mg graphite (0.4 mmol carbon) and

5 mL 1,2-dichlorobenzene were added to a flame dried Schlenk flask and the mixture was

sonicated for 2 h (bath sonicator). 150 mg (0.4 mmol) 2 and 7.4 mg (10 tmol) 17 were added.

The suspension was stirred at 80 'C for 5 d after which the CNTs were collected by

centrifugation and washed by repeated redispersion and centrifugation using 1,2-

dichlorobenzene, CH 2Cl 2 , hexanes, ethanol, and methanol followed by drying in vacuo. N/C

ratio by XPS (based on N Is vs. C Is): 5%.
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N-tosyl aziridine functionalized graphite, procedure 2. 25 mg graphite (2 mmol carbon), 3 g

(8 mmol) 2 and 58 mg (80 pmol) 17 were added to a flame dried Schlenk flask. 25 mL 1,2-

dichlorobenzene were added and the mixture was sonicated for 5 min. The suspension was

stirred at 80 'C for 4 d after which the graphite was collected by centrifugation and washed by

repeated redispersion and centrifugation using acetone, water, methanol, and hexanes followed

by drying in vacuo. N/C ratio by XPS (based on N Is vs. C Is): 8.3%.

N-tosyl aziridine functionalized graphite, procedure 3. 23.8 mg (0.06 mmol) CuCl and 51.4

mg (0.12 mmol) 2,6-lutidine were dissolved in 25 mL 1,2-dichlorobenzene and stirred at r.t. for

30 min. Subsequently, 25 mg graphite (2 mmol carbon) and 3 g (8 mmol) 2 were added and the

mixture was sonicated for 15 min. The suspension was stirred at 80 'C for 5 d after which the

graphite was collected by centrifugation and washed by repeated redispersion and centrifugation

using acetone, methanol, CH 2Cl 2 , and hexanes followed by drying in vacuo. N/C ratio by XPS

(based on N Is vs. C Is): 3.3%.

N-tosyl aziridine functionalized graphite, procedure 4. 47.5 mg (0.12 mmol) CuCl and

102.9 mg (0.24 mmol) 2,6-lutidine were dissolved in 25 mL 1,2-dichlorobenzene and stirred at

r.t. for 30 min. Subsequently, 25 mg graphite (2 mmol carbon) and 3 g (8 mmol) 2 were added

and the mixture was sonicated for 15 min. The suspension was stirred at 80 'C for 5 d after

which the graphite was collected by centrifugation and washed by repeated redispersion and

centrifugation using acetone, methanol, CH2Cl 2, and hexanes followed by drying in vacuo. N/C

ratio by XPS (based on N Is vs. C Is): 16.7%.

N-nosyl aziridine functionalized graphite. 47.5 mg (0.12 mmol) CuCl and 102.9 mg (0.24

mmol) 2,6-lutidine were dissolved in 25 mL 1,2-dichlorobenzene and stirred at r.t. for 30 min.
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Subsequently, 25 mg graphite (2 mmol carbon) and 3.2 g (8 mmol) 18 were added and the

mixture was sonicated for 15 min. The suspension was stirred at 80 'C for 5 d after which the

graphite was collected by centrifugation and washed by repeated redispersion and centrifugation

using acetone, methanol, CH2Cl 2, and hexanes followed by drying in vacuo. N/C ratio by XPS

(based on N Is vs. C Is): 0.7%.

-113-

Chapter 3



Copper-Catalyzed Aziridination of Fullerene, Carbon Nanotubes, and Graphite

8.5 7.5 6.5 5.5 4.5
f1 (ppm)

3.5

Figure 3.6. 'H NMR Spectrum of 15 (CDC13)
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Figure 3.7. 3C NMR Spectrum of 15 (CDC13)
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Figure 3.8. 1H NMR Spectrum of 2 (MeOD)
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Figure 3.9. 1H NMR Spectrum of 12 (D2 0)
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Figure 3.12. 13C NMR Spectrum of 14 (CDC13)
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Figure 3.14. 13 C NMR Spectrum of 18 (DMSO-d)
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Figure 3.15. 'H NMR Spectrum of 16 (CDC13)
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Figure 3.16. 13C NMR Spectrum of 16 (CDC13)
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Figure 3.17. XPS analysis of Table 3.1, Entry 1
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Figure 3.18. XPS analysis of Table 3.1, Entry 2
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Figure 3.19. XPS analysis of Table 3.1, Entry 3
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Figure 3.20. XPS analysis of Table 3. 1, Entry 4
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Figure 3.21. XPS analysis of Table 3.1, Entry 5
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Figure 3.22. XPS analysis of Table 3.1, Entry 6
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Figure 3.23. XPS analysis of Table 3.1, Entry 7
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Figure 3.24. XPS analysis of Table 3.3, Entry 1
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Figure 3.25. XPS analysis of Table 3.3, Entry 2
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Figure 3.26. XPS analysis of Table 3.3, Entry 3
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Figure 3.27. XPS analysis of Table 3.3, Entry 4
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Figure 3.28. XPS analysis of Table 3.3, Entry 5
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Figure 3.29. XPS analysis of Table 3.3, Entry 6
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Figure 3.30. XPS analysis of Table 3.3, Entry 7

1000 800 600

Binding energy (eV)

Figure 3.31. XPS analysis of Table 3.3, Entry 8
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Figure 3.32. XPS analysis of N-tosyl aziridine functionalized SWCNTs
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Figure 3.33. XPS analysis of N-tosyl aziridine functionalized graphite, procedure 1
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Figure 3.34. XPS analysis of N-tosyl aziridine functionalized graphite, procedure 2
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Figure 3.35. XPS analysis of N-tosyl aziridine functionalized graphite, procedure 3
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Figure 3.36. XPS analysis of N-tosyl aziridine functionalized graphite, procedure 4
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Figure 3.37. XPS analysis of N-nosyl aziridine functionalized graphite
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4.1. Introduction

Carbon Nanotubes (CNTs) are well-suited for amperometric sensing applications as their

conductivity can be influenced by their chemical environment.' Furthermore, their quasi-one-

dimensional structure allows signal amplification based on a molecular wire approach similar to

conjugated polymer sensors.2 When utilizing networks of CNTs instead of single CNTs in a

sensor, changes to the morphology of the network, caused, for example, by swelling with an

analyte, can be an additional source of a sensing response. Depending on the electrical resistance

of the individual CNTs compared to the CNT-CNT junctions either effect can dominate. 3

One important group of targets for sensors are explosive compounds. Due to the simple

manufacturing and potentially large damage caused by explosive-based weapons, terrorism using

this type of weapons has been increasing in recent years.4 It would, therefore, be desirable to

improve the sensing capabilities in this area in order to detect low volatility explosives such as

2,4,6-trinitrotoluene (TNT), tetranitro-triazacyclohexane (RDX), or pentaerythritol tetranitrate

(PETN) (Figure 4.1). Several instrumental systems are aiming at this goal including ion mobility

spectrometry (IMS), mass spectrometry (MS), and gas chromatography (GC), as well as the Fido

system (FLIR systems) that is based on research previously conducted in our laboratory.5

NO
2

Me 0

0 2N NO 2  0 2N ONO2 02Ns N N0 2

0 N

NO 2  NO2  NO 2
TNT PETN RDX

Figure 4.1. Common explosives TNT, PETN, RDX.
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In addition to these platforms, it is desirable to develop amperometric sensors based on CNTs for

the detection of explosive compounds. In contrast to the aforementioned established systems, this

type of sensor benefits from its great simplicity. In principal, a sensor prototype can consist only

of a power source and an ammeter connected to a network of functionalized CNTs via electrodes

(Figure 4.2). This setup potentially facilitates manufacturing and miniaturization and reduces

manufacturing costs all of which are advantageous for applications. As initial sensing targets, we

chose nitromethane, which has been used in the 1995 Oklahoma City bombing, 6 and

cyclohexanone (Figure 4.3).

ammeter

power source

functionalized CNT network

electrodes

Figure 4.2. Schematic representation of an amperometric CNT-based sensor

0

Me-NO
2

1 2

Figure 4.3. Sensing targets nitromethane (1) and cyclohexanone (2).
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While cyclohexanone itself is not explosive, it is commonly used in the purification of RDX and

is therefore found in the headspace of RDX-based explosives. 7 With a vapor pressure of 4470

ppm at room temperature, cyclohexanone is approximately nine orders of magnitude more

volatile than RDX itself, rendering it an attractive substitute for the actual explosive as a sensing

target.4'8

When developing a sensor, several parameters are of interest. 4 Among these are the sensitivity

(i.e., the slope of a calibration curve), the limit of detection, and the selectivity of the sensor (i.e.,

the response to the desired analyte compared to the response to interferents). Furthermore, a high

reproducibility of the sensing response to a certain analyte concentration is desired, for repeated

measurements using the same device and across different devices. Lastly, a good stability of the

sensor over time is an advantage for practical applications.

These parameters can be influenced by varying different aspects of the sensor. The choice of

receptor or selector that interacts with the analyte can affect the sensitivity and selectivity.

Furthermore, the material to which the receptor is attached, as well as the type of attachment,

influences the performance of the sensor. Among CNT-based sensors, single- or multi-walled

CNTs (SWCNTs and MWCNTs, respectively) can be chosen for this purpose and covalent or

non-covalent attachment methods can be utilized. Lastly, the fabrication of a sensor can

influence the sensing performance from sensitivity to reproducibility between devices.

For this project, we chose to use covalently functionalized SWCNTs as the sensing platform.

Covalent functionalization reduces the conductivity of SWCNTs. Therefore, non-covalent

functionalization of SWCNTs or covalent functionalization of MWCNTs are more common

strategies employed for the fabrication of selective sensors9-11 than covalent functionalization of
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SWCNTs.12,13 Nevertheless, we hypothesized that covalent functionalization of SWCNTs could

be advantageous for several reasons. First, covalent attachment of the receptor excludes the

possibility of phase separation between receptor and CNTs and should thus lead to a higher

stability of the devices compared to sensors based on non-covalently modified CNTs. Second,

the decrease in the conductivity of the CNTs is not necessarily a disadvantage. In general, the

response of an amperometric sensor is dominated by changes of the component with the highest

resistance. A sensing mechanisms where the analyte alters the resistance of individual CNTs

benefits from a high initial resistance of the CNTs, while a sensing mechanisms where the

analyte affects resistance of the sensor at CNT-CNT junctions (or CNT-electrode junctions)

benefits from highly conductive CNTs.3 As it is not trivial to predict the sensing mechanism, we

based our decision for covalently functionalized SWCNTs on the expected higher stability of the

sensors compared to non-covalently functionalized CNTs.

We chose thiourea and squaramide units as receptors (Figure 4.4). Both types of structures have

been used in anion sensing (e.g., detection of phosphates, carboxylates, or nitrates) and we

expected them to interact with the nitro and carbonyl groups of our target analytes. 14'15

0 0
S

CNT ' N ----

CNT H H
A B

Figure 4.4. Thiourea (A) and Squaramide (B) based receptors attached to CNTs

Due to the different geometry of the two structures we expected them to show different

sensitivities and selectivities in a sensor. Besides the geometry of the receptor, the receptor-

analyte affinity is influenced by the acidity of the -NH protons where a higher acidity typically
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leads to stronger binding.16 We, therefore, tested different substituents on the squaramide and

thiourea units to determine their influence on the sensing response.

4.2. Results and Discussion

4.2.1. Functionalization of SWCNT with Thiourea and Squaramide Receptors

We installed thiourea and squaramide receptors on SWCNTs using a two-step approach.

Initially, SWCNTs were functionalized with amine groups by reaction with 3-azidopropan-1-

amine 3 (Scheme 4.1).17 The product was analyzed by X-ray photoelectron spectroscopy (XPS),

showing a functional group density of 1 per 12 CNT carbon atoms (based on N Is vs. C Is

signal).

Scheme 4.1. Installation of amino groups on SWCNTs.

NH 2

N

N ' NH \33
(4.8 equiv/C)

1,2-dihlorobenzene

NH2-SWCNT

In the second step, the obtained NH2-SWCNTs were reacted with either an isothiocyanate

reagent to obtain thiourea-functionalized SWCNTs or with the mono-ester of a squaramide for

squaramide-functionalized SWCNTs (Scheme 4.2). The respective amines 5 and 7 gave the

required isothiocyanates 6 and 8 via the dithiocarbamates in 55% and 35% yield, respectively.1 8

Squaramide reagents 11-13 were obtained in 26-61% yield by reacting amines 5, 7, and 9 with

diethyl squarate 10.19
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Scheme 4.2. Functionalization of SWCNTs with thiourea and squaramide receptors.
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Analysis of modified SWCNTs by XPS showed an increase in the 0 Is signal in all samples (due

to defect sites, pristine CNTs contain small amounts of oxygen by XPS as well), as well as

presence of the expected F Is signal for samples containing trifluoromethyl groups, and the

presence of the sulfur signals for SWCNTs containing thiourea moieties (Figure 4.5).

O KLL FKLL F is 0 is N is C is - m-CF-Bn-SQ-SWCNT
- m-CFrBn-TU-SWCNT
-- NHr-SWCNT
-- pristine SWCNTs

S 2s S 2p

. .... ||.|.|.l||||||||....ii..lii.

C

1000 800 600 400 200 0

Binding energy (eV)

Figure 4.5. XPS analysis of pristine SWCNTs (blue trace), NH2-SWCNT (red trace), m-CF3-Bn-

TU-SWCNT (green trace), and m-CF3-Bn-SQ-SWCNT (orange trace).

We calculated functional group densities based on the F 1s and C Is signals (for fluorine

containing samples) or the 0 1s and C Is signals (for fluorine free samples). The

functionalization of NH2-SWCNT with thioureas yielded higher receptor densities of ca. 1 per 50

CNT carbon atoms compared to 1 per 100-150 CNT carbon atoms for the squaramides (Table

4.1). We attribute this difference in the degree of functionalization to the higher reactivity of

isothiocyanates (4, 6, 8) compared to the squaramide monoesters (11-13).
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Table 4.1. Functional group densities for receptor-carrying SWCNTs

aSWCNT carbon atoms per functional group 'based on 0

compared to NH2-SWCNT; cbased on F Is and C Is signals

Is and C Is signals in the product

4.2.2. Sensor Fabrication and Evaluation

After functionalizing SWCNTs with thiourea and squaramide receptors, we tested the

performance of the samples as sensors. We prepared devices by: (i) drop-casting a suspension of

SWCNTs between gold electrodes on the surface of a glass slide, and (ii) annealing for 3 minutes

at 100 *C under vacuum (Figure 4.6).

Cr (7.5 nm)
Au (75 nm) drop-casting annealing

Figure 4.6. Fabrication of sensors.

Devices were analyzed by optical microscopy and scanning electron microscopy (SEM). Optical

microscopy showed an inhomogeneous structure of the SWCNT film containing large aggregates
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of CNTs (Figure 4.7a). SEM confirmed this film structure at low magnification (Figure 4.7b) and

showed SWCNT bundles at higher magnification (Figure 4.7c-f).

b)

optical micrograph (10x)

a)

d)

SEM
(70,000x, s.b.: 100 nm)

c)

SEM (25x, scalebar: 100 pm) SEM
(350x, s.b.: 10 pm)

f)

SEM SEM
(12,000x, s.b.: 1 m) (1,800x, s.b.: 10 pm)

Figure 4.7. Micrographs of SWCNT devices. (a) Optical micrograph; (b)-(f) scanning electron

micrographs at different magnifications.

During a measurement, a potential of 0.1 V was applied to the electrodes and the current through

the SWCNT network was recorded. Before being able to evaluate the different devices, we had

to establish a sensing setup that limited environmental effects and allowed reproducible

measurements. Initially, we performed test measurements in a simple glovebox in the absence of

an analyte, however, a significant baseline drift was observed (Figure 4.8).
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Figure 4.8. Glovebox for initial sensing measurements (a) photograph, (b) baseline drift over

7 h.

In order to improve the baseline stability during the measurements, we developed a Teflon

enclosure for the sensing devices in collaboration with Joseph J. Walish. The enclosure was

equipped with electrodes to contact the devices as well as a gas inlet and outlet that could be

connected to a nitrogen supply or gas generation system (Figure 4.9). When the enclosure was

connected to a nitrogen supply, baseline drift was reduced from 1.6% to 0.3% over 1 h (Figure

4.10). Furthermore, the level of noise was reduced.

a) Lb)

electrodes

teflon chamber

gas inlet/outlet

Cr/Au on glass

CNT network

Figure 4.9. Gas flow chamber for sensing measurments.
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Figure 4.10. Baseline drift using a Teflon device enclosure. Photograph of (a) open and (b)

closed enclosure; (c) baseline drift with enclosure connected to a nitrogen supply (blue trace)

compared to baseline drift with glovebox depicted in Figure 4.8 (red trace).

After establishing a reliable sensing setup, we tested the response to cyclohexanone (2) of four

types of sensing materials: thiourea, squaramide, and amine-modified SWCNT, and pristine

SWCNTs. We exposed devices three times for 30 s to 57 ppm 2 (1.3% of room temperature

equilibrium vapor concentration - supplied to devices using a gas generation system, see

Experimental Section) and monitored the corresponding change in current (-AG/Go) using a

potentiostat (Figure 4.11).

Pristine and amine-functionalized SWCNTs both showed a weak, albeit noticeable response, of

0.05-0.1% change in current to 2 (Figure 4.11 a-b). The response of Me-TU-SWCNT and p-CF3-

Bn-TU-SWCNT was slightly higher (0.1-0.15%) with a lower level of noise (Figure 4.1lc-d).

Devices containing m-CF3-Bn-TU-SWCNT showed the best response of 0.9% change in current

(Figure 4.11 e). Squaramide-functionalized SWCNTs on the other hand did not lead to a large

change in current upon exposure to 57 ppm 2 (Figure 4.11 f-h).
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Figure 4.11. Sensing responses of devices with different types of SWCNTs to 57 ppm 2, applied

for 30 s starting at 50, 150, and 250 s.

Encouraged by the initial results with m-CF3-Bn-TU-SWCNT, we investigated the

reproducibility of the sensing response between devices containing this type of functionalized

SWCNTs, their tolerance for repeated measurements, and their stability over time. We fabricated

three devices and measured their response to 57 ppm and 283 ppm cyclohexanone. The devices

showed good reproducibility for repeated measurements and across devices (Figure 4.12a). To

test the device stability over time, the measurement with one device was repeated after storing it

for 16 and 236 days under ambient conditions without any precautions (Figure 4.12b-d). After 16

days, the device still showed a reproducible response to 2, albeit with a slightly reduced
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sensitivity. The sensitivity was further reduced after 236 days, but a good response to 57 ppm

and 283 ppm 2 could still be obtained with a very good reproducibility between subsequent

measurements.

a) 0.02
0.015
0015 -- device 3
0.01 - 3 0.42 0.08%

0.005

0

0 100 200 300 400 500 600 700 800 900 1000
time (s)

b) 0.02

0.015 device 2 after 16 d 0.75 ± 0.03%

4 0.01 0.26 ±0.04%
0.005

0

-0.005 0 100 200 300 400 500 600 700 800 900 1000
time (s)

C) 0.02

0.015 device 2 after 236 d 0.498 0.001%
0.01

0.0050.14 ±0.01%0.005
0

-0.005 0 100 200 300 400 500 600 700 800 900 1000
time (s)

d) 0.02
0.015 -device 2

dice 2fte16
!0.01 -device 2after 236d

0.0

0

-0.005 0 100 200 300 400 500 600 700 800 900 1000
time(s)

Figure 4.12. Sensing responses of devices fabricated using m-CF3-Bn-TU-SWCNT. (a) response

of three different devices exposed to 57 ppm cyclohexanone for 30 s every 100 s starting at 50 s

as well as 283 ppm cyclohexanone for 30 s every 100 s starting at 600 s (device 1) or 550 s

(devices 2 and 3); averages and errors are based on the four measurements at each concentration

and across all devices; (b) response of device 2 after 16 days under ambient conditions upon

exposure to 57 ppm cyclohexanone for 30 s every 100 s starting at 50 s as well as 283 ppm

cyclohexanone for 30 s every 100 s starting at 550 s; (c) response of device 2 after 236 days

under ambient conditions upon exposure to 57 ppm cyclohexanone for 30 s every 100 s starting

at 50 s as well as 283 ppm cyclohexanone for 30 s every 100 s starting at 600 s; (d) overlay of

sensing traces for freshly prepared device 2, device 2 after 16 days, and after 236 days under

ambient conditions.
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4.2.3. Optimization of Receptors

To optimize the performance of sensors in this study, we determined the association constant of

several chemical analogs of m-CF3-Bn-TU-SWCNT and p-CF3-Bn-TU-SWCNT with 2 (Figure

4.13). The methyl substituted analogues of the receptors on p-CF 3-Bn-TU-SWCNT and m-CF3-

Bn-TU-SWCNT, 14 and 15, were synthesized in 91% and 84% yield, respectively, by reacting

amines 5 and 7 with methylisothiocyanate 4 (see Experimental Section). Additionally, the phenyl

analogues of the receptors (16 and 17) were synthesized in 83% and 65% yield, respectively,

from the commercially available isothiocyanate precursors and methylamine.

S S

N 'J N ' N -, CF 3H N~~ H H
CF 3  CF3

14 15 CF 3

CF3

N CF3 F

H H N N CF 3H H
16 17

Figure 4.13. Model receptors for binding studies with substituted benzyl (14, 15) and phenyl

groups (16, 17).

In addition to testing receptors with one thiourea unit, we anticipated that introduction of a

second thiourea unit into the receptor may lead to enhanced binding to the analyte. Based on

computational20 and experimental2' studies that had been conducted with urea receptors for anion

sensing and considering facile synthetic access to compounds that could be easily attached to

amine SWCNTs, we decided to synthesize urea receptor 21 and its thiourea counterpart 22

(Scheme 4.3). We expected better interactions of the thiourea units with the analyte compared to

urea units based on previous studies.' 5 On the other hand, it was not clear if the steric demand of
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the thiourea groups allowed an optimal conformation for analyte binding. Therefore, we decided

to investigate both, urea (21) and thiourea receptor (22). Starting from diamine 18 and isocyanate

19 or isothiocyanate 20, the receptors were obtained in 65% and 27% yield, respectively.

Scheme 4.3. Synthesis of receptors with two urea (21) or thiourea units (22).

o os~
0 0" 

0

F3C CF3  |

NH2  THF, r.t. X NH H H
NH 2  NCX

18 19,X=0 | C .rN
20, X = S

3

21, X = 0, 65% yield
22, X = S, 27% yield

We chose to analyze titration experiments using nuclear magnetic resonance (NMR) to

investigate analyte-receptor interactions.22 Association constants were determined based on the

NMR data using the software WinEQNMR2.23

Based on the shifts of the aromatic as well as -NH protons, Ka values between 1.1 ± 0.7 M' and

3.9 ± 2.2 M-1 were obtained for receptors 14-17 at 0.01 M receptor concentration in CDCl 3

(Table 4.2, Entries 1-4). Even though the observed errors are high, the measurements suggest

that 17 could be a potential candidate for attachment to SWCNTs.

Table 4.2. Association constants for cyclohexanone and model receptors in CDCl3

aaverage and error based on shifts of two aromatic ar

at 4-position of CF 3 substituted aromatic rings of 22.

on shift of proton
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21 was not sufficiently soluble in CDCl 3 to perform a binding study, presumably due to strong

intermolecular hydrogen bonding interactions and 22 was only soluble in CDCl3 up to 2.5 mM.

At this concentration, an association constant of 42 ± 5 M-1 was determined (Table 4.2, Entry 5).

The change in chemical shift of the protons in 22 suggests that cyclohexanone interacts with one

-NH proton of each of the thiourea units (Figure 4.14). While a significant change is observed for

protons c and d, protons a and b are barely affected by changes in cyclohexanone concentration.

0,0 j CF 3

e S g h

f N N CF 3
S NH H g

F3C NH 22

h g

r_ 16

i 15

14

A 13

_ _12

[11

10

-8
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6

.4

3

2

a b c/d e f g/g' h/h' i
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Figure 4.14. NMR binding study of 22 and cyclohexanone 2 in CDCl3.

Based on the results of the performed binding studies, we decided to functionalize SWCNTs

with receptors analogous to 17, 21, and 22 (Scheme 4.4). Based on F Is and C Is signals by
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XPS, functional group densities of 1 per 180 CNT carbon atoms (m-CF3-Ph-TU-SWCNT), 1 per

130 CNT carbon atoms (Bis-U-SWCNT), and 1 per 100 CNT carbon atoms (Bis-TU-SWCNT)

were obtained.

Scheme 4.4. Synthesis of m-CF3-Ph-TU-SWCNT, Bis-U-SWCNT, and Bis-TU-SWCNT.

CF 3

N N CF3r1_H H
NCS N

NH2-SWCNT

THF
F3C CF3  r.t., 3d.

20

m-CF 3-Ph-TU-SWCNT F3C CF 3

X NH

NH

CF3  NH NH

N N C F 3 -N H

X NH H H NH2-SWCNT F3CII CF3
F3C NH EtOH

reflux, 4d.

21, X = 0
CF3  22, X = S Bis-U-SWCNT, X = 0

Bis-TU-SWCNT, X = S

4.2.4. Sensor Array Measurements

After identifying m-CF 3-Ph-TU-SWCNT, Bis-U-SWCNT, and Bis-TU-SWCNT as potential

candidates for a sensor, we decided to test them together with the other functionalized SWCNTs

containing 3,5-CF 3-subsituted phenyl groups, m-CF 3-Bn-TU-SWCNT and m-CF 3-Bn-SQ-

SWCNT, as well as NH2-SWCNT and pristine SWCNTs. While it would have been possible to

perform these measurements one device at a time, we decided to develop a platform that allowed

the simultaneous testing of an array of sensors. Besides being more time-efficient, this approach

ensured that all sensors were exposed to exactly the same analyte concentration, gas flow rate,
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and temperature during the measurements, as well as the same environmental factors during

storage of the device between measurements.

We designed shadow masks that allowed the deposition of gold electrodes for 14 devices onto

one glass slide (25 x 75 mm). The devices had separate working electrodes and a shared counter

electrode with a gap size of 1 mm between electrodes (Figure 4.15). The distance between

devices was set to 5.08 mm so that the glass slide could be contacted via a standard edge

connector (0.1 inch spacing, every other contact was used). The edge connector was then

connected to a potentiostat capabable of simultaneous amperometric measurements.

shared counter electrode

separate working electrodes

functionalized SWCNTs

b)

edge connector

epoxy

Figure 4.15. Devices for array measurements. (a) Schematic drawing and photograph of 14

devices on a glass slide; (b) photograph of glass slide with 14 devices contacted via an edge

connector. Openings in the edge connector were covered with epoxy to provide a gas tight seal.

Functionalized and pristine SWCNTs were drop-cast between working and counter electrodes

until the resistance across each inter-electrode gap was between 5 and 20 k. Maintaining a
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resistance within this range across devices ensured currents in the same range during the sensing

measurement and, based on previous measurements, improved reproducibility across devices.

For the measurement, two devices each were prepared with the seven aforementioned types of

SWCNTs (pristine SWCNTs, NH2-SWCNT, m-CF3-Ph-TU-SWCNT, Bis-U-SWCNT, Bis-TU-

SWCNT, m-CF3-Bn-SQ-SWCNT, and m-CF3-Bn-TU-SWCNT) on a 14-device glass slide.

Testing two devices of each type of SWCNTs allowed a qualitative assessment of device to

device reproducibility, while using seven different types of SWCNTs simultaneously provided

an overview of differences between receptors.

The edge connector was enclosed in a custom-built Teflon enclosure that contained a gas flow

channel and could be connected to a gas generation system analogous to the setup for single

device measurements (Figure 4.9). Using the gas generation system, the devices were exposed to

MeNO2 and cyclohexanone as well as a range of common interferents at two different

concentrations each (three for MeNO 2). For the interferents, concentrations of 1% and 0.5% of

the equilibrium vapor concentration at 25 'C were chosen (Table 4.3). It would have also been

possible to use the same concentration for each analyte. Using a similar fraction of the

equilibrium vapor concentration, however, appeared to better reflect typical concentrations that

would be encountered in real-life applications. For a better comparison of MeNO2 and

cyclohexanone, MeNO 2 was tested at the same concentrations as cyclohexanone in addition to

1% of its equilibrium vapor concentration.
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Table 4.3. Analyte concentrations for array measurements.

aFraction of equilibrium vapor concentration at 25 *C.

The devices were exposed five times to each analyte and concentration for 30 s each, followed

by 70 s of nitrogen stream at the same gas flow rate. A potential of 0.1 V was applied between

working and counter electrodes and the current was recorded (Figure 4.16a).
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Entry Analyte Concentration (ppm) Relative Concentration a

11 MeNO 2  57 0.1%

Im MeNO 2  283 0.6%

lh MeNO 2  469 1%

2h MeOH 1668 1%

21 MeOH 834 0.5%

3h THF 1905 1%

31 THF 953 0.5%

4h EtOAc 1244 1%

41 EtOAc 622 0.5%

5h hexanes 1994 1%

51 hexanes 997 0.5%

6h toluene 375 1%

61 toluene 188 0.5%

7h H20 313 1%

71 H2 0 157 0.5%

8h MeCN 1165 1%

81 MeCN 583 0.5%

9h acetone 3020 1%

91 acetone 1510 0.5%

101 cyclohexanone 57 1.3%

10h cyclohexanone 283 6.3%
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Figure 4.16. Sensing response of an array of SWCNT devices. Each line contains the overlaid

response of two different devices of the same type of SWCNTs. Analytes and concentrations are

listed in Table 4.3. Equilibration times when switching analytes or concentrations have been

omitted for clarity. A 20 point floating average filter and baseline correction has been applied to

the plotted data. (a) Overview of sensing response of all tested devices; (b) examples for

reproducibility of consecutive measurements and across devices with the same type of SWCNTs.

- 153-

Chapter 4

101 10h

2 AJ 2

4 +~M10

"M0 500 5000



Chapter 4 Detecting Explosives with Sensory Arrays of Covalently Functionalized Single- Walled Carbon Nanotubes

A very good device to device reproducibility was observed and exposures to the same analyte

and concentrations led to similar responses for consecutive measurements (Figure 4.16b). Figure

4.17 gives the peak heights of the sensing responses compared across analytes and devices.

0.04

0.035 m m-CF3-Bn-TU-SWCNT 0 m-CF3-Bn-SQ-SWCNT

i Bis-TU-SWCNT 0 Bis-U-SWCNT

0.03 a m-CF 3-Ph-TU-SWCNT * NH-SWCNT

0.025 
t pristine SWCNTs

0.02

9 0.015

0.01

0.005

0

-0.005

Figure 4.17. Sensing response of an array of SWCNT devices. Averages and errors shown are

based on 4 peaks and 2 devices for each type of analyte and SWCNT.

Errors based on 4 consecutive measurements and 2 devices each were low except for pristine

SWCNTs and NH2-SWCNT, confirming good reproducibility. The devices carrying the

developed receptors show good responses to MeNO 2 and cyclohexanone. However, they also

exhibit responses to interferents that are polar and/or capable of hydrogen bonding with the

receptors such as methanol, THF, acetonitrile or acetone. The response to hexanes and toluene

on the other hand was weak. For the target analytes MeNO 2 and cyclohexanone, SWCNTs

equipped with receptors containing two thiourea or urea units perform better than SWCNTs with
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one thiourea or squaramide per functional group. In the case of MeNO 2, Bis-TU-SWCNT led to

the highest response (besides NH 2-SWCNT). Bis-U-SWCNT exhibited the highest change in

current when exposed to cyclohexanone among the tested SWCNTs, confirming the trend

observed in NMR binding studies. When exposed to the same analyte concentration of MeNO 2

and cyclohexanone (283 ppm), m-CF3-Bn-TU-SWCNT and Bis-U-SWCNT show similar

responses of ca. 1% change in current. Pristine SWCNTs react more strongly to cyclohexanone,

although they do not appear to be a reliable sensing material for the analytes at hand based on

large errors and noise levels. All other functionalized SWCNTs show a more pronounced

response to MeNO 2 than to cyclohexanone.

While the results with the target analytes were promising, the responses to potential interferents

could potentially be problematic. At the observed selectivity, a single-device sensor would not be

able to distinguish between the selected analytes. As the combined response pattern of all

devices was, however, different for each analyte, combining the results of the array could lead to

the desired selectivity.' 0 In order to explore this option, we performed principal component

analysis (PCA) using the commercial MATLAB software (Figure 4.18). For PCA, the current

change upon four exposures to each analyte at the respective higher concentration was used

across 13 devices (seven different types of SWCNTs and two devices each, one device for

pristine SWCNTs).
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Figure 4.18. Principal component analysis of the array sensing responses. First and second

principal component shown.

The scatter plot of the first two principal components collectively contributing to 99.1% of the

variance showed good clustering of the four responses to each analyte. This further underlined

the reproducibility of the measurements. Compared to the distance of points for the same analyte,

clusters were well-separated showing some level of selectivity. Nevertheless, not all clusters

were sufficiently separated to provide good selectivity in sensing applications. Points

corresponding to cyclohexanone, ethyl acetate and THF for example all appeared in the same

area. In order to achieve a higher level of selectivity, a wider array of chemically diverse

receptors would have to be utilized in the sensing experiments. On the other hand, observing any

separation in a PCA scatter plot for receptors as similar as the ones employed in this study shows

that even small modifications can be reflected in the sensing response and optimizing receptors

can thus be a valuable step in sensor development.
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4.3. Conclusions

In summary, we have developed sensors based on SWCNTs covalently functionalized with urea,

thiourea and squaramide-based receptors. Initially fabricated sensors showed a good response to

1.3% equilibrium vapor concentration of cyclohexanone, a compound commonly found as an

impurity in RDX explosives. Based on solution NMR binding studies with model systems,

additional candidates for receptors were identified and attached to SWCNTs. The new receptors

were tested together with best performing candidates from the intial studies and a further

improvement of the sensing response to cyclohexanone was observed.

Furthermore, the sensors were tested in an array with a variety of analytes including

cyclohexanone and nitormethane, as well as common interferents. Receptors containing two

thiourea or urea units in combination with electron poor 3,5-CF3-substituted phenyl groups

showed very good responses to the target analytes nitromethane and cyclohexanone. A very good

device to device reproducibility and good stability over time was observed. The selectivity of

the system can potentially be improved further by including a more diverse group of receptor-

functionalized SWCNTs in the array measurements.

4.4. Experimental Section

Materials and Synthetic Manipulations

Synthetic manipulations were carried out under an argon atmosphere using standard Schlenk

techniques. Single-walled carbon nanotubes were purchased from SouthWest Nano Technologies

(SWeNT@ CG100). All other chemicals were purchased from Sigma Aldrich and used as

received. NMR spectra were recorded on Bruker Avance-400 spectrometers.
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XPS Measurements

XPS spectra were recorded on a Kratos AXIS Ultra X-ray Photoelectron Spectrometer. The

samples were drop-cast onto Si0 2/Si substrates for the measurements.

Scanning Electron Microscope Measurements

Scanning electron microscope (SEM) images were obtained on a JEOL 6700 scanning electron

microscope.

3-azidopropan-1-amine 3. 3 was synthesized following a literature procedure. 17 Note:

Molecules with a high density of azide groups are potentially explosive and particular caution

has thus to be used, especially when isolating azides.24 ,2 s Before synthesizing the compound on

the described scale the molecule was prepared on small scale and the explosive hazard has been

evaluated (shock, heat). 65.6 g (0.3 mol) 3-bromopropylamine hydrobromide were dissolved in

200 mL H20 and added to 39.0 g (2 equiv) sodium azide in 160 mL H20. The mixture was

refluxed for 15 h and subsequently cooled in an ice bath. Afterward, it was poured into 400 mL

diethyl ether containing 24 g NaOH (2 equiv). The organic phase was separated and the aqueous

phase was extracted twice with 100 mL Et20. The combined organic phases were dried over

MgSO 4, filtered and stored in solution. A small aliquot was concentrated for characterization by

NMR. The concentration in solution was determined by 'H-NMR to be 0.3 M using toluene as an

internal standard. Yield: 470 mL of 0.3 M solution (47%). 1H-NMR (CDCl 3, 400 MHz): 6 = 3.33

(t, 2H, J= 6.6 Hz); 2.76 (t, 2H, J= 7.0 Hz); 1.68 (quin, 2H, J= 6.8 Hz); 1.17 (s, broad, 2H). 13C-

NMR (CDCl 3, 100 MHz): 6 = 49.2, 39.4, 32.6.

1-(isothiocyanatomethyl)-4-(trifluoromethyl)benzene 6. 5 (0.81 g, 4.60 mmol) was dissolved

in 5 mL absolute EtOH. While stirring, CS2 (3.50 g, 46.0 mmol) and Et3N (0.47 g, 4.60 mmol)
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were added. After stirring for 60 min., the solution was cooled on an ice bath, precipitating

dithiocarbamate. Once cooled, a solution of Boc 20 (0.98 g, 4.50 mmol) in 1 mL absolute EtOH

and a solution of DMAP (17 mg, 0.14 mmol) in 1 mL absolute EtOH were added. After stirring

at 0 *C for 5 minutes, the reaction mixture was warmed to r.t. The mixture was stirred until

evolution of gas had completed and was then concentrated. The product was purified by flash

silica chromatography (DCM, gradient to 2% MeOH) elutes product first. Yield: 0.544 g (2.51

mmol, 55%). 'H-NMR (400 MHz, CDCl 3): 6 7.63 (d, 2H, J= 8.0 Hz), 7.42 (d, 2H, J= 8.4 Hz),

4.77 (s, 2H). 13C-NMR (100 MHz, CDC13): 6 138.4 (s), 134.0 (s broad), 130.9 (q, J= 32.5 Hz),

127.3 (s), 126.2 (q, J= 3.8 Hz), 124.0 (q, J= 270.5 Hz), 48.4 (s).

1-(isothiocyanatomethyl)-3,5-bis(trifluoromethyl)benzene 8. 8 was prepared from 7 following

the same procedure as described for 6.: 0.461 g (1.62 mmol, 35%). 'H-NMR (400 MHz, CDCl 3):

6 7.84 (s, 1H), 7.76 (s, 2H), 4.87 (s, 2H). '3C-NMR (100 MHz, CDCl 3): 6 137.2 (s), 136.1 (s

broad), 132.7 (q, J= 33.5 Hz), 127.2 (q, J= 3.7 Hz), 123.1 (q, J= 271.2 Hz), 122.6 (in), 48.1 (s).

3-ethoxy-4-(methylamino)cyclobut-3-ene-1,2-dione 11. 10 (0.57 g, 3.34 mmol) was dissolved

in 15 mL DCM in water-free conditions. A solution of 9 in THF (1.78 mL, 2.0 M) was added

while stirring under Ar atmosphere. After stirring for 18, the mixture was filtered, and the filtrate

was washed with 35 mL IN HCl (aq). The organic layer was dried with Na2SO 4, filtered and

concentrated. The product was isolated by flash silica chromatography (DCM to elute

diethylsquarate, then DCM/MeOH 98:2). Yield: 0.315 g (2.03 mmol, 61%). The 1H-NMR

spectrum shows 2 full sets of peaks, due to a high rotation barrier around the C-N bond (ratio

isomer I to isomer 2: 3.8). 'H-NMR (400 MHz, CDCl3): Isomer 1: 6 7.31 (s broad, 1H), 4.65 (q,

2H, J= 6.8 Hz), 3.06 (d, 3H, J= 4.8 Hz), 1.35 (t, 3H, J= 6.8 Hz). Isomer 2: 6 6.66 (s broad, 1H),

4.57 (q broad, 2H, J= 6.8 Hz), 3.19 (s broad, 3H), 1.30 (t broad, 3H). 1 3C-NMR (100 MHz,
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CDCl3): 6 189.8, 182.8, 177.8, 173.4, 69.8, 31.4, 16.0. HRMS calc. for C7HIoNO 3 [M+H]*:

156.0655, found: 156.0669. [M+H]*

3-ethoxy-4-((4-(trifluoromethyl)benzyl)amino)cyclobut-3-ene-1,2-dione 12. 10 (0.57 g, 3.34

mmol) was dissolved in 15 mL DCM in water-free conditions, and a solution of 5 (0.61 g, 3.51

mmol) in 3.5 mL DCM was added while stirring. After stirring for 18 h, the mixture was filtered,

and the filtrate was washed with 35 mL IN HCl (aq). The organic layer was dried with Na2SO 4,

filtered and concentrated. The product was isolated by flash silica chromatography (DCM to

elute diethylsquarate, then DCM/MeOH 98:2). Yield: 0.506 g (1.48 mmol, 44%). Two isomers

were obtained (ratio isomer I to isomer 2: 3.3). 'H-NMR (400 MHz, CDCl 3): Isomer 1: 6 7.94 (s

broad, 1H), 7.54 (d, 2H, J= 7.6 Hz), 7.39 (d, 2H, J= 7.6 Hz), 4.69 (d, 1H, J=6.4 Hz), 4.65 (s

broad, 2H), 4.61 (d, 1H, J=5.2 Hz), 1.36 (t, 3H, J=6.4 Hz). Isomer 2: 7.54 (d, 2H, J= 7.6 Hz),

7.39 (d, 2H, J= 7.6 Hz), 6.93 (s broad, 1H), 4.82 (s broad, 2H), 4.69 (d, 1H, J=6.4 Hz), 4.61 (d,

1H, J=5.2 Hz), 1.36 (t, 3H, J=6.4 Hz). '3C-NMR (100 MHz, CDCl3): 6 189.7 (s), 183.0 (s),

178.1 (s), 172.7 (s), 141.4 (s), 130.4 (q, J= 32.3 Hz), 128.1 (s), 126.0 (q, J= 3.7 Hz), 124.1 (q, J

= 270.5 Hz), 70.2 (s), 48.1 (s), 15.9 (s). HRMS calc. for C14H12F3NO3 [M+H]*: 300.0842, found:

300.0853. [M+H]*

3-((3,5-bis(trifluoromethyl)benzyl)amino)-4-ethoxycyclobut-3-ene-1,2-dione 13. 13 was

prepared from 10 and 7 as described for 12. Yield: 0.320 g (0.87 mmol, 26%). Two isomers were

obtained (ratio isomer 1 to isomer 2: 2.3). 'H-NMR (400 MHz, CDCl3): Isomer 1: 6 7.81 (s, 1H),

7.76 (s, 2H), 7.53 (s broad, 1H), 4.75 (q, 2H, J=7.2 Hz), 4.73 (s broad, 2H) 1.41 (t, 3H, J= 7.2

Hz). Isomer 2: 6 7.81 (s, 1H), 7.76 (s, 2H), 5.91 (s broad, 1H), 4.92 (s broad, 2H), 4.75 (q, 2H, J

=7.2 Hz), 1.41 (t, 3H, J= 7.2 Hz). '3C-NMR (100 MHz, CDCl 3): 6 189.7 (s), 182.9 (s), 178.5 (s),

172.5 (s), 140.0 (s), 132.5 (q, J= 33.3 Hz), 128.3 (q, J=2.8 Hz), 123.2 (q, J= 271.1 Hz), 122.3
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(m), 70.5 (s), 47.6 (s), 15.8 (s). HRMS calc. for C15HiiF 6NO3 [M+H]*: 368.0716, found:

368.0729. [M+H]*

1-methyl-3-(4-(trifluoromethyl)benzyl)thiourea 14. 5 (175.2 mg, 1.0 mmol) and 4 (73.1 mg,

1.0 mmol) were each dissolved in 10 mL DCM. The solutions were combined and stirred at r.t.

for 48 h. The product was isolated by flash silica chromatography in DCM:MeOH 97:3. Yield:

226.2 mg (0.91 mmol, 91%). 'H-NMR (400 MHz, CDCl 3 ): 6 7.53 (d, 2H, J= 8.4 Hz), 7.36 (d,

2H, J= 8.0 Hz), 6.57 (s broad, 2H), 4.72 (s, 2H), 2.89 (d, 3H, J= 4.0 Hz). 13C-NMR (100 MHz,

CDCl3): 6 182.9 (s broad), 141.9 (s), 130.0 (q, J= 32.3 Hz), 127.8 (s), 125.8 (q, J= 3.8 Hz),

124.2 (q, J = 270.4 Hz), 47.9 (s), 30.9 (s broad). HRMS calc. for CioH11F3N2S [M+H] t :

249.0668, found: 249.0689. [M+H]*

1-(3,5-bis(trifluoromethyl)benzyl)-3-methylthiourea 15. 7 (243.2 mg, 1.0 mmol) and 5 (73.1

mg, 1.0 mmol) were each dissolved in 10 mL DCM. The solutions were combined and stirred at

r.t. for 48 h. The product was isolated by flash silica chromatography in DCM:MeOH 97:3.

Yield: 266.4 mg (0.84 mmol, 84%). 'H-NMR (400 MHz, CDCl 3): 6 7.71 (s, 1H), 7.71 (s, 2H),

6.72 (s broad, 2H), 4.83 (d, 2H, J = 1.2 Hz), 2.88 (d, 3H, J = 1.2 Hz). 13C-NMR (100 MHz,

CDCl3 ): 6 183.2 (s broad), 140.9 (s), 132.0 (q, J= 33.2 Hz), 127.8 (s), 123.3 (q, J= 271.1 Hz),

121.6 (m), 47.6 (s), 30.8 (s broad). HRMS calc. for C11HioF 6N2S [M+H]*: 317.0542, found:

317.0543. [M+H]*

1-methyl-3-(4-(trifluoromethyl)phenyl)thiourea 16. p-Trifluoromethylphenylisothiocyanate

(203.2 mg, 1.0 mmol) was dissolved in 10 mL dry THF. 9 was added as a solution (1 mL 2.0 M,

2.0 mmol) via syringe. The solution was stirred at r.t. for 24 h and the product was isolated by

flash silica chromatography in DCM:MeOH 98:2. Yield: 195.3 mg (0.83 mmol, 83%). 'H-NMR
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(400 MHz, CDCl3): 6 8.20 (s broad, 1H), 7.68 (d, 2H, J= 8.4 Hz), 7.35 (d, 2H, J= 8.0 Hz), 6.20

(s broad, 1H), 3.16 (d, 3H, J= 4.8 Hz). "C-NMR (100 MHz, CDCl 3): 6 181.7 (s broad), 139.9

(s), 128.8 (q, J= 32.8 Hz), 127.5 (q, J= 3.8 Hz), 124.5 (s), 123.8 (q, J= 270.6 Hz), 32.4 (s).

HRMS calc. for C9H9 F3N2S [M+H]f: 235.0511, found: 235.0527. [M+H]*

1-(3,5-bis(trifluoromethyl)phenyl)-3-methylthiourea 17. p-Trifluoromethylphenyl-

isothiocyanate (271.2 mg, 1.0 mmol) was dissolved in 10 mL dry THF. 9 was added as a solution

(1 mL 2.0 M, 2.0 mmol) via syringe. The solution was stirred at r.t. for 24 h and the product was

isolated by flash chromatography in DCM:MeOH 98:2. Yield: 196.1 mg (0.65 mmol, 65%). 'H-

NMR (400 MHz, CDCl 3): 6 8.44 (s broad, 1H), 7.76 (s, 2H), 7.69 (s, 1H), 6.24 (s broad, 1H),

3.12 (d, 3H, J= 4.8 Hz). '3C-NMR (100 MHz, CDC13): 6 181.8 (s broad), 138.9 (s), 133.3 (q, J=

34.0 Hz), 124.6 (s), 122.9 (q, J= 271.4 Hz), 120.0 (m), 32.2 (s). HRMS calc. for CioH 8F6N2S

[M+H]*: 303.0385, found: 303.0370. [M+H]*

Methyl 3,4-bis(3-(3,5-bis(trifluoromethyl)phenyl)ureido)benzoate 21. 19 (2.81 g, 11.0 mmol)

was added to 18 (831 mg, 5.0 mmol) in 30 mL THF. The mixture was stirred at r.t. for 24 h after

which the solvent was removed in vacuo. The crude product was recrystallized from 100 mL

DCM and dried in vacuo. Yield: 2.17 g (3.2 mmol, 64%). 'H-NMR (400 MHz, DMSO-d): 6

9.95 (s, 1H), 9.78 (s, 1H), 8.55 (s, 1H), 8.39 (s, 1H), 8.09 (d, 4H, J= 18.4 Hz), 8.03 (d, 1H, J=

1.2 Hz), 7.93 (d, 1H, J= 8.8 Hz), 7.76 (dd, IH, J= 8.4 Hz, 2.0 Hz), 7.61 (d, 2H, J= 8.4 Hz),

3.81 (s, 3H). "C-NMR (100 MHz, DMSO-d6 ): 6 166.3 (s), 154.0 (s), 153.1 (s), 142.5 (s), 142.1

(s), 138.0 (s), 131.4 (q, J= 32.5 Hz), 131.3 (q, J= 32.5 Hz), 129.9 (s), 127.6 (s), 127.3 (s), 125.4

(s) 123.9 (q, J= 271.1 Hz), 123.9 (q, J= 270.9 Hz), 123.1 (s), 119.8 (s), 118.7 (s), 115.2 (s), 52.7

(s). HRMS calc. for C26H16F12N40 4 [M+H]*: 677.1053, found: 677.1073. [M+H]*
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Methyl 3 ,4 -bis(3 -(3 ,5-bis(trifluoromethyl)phenyl)thioureido)benzoate 22. 20 (2.98 g, 11.0

mmol) was added to 18 (831 mg, 5.0 mmol) in 30 mL THF. The mixture was stirred at r.t. for 22

h after which 1 g (3.7 mmol) 20 were added. After stirring for two additional hours, the solvent

was removed in vacuo. The crude product was washed with hexanes and DCM. Yield: 941 mg

(27%). 'H-NMR (400 MHz, DMSO-d 6): 6 10.39 (s, 1H), 10.32 (s br, 1H), 10.02 (s, 1H), 9.91 (s

br, 1H), 8.17 (d, 2H, J= 4.4 Hz), 8.06 (d, 1 H, J= 1.6 Hz), 7.91 (dd, 1 H, J= 8.4 Hz, 2.0 Hz),

7.76 (s br, 2H), 7.74 (d, 1H, J = 8.4 Hz), 3.88 (s, 3H). HRMS calc. for C2 6H16F12N40 2 S2

[M+H]*: 709.0596, found: 709.0611. [M+H]*

NH 2-SWCNT. 150 mg (12.5 mmol C) SWCNTs were added to a flame dried Schlenk flask. 6 g

(60 mmol) 3 and 30 mL 1,2-dichlorobenzene were added. The mixture was sonicated for 15 min

and then equipped with a reflux condenser and stirred at 160 'C for 42 h. The solvent was

distilled off and the residue was washed on a 0.2 pm fluoropore filter membrane with CH 2Cl 2 ,

methanol, ethanol, water, methanol, and hexanes. The product was dried in vacuo. N/C ratio by

XPS (based on N Is vs. C Is): 16.7% (functional group density: 8.3%).

Me-TU-SWCNT. 10 mg NH2-SWCNT were sonicated for 15 min in 8 mL ethanol. 36.7 mg (0.5

mmol) 4 in 3 mL ethanol were added dropwise at 0 'C. The mixture was stirred for 48 h. The

solid was collected by filtration and the product was washed on a filter with ethanol, CH2Cl 2,

methanol, water, methanol, and hexanes and subsequently dried in vacuo. Functional group

density based on 0 Is and C Is signals by XPS: 58 CNT carbon atoms per functional group.

p-CF 3-Bn-TU-SWCNT. 20 mg NH2 -SWCNT were sonicated for 15 min in 15 mL ethanol. 217

mg (1.0 mmol) 6 in 5 mL ethanol were added dropwise at 0 'C. The mixture was stirred for 48 h.

The solid was collected by filtration and the product was washed on a filter with ethanol,
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CH 2Cl 2, methanol, water, methanol, and hexanes and subsequently dried in vacuo. Functional

group density based on F Is and C Is signals by XPS: 45 CNT carbon atoms per functional

group.

m-CF 3-Bn-TU-SWCNT. 20 mg NH2-SWCNT were sonicated for 15 min in 15 mL ethanol. 256

mg (1.0 mmol) 8 in 5 mL ethanol were added dropwise at 0 'C. The mixture was stirred for 48 h.

The solid was collected by filtration and the product was washed on a filter with ethanol,

CH 2Cl 2, methanol, water, methanol, and hexanes and subsequently dried in vacuo. Functional

group density based on F Is and C Is signals by XPS: 45 CNT carbon atoms per functional

group.

Me-SQ-SWCNT. 20 mg NH2-SWCNT were sonicated for 15 min in 15 mL ethanol. 155 mg

(1.0 mmol) 11 in 15 mL ethanol were added. The mixture was stirred for 48 h at r.t. and

subsequently for 48 h at 40 'C. The solid was collected by filtration and the product was washed

on a filter with ethanol, CH2Cl 2, methanol, water, methanol, and hexanes and subsequently dried

in vacuo. Functional group density based on 0 1s and C Is signals by XPS: 108 CNT carbon

atoms per functional group.

p-CF 3-Bn-SQ-SWCNT. 20 mg NH 2-SWCNT were sonicated for 15 min in 15 mL ethanol. 299

mg (1.0 mmol) 12 in 15 mL ethanol were added. The mixture was stirred for 48 h at r.t. and

subsequently for 48 h at 40 'C. The solid was collected by filtration and the product was washed

on a filter with ethanol, CH2Cl 2, methanol, water, methanol, and hexanes and subsequently dried

in vacuo. Functional group density based on F Is and C Is signals by XPS: 152 CNT carbon

atoms per functional group.
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m-CF 3-Bn-SQ-SWCNT. 17.5 mg NH 2-SWCNT were sonicated for 15 min in 15 mL ethanol.

319 mg (0.87 mmol) 13 in 15 mL ethanol were added. The mixture was stirred for 48 h at r.t. and

subsequently for 48 h at 40 'C. The solid was collected by filtration and the product was washed

on a filter with ethanol, CH 2C12, methanol, water, methanol, and hexanes and subsequently dried

in vacuo. Functional group density based on F Is and C Is signals by XPS: 131 CNT carbon

atoms per functional group.

m-CF 3-Ph-TU-SWCNT. 20 mg NH2-SWCNT were sonicated for 2 min in 15 mL THF. 271 mg

(1.0 mmol) 1-isothiocyanato-3,5-bis(trifluoromethyl)benzene were added and the mixture was

stirred at r.t. for 3 days. The solid was collected by filtration and the product was washed on a

filter with ethanol, CH 2Cl2, methanol, water, methanol, and hexanes and subsequently dried in

vacuo. Functional group density based on F Is and C Is signals by XPS: 180 CNT carbon atoms

per functional group.

Bis-U-SWCNT. 20 mg NH2 -SWCNT were sonicated for 5 min in 15 mL ethanol. 709 mg (1.0

mmol) 22 were added and the mixture was refluxed for 4 days. The solid was collected by

filtration and the product was washed on a filter with ethanol, water, ethanol, CH2Cl 2, and

hexanes and subsequently dried in vacuo. Functional group density based on F Is and C Is

signals by XPS: 130 CNT carbon atoms per functional group.

Bis-TU-SWCNT. 20 mg NH 2-SWCNT were sonicated for 5 min in 15 mL ethanol. 676 mg (1.0

mmol) 21 were added and the mixture was refluxed for 4 days. The solid was collected by

filtration and the product was washed on a filter with ethanol, water, ethanol, CH 2Cl 2, and

hexanes and subsequently dried in vacuo. Functional group density based on F Is and C Is

signals by XPS: 100 CNT carbon atoms per functional group.
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Device preparation

Glass slides (VWR Microscope Slides) were cleaned by ultrasonication in acetone for 10 min,

and after drying they were subjected to UV radiation in a UVO cleaner (Jelight Company Inc.)

for 3 min. Using an aluminum mask, layers of chromium (10 nm) and gold (75 nm) were

deposited leaving a 1 mm gap using a metal evaporator purchased from Angstrom Engineering

with home built aluminum shadow masks.

Pristine SWCNTs were added to CH2Cl2 at a concentration of 1 mg per 5 mL, NH2-SWCNTs

were added to ethanol and all other functionalized SWCNTs were added to 1:1 mixtures of

CH 2Cl2/iso-propanol at the same concentration. The samples were sonicated for 2 min (bath

sonicator). Volumes of 1 pL of the respective SWCNT dispersion were drop-cast between the

gold electrodes until a resistance of 5-20 kQ was achieved.

Sensing measurements

The devices were enclosed in a homemade Teflon gas flow chamber for sensing measurement.

The low concentration gas mixtures were produced using a KIN-TEK gas generator system. A

trace amount of analyte emitted from a permeation tube is mixed with a nitrogen stream (oven

flow), which can be further diluted with nitrogen (dilution flow) (Figure 6.6). We performed

calibration measurements by placing the analyte in the oven flow for set amounts of time and

determined its weight loss.
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Valve Vent

Oven flow adjust (Zero/Span) N Potentiostat

Nitrogen
Gas Outlet

Fruit or ethylene Sensing Chamber
permeation tube with device

Zero flow adjust

Figure 4.19. Experimental setup for sensing measurements: A continuous gas flow is directed

through the device chamber. The gas stream can be switched between nitrogen gas ("Zero"

mode) or the nitrogen gas analyte mixture ("Span" mode), in which the gas stream runs through

the flow chamber containing the analyte.

Electrochemical measurements were performed using a PalmSens handheld potentiostat

(PalmSens Instruments) for single device measurements or a EmStat-MUX handheld potentiostat

(PalmSens Instruments) for array measurements. A constant bias voltage of 0.1 V was applied

across the device, while current vs. time was measured. During the measurement the volume of

gas flow over the device was held constant and switched between nitrogen and analyte/nitrogen.

NMR binding studies

The receptor was dissolved in CDCl 3 at a concentration of 0.01 M (for 14-17) or 2.5 mM (for 22)

and a 'H NMR spectrum was measured. Subsequently, 2 was added to achieve a ratio of 2 to the

receptor of 0.1, 0.3, 0.5, 0.7, 0.9, 1.0, 3.0, 5.0, 10.0, 15.0, 20.0, 25.0, and 50.0 (for 14-17) and

0.1, 0.3, 0.5, 0.7, 0.8, 1.0, 2.7, 4.4, 8.4, 12.5, 16.6, 20.7, 24.7, 40.4, and 144 (for 22). A 'H NMR

spectrum was recorded after every addition and the chemical shifts of the protons were recorded.

Using the software package WinEQNMR2 with the chemical shifts of the NH and aromatic
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protons (for 14-17) or proton at the 4-position of the CF 3-substituted phenyl group in 22 (labeled

h' in Figure 4.14), association constants were determined.
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Figure 4.20. 'H NMR Spectrum of 3 (CDC13)
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Figure 4.21. 3C NMR Spectrum of 3(CDC13)
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Figure 4.22. 'H NMR Spectrum of 6 (CDC13)
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Figure 4.23. 3C NMR Spectrum of 6 (CDC13)
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Figure 4.24. 'H NMR Spectrum of 8 (CDC13)
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Figure 4.25. 3C NMR Spectrum of 8 (CDC13)
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Figure 4.26. 1H NMR Spectrum of 11 (CDC13 )
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Figure 4.27. 1C NMR Spectrum of 11 (CDC13)
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Figure 4.28. 'H NMR Spectrum of 12 (CDCl 3)
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Figure 4.29. 13C NMR Spectrum of 12 (CDC13)
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Figure 4.30. 'H NMR Spectrum of 13 (CDC13)
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Figure 4.31. 1C NMR Spectrum of 13 (CDC13)
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Figure 4.32. 'H NMR Spectrum of 14 (CDC13)
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Figure 4.33. 13 C NMR Spectrum of 14 (CDC13)
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Figure 4.34. 'H NMR Spectrum of 15 (CDC13)
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Figure 4.35. 1C NMR Spectrum of 15 (CDCl3 )
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Figure 4.36. 'H NMR Spectrum of 16 (CDC13)
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Figure 4.37. 13 C NMR Spectrum of 16 (CDC13)
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Figure 4.38. 1H NMR Spectrum of 17 (CDC13)
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Figure 4.39. 13C NMR Spectrum of 17 (CDC13)
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Figure 4.40. 'H NMR Spectrum of 21 (DMSO-d6)
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Figure 4.42. 'H NMR Spectrum of 22 (DMSO-d 6)
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Figure 4.43. XPS analysis of NH 2-SWCNT
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Figure 4.44. XPS analysis of Me-TU-SWCNT
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Figure 4.45. XPS analysis of p-CF 3-Bn-TU-SWCNT
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Figure 4.46. XPS analysis of m-CF3-Bn-TU-SWCNT
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Figure 4.47. XPS analysis of Me-SQ-SWCNT
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Figure 4.48. XPS analysis of p-CF 3-Bn-SQ-SWCNT
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Figure 4.49. XPS analysis of m-CF3-Bn-SQ-SWCNT
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Figure 4.50. XPS analysis of m-CF3-Ph-TU-SWCNT
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Figure 4.51. XPS analysis of Bis-U-SWCNT
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Figure 4.52. XPS analysis of Bis-TU-SWCNT
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5.1. Introduction

Carbon nanotubes (CNTs) are a promising sensing platform, because their conductivity can be

influenced by their environment. Combined with their quasi-one-dimensional structure and high

aspect ratio, they are ideal candidates for molecular wire type sensing systems.1',2 While pristine

CNTs react to a variety of sensing targets, they lack selectivity 3'4 and several functionalization

strategies have been employed in order to render the CNTs selective toward certain analytes.

These approaches include functionalization with polymers,5-8 metal nanoparticles,9-11 and

biomolecules.12-17 Some of these approaches are attractive due to the facile functionalization

procedure, the readily available functionalization reagents or the potential variety of detectable

analytes. When on the other hand a very high selectivity for a specific analyte is the main focus

in developing a sensor, the use of molecular recognition units seems particularly promising.18 19

Such host-guest systems have been shown to provide a high level of selectivity and the

functionalization of CNTs with cyclodextrins or calixarenes has led to the selective recognition

of small molecules.20-
24

To further explore the scope of CNT sensing with host-guest systems, we decided to focus on

tetraphosphonate cavitands such as Tiiii[C3H7, CH 3, Ph] which have been explored in different

contexts in the Dalcanale group where they have shown remarkable complexation capabilities

toward charged N-methylammonium species.25 26 The high affinity of tetraphosphonate cavitands

for these species is refleceted in a high Ka value of approximately 4 x 105 M~1 in methanol for the

complex of Tiiii[C3H7, CH 3, Ph] and N-methylbutyl ammonium chloride.27 Even more

importantly for a high selectivity, this value is two orders of magnitude higher than Ka for the

closely related compounds butylammonium chloride and NN-dimethylbutyl ammonium chloride

(Figure 5.1).
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Figure 5.1. Interaction of tetraphosphonate cavitand Tiiii[C3H 7, CH 3, Ph] with N-methylbutyl

ammonium chloride in comparison to closely related compounds. Association constants are

based on ref. 27 and have been obtained by isothermal titration calorimetry (ITC) in methanol

The association constants are influenced by the steric bulk of the guest and the favorable

interactions between guest and cavitand. N-methylated secondary ammonium ions exhibit the

best combination of sufficiently low steric repulsion with dipolar interactions of the positively

charged nitrogen atom and the P=O groups together with C-H-*n interactions between methyl

and aromatic rings of the cavity.28

We envisioned that this difference in association constants could translate to a very high level of

selectivity of an amperometric CNT-based sensor when the CNTs would be functionalized with

tetraphosphonate cavitands.

While non-covalent attachment of receptors to CNTs has been shown to provide good sensing

results in other systems,23,24 we chose a covalent attachment strategy to potentially improve the
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long-term stability under liquid sensing conditions. Furthermore, previous attempts in

collaboration of the Swager and Dalcanale group using cavitands with pyrene units at the lower

rim for non-covalent CNT functionalization resulted in a very limited degree of

functionalization. We were hoping to overcome this limitation by introducing an azide group in

the lower rim of the cavitand to utilize it for covalent attachment to the CNTs. As the CNT

platform, we chose single-walled CNTs (SWCNTs).

5.2. Results and Discussion

5.2.1. Functionalization of Carbon Nanotubes with Cavitands

In order to attach the tetraphosphonate cavitand host to the SWCNTs, an azide moiety was

installed on one of the alkyl chains of the lower rim. This synthesis of Tiiii[N3, CH 3, Ph] was

performed by Marco Dionisio starting from previously reported monohydroxy footed silyl

cavitand 125,29 in four steps and 45% overall yield (Scheme 5.1). Initially, we attempted to

perform a 1,3-dipolar cycloaddition reaction between Tiiii[N3, CH 3, Ph] (from now onward

refered to as Tiiii) and propargyl-functionalized SWCNTs similar to the synthesis of sulfonate

CNTs described in chapter 2,30 however, these attempts did not lead to the desired product. We

therefore chose thermal aziridination as a direct way of functionalizing pristine SWCNTs,

instead.31 This method had previously proved to be a reliable way of CNT functionalization (see

chapter 4). Furthermore, we were hoping that the shorter distance between cavitand and CNTs

compared to the previously explored "click"-chemistry approach would be beneficial for sensing.

The functionalization reaction was performed at 160 'C in ortho-dichlorobenzene for 2 days

(Scheme 5.2).
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Scheme 5.1. Synthesis of monoazide footed tetraphosphonate cavitand Tiiii[N3, CH 3, Ph]
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Scheme 5.2. SWCNT functionalization with Tiiii[N3, CH 3, Ph]
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The covalently functionalized Tiiii@SWCNTs were characterized by attenuated total reflectance

Fourier transform infrared spectroscopy (ATR FTIR), X-ray photoelectron spectroscopy (XPS),

and 31P magic-angle spinning nuclear magnetic resonance spectroscopy (MAS NMR). The
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infrared spectra (between 1000 and 1500 cm-') of Tiiii@SWCNTs displayed a broad band

arising from the stretching of the PO bonds, P-phenyl group, and the aromatic skeleton, which

overlap with one another. Furthermore, the azide peak of Tiiii was no longer present in the ATR

FTIR spectra of the reaction product, suggesting that aziridination has taken place (see

experimental section). XPS confirmed the presence of phosphorous and nitrogen (P 2p and N Is

peaks, respectively) at a density that suggests one cavitand for every 50 CNT carbon atoms based

on the P 2p vs C Is signal (Figure 5.2).

OKLL Pp N s CIs

N a 1 sC 2p s S i 2 s P 2 p S i 2 p
CI 2p Na 2s

r40C

1000 800 600 400 200 0 250 200 150 100 50 0

Binding energy (eV) Binding energy (eV)

Figure 5.2. XPS spectrum of Tiiii@SWCNTs. Si and F in the spectra originate from the silicon

substrate used. Cl signals were attributed to trace amounts of residual o-DCB.

MAS NMR was performed by Vladimir K. Michaelis in the Griffin laboratory to further analyze

the functionalized CNTs. The use of this technique is increasing for the characterization of

modified CNTs based on the '3 C nucleus.3 2 3 4 However, obtaining high-resolution 13C NMR

spectra of CNTs remains a challenge due to the low isotopic abundance (1.1% 13 C) and great

variability of carbon sites with different chemical shifts commonly seen in a CNT sample. In

contrast to this, a very clear 31P MAS NMR spectrum of Tiiii@SWCNTs was obtained of the

SWCNT bound cavitand, which benefited from high 3 1P natural abundance (100%) and its high

gyromagnetic ratio, both of which lead to greater sensitivity (Figure 5.3).
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Figure 5.3. p MAS NMR spectra of (a) pristine SWCNTs, (b) Tiiii, and (c) Tiiii@SWCNTs.

5.2.2. Binding Studies

After confirming the presence of the cavitand in the Tiiii@SWCNTs sample we investigated the

molecular recognition capabilities of the obtained material. Even though the Dalcanale group had

previously shown that host-guest interactions are possible when the cavitand is immobilized on a

surface (in this case silicon),35 it was not clear what effect the attachment of the cavitand to

SWCNTs would have on its binding ability. A potential challenge could be related to an

unfavorable orientation of Tiiii on the CNTs that hinders access to the binding site.

As solution binding studies (e.g. by NMR) are not possible with a CNT sample, we decided to

utilize XPS to investigate the binding of a bromine labeled target analyte to Tiiii@SWCNTs

(Figure 5.4a).
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Figure 5.4. XPS binding study with Tiiii@SWCNTs. (a) Reversible binding of guest 2; (b) XPS

analysis of Tiiii@SWCNTs before exposure to 2 (blue), after exposure to 2 (red), and after

subsequent washing with DBU (green). Si signals are due to the utilized Si substrate.

A suspension of Tiiii@SWCNTs in dichloromethane was treated with 4-bromo-N-

methylbutylammonium bromide, which binds as a guest and has an XPS diagnostic bromide

signal.28 After washing to remove unbound analyte, the CNTs were analyzed by XPS showing

signals for bromine including the main Br 3d peak, confirming successful binding of the analyte

to Tiiii@SWCNTs (Figure 5.4b, red trace). Pristine SWCNT samples that were treated in a

similar way, on the other hand, only contained trace amounts of bromine.

Subsequently, the sample was washed with 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU). It had

been shown previously that DBU can deprotonate the guest thus breaking the cavitand-guest

complex.36 Protonated DBU itself cannot bind to the cavity due to steric hindrance leading to a
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guest-free host. Indeed, after washing with DBU, no bromine signals could be observed by XPS

(Figure 5.4b, green trace).

While these results were promising, they only confirmed that 4-bromo-N-methylbutylammonium

bromide preferably binds to Tiiii@SWCNTs compared to pristine SWCNTs and can be

removed by washing with base. They did not confirm in which fashion the binding takes place

and if the analyte binds to the cavitand or to other features of the SWCNTs, e.g. defect sites that

could have potentially been introduced during the functionalization reaction. This uncertainty is

a general problem in binding studies that involve CNTs. Techniques that would be typically

employed to further investigate binding such as solution NMR or UV-vis spectroscopy are very

challenging due to the macroscopic and highly absorbing nature of the CNTs.

Encouraged by the initial success utilizing 31P solid state NMR for the characterization of

Tiiii@SWCNTs, we decided to use the same technique to perform a binding study.

Tiiii@SWCNTs were treated with a solution of N-methylbutylammonium chloride and

subsequently analyzed by 31P MAS NMR. The 31p signals are sensitive to the structural changes

associated with the binding of an ammonium ion to the Tiiii@SWCNTs and a downfield-shifted

resonance is observed (Figure 5.5b). This shift was expected and is consistent with solution

NMR studies of the base cavitand complex. 26
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Figure 5.5. Host-guest binding studies using 31P MAS NMR showing reversible binding of the

host molecule. (a) Tiiii@SWCNTs, red trace; (b) after treatment with the guest, green trace; (c)

after subsequent washing with DBU, blue trace.

After subsequent washing with DBU, MAS NMR of the product yielded a spectrum similar to

the one obtained before exposure of Tiiii@SWCNTs to the guest (Figure 5.5c). This confirms

the expected reversible binding of the guest and the previously observed pH dependence of the

association constant.

5.2.3. Amperometric Sensing Measurements

Given that XPS and MAS NMR confirmed successful binding of secondary ammonium ions to

the cavitand functionalized SWCNTs, we decided to test the practical utility of the material in a

sensor prototype. As the target, we chose sarcosine, the N-methylated derivative of glycine.
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Sarcosine is structurally related to the previously studied guests and is a potential biomarker for

the progression of prostate cancer, although the discussion of its utility for this purpose is still

ongoing.37' 38 Binding studies with Tiiii immobilized on a silicon substrate had shown that the

cavitand binds sarcosine over the potential interferent glycine with complete selectivity. 35

To prepare the sensor, an aliquot of the reaction solution of Tiiii@SWCNTs was directly drop-

cast onto a glass slide decorated with two Au electrodes. The device was then washed by

immersion in dichloromethane, methanol and hexanes to remove any excess of reagent before

being dried in a nitrogen stream. This procedure allowed the use of smaller amounts of CNTs

and thus Tiiii compared to traditional workup procedures and subsequent drop-casting. The latter

is the better choice for the preparation of larger amounts of functionalized CNTs as it allows

more thorough washing. In our case, on the other hand, limiting the amount of Tiiii which has to

be used in 20-fold excess (by weight) in the reaction by reducing the overall reaction scale was

the priority. After drying, the devices were analyzed by scanning electron microscopy (SEM)

and atomic force microscopy (AFM), confirming the presence of SWCNT bundles (see

experimental section).

The device was put into a Teflon enclosure that we had recently developed for the gas sensing

project described in chapter 4 (Figure 5.6).
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a) b)

electrodes

teflon chamber

liquid inlet/outlet
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CNT network

Figure 5.6. Liquid flow chamber for sensing measurements.

The gold electrodes of the device were contacted with connections to the outside of the chamber,

and two ports on opposite sides of the chamber allowed directing a continuous flow of liquid

through the chamber. The inlet port of the flow chamber was connected to a tubing system with

two 3-way valves that allowed directing a liquid from one of two syringes through the chamber

(Figure 5.7). By connecting both syringes to the same syringe pump, a constant flow rate of 0.5

mL/min was maintained for both syringes.

syringe 1: MilliQwater 3-way valve

syringe 2: Analyte
in MilliQwater 3-way valve

Figure 5.7. Setup for liquid flow sensing measurements. Using two 3-way valves, a liquid from

one of two syringes could alternately be directed through the liquid flow chamber with the

measurement device. Both syringes were connected to the same syringe pump ensuring the same

flow rate for both liquids.
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Initial measurements with sarcosine showed an increase in current when a device with

Tiiii@SWCNTs was exposed to the analyte at pH 7 (Figure 5.8a). The magnitude of the change

in current was however strongly dependent on the pH of the solution, and at pH 5, no change in

current was observed upon exposure of the device to sarcosine (Figure 5.8b).

a)

H2
0.2

o~ Q'0.
0 0.1

1 mnM in H20 <0.05 - 3
pH 7 0

-0.05
0 500 1000 1500 2000 2500 3000 3500

b 0.08
H2 O 0.0

,-I o 0.04-
Q 0.02

1 mM in H20 ( 3 2
pH 5 L3. -

-0.04-
0 500 1000 1500 2000 2500 3000 3500

Figure 5.8. Sensing of sarcosine with Tiiii@SWCNTs at (a) pH 7 and (b) pH 5, green arrows

indicate exposure to analyte.

We attribute this strong pH dependence to the zwitterionic nature of the analyte. Our data may

suggest that the protonation of the carboxylate can affect its nonspecific interaction with the

SWCNT surface.

In order to eliminate the effect of the carboxylate, we investigated the hydrochloride salt of

sarcosine ethyl ester (4). The measurements were performed at pH 5 to ensure protonation of the

amine. As controls, the weaker binding glycine ethyl ester hydrochloride (5) and

tetraethylammonium chloride (6) that is too bulky for binding27 were chosen.
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Exposing the device to 4 at pH 5 resulted in an increase in current similar to exposing it to

sarcosine, while exposure to 5 or 6 led to a current decrease (Figure 5.9). In many chemoresistive

sensing systems a current change in the same direction is observed for the desired analytes and

controls, albeit usually stronger for the target molecule. Instead, a current switch in opposite

directions for the target analyte and interferents is rare, especially for compounds as closely

related as 4 and 5. Observing a change with a different sign provides a powerful level of

selectivity as it can potentially distinguish between analytes regardless of their concentration.

Although the magnitude of the response to 4 varied from device to device (see experimental

section), an increase in current when exposed to 4 was observed in all cases. To avoid errors

related to device to device differences, all measurements in Figure 5.9 were conducted with the

same Tiiii@SWCNTs device. In contrast to the response at pH 5, exposing the device to 4 at pH

7, resulted in a current decrease similar to the response to 5 and 6 at pH 5. Previous studies at the

silicon-water interface 35 showed that surface complexation by Tiiii is effective only at pH low

enough to ensure complete guest protonation. This suggests that specific binding between 4 and

the cavitand is reduced as a result of the change in pH and non-specific interactions of 4 and the

SWCNTs predominate.
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Figure 5.9. Liquid flow sensing experiments with Tiiii@SWCNT-based devices at pH 5. a)

Tiiii@SWCNTs and pristine SWCNTs show opposite responses upon exposure to a 1 mM

solution of 4 b) Comparison of the current change upon exposure of Tiiii@SWCNTs and

pristine SWCNTs devices to 4 (sarcosine ethyl ester hydrochloride), 5 (glycine ethyl ester

hydrochloride) and 6 (tetraethylammonium chloride), error bars are based on three consecutive

measurements c) Response of Tiiii@SWCNTs devices to different concentrations of 4, error

bars are based on three consecutive measurements d) Response of Tiiii@SWCNTs devices to

alternating exposure to 4 and 5

Controls with pristine SWCNTs showed a decrease in current for all investigated analytes

(Figure 5.9b). In order to minimize the effect of a changing ionic strength of the solution on the

sensing response, a device with Tiiii@SWCNTs was alternatingly exposed to a 1 mM solution

of 4 and 5 (instead of an analyte solution and water). An increasing current was observed in this
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case as well when switching to 4 (Figure 5.9d). Finally, the detection limit for 4 was determined

to be 0.02 mM (Figure 5.9c).

The utilized devices exhibited very good stability and no significant change in sensitivity was

observed over several months of regular operation. When small variations in sensitivity were

observed, the initial sensitivity could be restored by briefly immersing the device in methanol to

remove residual analyte followed by drying in a nitrogen stream.

5.3. Conclusions

In summary, we have illustrated the use of covalently functionalized SWCNTs as a selective

sensor in water. By introducing a tetraphosphonate cavitand as a specific molecular receptor, it

was possible to selectively recognize N-methylammonium species. The covalent

functionalization provided a high stability of Tiiii@SWCNTs-based devices and allowed for the

formation of robust liquid sensing devices. As a proof of concept experiment, we demonstrated

the selective detection of sarcosine ethyl ester hydrochloride, at concentrations as low as 0.02

mM. Interestingly, the sign of the current change upon exposure to the analyte is opposite for the

controls, allowing selective detection of the analyte, regardless of its concentration.

5.4. Experimental Section

General Methods.

All reagents and chemicals were obtained from commercial sources and used without further

purification.
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Single-walled carbon nanotubes were purchased from SouthWest Nano Technologies (SWeNT@

CG100). Dry pyridine was distilled from KOH before use. Column chromatography was

performed using silica gel 60 (MERCK 70-230 mesh). Electrospray ionization ESI-MS

experiments were performed on a Waters ZMD spectrometer equipped with an electrospray

interface. Exact masses were determined using a LTQ ORBITRAP XL Thermo spectrometer

equipped with an electrospray interface. 'H NMR spectra were obtained using a Bruker

AVANCE-300 (300 MHz) or a Bruker AVANCE 400 (400 MHz). All chemical shifts (6) are

reported in ppm relative to the proton resonances resulting from incomplete deuteration of the

NMR solvents. 31P solution NMR spectra were obtained using a Bruker AVANCE-400 (162

MHz) spectrometer. All chemical shifts (6) were recorded in ppm relative to external 85% H3PO4

at 0.00 ppm.

XPS spectra were recorded using a Kratos AXIS Ultra X-ray Photoelectron Spectrometer.

31P MAS NMR: NMR experiments were conducted on a home-built 360 (Bo = 8.4T)

spectrometer (courtesy of Dr. David Ruben) with a 4 mm triple-channel chemagnetics MAS

probe. Samples were ground using a mortar and pestle, and placed within ZrO2 rotors (60 pl

volume). Spectral acquisition included Bloch and Hahn-echo experiments, using between 128

and 4096 co-added transients, spinning frequency (>,) between 0 and 12 kHz and high power 'H

decoupling (vif = 83 kHz) when required. Recycle delays were optimized for each sample and

were typically 35 seconds. All 31P data were referenced using 85% H3PO4 (0.0 ppm).

Synthesis

The synthesis of Tiiii[N3, CH 3, Ph] was performed by Marco Dionisio (Scheme 5.1).
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Monochloro silylcavitand (II). To a solution of monohydroxy footed silylcavitand21,29 (0.76 g,

0.80 mmol) in dry toluene (15 ml), 5 drops of DMF were added. The suspension was cooled to

00 C and thionyl chloride was slowly added (2.40 mmol, 175 pl). The resulting suspension was

stirred for 2h at 50 0C. The solvent was evaporated. Then, the residue was dissolved in

chloroform and washed with water before being dried over MgSO 4. The removal of the solvent

gave II as a brownish solid (0.72g, 0.74 mmol, 93%). 'H-NMR (CDCl 3, 400 MHz): 6 = 7.21 (bs,

4H, ArH); 4.65 (t, 4H, 3J= 7.9 Hz, ArCH); 3.64 (t, 2H, 3J= 6.4 Hz, CH2CH2Cl); 2.39 (m, 2H,

CH 2CH 2CH 2Cl); 2.21 (m, 6H, CH 2CH 2CH3 ); 1.95 (s, 12H, ArCH3 ); 1.82 (m, 2H, CH2CH2Cl);

1.35 (m, 6H, CH2CH 2CH 3); 1.09 (t, 9H, 3J=7.3 Hz, CH 2CH 2CH3); 0.55 (s, 12H, SiCH 3,out); -0.63

(s, 12H, SiCH 3,in). ESI-MS: m\z calcd. for C52 H71ClOsSi4 (970.4), [M+Na]*: 993.4. Found: 993.5

[M-Na]*.

Monochloro resorcinarene (III). To a solution of 11 (0.59 g., 0.60 mmol) in THF (15ml), acetic

acid (6 mmol, 350 pl) and 80% w/w TBAF (6 mmol, 1.90 ml) were added at 00 C. The solution

was stirred for 30 min at room temperature, then NH4Claq was added. The solution was diluted

with ethyl acetate and the organic layer was separated, washed three times with NH4 Claq, then

NaClaq and dried over MgSO 4 . The removal of the solvent afforded III as a brown solid (0.47 g,

0.60 mmol, quantitative yield). 'H-NMR (Acetone-d6 , 300 MHz): 6 = 8.37 (m, 8H, ArOH); 7.51

(s, 2H, ArH); 7.50 (s, 2H, ArH); 4.49 (t, 4H, 3J=7.9 Hz, ArCH); 3.71 (t, 2H, 3J= 6.7 Hz,

CH2CH2Cl); 2.53 (m, 2H, CHCH2CH 2CH 2Cl); 2.35 (m, 6H, CHCH2CH 2CH 3); 2.13 (s, 12H,

ArCH3 ); 1.83 (m, 2H, CH2CH2CH 3); 1.38 (m, 6H, CH 2CH 2CH 3); 1.02 (t, 9H, 3J=7.3 Hz,

CH2CH2CH 3). ESI-MS: m\z calcd. for C44 H55 Cs08 (746.4), [M+Na]+ 769.6. Found: 769.50.

[M+Na]*.
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Monochloro footed tetraphosphonate cavitand TiiiC1, CH 3, Ph] (IV). To a solution of III

(0.47g, 0.63 mmol) in freshly distilled pyridine (12 mL), dichlorophenylphosphine (380 pl, 2.84

mmol) was added slowly, at room temperature. After 3 hours of stirring under N2 at 75 'C, the

solution was cooled down to room temperature and 4.5 mL of aqueous 35% H20 2 were added.

The resulting mixture was stirred for 1 h at room temperature. Then, the solvent was removed in

vacuo. Addition of water resulted in the precipitation of a white powder. The crude product was

purified by column chromatography (9:1 DCM:EtOH) affording IV as a brownish solid (0.44 g,

0.35 mmol, 56 %). 1H-NMR (CDCl3, 400 MHz): 6 = 8.13 (in, 8H, P(O)ArHo); 7.68 (in, 4H,

P(O)ArHp); 7.58 (m, 8H, P(O)ArHm); 7.40 (bs, 4H, ArH); 4.84 (t, 4H, 3J= 7.8 Hz, ArCH); 3.74

(t, 2H, 3J= 7.2 Hz, CH 2CH2 Cl); 2.63 (in, 2H, CH2CH 2CH 2Cl); 2.43 (in, 6H, CH 2CH2CH3); 2.20

(s, 12H, ArCH 3); 1.92 (in, 2H, CH 2CH 2CH 2Cl); 1.47 (in, 6H, CH 2CH 2CH3); 1.09 (t, 9H, 3J= 7.3

Hz, CH 2CH 2CH 3). 3 1P{H} NMR (CDCl3, 161.9 MHz): 6 = 7.70 (bs,P(O)). ESI-MS: m\z calcd.

for Tiiii[Cl, CH 3 , Ph] C68H67C0 12P4 (1234.32); [M+Na]* 1257.75. Found:1257.78 [M+Na]*.

Monoazide footed tetraphosphonate cavitand Tiiii[N 3, CH 3, Ph] (Tiiii) To a solution of

Tiiii[Cl, CH 3, Ph] (IV) (0,44 g, 0.35 mmol) in DMF (15 ml), sodium azide was added (68 mg,

1.1 mmol). The solution was stirred overnight at 55 0 C. Then, the solvent was evaporated and the

crude was suspended in water and filtered affording Tiiii as a brown solid (0.38 g., 0.31 mmol,

86%). 'H-NMR (CDCl 3, 400 MHz): 6 = 8.14 (in, 8H, P(O)ArHo); 7.65 (in, 4H, P(O)ArHp); 7.57

(m, 8H, P(O)ArHM); 7.19 (s, 4H, ArH); 4.87 (in, 4H, ArCH); 3.48 (t, 2H, 3J= 6.2 Hz

CH 2CH 2N3); 2.38 (in, 20H, CH2CH2CH2N3 + CH2CH2CH3 + ArCH3); 1.73 (in, 2H,

CH 2CH 2 CH2N3); 1.47 (in, 6H, CH2CH2CH3); 1.09 (t, 9H, 3J= 7.2 Hz, CH 2CH 2CH 3). 31P{'H}

NMR (CDCl 3, 161.9 MHz): 6 = 6.13 (bs P(O)). HR ESI-MS: calculated for the complex Tiiii[N3,

CH 3 , Ph] C68H67N 30 12P4 (1241.36752) [M+Na]*: 1264.35729. Found:1264.35674.
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General procedure for SWCNT functionalization

10 mg of SWCNTs were placed in a Schlenk flask and purged with argon for 10 minutes.

Tiiii[N3, CH 3, Ph] (200 mg, 0.16 mmol) was introduced with the addition of 1 ml of o-DCB. The

suspension was sonicated for 10 minutes and subsequently stirred at 160'C for two days under

argon. After evaporation of the solvent, the crude product was dispersed in dichloromethane and

sonicated for 10 min. It was then filtered on 2 ptm millipore filter and washed with hexane,

dichloromethane, and acetone.

Attenuated total reflectance Fourier transform infrared spectroscopy (ATR FTIR)

E

-- Tiii

-Tiiii@SWCNTs

4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm)

Figure 5.10. ATR-FTIR Tiiii (blue trace) and Tiiii@SWCNTs (red trace).
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XPS complexation studies

To a dichloromethane (1 ml) suspension of Tiiii@SWCNTs (5 mg, 0.9 pM of cavitand) a guest

solution (4-bromo-N-methylbutylammonium bromide, 2) in dichloromethane was added (5

equivalent as a 4.3 pM dichloromethane solution). After 12 h the suspension was filtered and the

solid washed with dichloromethane. The solid was collected, dried, redispersed in

dichloromethane and drop-cast onto a silicon slide for the XPS measurement. After the XPS

measurement, the material was sonicated with DBU (9.2 equivalents relative to initially used

guest) in 5 mL dichloromethane for 10 min and then stirred overnight. Afterward, the

Tiiii@SWCNTs were collected by filtration, washed with dichloromethane, dried and drop-cast

for the following XPS measurement.

As a control experiment, pristine SWCNTs (5 mg) were treated with a similar guest solution for

12 h. The sample was washed and dried in a similar fashion and then analyzed by XPS as well.

O KLL Ols N 1s C s Br 3s Br 3p Br 3d

P 2s Si 2sP2p Si 2p

Cl2p

1000 800 600 400 200 0 250 200 150 100 50 0

Binding energy (eV) Binding energy (9V)

Figure 5.11. XPS spectrum of Tiiii@SWCNTs after treatment with guest 2.
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0 KLL Ols N Is C Is Br 3s

F KLL F 1s

1000 800 600 400 200 0

Binding energy (eV)

Figure 5.12. XPS spectrum of Tiiii@SWCNTs-2 after

signals are labeled for better comparison to Figure 5.11.

0 KLL O 1s C Is

F KLL F 1s

1000 800 600 400 200 0

Binding energy (eV)

Br 3p

P2s P2p

Br 3d

Si 2s Si 2p
C12p

C

250 200 150 100 50 0

Binding energy (eV)

washing with DBU. Positions of Br

Br 3s Br 3p

P2s

CI 2p

Br 3d

Si 2sP2p Si 2p

250 200 150 100

Binding energy (eV)

50 0

Figure 5.13. XPS spectrum of pristine SWCNTs after treatment with 2. Positions of Br and P

signals are labeled for better comparison to Figure 5.11.

Solid State-NMR complexation studies

Tiiii@SWCNTs (40 mg, 7.5 pM) were treated with 5 equivalents of N-methylbutyl ammonium

chloride (4.29 mM solution in dichloromethane). After 12h the suspension was filtered and the

solid washed with dichloromethane. The powder was collected, dried and analyzed by MAS

NMR.

The Tiiii@SWCNTs-2 complex was redispersed in dichloromethane and treated with an excess

of DBU solution (4.29 mM solution in dichloromethane). After 12 h the suspension was filtered
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and the solid washed with dichloromethane. The powder was collected, dried and investigated by

MAS NMR.

Tiiii@SWCNT device preparation

1 mg of SWCNTs were placed in a 2 mL vial and purged with argon for 10 minutes. Tiiii[N3,

CH 3, Ph] (13 mg, 10.5 pimol) was introduced with the addition of 0.1 ml 1,2-dichlorobenzene.

The suspension was sonicated for 1 min and subsequently stirred at 160'C for 40 h. After

cooling to room temperature, 1 mL of dichloromethane was added and 3 x 1 tL of the resulting

suspension were drop-cast onto glass slides that had been decorated with Cr/Au electrodes (10

nm Cr, 75 nm Au, 0.3 mm gap between electrodes). The devices were immersed in three

consecutive vials with dichloromethane, then three vials with methanol followed by three vials

with hexanes. Afterward, the devices were dried in a nitrogen stream and then briefly heated

(heat gun).

Pristine SWCNT device preparation

Pristine SWCNTs were suspended in dichloromethane (1 mg per mL), sonicated for 2 min. and

drop-cast onto glass slides that had been decorated with Cr/Au electrodes. Subsequently, the

devices were dried in a similar fashion as the Tiiii@SWCNTs devices.

Scanning electron microscopy (SEM)

Devices of Tiiii@SWCNTs were inspected by scanning electron microscopy (SEM) on a JEOL

JSM 6700F SEM.
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a) b)

C) d)

Figure 5.14. SEM images of Tiiii@SWCNT film used in sensing measurements. a) 350x LEI b)

350x SEI c) 20,000x SEI d) 70,000x SEI

Low resolution SEM images (Figure 5.14 a-b) of the devices show a rough film that covers part

of the glass surface between the gold electrodes. At higher magnification, CNT bundles are

visible (Figure 5.14c-d).

Atomic force microscopy (AFM)

Devices of Tiiii@SWCNTs were inspected by atomic force microscopy (AFM) using an Agilent

5100 AFM in tapping mode. AFM tips were obtained from App Nano (ACTA-20, <10 nm

radius). A flattening procedure was applied to the data shown. AFM images of the devices

confirm the morphology of the film as observed by SEM. Furthermore a high surface roughness
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was observed (RMS surface roughness of 285 nm with feature heights above 1 pm in Figure

5.15).

a)
250 nm

b)
1.75 gm

U nm
0.25 pm

Figure 5.15. AFM images of Tiiii@SWCNT film used in sensing measurements

Amperometric Sensing Measurements

Electrochemical measurements were performed using a PalmSens handheld potentiostat

connected to a laptop computer. A constant bias voltage of 0.05 V was applied across the device,

while current vs. time was measured.

In a typical measurement, the device was first exposed to MilliQ water. Subsequently, a 1 mM

analyte solution in water was directed through the device for 100 s, followed by MilliQ water for

1000 s. In each measurement, the device was exposed to the analyte at least three times.
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Figure 5.16. Sensing of 4 with Tiiii@SWCNTs at pH 5.
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Figure 5.17. Sensing of 5 with Tiiii@SWCNTs at pH 5.
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Figure 5.18. Sensing of 6 with Tiiii@SWCNTs at pH 5.
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Figure 5.19. Sensing of 4 with pristine SWCNTs at pH 5.
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Figure 5.20. Sensing of 5 with pristine SWCNTs at pH 5.
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Figure 5.21. Sensing of 6 with pristine SWCNTs at pH 5.

To investigate the device to device reproducibility, the response of four different devices to 4

was compared (Figure 5.22-25). Due to the device fabrication technique, the structure of the

CNT network varies from device to device which results in different responses to 4 (Figure

5.26), while the error for measurements with the same device, is small compared to the device to

device differences.
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Figure 5.22. Sensing of 4 with Tiiii@SWCNTs at pH 5 using device 1.
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Figure 5.23. Sensing of 4 with Tiiii@SWCNTs at pH 5 using device 2.
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Figure 5.24. Sensing of 4 with Tiiii@SWCNTs at pH 5 using device 3.
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Figure 5.25. Sensing of 4 with Tiiii@SWCNTs at pH 5 using device 4.
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Figure 5.26. Sensing of 4 with Tiiii@SWCNTs using different devices, error bars are based on

three consecutive measurements with the same device.

To investigate the pH dependence of sensing of 4 with Tiiii@SWCNTs, a measurement was

performed at pH 7 showing a decrease in current when the device was exposed to the analyte.

This can be attributed to the decreasing binding constant with increasing pH and as a result a

response comparable to that of weaker binders (5 or 6) at pH 5.

o 0 2.8k

mM 22 
Cl- 

o
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Figure 5.27. Sensing of 4 with Tiiii@SWCNTs at pH 7 (using device 1).
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CHAPTER 6
Determining Fruit Ripeness with SWCNT-based

Sensors

Studies in this chapter are in collaboration with Birgit Esser

Adapted and reprinted in part with permission from:

Esser, B.; Schnorr, . M.; Swager, T. M. "Selective Detection of Ethylene Gas Using Carbon

Nanotube-based Devices: Utility in Determination of Fruit Ripeness"

Angew. Chem. Int. Ed. 2012, Early View Article

- 219-

Chapter 6



Determining Fruit Ripeness with SWCNT-based Sensors

6.1. Introduction

Ethylene plays an important role in a variety of processes in plants. Among others, it initiates

ripening of fruit, promotes flowering, and causes senescence of leaves and flowers.' Being able

to accurately monitor ethylene concentrations is of high importance in the horticultural

industries. The internal ethylene concentration in fruit can serve as an indicator for determining

the ideal time of harvest, while monitoring of the atmospheric ethylene level in storage facilities

and during transportation is crucial for avoiding overripening and eventually spoilage of fruit.

Currently, a variety of systems are available, which rely on gas chromatography 2 or laser

acoustic spectroscopy. 3 Both of these methods however require relatively expensive

instrumentation and are thus mostly suited for use in large storage facilities and not for

monitoring small amounts, e.g. in storage rooms of grocery stores or during transport. Other

ethylene sensing options include amperometric 4 or electrochemical 5 methods or take advantage

of changes in luminescence properties.6'7 Additionally, colorimetric gas-sampling tubes are

commercially available.'

In our laboratory, Birgit Esser has previously demonstrated that thin films of poly(p-phenylene

butadiynylene) P1 and copper scorpionate 1 can be utilized to detect ethylene (Scheme 6.1).7 In a

mixture of P1 and 1, the copper scorpionate quenches the fluorescence of the polymer. Exposing

the system to ethylene leads to formation of ethylene complex 2, reducing the interaction of the

copper complex with the polymer and thus restoring the initial fluorescence. Complex 1 was

chosen because its ethylene complex 2 is one of the most stable copper-ethylene complexes

known.' 9 Furthermore, 1 is not easily oxidized under ambient conditions, which is important for

its practical utility in a sensor. Using the commercially available Fido platform with the

polymer/Cu(I) system, real time detection of 1000 ppm ethylene was possible.7
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Scheme 6.1. Poly(p-phenylene butadiynylene) P1, copper scorpionate 1 and copper ethylene

complex 2

OC 14 H2 9  OC 14 H2 9  F3C H F3C H

NCF3 >FF3
C14H290 C 14 H290 F3C u CF3  F3C CU

P1 1 2

While these results were promising, a further improvement of the sensitivity of the system was

necessary to monitor ethylene concentrations in typical applications. Desired concentrations in

ripening rooms are held between 10 and 200 ppm, which is in the same range as the ethylene

concentration in the vicinity of ripening fruit. In storage facilities, ethylene concentrations are

kept below 1 ppm to suppress undesired ripening.' Besides improving the sensitivity, it was also

desirable to switch from a fluorescence based sensing scheme to an amperometric system. The

latter greatly simplifies the required instrumentation and in the simplest case only a power source

and an ammeter is required in addition to the sensing unit. We were hoping to achieve both

improvements by switching from a conjugated polymer to an SWCNT-based system. Similar to

the sensors described in chapters four and five, the conductivity of a network of CNTs between

two electrodes would be affected by exposure to an analyte. We envisioned that combining

complex 1 with SWCNTs would lead to nanotube-copper interactions. Exposing the system to

ethylene and the resulting binding of the molecule to the copper centers would likely affect the

interactions between the copper and the CNTs or lead to a swelling of the CNT network. In both

cases, ethylene binding would alter the electronic properties of the CNT network (Figure 6.1).
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Change in resistance
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Figure 6.1. Schematic representation of ethylene detection by an amperometric sensor: A

network of SWCNTs containing copper complex 1 is deposited between two electrodes.

Exposure to ethylene leads to formation of 2 resulting in a resistance change of the network.

Initial attempts by Birgit Esser included the functionalization of SWCNTs with thioether

moieties that we expected to promote the interaction of 1 and nanotubes. This was done both via

non-covalent wrapping of SWCNTs with sulfide-carrying polythiophenes as well as through

covalent functionalization with ethyl phenyl sulfide groups. However, control experiments

showed that better results could be obtained by simple mixing of pristine SWCNTs with 1. In

this chapter, the development of a sensing system that can detect sub-ppm concentrations of

ethylene based on this non-covalent SWCNT functionalization approach is described together

with the test of its practical utility in monitoring ripening stages of different fruit.
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6.2. Results and Discussion

6.2.1. Non-covalent SWCNT Functionalization and Sensor Fabrication

In order to prepare the sensing material, copper(I) complex 1 carrying a fluorinated

tris(pyrazolyl)borate ligand in toluene was mixed with pristine SWCNTs in o-dichlorobenzene in

a 6:1 molar ratio (1 to CNT carbons). After subsequent sonication, the resulting suspension of 1-

SWCNT was drop-cast onto glass slides that were equipped with gold electrodes. For a 1 mm

gap between the two electrodes, resistances of 1 - 5 kQ were typically measured after drying in

vacuo.

Initially, the devices were analyzed by Fourier-transform infrared spectroscopy (FT-IR) as well

as Raman spectroscopy. IR spectroscopy of 1-SWCNT shows C-F stretching modes of the ligand

between 1080 and 1260 cm-1. Furthermore, the vBH shift is observed at 2607 cm- (Figure 6.2).

110
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90 2607

E 80 104
126 1076

~70 1248

0
60 1176 \14
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3100 2600 2100 1600 1100 600

Wavenumber/cm 1

Figure 6.2. FT-IR spectrum of 1-SWCNT.

Raman spectroscopy of 1-SWCNT shows a slight shift of the G and G' bands to lower energies

compared to pristine SWCNTs (Figure 6.3). This can indicate p-type doping and thus confirms

the interaction of 1 with the CNTs. 10
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Figure 6.3. Raman spectrum of 1-SWCNT in comparison to pristine SWCNTs.

To further confirm the presence of complex 1 in 1-SWCNT, X-ray photoelectron spectroscopy

(XPS) was performed (Figure 6.4). Signals were observed for the expected elements Cu, F, N

and C, and the ratio of SWCNT carbons to 1 was determined to be 22:1 based on the Cu 2p

signal. This ratio is different from the initial 6:1 ratio in the mixing process, which could be

caused by an inhomogeneous drop-casting suspension or partial evaporation of 1 in the ultra-

high vacuum system of the XPS instrument (< 2 10-8 Torr).

High resolution XPS scans of the Cu 2p region showed the characteristic pattern for copper(I)

consisting of two peaks at 932 and 952 eV (Figure 6.4b). The binding energies for the Cu 2p

electrons in 1-SWCNT are consistent with the energies observed for 1 and 2 (calibrated using the

F Is peak at 687 eV). Furthermore, no significant amounts of Cu(II) could be observed for 1-

SWCNT, which would have resulted in an additional set of signals at 934 and 954 eV.
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Figure 6.4. XPS measurements: (a) Survey scans of 1, 2, and 1-SWCNT and (b) high resolution

scans of the Cu 2p region of 1, 2, and 1-SWCNT. Si and 0 signals are due to the utilized

(partially oxidized) silicon substrate.

In order to investigate the structure of the obtained film after drop-casting, scanning electron

microscopy (SEM) was employed. Images of 1-SWCNT at 3,300x magnification show a smooth

film (Figure 6.5a), and at higher magnification SWCNT bundles are visible (Figure 6.5b).

Figure 6.5. SEM images of 1-SWCNT devices: (a) 1-SWCNT drop-cast on glass at 3,300x

magnification and (b) at 17,000x magnification
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6.2.2. Ethylene Sensing: Sensitivity, Selectivity, and Stability

The ethylene sensing experiments were performed by connecting a Teflon enclosure containing

the device (see chapters 4 and 5) to a gas generation system (Figure 6.6).

Valve Vent

Oven flow adjust (Zero/Span) N Potentiostat

N itro g e n a s
Gas I Outlet

Fruit or ethylene Sensing Chamber
permeation tube with device

Zero flow adjust

Figure 6.6. Experimental setup for sensing measurements: A continuous gas flow is directed

through the device chamber. The gas stream can be switched between nitrogen gas ("Zero"

mode) or the nitrogen gas analyte mixture ("Span" mode), in which the gas stream runs through

the flow chamber containing the analyte (ethylene) or a piece of fruit.

In the gas generation system, a stream of nitrogen gas is split into two parts, one of which is

directly led to the Teflon enclosure with the device ("zero flow"). The other part is passed over a

permeation tube with ethylene, a vial with a potential interferent, or over a piece of fruit. During

exposure ("span mode") this stream is mixed with the zero flow stream before being passed over

the device. Using this system, we were able to deliver between 0.5 and 50 ppm of ethylene as

well as the desired concentrations of potential interferents or fruit vapor.

Using the described setup, we initially investigated how the type of utilized SWCNTs affects the

sensing performance. As described in chapter 1, SWCNTs vary widely in length, diameter, and
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chirality. We chose to prepare 1-SWCNT devices from five different types of commercially

available SWCNTs:

* SG65 (SouthWest NanoTechnologies): tube diameter 0.8 ± 0.1 nm, 90% carbon content

by weight, >50% (6,5)CNTs, >90% of tubes are semiconducting

* SG65-SRX (SouthWest NanoTechnologies): tube diameter 0.8 ± 0.1 nm, 99% carbon

content by weight, >30% (6,5)CNTs, >95% of tubes are semiconducting

S SG76 (SouthWest NanoTechnologies): tube diameter 0.9 0.2 nm, 90% carbon content

by weight, >50% (7,6)CNTs, high conductivity

* CG100 (SouthWest NanoTechnologies): tube diameter 1.0 0.3 nm, 90% carbon content

by weight, good electrical conductivity

* Unidym (Unidym, Super Pure): tube diameter 1.0 ± 0.2 nm, Fe(IV) residue by TGA: <5

wt%

Upon exposure to 20 ppm ethylene, 1-SWCNT devices prepared from SG65 SWCNTs showed

the highest current change (Figure 6.7).

1.0

0.8

0.6
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0.0
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0(,b

Figure 6.7. Response of 1-SWCNT devices prepared from different types of SWCNTs to

20 ppm ethylene.
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The variance in performance of the different devices can be based on a variety of factors

including the SWCNT purity, chirality, conductivity, aspect ratio, and radius. Based on the

significant difference between SG65 and SG65-SRX, which both contain mostly semiconducting

species, have a similar aspect ratio and are of comparable purity, we estimate that the higher

content of small diameter (6,5)SWCNTs in SG65 is an important contributor to a good sensing

response. Typically, a higher curvature of a graphitic carbon system leads to a higher reactivity,

which could in turn lead to a better interaction of the CNT surface with 1.

After choosing SG65 SWCNTs for the sensor preparation, we measured the response of 1-

SWCNT devices to ethylene exposures at concentrations between 0.5 and 50 ppm showing good

signal to noise ratios for concentrations as low as 1 ppm (Figure 6.8).

1.8 0.10 -

1.6 0.08

1.4 0.061
0.04

$ 1.2
0.02

1.0 -

0 0.00
0 0.8 0 100 200 300

0.6 - 50 ppm
20 ppm

0.45pm

0.2 2 ppm

0.0 - . - 1 ppm
0 100 200 300 0.5 ppm

Time/s - SWCNT, 20 ppm

Figure 6.8. Relative response of 1-SWCNT devices to 0.5, 1, 2, 5, 20, and 50 ppm ethylene and

of pristine SWCNT to 20 ppm ethylene (the inset shows the response of 1-SWCNT to 0.5, 1, and

2 ppm and of SWCNT to 20 ppm ethylene). Data plotted is the 5 s floating average of the

measurement data.
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In the range of 1 to 50 ppm a linear relationship between ethylene concentration and current

change was observed (Figure 6.9) facilitating the determination of ethylene levels in potential

applications.

a) 2.0 b)
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Figure 6.9. (a) Average responses from three different 1-SWCNT devices each to different

ethylene concentrations as well as the response of pristine SWCNT devices to 20 ppm ethylene;

(b) average response vs. ethylene concentration for 1-SWCNT devices.

While a good sensitivity was observed using 1-SWCNTs, pristine SWCNTs led to no response to

20 ppm ethylene. Further controls using devices prepared by mixing 2, [Cu(CH3CN)4]PF 6 (3), or

the sodium complex 4 with SWCNTs showed no response to ethylene in the latter two cases, and

in the case of 2-SWCNT a current change was observed that was 75% lower than the change for

1-SWCNT (Figure 6.10).
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Figure 6.10. Responses of devices made from 1-SWCNT, 2-SWCNT, SWCNTs with 3, and 4-

SWCNT to 20 ppm ethylene.

The selectivity of 1-SWCNT devices was evaluated by measuring their response to a variety of

solvents representing different functional groups as well as their response to the fruit metabolites

ethanol and acetaldehyde. Concentrations of 75 to 200 ppm were chosen for these potential

interferents, and the responses of the devices were compared to 50 ppm ethylene (Figure 6.11).

All responses to interferents were lower than the response to ethylene, even though the

concentrations of the interferents were increased by factors between 1.5 and 4. High responses

were observed for acetonitrile, THF and acetaldehyde, while the other analytes only caused small

changes in current.

Depending on the type of fruit, ripening typically occurs at concentrations between 0.1 and 1

ppm.' The ethylene concentration in storage rooms is therefore kept below these thresholds.

While the sensitivity of 1-SWCNT devices was within the range of ethylene levels in ripening

rooms, a further improvement of this parameter was desirable to expand the application scope of

the devices to storage facilities.
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Figure 6.11. Response of 1-SWCNT devices and pristine SWCNTs to 50 ppm ethylene and

various potential interferents. Concentrations are given in ppm.

In order to improve the sensitivity of devices of 1-SWCNT, 5 wt% cross-linked polystyrene

beads (0.4-0.6 pm) were added to the mixture of 1 and SWCNTs before devices were prepared.

We envisioned that introduction of polystyrene beads would lead to a higher surface area of the

1-SWCNT network. Furthermore, we hoped that ethylene would diffuse into the polymer which

could lead to a concentration effect of the analyte in the vicinity of the functionalized SWCNTs.

SEM images of these 1-PS-SWCNT devices confirmed additional surface features attributed to

the polystyrene beads as well as the presence of SWCNT bundles at higher magnification (Figure

6.12).

Sensing tests with 1-PS-SWCNT devices showed a 1.3-2.2-fold increase in current change when

exposed to ethylene concentrations of 0.5, 1, and 2 ppm compared to 1-SWCNT. In addition to

the increase in current change, 1-PS-SWCNT devices show a reduced error and noise level
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(compare Figure 6.8 and Figure 6.13) at low ethylene concentrations allowing the detection of

0.5 ppm ethylene.

Figure 6.12. SEM images of 1-PS-SWCNT devices with 5 wt% cross-linked polystyrene beads

drop-cast on glass (a) at 3,300x magnification and (b) at 17,000x magnification.
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Figure 6.13. Response of 1-SWCNT and 1-PS-SWCNT devices to 0.5, 1, and 2 ppm ethylene.

(a) Current traces of 1-PS-SWCNT devices exposed to ethylene; 5 s floating average; (b)

Comparison between 1-SWCNT and 1-PS-SWCNT devices.
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6.2.3. Monitoring of Fruit Ripening

After confirming a sensitivity of 1-SWCNT devices that was in the right range for practical

applications, we were interested in exploring the response of the devices to ripening fruit. To

perform measurements with fruit, we replaced the ethylene permeation tube in the gas generation

system (see Figure 6.6) by a chamber containing a piece of fruit (Figure 6.14).

7(a) b c

Figure 6.14. Examples for analyte chambers containing (a) banana, (b) orange, and (c) apple.

A continuous flow of nitrogen carrier gas was passed over the piece of fruit and subsequently

through a Teflon enclosure containing the 1-SWCNT device (during exposure). Between

exposures, the gas stream from the fruit was directed to a vent. This procedure avoided

accumulation of fruit vapor in the analyte chamber between exposures and thus led to results

more comparable to measurements in the field.

We tested different types of fruit: banana, avocado, apple, pear, and orange and compared the

responses to these fruit to the response generated by 20 ppm ethylene (Figure 6.15). The largest

response (normalized to 100 g fruit) was obtained for banana, followed by avocado, apple, pear,

and orange.
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S7

50 0

Figure 6.15. Response of 1-SWCNT devices to different fruit compared to the response to 20

ppm ethylene. Responses are normalized to 100 g fruit.

The response to all fruit was well within the sensitivity range of the sensor. Besides the orange,

all responses were higher than the reference response to 20 ppm ethylene which corresponds to

emission rates higher than 9600 nL min'i per 100 g.

Based on respiration rate (release of CO2) as well as ethylene production, fruit can be categorized

into climacteric and non-climacteric fruit.' Among the tested fruit, banana, avocado, apple, and

pear belong to the climacteric group, which shows a large increase of CO2 and C2H14 production

during ripening, while non-climacteric oranges show a low and more stable emission of these

gases. After reaching ripeness, ethylene production decreases, allowing the determination of

ripening levels by measuring the ethylene concentration in the vicinity of fruit.

Using 1-SWCNT sensors, we monitored the ethylene production of different fruit over time

(Figure 6.16). A climacteric rise of ethylene production could be observed for the pear and

avocado after the first week followed by a decrease in ethylene production of the pear indicating

that the climax (ripeness) had been passed.
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Figure 6.16. Response of 1-SWCNT devices to different fruit during ripening relative to 20 ppm

ethylene and normalized to 100 g fruit. Apple 1 was stored in a refrigerator between

measurements while apple 2 was kept at room temperature.

For all other climacteric fruits, declining ethylene levels were observed during the experiment,

indicating that we had obtained them at or past the maximum level of ripeness. To investigate the

effect of temperature on senescence, we stored one apple in a refrigerator between measurements

while another one was kept at room temperature. As expected, a slower decline of ethylene

levels was observed for the apple that had been stored below room temperature. In contrast to the

other investigated fruit, the non-climacteric orange showed overall low ethylene levels without

large variations over time.

6.3. Conclusions

In summary, we have developed an ethylene sensor by non-covalently functionalizing SWCNTs

with a copper(I) complex (1). Sensor prototypes fabricated from 1-SWCNT exhibited a good

sensitivity, which was further improved by adding cross-linked polystyrene beads to the mixture,

so that ethylene concentrations as low as 0.5 ppm could be detected. This detection limit is
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within the desired range for applications in the horticultural industries. The sensors showed good

selectivity for ethylene over possible interferents.

We demonstrated the practical utility of the sensor by measuring ethylene emissions of a variety

of fruit. Furthermore, it was possible to follow the ripening stages of fruit over time using the

presented system.

6.4. Experimental Section

Materials and devices were prepared by Birgit Esser, who also performed most of the sensing

measurements and control experiments. Jan M. Schnorr measured the IR, Raman, and XPS

spectra and performed SEM measurements.

Materials and Synthetic Manipulations

Synthetic manipulations were carried out under an argon atmosphere using standard Schlenk

techniques. [CF 3SO3Cu] 2-C6H6 was purchased from TCI America, hydrotris[3,5-

bis(trifluoromethyl)pyrazol-1-yl]borato sodium (Na[HB(3,5-(CF3)2-pz)3]) was prepared following

a literature procedure.8 Single-walled carbon nanotubes were purchased from SouthWest

NanoTechnologies (SWeNT@ SG65, SWeNT@ SG65-SRX, SWeNT@ SG76, and SWeNT@

CGlOO) or from Unidym (HIPCO@ Super Purified). Cross-linked polystyrene particles (0.4-0.6

ptm diameter) were purchased from Spherotech and transferred from water into toluene. Dry

toluene was purchased from J. T. Baker. All other chemicals were purchased from Sigma

Aldrich and used as received. NMR spectra were recorded on Bruker Avance-400 spectrometers.
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Synthesis of 1

1 was prepared using the following procedure: 8 mg (15.9 ptmol) [CF 3 SO 3 Cu]2-C6H6 were

dissolved in 3 mL dry, degassed toluene. 17 mg (43.5 pmol) hydrotris[3,5-

bis(trifluoromethyl)pyrazol-1-yl]borato sodium (Na[HB(3,5-(CF 3)2-pz)3]) were added, and the

mixture was stirred for 14 h at r.t. The reaction mixture was filtrated through a syringe filter to

receive a colorless solution of 1 with a concentration of ~ 6 pmol/mL (6 mM).

The exact concentration of 1 was determined in the following way: A small amount of the

solution was purged with ethylene for 20 min. The solvent was then evaporated, and the

concentration of 1 determined by NMR spectroscopy using benzene as a reference for

integration.

Preparation of 1-SWCNT

0.50 mg (41.6 pmol carbon) of SWCNTs were suspended in 0.8 mL dry o-dichlorobenzene, and

1.16 mL (6.9 ptmol) of a 6 mM solution of 1 in toluene were added. The mixture was sonicated at

30 *C for 30 min. The resulting black dispersion of 1-SWCNT was used to prepare devices.

Preparation of 1-PS-SWCNT

0.50 mg (41.6 ptmol carbon) of SWCNTs were suspended in 0.8 mL dry o-dichlorobenzene, and

1.16 mL (6.9 pmol) of a 6 mM solution of 1 in toluene as well as 2.4 tL of a suspension of

cross-linked polystyrene particles in toluene (5 pig/mL) were added. The mixture was sonicated

at 30 'C for 30 min. The resulting black dispersion of 1-PS-SWCNT was used to prepare

devices.
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Device preparation

Glass slides (VWR Microscope Slides) were cleaned by ultrasonication in acetone for 10 min,

and after drying they were subjected to UV radiation in a UVO cleaner (Jelight Company Inc.)

for 3 min. Using an aluminum mask, layers of chromium (10 nm) and gold (75 nm) were

deposited leaving a 1 mm gap using a metal evaporator purchased from Angstrom Engineering

with home built aluminum shadow masks.

Volumes of 1 ptL of the dispersion of 1-SWCNT were drop-cast between the gold electrodes

followed by drying in vacuum until a resistance of 1-5 kil was achieved.

Sensing Measurements

The devices were enclosed in a homemade Teflon gas flow chamber for sensing measurement

(Figure 6.17). The gold electrodes of the device are contacted with connections to the outside of

the gas flow chamber, and two ports on opposite sides of the chamber allow directing a

continuous gas flow through the chamber.

a) b)
electrodes

teflon chamber

gas inlet/outlet

Cr/Au on glass

CNT network

Figure 6.17. Gas flow chamber for sensing measurments.
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The low concentration gas mixtures were produced using a KIN-TEK gas generator system. A

trace amount of analyte emitted from a permeation tube is mixed with a nitrogen stream (oven

flow), which can be further diluted with nitrogen (dilution flow) (Figure 6.6). For ethylene,

refillable permeation tubes were used, while for the interferents we performed calibration

measurements by placing the solvent in the oven flow for set amounts of time and determined the

weight loss in analyte. For fruit measurements the fruit was placed in a flow chamber, through

which the "oven flow" was directed, which was then further diluted with nitrogen.

Electrochemical measurements were performed using an AUTOLAB instrument from Eco

Chemie B.V. A constant bias voltage of 0.1 V was applied across the device, while current vs.

time was measured. During the measurement the volume of gas flow over the device was held

constant and switched between nitrogen and analyte/nitrogen.

Testing of Different SWCNT Types and Control Experiments

While optimizing sensitivity of the devices to ethylene, we tested different types of SWCNTs.

Devices made from different 1-SWCNT dispersions following the general procedure were

compared with regard to their response to 20 ppm ethylene. Similar control experiments were

performed using devices prepared from dispersions of 2-SWCNT, 4-SWCNT and SWCNTs with

[Cu(CH 3CN)4]PF6 .

Fruit Information

Fruit of the following types and weight was purchased from a Farmer's market:

Banana (Cavendish) - 142.5 g

Avocado (Hass) - 170.7 g
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Apple 1 (Macintosh) - 119.1 g

Apple 2 (Macintosh) - 111.3 g

Pear (Comice) - 246.1 g

Orange (Navel) - 265.0 g

Table 6.1. Pictures of fruit on different days of measurement.

Banana, Day 1 Banana, Day 10 Banana, Day 16 Banana, Day 24

Avocado, Day 1 Apple 1, Day 24 Apple 2, Day 24

Pear, Day 1 Pear, Day 15 Orange, Day 1

IR Measurements
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IR spectra were recorded on a SMART iTR purchased from Thermo Scientific. The sample was

drop-cast onto a KBr card, and the spectrum was measured in transmission mode.

Raman Measurements

Raman spectra were measured on a Horiba LabRAM HR Raman Spectrometer using excitation

wavelengths of 785 nm and 532 nm. The samples were drop-cast onto Si0 2/Si substrates for the

measurement.

XPS Measurements

XPS spectra were recorded on a Kratos AXIS Ultra X-ray Photoelectron Spectrometer. The

samples were drop-cast onto Si0 2/Si substrates for the measurements. As the copper complex 1

is air sensitive, it was drop-cast under argon and the exposure to air was kept minimal (< 2 min)

during the transfer into the XPS instrument. In the case of 1 and 2 sample charging was observed

and a charge neutralizer was used. The resulting shift in energy was compensated by calibrating

using the F Is peak at 687 eV.

Scanning Electron Microscope Measurements

Scanning electron microscope (SEM) images were obtained on a JEOL 6700 scanning electron

microscope.

Devices (prepared as described in device preparation) were analyzed by SEM, showing a

relatively smooth film of 1-SWCNTs on the glass substrate (Figure 6.5). When 5 weight-% of

cross-linked polystyrene beads (0.4-0.6 tm) were mixed with 1-SWCNTs before drop-casting,

an increase of the surface roughness and thus the surface area can be observed (Figure 6.12a). At
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higher magnification, CNT bundles were observed on the surface of the polymer as well as on

the glass substrate (Figure 6.12b).
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