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CHAPTER 1

INTRODUCTION

MOGENS BRONDSTED NIELSEN

Molecular engineering is an interdisciplinary research field, where design, synthesis, and
manipulation of molecules and molecular assemblies are used to create advanced func-
tions. Molecular engineering is an inherent part of nanotechnology and often involves
manipulation of molecules at the nanoscale. The synthesis of organic molecules is
usually the first experimental step to take whether the overall aim is to develop a
nanomachine or molecular motor, a memory device, or an artificial enzyme that can
catalyze specific transformations. Organic synthesis is therefore an integral part of this
book, and several chapters have a special emphasis on synthetic protocols. With respect
to the molecular and supramolecular function, the field of molecular engineering is
relevant to a broad range of disciplines, from materials science, molecular electronics,
environmental chemistry, chemical biology to pharmaceutical science. Some important
targets are molecule-based computers (faster and smaller than silicium-based ones),
intelligent drug delivery systems, organic molecules that are as efficient as enzymes for
performing catalytic reactions but structurally much simpler (by being much smaller),
peptide engineering of new catalysts, molecular sensors, materials for optical data
storage, new electrically conducting materials, and new energy-storage materials. This
book attempts to cover broadly these fields via chapters of which some are very general
and some more specific. The chosen topics described in the chapters present a selection
of important scientific contributions that have been made. Many other important con-
tributions could have been covered in a book with such a broad title, but at least I hope
that the reader will get an impression of the rich possibilities that exist to create mol-
ecules and supramolecular systems with unique properties and functions from those
examples covered in this book.

The book is organized as follows. Chapter 2 gives an overview of useful molecular
building blocks, covering, for example, different chromophores, redox-active molecules,
photoswitches, peptide building blocks, macrocyclic receptors, and examples of how
they can be integrated in advanced systems with specific functions. Some of these units
are particularly useful in the design of molecular electronics components, which is the

Organic Synthesis and Molecular Engineering, First Edition.
Edited by Mogens Brgndsted Nielsen.
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2 INTRODUCTION

focus of Chapter 3. According to Moore’s law [1], the number of components on inte-
grated circuits doubles approximately every 2 years. Nobel Laurate Richard P. Feynman
stated in his famous talk in 1959 at an American Physical Society meeting at Caltech
that “There is plenty of room at the bottom,” which can be considered the start of
nanotechnology and the idea of using a “bottom-up” manufacturing technique by self-
assembly of suitable molecules. Thus, development of molecules as components for
molecular electronics may provide a way to extend Moore’s law beyond the limits of
small-scale conventional silicon-integrated circuits. Carbon allotropes are also success-
fully exploited in this field as well as in organic photovoltaics, and production and
functionalization of carbon nanotubes and graphene (single sheets of graphite) are
covered in Chapter 4. For achieving functional devices and nanomachines, self-assembly
of the molecular components in a desired manner is crucial. Chapter 5 describes how
hydrogen bonding interactions can be employed for obtaining self-organizing nano-
structures. By rational design of the structural parameters of the single molecular
modules and by a strict control of the solvent and temperature conditions, it is possible
to produce supramolecular polymeric materials possessing different geometrical struc-
tures such as nanofibers, two-dimensional organic networks, vesicles, or toroids.

Exploitation of solar energy is the focus of Chapter 6 and in particular how to store
energy in chemical bonds by light-induced isomerization reactions. As described in this
chapter, some of several challenges are to harvest light at the right wavelengths and to
release the stored energy as heat in an efficient way when needed. Photoswitchable
compounds are also central to Chapter 7, which describes strategies to switch fluores-
cence of photochromic oxazines. Such photoswitchable fluorophores have potential for
the visualization of biological samples with subdiffraction resolution.

Supramolecular chemists have, over the last decades, developed a wide variety of
macrocyclic receptors for binding of ionic or neutral guests. Specific efforts have
focused on transducing the host—guest recognition process in a redox event, targeting
sensors, smart materials, or devices for molecular electronics. Such redox-responsive
systems are the focus of Chapter 8. The subsequent chapter shows how a chemosensor
for nitroaromatic explosives, based on color changes, is designed, improved by system-
atic variation of the chemical structure, and how this molecule can be integrated into
different solid-state devices.

Development of artificial receptors for substrates in water is particularly challeng-
ing, but central for engineering of biomimetic systems. In Chapter 10, the focus is
recognition of carbohydrates in water and the different techniques used to evaluate
this process. Carbohydrates are involved in the metabolic pathways of living organisms
and play a crucial function in the first step of cell-cell, cell-virus and cell-bacteria
interactions. Chapter 11 describes the development and synthesis of artificial enzymes
based on cyclic oligosaccharide receptors, so-called cyclodextrins, which can bind sub-
strates in a hydrophobic cavity and catalyze their conversion to specific products via
suitably located catalytically active groups. The subsequent chapter covers another class
of catalysts, organozymes, based on rationally designed peptides. Peptide-based cata-
lysts that display some of the qualities of enzyme conversions have been developed in
an approach partly based on the application of combinatorial methods. While natural
enzymes have evolved to be efficient and selective through millions of years, combina-
torial evolution in the laboratory can be performed rapidly within a few years. Catalysis
and/or transport can also occur inside so-called dendrimers, which are classes of highly
branched “tree-shaped” nanosized molecules. Exploitation of these molecules in
biology and nanomedicine and the synthetic strategies to achieve them are covered
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in Chapter 13. Chapter 14 describes how reversible formation of host molecules can
be used to identify the most suitable receptors for substrates in water, a field which is
termed dynamic combinatorial chemistry. In this approach, the most suitable molecule
is selected—*"“survival of the fittest” at the molecular level.

REFERENCE

[1] Moore, G. E. (1965). Cramming more components onto integrated circuits. Electronics, 38,
114-117.



CHAPTER 2

ORGANIC BUILDING BLOCKS FOR
MOLECULAR ENGINEERING

KASPER LINCKE and MOGENS BRONDSTED NIELSEN

2.1 MOLECULAR FUNCTION

Organic engineering of advanced molecules and supramolecular assemblies requires a
variety of molecular modules with specific functions and properties, as shown schemati-
cally in Figure 2.1. Redox activity is an example of an important function, which allows
charging of the organic molecule, either by removal or by donation of electrons.
n-Conjugated molecules are often redox active and are usually also conveniently used
as wires for electron transport (conductance). We also need building blocks that can
absorb and emit light at specific wavelengths (chromophores and fluorophores) or that
can undergo light or thermally induced structural changes (photo/thermoswitches) to
form molecules with new properties. We need structural motifs that allow complexation
of specific guest molecules or ions in various media via noncovalent interactions. Such
molecular hosts may concomitantly act as catalysts for the chemical conversion of the
guest molecules, substrates, into new products, thereby mimicking enzymes, or they
could act as carriers for transporting the guest molecules from one phase to another,
for example, through a cell membrane. Host—guest complexation may also alter proper-
ties such as fluorescence, which can be employed in the design of molecular sensors.
Other important molecular properties include Brgnsted and Lewis acidity and basicity,
chirality, dipole moment, magnetic properties, nonlinear optical (NLO) and two-photon
absorption properties, liquid crystallinity, solubility in polar (in particular, water) or
nonpolar solvents, and not least, chemical stability and photostability.

Altered properties of the functional unit by virtue of interactions with its surround-
ings should also be taken into account. For example, chromophores can exhibit solva-
tochromism and hence exhibit different absorption maxima in different solvents.
Absorption tuning is particularly important for the action of many proteins, such as
opsin proteins present in the eye. These proteins are involved in the process of vision.
The entire visible region is covered by three different cone pigment cells, each contain-
ing photoactive transmembrane proteins. While the chromophore is identical in these

Organic Synthesis and Molecular Engineering, First Edition.
Edited by Mogens Brgndsted Nielsen.
© 2014 John Wiley & Sons, Inc. Published 2014 by John Wiley & Sons, Inc.
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Figure 2.1. Schematic overview of different molecular functions.

proteins, namely, a protonated retinal Schiff base linked to a specific lysine residue, the
protein-binding pockets differ slightly in the three types of cones. By subtle protein—
chromophore interactions, one protein tunes the chromophore absorption maximum
to blue, one to green, and one to red light [1-3]. As shown in Scheme 2.1, the absorp-
tion of light induces a cis to trans isomerization of a double bond in retinal; this is the
primary event in visual excitation and alters the geometry of the retinal in the protein-
binding pocket, which triggers a cascade of processes [1]. Along the same line, the green
fluorescent protein (GFP), which absorbs blue light and emits green light, provides a
rigid environment for its chromophore (a 4-hydroxybenzylideneimidazolinone, Figure
2.2), which is only very weakly fluorescent in solution, but inside the binding pocket,
fluorescence is turned on. On account of its fluorescent properties, GFP is widely used
as a marker protein in molecular and cell biology [4-6].

Systems can be cleverly engineered that couple together individual functions, such
as light absorption, energy transfer, and electron transfer, which is of importance when
constructing, for example, photovoltaic cells or artificial photosynthesis systems. A
selection of specific molecular building blocks will be provided in this chapter, and a
few advanced systems will be discussed. Some reaction types useful in synthesis will
also be presented, of which several will be encountered in the following chapters.

2.2 REDOX-ACTIVE UNITS

Organic molecules with alternating single and double or triple bonds, that is,
n-conjugated molecules, are as mentioned earlier, often redox active and can either
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binding pocket

Scheme 2.1. Schematic illustration of the protonated retinal Schiff base in the opsin-binding
pocket. The absorption maximum of the chromophore is tuned by protein interactions. Absorption
of light is followed by a cis—trans isomerization of the chromophore, which leads to geometrical
changes of the protein.

0]

e
0P N

Figure 2.2. The GFP chromophore. It is covalently linked at two positions (indicated by wavy
lines) to the protein and is present either as neutral phenol or as phenolate.

[5=7 — S <;> . (5)\ C;)
S>=<S ? [SHS] 4: [SHS]

TTF TTF' " TTF 2*
fe
>=< >=< >—< :}—(@ P @>—< >—<
TCNQ TCNQ*~ TCNQ2-

Scheme 2.2. Reversible oxidations of tetrathiafulvalene (TTF) and reversible reductions of
tetracyano-p-quinodimethane (TCNQ).

donate or receive electrons resulting in stable cations or anions. Such redox-active
organic molecules are particularly useful in supramolecular and materials chemistry.
For example, the first conducting organic metals were based on a charge-transfer salt
between tetrathiafulvalene (TTF) and tetracyano-p-quinodimethane (TCNQ) [7, 8].
TTF is a so-called Weitz-type redox system (end groups are cyclic n-systems that exhibit
aromatic character in the oxidized form), which is oxidized in two one-electron steps
to generate two aromatic 1,3-dithiolium rings (Scheme 2.2) [9]. TCNQ is instead a
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Waurster-type redox system (end groups located outside a cyclic m-system that exhibits
aromatic character in the reduced form), which, like N,N,N’,N”-tetramethyl-p-
phenylenediamine (Wurster’s blue), is aromatic in its reduced form (Scheme 2.2). Its
acceptor strength can be further enhanced by functionalization with electron-
withdrawing fluoro substituents. Buckminsterfullerene (Cy) can undergo up to six
reversible one-electron reductions in solution [10], but usually three to four reductions
are observed depending on the solvent [11]. C, and its derivatives are widely explored
as electron-acceptor moieties for photovoltaic devices such as solar cells [12]. Large
carbon-rich acetylenic scaffolds have also achieved recognition as good electron accep-
tors [13, 14]. The expanded [6]radialene shown in Figure 2.3 presents one such example
[15]; interestingly, its perethynylated core comprises a total of 60 carbon atoms. Figure
2.3 shows a variety of other electron-donor and acceptor molecules, including ferrocene

Electron donors

S S @ H3C\ /CH3
[ Pt ] Fe HOOOH N N
s s — H;C CHy
TTF Fe Hydroquinone Waurster's blue

Electron acceptors

NC CN NC CN
— — — 0= =0
NC CN NC CN

TCNQ TCNE Benzoquinone
®= /=0
Paraquat
(0) (0}
HN NH
0 PMDI 0

Buckminsterfullerene, Cg

Expanded [6]radialene: CgR o

Figure 2.3. Redox-active organic electron donors and acceptors.
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Figure 2.4. TTF-Radiaannulene (TTF-RA), a combined Weitz—Wurster-type redox system. Upon
two-electron reduction, the central core formally becomes 14 m-aromatic.

(Fc), hydroquinone/benzoquinone, tetracyanoethylene (TCNE), paraquat, and pyro-
mellitic diimide (PMDI).

Fusing together redox-active systems can result in molecules with multiple redox
states furnished by either oxidation or reduction. For example, a so-called expanded
radiaannulene core (containing both endo- and exocyclic double bonds) was recently
fused together with two TTF units to afford a molecule (TTF-radiaannulene [TTF-
RA], Figure 2.4), which was found to reversibly exist in six redox states: =2, -1, 0, +1,
+2,+4 [16]. The cyclic core of the dianion contains 14 n-electrons, and it thereby satisfies
the Hiickel 4n + 2 aromaticity rule for planar cycles with n =3 (in general, n should be
zero or a positive integer). The TTF-RA molecule can accordingly be considered as a
Waurster-type redox system (the cyclic core) combined with Weitz-type redox systems
(the TTFs). Thus, it formally gains aromaticity by either reduction or oxidation. The
resonance formula drawn for the dianionic core in Figure 2.4 resembles an annulene
structure. Annulenes are completely conjugated monocyclic hydrocarbons with endo-
cyclic double bonds, of which the simplest are cyclobutadiene, benzene, and cycloocta-
tetraene. Instead, radialenes are alicyclic organic compounds with exocyclic double
bonds, of which trimethylenecyclopropane is the simplest. By fusing together two per-
ethynylated radiaannulenes in a bicyclic structure as shown in Figure 2.5 [17], a particu-
larly strong electron acceptor is obtained, even stronger than Cg,. Thus, this compound
shows a first reduction at —0.83V versus Fc*/Fc (in THF + 0.1 M Bu,NPFy), while that
of Cq is at —1.02V under comparable conditions. Such large two-dimensional, carbon-
rich scaffolds, resembling all-carbon graphene sheets, are particularly interesting in the
quest for optoelectronic and conducting materials.

2.2.1 Case Study: TTF Building Blocks

TTF has, in particular, found use as a redox-active building block. Its successful incor-
poration into macromolecular and supramolecular systems takes advantage of ready
access to useful building blocks, which can be converted into nucleophiles by treatment
with suitable bases, as shown in Scheme 2.3. Direct lithiation can be accomplished with
lithium diisopropylamide (LDA), and the resulting lithiated species can be treated
with, for example, 1,2-diiodoethane to provide an iodo-substituted TTF for further
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Bu

Bu

Figure 2.5. Bicyclic radiaannulene.

=, RIHI”
s _CsOH__
=T Lo I
D e e

Scheme 2.3. Preparation of nucleophilic TTF building blocks.

functionalization by, for example, Sonogashira cross-coupling reactions [18-20] (see
Box 2.1). Cyanoethyl-protected TTF thiolates have been used extensively for construc-
tion of macrocyclic structures; the cyanoethyl group is usually removed by either
cesium hydroxide or sodium methoxide, and the resulting thiolate is an excellent
nucleophile for Sy2 substitution reactions [21, 22]. Pyrrolo-annelated TTFs are also
attractive building blocks and are readily converted to nucleophilic species after
removal of the pyrrole N-H proton by sodium hydride [23].

2.3 PHOTO/THERMOSWITCHES

Photoswitches (or photochromic molecules) that upon irradiation undergo conversion
to an isomeric structure are employed for a variety of applications, ranging from
molecular switches for data storage, molecular electronics, light-controllable liquid
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BOX 2.1 METAL-CATALYZED CARBON-CARBON
COUPLING REACTIONS

Glaser-Eglinton-Hay

o Cu'/cul! R = alkyl, alkenyl, alkynyl, aryl
R—=—"H base, O, R———"=—R Base = pyridine or TMEDA (Me,NCH,CH,NMe,)

Review:
Siemsen, P, Livingston, R. C., Diederich, F. (2000). Angewandte Chemie—Interna-
tional Edition, 39,2632-2657.

Heck
R! = aryl, benzyl, alkenyl, alkyl
H R pp R R 2 R - R —aly, anl alkenyl
-x + >:< e >:< R“=R’=R"=alkyl, aryl, alkeny!
R base, ligand X =Cland Br
R2 R* 5 1g R2 R*
Base = 2° or 3° amine, KOAc, NaOAc, NaHCO;
Ligand = trialkyl phosphines, triaryl phosphines, chiral phosphines
Review:

(a) De Meijere, A., Meyer, E. E. (1994). Angewandte Chemie—International Edition,
33,2379-2411;
(b) Beletskaya, I. P,, Cheprakov, A. V. (2000). Chemical Reviews, 100, 3009-3066.

Suzuki
R! =alkyl, allyl. alkenyl, aryl
R? = alkyl, alkenyl, aryl

Pd’ R =alkyl, OH or O-alkyl
RI-BR, + o oRe-x : RI-R? alkyl, OH or O-alky’
base, ligand X=Cl, Br, I, OTf

Base = CO;Z', Ba(OH),, K5POy, KF, CsF, BusF, NaOH, RO”
Ligand = trialkyl phosphines, triaryl phosphines, chiral phosphines

Reviews:

(a) Suzuki, A. (1999). Journal of Organometallic Chemistry, 576, 147-168;
(b) Beilina, F., Carpita, A., Rossi, R. (2004). Synthesis, 2419-2440.

Negishi
R! =aryl, alkenyl, benzyl, allyl
Rl-Zn-X + RE-X Pd’ RI-R2 R? = alkenyl, alkynyl, aryl, acyl
ligand R = alkyl, OH or O-alkyl
X=Cl,Br,I
Ligand = trialkyl phosphines, triaryl phosphines, chiral phosphines
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Reviews:
(a) Negishi, E. I. (1982). Accounts of Chemical Research, 15,340-348; (b) Erdik, E.
(1992). Tetrahedron, 48, 9577-9648.

Stille

R! = alkyl, allyl. alkenyl, aryl
Pd’ R2 = alkyl, alkenyl, aryl
R!=SnR. + 2- R —— 1-R2 y ’
i REX S Tigand R-R R = alkyl, OH or O-alkyl

X=Cl,Br, I OTf
Ligand = trialkyl phosphines, triaryl phosphines, chiral phosphines

Reviews:

(a) Stille, J. K. (1986). Angewandte Chemie—International Edition, 25, 508-523; (b)
Mitchell, T. N. (1992). Synthesis, 803-815.

Sonogashira
Pd’ or Pd!! R! = aryl, heteroaryl, alkenyl
2_ -
Rl-X ¢ H———R Cul PP R”=H, alkyl, aryl, alkenyl, SiR3
Base X=Cl,Br, L, OTf
Base = EuNH, EtN, (i-Pr),NH

Review: Chinchilla, R., Najera, C. (2007). Chemical Reviews, 107, 874-922.

crystals, light-controllable membrane proteins, and nanomachines [24]. In some cases,
return to the original isomer is promoted by light; in others, it is promoted thermally.
A variety of molecular photoswitches is shown in Scheme 2.4. The use of UV or visible
light is indicated at the arrows, but the exact wavelength for each conversion will, in
general, depend somewhat on the further functionalization of the system. The switching
process is either a cis—trans isomerization about a double bond, like the isomerization
of retinal in the process of visual excitation (Scheme 1.1), or an electrocyclic reaction
(see Box 2.2). Conversions of azobenzenes [25] and dithienylethenes [26] present
examples of these two processes, and these molecules are some of the most extensively
used photoswitches. The presence of methyl substituents in the dihydrodithienoben-
zene isomer is important for avoiding oxidation to the fully unsaturated compound (as
shown for dihydrophenanthrene [27] in Scheme 2.4).

The use of oxazines in relation to fluorescence switching will be covered in Chapter
7. For examples of suitably functionalized photoswitches used to control liquid crystal-
linity and for holographic optical data storage, the reader is referred to the literature,
for example, References 28 and 29. In brief, liquid crystallinity is usually obtained by
functionalization with unpolar alkyl chains and cyano or other polar end groups.

The fulvalene diruthenium system is another interesting photo/thermoswitch, which
isomerizes by a rather unusual chemical rearrangement (Scheme 2.5). This system is
interesting for development of molecular solar thermal energy storage devices, as
discussed in Chapter 6.
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Scheme 2.4. Examples of molecular photo/thermoswitches.
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BOX 2.2 ELECTROCYCLIC REACTIONS

Me hy A Me A\\Me
H << Me —\\_/— Me 2, E

Me hv X Me A Me
- —_—
— | -—
e e
M M

Me

Me

Review: Pindur, U., Schneider, G. H. (1994). Chemical Society Reviews, 23,
409-415.
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Scheme 2.5. Switching via chemical rearrangement.

2.3.1 Case Study: Azobenzenes

As azobenzenes are easy to prepare and have found so wide interest, a few details on
their optical properties shall be provided here; for a more extensive coverage, see,
for example, Reference 25. trans-Azobenzene exhibits n—n* and n—n* absorptions
at 320nm (g ~ 22,000M"'cm™) and 450nm (¢ ~ 400M™'cm™), respectively, while
cis-azobenzene exhibits m—7n* absorptions at 270nm (¢ ~ 5000M™cm™)/250nm
(e~11,000M "' cm™) and a n—7* absorption at 450nm (& ~ 1500M " cm™). The quantum
yield for trans to cis isomerization after n—n* excitation is around 0.1-0.2 (depending
on solvent polarity), while it is 0.2-0.4 after n—n* excitation. The quantum yield of cis
to trans isomerization varies between 0.1 and 0.5 in different solvents after m—m*
excitation and 0.4-0.6 after n—rn* excitation. Continuous irradiation of trans-
azobenzene at wavelengths of either 313 or 436 nm results in photostationary states
with contents of the trans isomer of ca. 20% and 90%, respectively. The cis isomer can
undergo spontaneous isomerization in the dark to the more stable trans isomer with
an activation energy of 90-100kJmol™. The next chapter will provide examples of
how this photoswitch, as well as the dithienylethene/dihydrodithienobenzene and
dihydroazulene/vinylheptafulvene switches, can be used for light-controlled conduc-
tance switching in molecular electronics.

2.4 FLUOROPHORES, LIGHT HARVESTERS, AND DYES

Fluorescent molecules have several different applications, ranging from fluorescent
labeling, fluorescence imaging, optical sensors, biological detectors, and light harvesters
for photoinduced processes. Some examples of fluorophores are shown in Figure 2.6.
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Figure 2.6. Fluorophores.

Porphyrins structurally resemble chlorophyll molecules, which harvest light in natural
photosynthesis, and several cyclic porphyrin antenna systems have been designed as
efficient light harvesters [30]. Porphyrins are also of interest in photodynamic cancer
therapy as photosensitizers for generation of singlet oxygen [31]. Ruthenium(II) com-
plexes of didentate ligands, such as 2,2’-bipyridine (bpy), have long-lived phosphores-
cent states and have also been used extensively as light harvesters in supramolecular
light-induced charge-transfer devices [32, 33]. As mentioned earlier, the GFP chromo-
phore is only weakly fluorescent outside the protein-binding pocket. However, several
derivatives have in recent years been prepared to enhance its fluorescence, for example,
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by locking the two rings in a fixed conformation [34]. Exploitation of fluorophores for
monitoring and screening reactions on a solid support is described in Chapter 12. Three
other uses of fluorophores will be exemplified in the three case studies discussed later.

Phthalocyanins are strongly blue-green colored compounds and are also widely used
as dyes. Figure 2.7 shows some other important dyes, namely, examples of azo com-
pounds (R-N=N-R’), indigo (blue color, used to color jeans), and mauveine, which is
also known as aniline purple and was the first synthetic organic chemical dye.

2.41 Case Study: Fluorescent Probe for Carbohydrates

Fluorescent boron-dipyrromethene (BODIPY) derivatives have been employed as
indicators for a variety of species, such as metal ions and biomolecules [35]. The
BODIPY/phenylboronic acid derivative shown in Figure 2.8 [36] is able to bind mono-
saccharides, owing to the Lewis acidity of boron. The probe itself exhibits narrow
absorption and emission bands with maxima at 495 and 510nm (fluorescence quantum
yield of 0.41), respectively, in a phosphate buffer at pH7.5. A blueshift and increase in
both the molar absorption and the emission were observed in the presence of increas-
ing amounts of D-fructose due to its binding to the boron. The affinity for three different
sugars decreased in the sequence D-fructose > D-galactose > D-glucose, with the follow-
ing dissociation constants determined from emission data: 1.0, 24, and 73 mM (dissocia-
tion constants are the inverse of association constants). Examples of carbohydrate
binding based instead on hydrogen bonding interactions are provided in Chapter 10.

2.4.2 Case Study: Logic Gate

Quenching of fluorescence by either energy or electron transfer (reductive or oxidative
quenching) has been employed for construction of both optical sensors and logic
gates. Thus, by attaching both a crown ether and a tertiary amine group in proximity
to a central anthracene, its fluorescence is almost quenched by photoinduced electron
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Figure 2.8. Left: BODIPY indicator for b-fructose, D-glucose, and D-galactose. Right:
Monosaccharide bound to the boronic acid.
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Figure 2.9. AND logic gate based on the fluorescence output of anthracene.

transfer from either of these two units (Figure 2.9) [37]. By both protonation of the
amine group and complexation of a sodium ion in the crown ether (this event is covered
in more detail later), the fluorescence of the anthracene is enhanced by a factor of 6.
The fluorescence output only increases by a factor of 1.1 in the presence of sodium
ions alone and by a factor of 1.7 in the presence of protons alone. The system thus
functions as an AND logic gate as it requires both inputs (H" and Na*) to show a fluo-
rescence output.

2.4.3 Case Study: Combining Chromophores and Redox-Active Units in an
Artificial Photosynthesis Device

Adenosine triphosphate (ATP) is used as an energy source in metabolic processes in
cells. A light-driven transmembrane proton pump has been used to generate ATP from
adenosine diphosphate (ADP) and phosphate [38]. First, a liposome (i.e., a vesicle
composed of a lipid bilayer) was prepared and then a covalently linked triad system
composed of carotene (C), porphyrin (P), and quinone (Q), C-P-Q (Figure 2.10), was
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Figure 2.10. Triad system composed of carotene (C), porphyrin (P), and quinone (Q) was inserted
in a liposome (vesicle composed of lipid bilayer), which also contains an ATP synthase trans-
membrane protein (schematically shown at the lower right corner).



18 ORGANIC BUILDING BLOCKS FOR MOLECULAR ENGINEERING

O
hv % ot = Ph
C-P-Q —> CP-Q —> CPQ
Ph Q-Ph,
O

ot O@
/N [;j”‘
© OH OH Ph
OH I
Ph Ph diffusion Ph
B E———
within -
. i
Ph Ph bllayer Ph exterior
0 0

+
H interior

ATP synthase

N

ADP + P ATP

Q-Ph,

Scheme 2.6. Excitation of the porphyrin unit P in the C-P-Q triad ultimately leads to transfer of
a proton from the aqueous exterior of the liposome to its aqueous interior, resulting in a proton
motive force. Flow of protons out of the liposome is coupled to conversion of ADP and phosphate
(P;) to ATP via the ATP synthase.

inserted into the bilayer membrane of the liposome. As the quinone end of the triad
has a carboxylate group attached while the carotenoid end is hydrophobic, the carot-
enoid end first enters the membrane, hence allowing for insertion of the triad in a
directional manner. Thus, the quinone end is pointing toward the external surface, while
the carotene end is pointing toward the interior of the liposome. In addition, another
unpolar quinone (Q-Ph,) having stronger acceptor strength than that present in the
triad is incorporated into the bilayer. Light excitation of the porphyrin induces a charge
separation by which the carotene is oxidized to a radical cation, while the quinone is
reduced to a radical anion (Scheme 2.6). The reduced quinone then transfers an elec-
tron to a Q-Ph, in its proximity, which hereby becomes basic enough to accept a proton
from the exterior aqueous environment. The neutral semiquinone radical can diffuse
in the bilayer, and when it meets the carotene radical cation near the inner membrane,
it transfers an electron, thereby regenerating the neutral C-P-Q triad and forming a
protonated quinone. This protonated quinone will subsequently deliver a proton to the
interior aqueous environment. This net proton transfer from the exterior to the interior
generates a proton motive force. In the membrane, an ATP synthase is also vectorially
inserted, and the flow of protons out of the liposome through this enzyme is coupled
with its production of ATP. Thus, the system functions as an artificial photosynthesis
device, which converts light energy into chemical energy.
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2.4.4 Case Study: “Clicking” Together Functional Units by
the CuAAC Reaction

Two functional units containing a terminal alkyne and an azide, respectively, as reactive
handles can be conveniently linked together via the Cu(I)-catalyzed azide-alkyne
cycloaddition (CuAAC, Box 2.3), generating a 1,4-disubstituted triazole [39, 40]. In
contrast to the uncatalyzed 1,3-dipolar cycloaddition between such functional groups
(the Huisgen reaction [41]), this reaction is regioselective (generating only, or mainly,
one regioisomer) and can be performed under mild conditions (at room temperature
and in water if solubilities of substrates allow for this). Cu(I) is usually generated in
situ by reduction of Cu(II) by ascorbic acid, and an example of this reaction is shown
in Scheme 2.7 for linking together the perylene diimide (PDI) fluorophore with the
TTF redox-active unit [42], here using N,N-dimethylformamide (DMF) as solvent as
the reactants lack water solubility.

CuACC reactions often satisfy requirements of “click chemistry,” a term that was
coined by Sharpless and coworkers [43]. Click reactions should be modular, wide in
scope, high yielding, generate readily removable inoffensive by-products, and stereo-
specific. The reaction conditions should be simple, involving either no solvents or
benign solvents such as water, include simple, easily obtainable starting materials and
reagents, and the product should be simple to isolate by nonchromatographic methods,
such as crystallization or distillation. In addition, the product should be stable under
physiological conditions. The reaction shown in Scheme 2.7 violates many of these
requirements, but it is still a good example of how the CuA AC reaction is conveniently
used to link together functional building blocks.

2.5 MACROCYCLIC HOST MOLECULES

A molecular host for a specific guest molecule or ion must have complementary
binding sites to those of the guest, and these binding sites should be placed in the right
spatial orientation. Macrocycles are particularly useful host molecules as their binding
sites can be preorganized for guest complexation, meaning that if designed properly,
the macrocycle does not need to undergo significant conformational changes upon
binding. Thus, in comparison to an acyclic structure that has to wrap around a guest,
thereby loosing degrees of freedom, guest complexation by a preorganized macrocycle
will not be as enthropically unfavorable. Enthalpy can also play a key role for the
preorganization as is the case for the complexation of alkali metal cations by crown
ethers.

2.5.1 Cation and Anion Complexation

Figure 2.11 shows a variety of macrocyclic molecules that can encapsulate either cations
or anions. Crown ethers are some of the most commonly employed macrocycles for
encapsulation of alkali metal cations by ion—dipole interactions and were discovered
by Pedersen in the mid-1960s [44]. They are cyclic ethers with ethylene bridges between
the oxygen-binding sites. In particular, crown ethers are preorganized for cation
complexation in a solvent such as dichloromethane in which the oxygen lone pairs
are directed inward (while the opposite is the case in a hydrophilic medium). The
preorganization is in this case mainly of enthalpic origin as the macrocycle exhibits
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BOX 2.3 CYCLOADDITIONS

Diels-Alder [4+2] Cycloaddition

Rl Rl
EWG EWG
] ’ \ :
—_—
EWG = EWG
RZ Rz
R! R!
EWG K EWG
[ —
Z EWG
EWG R2 R2

Reviews: (a) Brieger, G., Bennett, J. N. (1980). Chemical Reviews, 80, 63-97; (b)
Mehta, G., Uma, R. (2000). Accounts of Chemical Research, 33,278-286; (c) Corey,
E. J. (2002). Angewandte Chemie—International Edition, 41, 1650-1667; (d) Nico-
laou, K. C., Snyder, S. A., Montagnon, T., Vassilikogiannakis, G. (2002). Angewandte
Chemie—International Edition, 41,1668-1698.

1,3-Dipolar Cycloaddition

® 0 RI\Z AR
R'-7z=y=x +* =——R2? ——> [ y
Y= X
1,3-dipoles

® O . H ®0

Azide RI-N=N=N Diazo /C:N:N
H

® 0 o

Nitril-oxide RI-C=N-0 Rl\ O
®0 Nitrone Cc= N\(B

Ozone 0=0-0 R? R}

Reviews: (a) Gothelf, K. V., Jgrgensen, K. A. (1998). Chemical Reviews, 98, 863-909;
(b) Meldal, M., Tornge, C. W. (2008). Chemical Reviews, 108, 2952-3015.

CuAAC Reaction

CuS0,
® 6 ascorbic acid RI\N
R'-N=N=N * =—R? ) /\foz
H20 N:N

Review: Meldal, M., Tornge, C. W. (2008). Chemical Reviews, 108, 2952-3015.
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Figure 2.11. Macrocyclic host molecules for cations and anions.

unfavorable lone-pair-lone-pair repulsions already in its uncomplexed form, while an
acyclic polydentate ligand (also termed “podand”) has to change conformation from
an elongated form (with as little lone-pair-lone-pair repulsions as possible) to a form
in which the oxygen atoms wrap around the cation upon complexation. The crown ether
[18]crown-6 (18C6; 6 oxygen atoms bridged by 6 ethylene groups;i.e., 18 atoms in ring)
has, in particular, found wide use in cation sensors, and several binding studies have
been undertaken [45,46]. It forms 1:1 complexes with Na*, K*, and Cs*, with association
constants determined by calorimetry of log K, = 4.32 (Na*), 6.07-6.29 (K*), and 4.14
(Cs") in methanol. Moreover, 18C6 has an ideal geometry for complexation of alkyl
ammonium cations by hydrogen-bonding interactions. Thus, complexation of RNH;"
involves three hydrogen bonds as every second oxygen atom in the ring can make a
hydrogen bond to one of the three ammonium protons. The cavity of dibenzo[24]
crown-8 (DB24C8) is large enough to allow for threading of dibenzylammonium
(DBA), forming the so-called pseudorotaxane complexes with an association constant
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Scheme 2.8. Formation of pseudorotaxane complex between the crown ether crown-O6S2 and
dibenzylammonium (DBA). The association constant K, was determined from the 'H-NMR
spectrum recorded in CD,Cl,; see Figure 2.12.

of 2.7 x 10*M™" in CDCl; [47]. A rotaxane has one or more macrocycles threaded along
a molecular axle with bulky end groups preventing dethreading; when these stopper
groups are absent, the word pseudorotaxane is used (threading or dethreading can
occur freely). Pseudorotaxane DB24C8eDBA is stabilized for the most part by hydro-
gen bonds between the oxygen atoms of DB24C8 and (i) the NH," protons of DBA
and (ii) the benzylic methylene protons of DBA. Replacing two oxygen atoms in
DB24C8 with two sulfur atoms as in the macrocycle crown-O6S2 (containing a
1,3-dithiol-2-thione unit instead of the one o-phenylene) presented in Scheme 2.8
reduces the association constant by one order of magnitude (K, = 2.75 x 10°M™ in
CD,Cl, at 300K) [48]. As the exchange is slow on the 400MHz NMR chemical shift
timescale at 300K, the association constant is readily determined from the 'H-NMR
spectrum using the integrals of complexed and uncomplexed species (Figure 2.12),
when knowing the total concentrations of each species (the so-called single-point
method). In general, if /(A,) denotes the integral of a proton resonance belonging to
a species A in its uncomplexed form and I(A.) denotes the integral of the correspond-
ing proton resonance belonging to A in its 1:1 complex with a species B, then the
association constant for the AeB complex is given by

Ky =(I(A))I(Aw)x[e(B) = (I(Ac) x (AN (Au) + I(Ac)]),

where ¢(A) and ¢(B) are the initial concentrations of the species A and B (i.e., their
total concentrations whether complexed or uncomplexed).

Substitution of the oxygen atoms of crown ethers with sulfur or nitrogen atoms
(thia- and aza-crown ethers) can provide suitable host molecules for softer metal ions,
such as Ag* or Hg*". Cryptands and spherands (Figure 2.11) exhibit a higher degree of
rigidity and are hence more preorganized receptors for specific metal cations, resulting
in higher association constants [45, 46]. Calixarenes composed of phenol units (usually
4,6, or 8) linked together by methylene bridges can include cations either via electro-
static interactions with the oxygen atoms or via cation—r interactions to the aromatic
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Figure 2.12. Part of the '"H-NMR spectrum (400 MHz, CD,Cl,) of a mixture of crown-O6S2 and
DBA in 102M concentrations; ¢ = complexed species (pseudorotaxane crown-O6S2¢DBA);
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Figure 2.13. Schematic illustration of the cation-m-interaction, which originates from the
quadrupole moment of benzene.

units [45]. This latter interaction is a result of the quadrupole moment of benzene
(Figure 2.13). Based on this interaction, a variety of ammonium cations have been
employed as templates for formation of cyclophanes of different sizes, as described in
Chapter 14 (cyclophane = macrocycle containing at least one aromatic unit). Calixpyr-
roles contain instead bridged pyrrole units (Figure 2.11) and are some of the strongest
known anion receptors [49]; thus, calix[4]pyrrole binds fluoride (as tetrabutyl ammo-
nium salt) via its four pyrrole NH groups by an association constant of 1.7 x 10‘M™ in
CD,(Cl, [50]. Protonated or alkylated azacrown ethers also act as host molecules for
anions. For example, at low pH, such crown ethers can bind biologically important
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Figure 2.14. Host molecule for electron-deficient aromatics (left) and for electron-rich aromatics
(right).

anions such as ATP* in water and catalyze the hydrolysis of this nucleotide [51].
Amides, such as cyclic peptides, can also be employed for anion complexation (see
Chapter 14).

Crown ethers containing a phenanthroline unit (Figure 2.11) can bind Cu", and by
metal-directed assembly, a variety of rotaxanes, catenanes (two or more interpenetrat-
ing rings), and molecular knots have been prepared from such scaffolds [52, 53]. When
coordinating Cu’, the catenane is called a catenate, while the uncomplexed catenane
with free ligand units is termed a catenand.

2.5.2 n-Donor-Acceptor Complexation

Crown ethers containing electron-rich aromatics such as hydroquinones are excellent
receptors for m-electron-deficient guests [54-57]. Thus, bisparaphenylene[34]crown-10
(BPP34C10 Figure 2.14) forms a donor-acceptor complex with paraquat (N,N™-
dimethyl-4,4’-bipyridinium), a pseudorotaxane. On the other hand, the cyclophane
cyclobis(paraquat-p-phenylene), also termed blue box (Figure 2.14), is able to accom-
modate electron-rich aromatics, such as hydroquinone, 1,5-dihydroxynaphthalene, and
TTE, in its cavity [54-57]. This cyclophane is prepared by a so-called template-directed
synthesis (as is the synthesis of crown ethers, see Box 2.4). The dependence on donor
strength of the encapsulated molecule is reflected by the fact that the association con-
stant of encapsulation in MeCN is three orders of magnitude higher for the parent TTF
(K, =1 x 10*M™) than for tetramethylthio-TTF (TMT-TTF, K, = 180M™) [57]. The
complexations are somewhat weaker in acetone, but again, a reduced binding of
TMT-TTF relative to TTF is observed (Figure 2.15). TTF is indeed a stronger electron
donor than TMT-TTF, as reflected by the half-wave potentials of their first oxidation
listed in Figure 2.15. A linear correlation between the Gibbs free energy of association
and 1/(Ere™'—Epe vox ") was established, where Eyjye 0" is the first reduction poten-
tial of blue box. Deviations from this correlation can be explained by differences in
overlap integrals; thus, the bispyrrolo-TTF BP-TTF has a significantly stronger associa-
tion than the parent TTF despite it being a weaker electron donor (higher redox
potential). Additional stabilization of the complex can be obtained by functionalizing
the donor with polyether chains, thereby introducing hydrogen-bonding interactions
between the polyether oxygens and the pyridinium o-H protons. Thus, the association
constant for the monopyrrolo-TTF MP-TTF-PEG and blue box is about double as
that between MP-TTF and blue box (Figure 2.15) [58]. The complexation between
blue box and electron donors has successfully been employed to construct a variety of
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BOX 24 TEMPLATE-DIRECTED SYNTHESIS
Synthesis of 18C6
O _~ Cl (\O/H
[ oYy L @ j KOH [O ® Oj
e K
OH o K/O\/\o o o
o/

References: (a) Pedersen, C. J. (1967). Journal of the American Chemical Society, 89,
7017-7036; (b) Pedersen, C. J. (1967). Journal of the American Chemical Society, 89,
2495-2496; (c) Gokel, G.W., Cram, D. J., Liotta, C. L., Harris, H. P., Cook, F. L. (1977).
Organic Syntheses, 57, 30.

Synthesis of cyclobis(paraquat-p-phenylene) or “blue box™
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Reference: Asakawa, M., Dehaen, W., L’abbé, G., Menzer, S., Nouwen, J., Raymo,
F. M., Stoddart, J. F.,Williams, D. J. (1996). The Journal of Organic Chemistry, 61,
9591-9595.

interlocked molecules such as rotaxanes and catenanes [54]. Examples hereof shall be
covered in Chapters 3 and 8.

When complexation of one guest species enhances binding of a second, the binding
is called cooperative. An example hereof is shown in Figure 2.16. The calix[4]pyrrole
can, like calix[4]arenes, take four different conformations (cone, partial cone,
1,3-alternate, 1,2-alternate). Upon binding a chloride anion, it is forced into the cone
conformation. For calixpyrroles in which each pyrrole is fused to a TTF, this allows
complexation of the electron-poor Cy via donor-acceptor interactions [59]. Further
examples of donor-acceptor complexes are provided in Chapters 8 and 9.
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Figure 2.16. Chloride-triggered binding of Cq by a TTF-calixpyrrole.
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Figure 2.17. Trapping of cyclobutadiene in a hemicarcerand.

2.5.3 Encapsulation of Instable Compounds

Permanent trapping of molecules has been accomplished in the so-called carcerands,
which consist of two bowl-like units connected by bridges [60]. The guest molecule
becomes trapped during the synthesis of the carcerand. If the guest can escape at high
temperature, the term hemicarcerand is used. The complexes are termed carciplexes
and hemicarceplexes, respectively. Instable molecules such as cyclobutadiene and
benzyne have been studied in such systems by entrapping more stable precursors [61,
62]. Thus, 2-pyrone was trapped in a hemicarcerand and converted inside the cavity by
irradiation to cyclobutadiene and CO,, the latter being expelled from the cavity (Figure
2.17) [61]. This encapsulation allowed for 'H-NMR spectroscopic measurements, from
which a singlet ground-state configuration of cyclobutadiene was deduced.

2.5.4 Encapsulation of Organic Molecules in Water

Cyclodextrins (CDs) [63] and cucurbiturils (CBs) [64] (Figure 2.18) contain hydropho-
bic cavities and are hence excellent receptors for unpolar organic molecules in water.
Both classes of macrocycles can exist in different ring sizes. The cavity diameters of o.-,
B-, and y-CD are 4.7-5.3, 6.0-6.5, and 7.5-8.3 A, respectively. By incorporation of suit-
able functional groups at the rim of the CD, artificial enzymes can be obtained that
catalyze specific reactions, as described in Chapter 11. CBs are composed of glycoluril
units linked by methylene bridges. CB[6] with 6 glycolurils has a cavity diameter of ca.
5.7A, which is similar to that of o-CD. In contrast to CDs, CBs have two identical
openings. In addition to a hydrophobic cavity, CBs have polar carbonyl groups that
allow binding of ions and molecules through charge-dipole and hydrogen-bonding
interactions. Thus, CB[7] has a cavity size similar to that of -CD and forms, in contrast
to B-CD, a very stable 1:1 inclusion complex with paraquat in water characterized
by an association constant of log K, = 5.30 [65]. Very recently, it was shown that also
acyclic CBs, containing four sodium sulfonate groups to enhance water solubility, are
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Figure 2.18. Macrocycles with hydrophobic cavities.

interesting host molecules, which were employed to enhance the solubility and bioac-
tivity of several poorly soluble pharmaceuticals [66].

Calixarenes functionalized with water-solubilizing groups can also be employed for
encapsulation of organic molecules in water. A related class of molecules is the pil-
lararenes composed of hydroquinone units connected by methylene bridges (Figure
2.18) [67]. The rigidity of these macrocycles enhances selectivity in binding in compari-
son to, for example, calixarenes. On account of the electron-rich hydroquinones,
pillararenes can encapsulate viologens such as paraquat in organic solution. By incor-
poration of water-solubilizing groups (such as carboxylate or ammonium groups),
complexation of viologens can also take place in water as can complexation of unpolar
alkyl chains in the hydrophobic cavity [67].

2.6 DNA AND HYDROGEN-BONDED DIMERS

Hydrogen bonding is the most important of all weak interactions and is, for example,
responsible for folding of peptides and proteins and the double helix formation of two
deoxyribonucleic acid (DNA) strands. A DNA strand (Figure 2.19) contains the purine
and pyrimidine bases thymine (T), adenine (A), cytosine (C), and guanine (G) linked
to a backbone of phosphorylated sugars. Thymine and adenine have complementary
hydrogen donor and acceptor sites as do cytosine and guanine, and the helix formation
between two strands is formed via pairing of these complementary bases, as shown in
Figure 2.20. Due to the phosphate backbone, DNA is a polyanion, which can bind to
polycations, such as protonated polyamines (see Chapter 14).

In general, hydrogen-bonded dimer complexes depend on the number of hydro-
gen bonds (primary interactions) and on how the donor and acceptor groups are situ-
ated relative to each other (secondary interactions, Jorgensen model), as illustrated in
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Figure 2.20. Base pairing in double-stranded DNA.

Figure 2.21 [68]. When designing the most stable dimer complexes, one should seek to
have as many hydrogen donor sites (D) in one molecule and the corresponding accep-
tor sites (A) in the other rather than having the sites mixed in the two molecules. Thus,
a DD-AA complex is more stable than an AD-DA complex. This will be of further
focus in Chapter 4.

Owing to their Y-shaped, planar orientations, ureas and guanidiniums are useful
as bidendate receptors for anions such as carboxylates or phosphates via hydrogen-
bonding interactions (Figure 2.22) [69]. Using this recognition motif for design of
oxyanion acceptors has strong inspiration from nature. Thus, it plays an important role
in enzyme active sites as the guanidinium group is part of the side chain of the amino
acid arginine, and it also contributes to the stabilization of protein tertiary structures
via internal salt bridges.
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Figure 2.23. Structures of LNA and UNA nucleotides.

2.7 MODIFIED OLIGONUCLEOTIDES

Oligonucleotides can be changed by either modifying the nucleobases, sugars, and/or
the phosphate backbone, which can have a strong influence on their ability to form
duplexes. Short, modified oligonucleotides have found use in biotechnology, diagnos-
tics, therapeutics, and nanotechnology. Here, two chemical modifications of the sugar
part shall be briefly covered: the locked nucleic acid (LNA) and unlocked nucleic acid
(UNA) (Figure 2.23) [70]. The LNA has a methylene bridge between the 2’-oxygen
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and 4’-carbon of the ribose sugar. Gradual heating of a DNA duplex will cause separa-
tion of the two strands, and the temperature at which half of the duplex is denatured
is termed the melting temperature. By including LNA monomers into a strand of DNA
or RNA, an increase in the melting temperature by 2-10°C per LNA can be observed.
The LNA has, for this reason, found use in antisense oligonucleotide technology by
protecting target RNA from cellular nucleases [70]. In UNA, which is synthetically
easier to accomplish than LNA, the ribose ring is cleaved between the 2’- and 3’-
carbons, which leads to a more flexible structure. Indeed, incorporation of UNA
in oligonucleotides not only decreases the stability of duplex formation, but also
increases or decreases specificity of oligonucleotide binding, and applications are under
development.

2.8 AMINO ACIDS: PEPTIDE BUILDING BLOCKS

Natural proteins are constructed, via amide bonds (in this context also termed peptide
bonds), from 20 different oi-amino acids in which the “o-carbon” bears a CO,H, NH,,
H, and a side chain (Figure 2.24 and Figure 2.25). Based on the side chain, a classifica-
tion into three groups is usually done: polar (serine, threonine, lysine, arginine, histidine,
asparagine, aspartic acid, glutamine, glutamic acid), hydrophobic (alanine, valine,
leucine, isoleucine, methionine, tyrosine, tryptophan, phenylalanine), or “special”
(glycine, proline, cysteine). Except for glycine, the amino acids are chiral and can exist
as two enantiomers (L- and D-amino acids). The L-amino acids are the components of
most proteins, but D-amino acids are, however, found in the peptidoglycan cell walls
of bacteria. The specific choice and sequence of amino acids in peptides are responsible
for both the secondary structure (folding of peptide chain) and the tertiary structure

R, H

Sl

©
HN" C0; O =@ o)

. . H,
o-amino acid

R =

H
H (Gly), CH; (Ala), CH,CH,SCH; (Met), CH(CH3), (Val), CH,CH(CH3), (Leu), %{He)
CH2COZH (ASp), CH2CH2C02H (Glu), (CH2)4NH2 (LyS)

NH
JNH
W JLNHZ (Arg) E—Q (His)

H

lan)

0
CH,OH (Ser), CH,SH (Cys), CHyCONH, (Asn), CH,CH,CONHj (Gln), §_<

/—Q (Phe) /—QOH Ty ) (Trp)
] ]
N
H

Figure 2.24. Naturally occurring amino acids.

H
(Thr)



AMINO ACIDS: PEPTIDE BUILDING BLOCKS 33

hydrophobic hydrophobic

polar
SCH;3 C02@
0}
H
N>)L
O H CHyl
hydrophobic OH polar

Met-Ala-Phe-Ser-Asp

Figure 2.25. An example of a pentapeptide with hydrophobic and polar residues.
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(three-dimensional global structure of the folded subunits) and hence for the overall
function of the polypeptide, for example, as catalyst (enzyme), membrane channel, or
for energy transduction. The most important secondary structures in peptides are
o-helices and B-sheets (Figure 2.26) [71]. a-Helices are formed via hydrogen bonding
between C=0 and NH groups four residues apart in the polypeptide chain. B-Sheets
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are formed by hydrogen bonds between stretched polypeptide chains (B-strands) typi-
cally 3 to 10 amino acids long. While reasonable sequence-to-structure relationships
exist for protein folding into these secondary structures, it is more challenging to
predict folding into tertiary structures in which hydrophobic surfaces are shielded from
water. B-Sheets are often formed from peptides containing amino acids with alternating
polar and hydrophobic residues. These sheets can associate further into structures such
as B-sandwiches in which hydrophobic faces are buried. One key design principle for
the higher-order assembly of a-helices is that side chains of hydrophobic residues being
three or four units apart will be close together in space, and the helices will then
assemble in water to bury these hydrophobic faces.

By “peptide engineering,” efforts are focused on designing new, unnatural peptides
with specific enzyme functions or biological activity [71]. In general, computer models
are used extensively in the field to design peptides that fold to the desired structure.
One approach is to make the amino acids more conformationally restricted to enforce
biological activity of the peptide. Another approach is to use more flexible amino acid
building blocks such as B-amino acids, which contain one additional methylene group,
resulting in peptides with new properties and biological activity. For example, the
B-hexapeptide shown in Figure 2.27 was found to be stable to cleavage by pepsin at
pH?2 in water for at least 60h at 37°C, while the related o-peptide was cleaved instan-
taneously under these conditions [72]. Solid-support synthesis, together with a variety
of peptide coupling reagents (see Box 2.5), has been developed to facilitate peptide
synthesis.

Cyclic peptides can be employed to form self-assembled nanotubes, as shown in
Figure 2.28 [73]. These peptides are composed of alternating L- and D-amino acids,
which adopt a conformation so that the N-H hydrogen-bond donor and C=0 hydrogen-
bond acceptor are situated perpendicular to the plane of the macrocycle. By changing
the number of amino acids in the cycle, nanotubes of different sizes can be obtained.
Such nanotubes have potential as transport channels for molecules across lipid bilayer
membranes.

Instead of modifying the sugar unit (LNA and UNA described earlier), another
successful approach to DNA mimics and biotechnological applications has been to
replace the entire phosphodiester backbone by a pseudopeptide backbone, resulting
in the so-called peptide nucleic acid (PNA) (Figure 2.29) [74]. The backbone of PNA
is composed of aminoethylglycine units, and a nucleobase is attached to the central
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Figure 2.27. General structure of a B-amino acid and an example of a f-hexapeptide.
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BOX 2.5 PEPTIDE COUPLING REACTIONS
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Figure 2.28. Nanotube formed from self-assembled cyclic peptides. The side chains have been

removed in the drawing for clarity.

amine of each of these units via an acetyl linker. PNA is thus a hybrid between an
oligonucleotide (the nucleobases) and a peptide (the backbone) and shows properties
relating to both these oligomers. While phosphodiester oligomers are anionic, the PNA
backbone is neutral and, in consequence, the stabilities of PNA hybrids are fairly inde-
pendent of the ionic strength of the medium. PNA oligomers form strong complexes
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with high sequence discrimination to complementary oligomers of DNA, RNA, or
another PNA. In general, the thermal stabilities for identical sequences follow the order
PNA-PNA > PNA-RNA > PNA-DNA [74]. As PNAs are not easily recognized by
nucleases or proteases, they are resistant to enzyme degradation.

2.9 CHIRALITY

The chirality of amino acids is important for the fundamental processes of life. The
chirality originates in this case from the presence of four different groups at a stereo-
genic carbon atom. Sulfoxides with different substituent groups present another
example of this so-called point chirality as the lone pair on sulfur constitutes the fourth
substituent. Other types of chirality are axial chirality (displayed by suitably substituted
allenes, spiranes, and biphenyls), planar chirality (displayed by suitably functionalized
cyclophanes), and helical chirality (displayed by helicenes), as shown in Figure 2.30.
The chirality of substituted biphenyls and cyclophanes originates from hindered rota-
tion about single bonds and is termed atropisomerism; if the temperature is high
enough, racemization may occur by rotation about the single bond(s). For a planar
chiral cyclophane, such racemization will depend on the size of substituent groups and
the length and bulkiness of the bridge X. As a guideline, monosubstituted paracyclo-
phanes with a bridge length shorter than 11 atoms are stable to racemization at room
temperature [75].
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The organophosphorus compound 2,2’-bis(diphenylphosphino)-1,1’-binaphthyl
(BINAP, Figure 2.31) presents an example of a molecule displaying axial chirality. (R)-
BINAP and (S)-BINAP are widely used as bidendate ligands in metal-catalyzed asym-
metric synthesis, for example, in asymmetric hydrogenation of alkenes and ketones [76].
Several examples of using differently substituted [2.2]paracyclophane catalysts (Figure
2.31) in this field have also been reported [77]. Several heteroaromatics showing planar
chirality are known as well. Thus, a parapyridinophane was designed for stereospecific
hydride transfer to a pyruvate substrate (Scheme 2.9) [78], hence mimicking the enzyme
L-lactate dehydrogenase which, together with its nicotinamide adenine dinucleotide
(NADH) coenzyme, catalyzes the enantioselective reduction of pyruvate to L-lactate.
In the presence of magnesium ions, a variety of pyruvate analogs were stereospecifically
reduced by the model system into chiral lactate analogs in high enantioselectivities.
The magnesium ion is expected to coordinate both the amide carbonyl oxygen atom
of the cyclophane and the two carbonyl oxygen atoms of the substrate. The specificity
is explained by the fact that the bridge only allows approach of the substrate from its
opposite side; that is, only one side of the NADH ring is the active face.

2.10 CONJUGATED OLIGOMERS AND POLYMERS

As described earlier, oligonucleotides and peptides are examples of oligomers/
polymers with saturated or partly saturated backbones. Polystyrene (used for plastic
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model kits) and polyamides (nylon, synthetic fibers) are other examples hereof.
n-Conjugated oligomers and polymers comprise another class and are extensively
employed for the construction of advanced materials such as conductive polymers,
field-effect transistors, photovoltaic devices, organic light-emitting diodes (OLEDs),
electrochromic materials, sensors, fluorescent materials, NLO materials, and molecular
wires for molecular electronics (see Chapters 3 and 4) [79-86]. Most engineering of
conjugated oligomers is focused on modifying the “parent structures” shown in
Figure 2.32 in regard to solubility, processability, stability, highest occupied molecular
orbital-lowest unoccupied molecular orbital (HOMO-LUMO) gap, and second- and
third-order NLO properties. These structures constitute polyacetylenes (PAs),
poly(diacetylene)s (PDAs), poly(triacetylene)s (PTAs), their cross-conjugated coun-
terparts (iso-PAs/PDAs/PTAs), as well as polypyrroles (PPys), polythiophenes
(PTs), polyanilines (PAs), poly(phenylenesulfide)s (PPSs), polyphenylenes (PPs),
poly(phenylenevinylene)s (PPVs), and poly(phenyleneethynylene)s (PPEs).

The difference between linearly and cross-conjugated molecules (Figure 2.33) is
an important design criterion [85, 86]. Thus, iso-PAs, also termed dendralenes, are, in
fact, best characterized structurally as isolated butadiene units in regard to electronic
properties. Thus, a series of derivatives ([4]-[8]dendralenes) of the parent structure
exhibits almost the same longest-wavelength absorption maximum of around 220nm
(5.6eV) [87], which is similar to that of butadiene (217nm). In contrast, the longest-
wavelength absorption energy of linearly conjugated PA is around 1.8eV [88]. The
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Figure 2.34. Anchoring of a single molecule between two gold electrodes via para or meta
configurations.

longest-wavelength absorption maximum of (E)-PTA has been determined to 2.8eV
[89], while a value of 3.5eV is extrapolated for the cross-conjugated iso-PTA from
systematic studies on monodisperse oligomers [90]. The less efficient electron delocal-
ization via cross conjugation relative to linear conjugation is also reflected in molecular
electronics conductivity studies on single molecules. Thus, the molecular wire shown in
Figure 2.34 was anchored between two gold electrodes via either para-phenylene
(linear conjugation) or meta-phenylene (cross-conjugation) groups [91]. The currents
recorded for the meta-anchoring were almost two orders of magnitudes smaller than
those measured for the para-anchoring.

Supramolecular polymers based on host-guest complexation between monomer
units are covered in Chapter 4; in contrast to covalent polymers, these supramolecular
polymers can be formed reversibly. Another important class is the branched “tree-
shaped” nanosized molecules called dendrimers. These molecules can have molecular
sizes and molecular weights similar to proteins and are covered in Chapter 13.

2.11 NONLINEAR OPTICAL CHROMOPHORES

Nonlinear optical (NLO) materials change the frequency of incident laser light. Thus,
a second-order material results in frequency doubling, while a third-order material
results in frequency tripling. Design of organic materials with this property is attractive
due to fast responses and high-speed applications, large nonresonant nonlinearities,
and potentially low costs [92, 93]. Moreover, there are unlimited design possibilities for
tailoring the NLO properties of organic molecules, and suitable oligomers and poly-
mers can be made soluble by proper functionalizations to allow them to be processed
into devices. NLO phores can also be incorporated in crystals or self-assembled films.
A drawback of organic materials in comparison to inorganic NLO crystals is, however,
often a reduced photochemical stability.

In general, design of organic molecules exhibiting second- or third-order NLO
properties is based on molecules with donor and acceptor moieties separated by a
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n-conjugated bridge (Figure 2.35) [92, 93]. For second-order NLO properties, one seeks
a structure that will provide (i) large change in dipole moment on excitation, (ii) large
transition dipole moment, and (iii) small-energy difference between the excited and
ground states. Often the NLO properties are enhanced by expanding the conjugated
bridge. For example, for the donor-acceptor OPVs shown in Figure 2.35, the first
hyperpolarizability (second-order NLO) increases with the length of the conjugated
spacer, proceeding from n =1 to 3 [94]. For this series of molecules, the second hyper-
polarizability (third-order NLO) was also found to increase with the conjugation
length. Donor—acceptor substituted tetraethynylethenes (TEEs), like the one shown in
Figure 2.36, have been found to be strong third-order NLO phores [93]. It is more dif-
ficult to generalize the optimum structural design for gaining third-order NLO proper-
ties, but from systematic studies on arylated TEEs, it seems that two-dimensional
conjugation and low symmetry are the most powerful tools for optimizing the second
hyperpolarizability in small molecules [93]. The advantage of the TEE core is that it
allows coplanarity of the aryl groups and hence two-dimensional conjugation.
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CHAPTER 3

DESIGN AND SYNTHESIS OF
ORGANIC MOLECULES FOR
MOLECULAR ELECTRONICS

KARSTEN JENNUM and MOGENS BRONDSTED NIELSEN

3.1 INTRODUCTION

Innovative developments within electronic device fabrication have turned millimeter
transistors into micrometer-integrated circuit systems throughout the last half of the
former century. This technological advance has given us faster, smaller, and more
advanced computer systems. If this miniaturization trend continues to push the size
boundaries for integrated circuits to meet the growing demands of society, some limita-
tions in the classical silicon-based devices will occur. The present technology might
encounter some inherent limitations that would lead to a dead end within the next few
years because of some major challenges: for example, the micropatterning techniques
to produce circuitry on the silicon wafers in the nanometer regime or the fact that,
when silicon layers are just a few atoms thick, the band structure disappears [1]. To
secure further advances within this field, it is crucial to develop novel manufacturing
procedures for future nanoscale electronics. For this purpose, organic materials
could be the right alternative to obtain the desired electronic capabilities for a given
molecular-based device. m-Conjugated molecules are particularly attractive as wires
and electronic components, with their size in the range of nanometers, delocalized
electrons, and small highest occupied molecular orbital and lowest unoccupied molecu-
lar orbital (HOMO-LUMO) gaps, which can be tuned by suitable functionalization.
The aim of this multidisciplinary research field is to mimic key electronic components
such as wires, rectifiers, switches, and memory devices [2].

Device fabrication on the molecular scale and controlled assembly of molecules are
still major issues to overcome if computers are to be equipped with “molecular” circuits.
Nevertheless, much knowledge has been added to this field in the last decades, and
several new techniques have been developed. For instance, today’s microscope tech-
niques allow measurements on single molecules both in solid state and in solution [3],
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Figure 3.1. Anchoring groups that can act as connecting link between the molecular wire and the
metal electrodes.

and this provides a golden opportunity to test and measure the intrinsic properties of
molecular systems. This chapter, however, will instead focus on the actual design of
organic molecules as components for molecular electronics and, in particular, on their
synthesis.

3.2 ORGANIC MOLECULAR WIRES

3.2.1 Terminal Connectivity: The “Alligator Clip Principle”

A molecular wire has to be bound to metal-based electrodes via suitable anchoring
groups. Considering these anchoring groups in a macro perspective, one could imagine
them as being alligator clips on metal wires used for simple test circuits. Figure 3.1
shows a selection of such molecular anchoring groups [2-17]. The thiol (SH) anchoring
group was the first to be exploited in charge transport experiments through single
organic wires, and it is still the most widely used anchoring group. This is due to the
strong binding of sulfur to metals such as silver, copper, and gold [4]. In a recent study
by Wandlowski and coworkers [5], four tolane derivatives with —-SH (thiol), -NH,
(amino), -CN (cyano), and —-PY (pyridine) end groups were compared in regard to
anchoring to gold electrodes in single-molecular conductance experiments using
mechanically controlled microscopy break junctions (MCBJs) and scanning tunneling
microscopy break junctions (STM-BJs). The following sequence for junction formation
probability and stability was obtained: PY > SH > NH, > CN. Charge transport through
SH/NH,-bound molecular junctions is dominated by hole transport via the HOMO,
since the HOMO energy levels are here closest to the metal Fermi level [6]. On the
other hand, charge transport through a nitrile (CN) or a pyridine (PY) linker is
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expected to go through the LUMO [7]. In addition to the above-mentioned anchoring
groups, the isonitrile (NC) group has also been used as a linker in single-molecular
junction measurements [8] and is among a group of alternative alligator clips counting
carboxylic acid (COOH) [9], nitro (NO,) [10], dimethylphosphine (PMe,) [11], and
methylsulfide (SMe) [11]. Recently, Venkataraman and coworkers [12] investigated
molecules (Me;Sn—CH,-nt-system-CH,—SnMe;) terminated with trimethyltin end
groups that were cleaved off in situ. This gave rise to a direct o-bond between the
carbon backbone (methylene unit) and the gold metal electrodes and, in consequence,
a direct coupling between the neighboring n-system and the electrodes, which resulted
in a 100-fold enhancement in the conductivity compared with junctions with conven-
tional linkers.

It is essential for reliable molecular junctions that the anchoring group is either
covalently bound or well adsorbed to the electrode surface. A study of the adsorption
of Buckminsterfullerene (Cq) on gold surfaces has revealed that Cy hybridizes strongly
with gold [13], leading to a high single-molecular conductance [14]. In the case of
1,4-dithiobenzene, 1,4-diaminobenzene, and a fullerene diaminobenzene dumbbell
molecule, MCBJ experiments showed that the C4 dumbbell exhibited an increasing
stretching length before breaking compared with the others, indicating that fullerenes
form stable molecular junctions and are suitable as anchoring groups [15]. Yao and
Tour [16] have also reported a tripod structure containing three protected thiolate
groups, which when standing on its three legs should create a more well-defined wire-
to-metal surface interface. In a recent example, three pyridine units were also arranged
in a tripod structure (Figure 3.1) that was found to be very suitable as an anchoring
group in single-molecular junctions [17].

The thiophenol anchoring group has found the most widespread usage. A toolbox
for synthesizing thiophenols is presented in Scheme 3.1. The thiophenols are normally
converted into the S-acetyl-protected derivatives because of their air instability. Nev-
ertheless, this S-acetyl-protecting group is very labile and can easily be cleaved under
various conditions [18].

Alternatively, it can be an advantage to protect the thiophenols with more persistent
groups. This could be either the tert-butyl protecting group, which is resistant to both
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NaOMe PPhs SiCIMes
Zn
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Ar—l e ’Ar—S@/H‘ . —
2) S Ar—S

BB@/( 1) Heat o
2) KOH
) M o|

Ar—S
)L Ar—0
}—Nl\/le2 Ar—N,®

S

Scheme 3.1. Synthesis of thiophenols.
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Scheme 3.2. Synthesis of acetyl-protected thiol end-capped building block.
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Scheme 3.3. Alternative synthesis of building block 1.
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Scheme 3.4. Alternative synthesis of building block 1.

strongly basic and acidic conditions but is easily removed with BBr; [19], or the cya-
noethyl group, which is suitable when nonalkaline conditions are used; NaOMe/HOMe
removes this protecting group readily [20].

A particularly interesting compound is the S-acetyl-4-iodothiophenole 1, which is a
key compound for thiol end-capped molecular wires, since the iodine functionality is
a precursor for C-C bond formations to aromatics [21], double [22], and triple [23]
bonds in various metal-mediated coupling reactions. The synthetic approach toward
compound 1 has evolved into a handful of different pathways, which are shown in
Scheme 3.2, Scheme 3.3, Scheme 3.4, and Scheme 3.5. Pearson and Tour [24] synthe-
sized alligator clip 1 from diiodide 2, which was treated with #-BuLi to form the
monolithiated phenyliodide that was then treated with elemental sulfur, and SAc was
finally formed upon quenching with AcCl. Subjecting compound 1 to a Sonogashira
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Scheme 3.5. Alternative synthesis of building block 1.
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Figure 3.2. Two commonly used wire scaffolds in molecular electronics.

palladium-catalyzed cross-coupling reaction with trimethylsilylacetylene gave com-
pound 3, which ultimately was converted into ethynylbenzene 4 after removal of the
trimethylsilyl group. Compound 4 can subsequently be coupled with other halide scaf-
folds for further expansions of the m-conjugated wire.

In the route toward compound 1, it is crucial to form only the monolithiated iodo-
benzene, a reaction that is not always easy to reproduce. To solve this problem, Bryce
and coworkers [25] developed a four-step high-yielding synthetic procedure shown in
Scheme 3.3. N,N-Dimethylthiocarbamoyl chloride was treated with 4-iodophenol 5§
forming compound 6, which at high temperatures underwent a Newman—-Kwart rear-
rangement affording product 7. Hydrolysis of 7 yielded iodothiophenol 8 that finally
was converted into 1 by treatment with AcClL.

A shorter pathway to 1 is by reduction of commercially available pipsyl chloride
(4-iodobenzenesulfonyl chloride) 9 with triphenylphosphine (Scheme 3.4), giving in
one step iodothiophenol 8, which was then subjected to S-acylation [26]. Alternatively,
pipsyl chloride 9 can be reduced by zinc powder and dichlorodimethylsilane in N,N-
dimethylacetamide (DMA) and 1,2-dichloroethane, followed by the addition of acetyl
chloride to form 1 in a one-pot reaction (Scheme 3.4) [27].

Reaction between sodium thioacetate and stable iododiazonium salt 10 in a nucleo-
philic aromatic substitution gave 1 in high yield (Scheme 3.5). This procedure could
also be extended to a variety of substituted diazonium salts [28].

3.2.2 Synthesis and Properties of Organic Wires

Fundamental investigations of the relationship between molecular and electronic prop-
erties at the single-molecule level are crucial for the development of molecular wires.
Different types of organic wire scaffolds have been synthesized throughout the years.
In particular, focus has been on derivatives of oligo(phenylenevinylene) (OPV) and
oligo(phenyleneethynylene) (OPE) (Figure 3.2) [19,29]. Comparison of the conducting
properties of these two wires reveals that OPV conducts current slightly better than
OPE [30]. Studies also state that the OPV scaffold conducts better than oligothio-
phenes and aliphatic wires [31]. In an electron transport study on self-assembled
monolayers (SAMs) of nitro-substituted oligophenylene (OP) and OPE molecules, it
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was shown that OPE SAMs perform better than OPs [32]. This is explained by the
steric-induced inter-ring twisting being greater in OPs than in OPEs. Elegant single-
molecule junction studies have revealed how conductance through biphenyldithiol
wires depends on the torsion angle [3f, 33]. It was observed that an angle-fixed biphenyl
with a torsion angle of 89° has ~24 times lower conductance than one with an angle of
16.8° [33]. Electron transport through a single molecule is therefore greatly facilitated
by orbital overlap between the individual components of the wire. In summary, the
following relative conductance order has been established: OPV > OPE > OP >
aliphatics.

Another important parameter is the length of the wire, since electron transport
through organic molecules is retarded when the pathway is increased. In a recent
single-junction conductance study of OPEs, it was stated that an increased molecular
length and/or increased HOMO-LUMO gap leads to a decrease in the conductance
of linear conjugated acenes [34]. Besides that, insertion of a cross-conjugated anthra-
quinone or a dihydroanthracene as the central unit also results in a lower conductance,
which is attributed to a cross-conjugated pathway for the former and a broken
n-conjugation for the latter. A decrease in the current flow through a single molecule
is also observed when the conjugation pathway includes a meta-benzene system, which
can be seen as a cross-conjugated pathway [35]. These findings are in perfect agreement
with measurements on cross-conjugated/broken n-conjugated OPV wires [31]. On the
other hand, increasing the conjugated system along the conducting pathway, and
thereby decreasing the HOMO-LUMO gap, can also enhance the conductance of the
wire [34, 36]. In addition to this, it is found that solubilizing side chains, such as alkoxy
substituents, do not noticeably influence the conductance value [30].

Thiol end-capped biphenylenes and selected oligomer derivatives have been used
in different molecular junction experiments. For instance, in a single-molecule STM-BJ
measurement, it was shown that dithiobiphenylene wires can produce thermoelectricity
when placed between a cold and a hot electrode [37]. Scheme 3.6 depicts the synthesis
to form end-capped thiols on the biphenylene systems, by converting the commercially
available dibromobiphenylene 11 into dithiobiphenylene 12 via a nucleophilic aromatic
substitution followed by removal of the isopropyl groups [38].

The biggest disadvantage of biphenylenes is their poor ability to move electrons in
ajunction, due to their twisted nature, and hence lack of overlap between the n-systems.
This problem is eliminated in the OPE and OPV systems, since the H-H collision in
the a-positions of the benzene rings is diminished by the triple- or double-bond spacer.
The route to an OPE3 with only one anchoring group is shown in Scheme 3.7. Bro-
moiodobenzene 13 is a particularly attractive starting material for asymmetric OPE
synthesis. The chemoselectivity for aryl-iodine bonds in Sonogashira cross-coupling
reactions makes it possible to attach one alkyne substituent before the other one to
furnish OPE2 14 in high yield [29a]. This was followed by a mild carbonate/methanol

SNa
1) )\ , DMA, 100°C
Br Br HS SH
2) Na, DMA, 100°C
11 54% 12

Scheme 3.6. Synthesis of OP2 molecular wire with two anchoring groups.



52 DESIGN AND SYNTHESIS OF ORGANIC MOLECULES FOR MOLECULAR ELECTRONICS

1) Pd/Cu, i-PryNEt

=——SiMe3 95% / \ /7 \
Br@l 3 / \ — \ / — SiMes
2) Pd/Cu, i-Pr,NEt \—/ N

13 < > o 14
99%
1) KoCO3, MeOH, CH,Cl,  91%
2) Pd/Cu, i-Pr;NEt , 1 74% \ /

15

Scheme 3.7. Synthesis of OPE3 molecular wire with one anchoring group.
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Scheme 3.8. Synthesis of OPE3 molecular wire with two anchoring groups.
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Scheme 3.9. Synthesis of OPE3 molecular wire with a central anthracene unit.

removal of the trimethylsilyl protecting group, which provided a terminal alkyne func-
tionality that could be coupled with compound 1, resulting in OPE3 15.

The synthesis of two-terminal OPE3 wire 16 presented in Scheme 3.8 can readily
be carried out from 1,4-diiodobenzene 2 and alkyne 4 [29a]. The OPE3 scaffold has
been widely used in a variety of wires; properties are tuned by substituents such as
cyano (CN), nitro (NO,), or redox-active moieties [29d, 39].

Another way to tune the properties of the wire is to expand the n-conjugated system
along the core by insertion of an anthracene moiety, as revealed in Scheme 3.9. Com-
bining the commercially available 9,10-dibromoanthracene 17 with ethynylbenzene 18
in a metal-catalyzed double cross-coupling reaction gave fert-butyl protected OPE3
wire 19 [35]. To activate the alligator clips on the wire, it is necessary to turn the tert-
butyl moiety into an acetyl group, which can be done in a one-pot reaction with BBr;
and AcCl, thereby generating wire 20.

Also strong donor molecules, such as tetrathiafulvalene (TTF), have been employed
in combination with an OPE scaffold to enhance electron transport and to lower the
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Scheme 3.10. Synthesis of TTF-based molecular wire with two anchoring groups.
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Scheme 3.11. Synthesis of OPV3 molecular wire with one anchoring group.

resistance in the wire [40]. TTF can be iodinated under strong basic conditions, leading
to a mixture of regioisomers of diiodoTTF 21 presented in Scheme 3.10. This TTF can
then undergo a twofold Sonogashira cross-coupling reaction with alkyne 4, thereby
generating molecular wire 22.

While the synthesis of the OPE scaffold is based on Sonogashira metal-catalyzed
cross-coupling reactions, it is common to employ the Horner—-Wadsworth-Emmons
(HWE) olefination reaction to form OPV wires, or alternatively Heck Pd-catalyzed
reactions. Scheme 3.11 shows the synthesis of a one-terminal OPV, which is assembled
in a two-step Heck metal-catalyzed fashion from unsymmetrically dihalide 13 [29d].
Monocoupling of dihalide 13 with styrene yielded OPV2 23, which subsequently was
coupled with thiostyrene derivative 24, resulting in OPV3 25. Treatment of this com-
pound with fluoride ions gave a thiolate, which ultimately was subjected to acetylation,
forming OPV3 wire 26.
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Scheme 3.12. Synthesis of OPV3 molecular wire with two anchoring groups.
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Scheme 3.13. Synthesis of OT3 molecular wire with two anchoring groups.

Two-terminal OPV wires can readily be assembled via HWE reactions between
benzaldehydes and suitable phosphonates, as in the case presented in Scheme 3.12,
where the reaction between aldehyde 27 and diphosphonate 28 under alkaline
conditions gave OPV3 29 [19a]. Finally, replacement of the S--butyl group for the
more labile S-acetyl moiety was carried out under standard conditions to result in
compound 30.

Oligothiophenes (OTs) are alternatives to OPE and OPV wires. Thiophene units
have, for instance, been used as either the single n-conjugated component or in a com-
bination with, for example, alkynes in wire motifs, as illustrated in Scheme 3.13 and
Scheme 3.14 [24, 41]. By utilizing the reactivity of thiophene toward strong bases, it is
possible to lithiate thiophene trimer 31 twice and hence to add sulfur in each ends of
the wire. The dithiolate, which is formed under these conditions, can then be treated
with acetyl chloride to form the acetyl end-capped thiophene wire 32.

Synthesis of oligo(thiopheneethynylene)s (OTEs) is similar to that of the OPEs,
since the backbones of these systems are assembled via the Sonogashira cross-coupling
reaction [24]. Reaction between ethynylthiophene 33 and iodothiophene 34 furnished
OTE2 35, which was iodinated with lithium diisopropyl amine (LDA) and iodine to
allow further expansion of the wire. OTE 36 was then treated with alkyne 4 to affix an
anchoring group upon one end of wire 37. Removing the trimethylsilyl protecting group
on OTE wire 37 enables further expansion of the scaffold.

Buckminsterfullerene (Cq) not only has, as previously described, good binding affin-
ity to metal surfaces but can also exist in multiple redox states, and for that reason, it
has been employed in various wire scaffolds [42]. Dialkyne 38 can, in the presence of
Cg and strong base in THF, be converted to dumbbell molecule 39 shown in Scheme
3.15 [43].

Fullerene dumbbell molecules can also be prepared by a variant of the Prato 1,3-
dipolar cycloaddition reaction. Starting from phenylenediamine 40 (Scheme 3.16) it is
possible to first generate dicarbamate 41 after reaction with di-tert-butyl-dicarbonate
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Scheme 3.14. Synthesis of OTE3 molecular wire/building block with one anchoring group and a
trimethylsilyl-protected terminal alkyne (position for further scaffolding).
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Scheme 3.15. Synthesis of dumbbell-like molecule with two Cg, end-groups.
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Scheme 3.16. Synthesis of dumbbell-like molecule containing a central phenylenediamine unit
and two C4 end groups.
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Scheme 3.17. Synthesis of three-terminal OPV molecular wire.

(Boc,0) and then subsequently to form 1,3-dipolar-precursor 42 by alkylation with
tert-butyl bromoacetate. Refluxing compound 42 with paraformaldehyde and Cy in 1-
chloronaphthalene gave dumbbell 43 [44].

Three- and four-terminal wires, such as those presented in Scheme 3.17, Scheme
3.18, Scheme 3.19, and Scheme 3.20, have successfully been synthesized, with the design
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Scheme 3.19. Synthesis of cruciform-like four-terminal molecular wire.
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Scheme 3.20. Synthesis of four-terminal molecular wire with a central porphyrin unit.

purpose of having multiple pathways to pass current through. A threefold Wittig reac-
tion of trisphosphonium salt 44 with aldehyde 45 represents an efficient route to three-
terminal OPV 46, which afterward is readily converted into S-acetyl compound 47
(Scheme 3.17) [19a]. Three-terminal OPE wires can be assembled via Sonogashira
reaction from 1,3,5-triiodobenzene 48 and OPE2 49 to give triangle-shaped wire 50
(Scheme 3.18) [29a].

A four-terminal wire as the one illustrated in Scheme 3.19 combines OPV and OPE
motifs as well as two different anchoring groups [45]. The OPE wire is in this case
formed in the last step using a double Sonogashira reaction between diiodo-OPV wire
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51 and 4-ethynylpyridine 52 to yield a combined OPV/OPE four-terminal wire 53. The
potential of this cruciformlike wire is to control binding/unbinding of the pyridine rod
to electrodes and hence to alternate between a situation in which both wires can bind
and one in which only the sulfur end-capped wire binds.

A perpendicular four-terminal system can be constructed by combining the OPE
scaffold with the porphyrin motif, as depicted in Scheme 3.20. This was done by a
fourfold condensation between OPE aldehyde 54 and pyrrole 55 in the presence of a
Lewis acid, followed by oxidation with p-chloranil to form the aromatic porphyrin core
of cruciform structure 56 [29a].

3.3 ORGANIC MOLECULAR RECTIFIERS

For the development of molecular electronics, we need, in addition to molecular wires,
also more advanced devices such as rectifiers, switches, and transistors, which play key
roles in the present technology. For instance, rectification of current by rectifiers or
diodes is a simple and common property present in almost every device produced
today. Aviram and Ratner [46] proposed in 1974 that such a simple device property
could be possible for a single organic molecule (57) based on TTF and tetracyano-
quinodimethane (TCNQ) (Figure 3.3). Their concept was to incorporate the rectifica-
tion ability into a single molecule by linking together a donor m-system (TTF), a
o-spacer (tunneling bridge), and an acceptor n-system (TCNQ). In this way, it was
expected that the current would pass in only one direction when the molecule is immo-
bilized between two electrodes. So far, several attempts to realize this idea have been
carried out, some with greater success than others [47].

Scheme 3.21 presents a dyad containing similar organic parts as those present in the
proposed molecular rectifier 57. Anthraquinone-derived TCNQ compound 58 can, in
combination with TTF-carbonyl chloride compound 59, form dyad 60 in an esterifica-
tion reaction [48]. Dyad 60 revealed a very weak intramolecular TTF to TCNQ charge-
transfer property, and electrical conductivity experiments showed that the compound
acted more like an insulator than a rectifier.

The synthetic route to another donor—acceptor molecule is presented in Scheme
3.22. It was assembled by reacting N-cetyllepidinium tosylate 61 with the lithium salt
of TCNQ radical anion 62 [49]. The resulting zwitterionic compound 63 exhibited a
rectification ratio of up to 26:1 when Langmuir-Blodgett grown films hereof were
placed between two aluminum electrodes [50].

Donor  ( Tunneling bridge ) Acceptor

N i

57 NC CN

Figure 3.3. Design of molecular rectifier.
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Scheme 3.21. Synthesis of donor-acceptor dyad (TTF—anthraquinone-derived TCNQ).
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Scheme 3.22. Synthesis of zwitterionic donor-acceptor dyad.

Another similar donor—acceptor dyad system was designed to form SAMs on gold
surfaces. Compound 64 was subjected to a condensation reaction at the methyl moiety
with benzaldehyde 65 to furnish dyad salt 66 (Scheme 3.23) [51]. SAMs of compound
66 displayed rectification ratios of up to approximately 18:1.

Instead of using the Aviram and Ratner model (57), which utilizes sp*>-hybridized
carbon atoms as a barrier between the donor and acceptor m-systems, it is possible to
insert an o,0’-dimethylbiphenylene unit between the two moieties in the molecule. The
biphenylene unit twists the molecule out of plane and thereby dampens the n-electron
delocalization, providing an overall effect similar to that of a tunneling bridge. Such a
molecular tool was applied when the OPE-like rectifier 69 was designed (Scheme 3.24)
[52]. The synthesis starts from the iodo-compound 67 that was treated with compound
4 using the Sonogashira reaction to give asymmetrically OPE wire 68, which finally was
converted into molecular rectifier 69. Unlike the two previous examples of organic
rectifiers (63 and 66), which were measured as a bundle of molecules (LB film or SAM),
this molecule (69) showed current rectification as a single molecule with a ratio of up
to ~10:1 when measured in an MCBJ experiment.
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Scheme 3.23. Synthesis of donor-acceptor dyad salt.
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Scheme 3.24. Synthesis of OPE-like molecular rectifier based on a nonplanar biphenylene core.

3.4 ORGANIC MOLECULAR SWITCHES

To imitate, for instance, a transistor on the molecular level, the molecule is usually
designed to have two alligator clips to anchor the molecule between source and drain
electrodes, plus an additional third linker to control the switching event (the gate).
Theoretical studies done on thiol-substituted benzene 70 (Figure 3.4) has predicted
effective switching in the current transmission between the source (In) and the drain
(Out) when a potential on the gate is alternated [53]. In this case, the source and the
drain electrodes are placed meta to each other, which gives the lowest transmission
probability through the molecule when the gate is inactive. Upon gate activation
(a potential applied), the energies of the molecular orbitals move toward the Fermi
level, and the current from the source to the drain electrode can pass with a lower
resistance [53].

Gate-modulated studies performed on perylene diimide compound 71 (Figure 3.5)
showed response to an electrochemical gate potential when the molecule was captured
between a gold substrate and an STM tip [54]. The compound showed around 500 times
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Figure 3.4. Design of a molecular transistor.
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Figure 3.5. Perylene diimide compound.
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Scheme 3.25. Synthesis of molecular switch based on a dinitro-bipyridyl core.

enhanced conductivity at the peak gate potential compared with when the gate poten-
tial was zero.

In contrast to the setup described earlier, it is possible to switch dinitro-bipyridyl
systems in a metal-single-molecule-metal setup between stable states only triggered
by voltage pulses passed through the molecule [55]. It was shown that a single molecule
was able to respond to write, read, and erase pulses, which makes this system potentially
suitable for molecular memory elements. The dinitro-bipyridyl core of this switch can
be assembled via an Ullmann-type dimerization of chloropyridine 72, which at elevated
temperatures and in the presence of copper(0) forms bipyridine 73 (Scheme 3.25) [29d].
This was followed by a bromination, giving functionalized dibromo-bipyridyl 74 which,
after two subsequent steps, was converted to thioacetate terminated switch 75.

Switching in a single molecule can also be facilitated by changes in molecular topol-
ogy, which can be done by affecting the molecule with either light or electrochemical
potentials. Scheme 3.26 presents an electrochemical redox-active switch based on
an anthraquinone core which, upon a two-electron reduction, switches into an anthra-
cene core with a linearly conjugated pathway between the two sulfur moieties [56].
Subjecting anthraquinone 76 to alkyne 18 in a metal-mediated cross-coupling reaction
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Scheme 3.26. Synthesis of redox-active switch based on an anthraquinone core.

followed by a conversion of the S-fert-butyl group into an S-acetate provided redox-
active switch 77 in high yield. It has been shown that compound 77 has a lower con-
ductance compared with an anthracene analog [34], although switching experiments of
compound 77 in a metal-single-molecule-metal junction have not yet been reported.
Other studies on an OPV incorporating a hydroquinone end group have, however,
shown that a hydroquinone does indeed result in a higher conductance than its oxidized
quinone form [57].

Another redox-active molecule is the benzene-extended TTF 78 that under oxida-
tion may form either a diradical or a quinoid structure, as revealed in Scheme 3.27 [58].

Formation of the benzene-extended TTF structure was accomplished via a Wittig-
type reaction between terephthalaldehyde derivative 79 and phosphonium salt 80 in
the presence of base to give compound 81 (Scheme 3.28) [26]. Compound 81 was
subsequently in a series of synthetic steps, involving desilylation and palladium-
catalyzed cross-coupling reactions, converted into redox-active molecular wire 82.
Three-terminal studies at low temperatures on this compound provided access to three
charge states (-1, 0, and +1) by changing the gate voltage (Scheme 3.29) [59]. All these
three charge states contained unpaired spins; for example, the radical anion exhibited
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Scheme 3.27. Two-electron oxidation of benzene-extended TTF.
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Scheme 3.28. Synthesis of OPES-TTF cruciform-like molecular switch.

a strong zero-bias Kondo effect, which was split in the presence of a magnetic field.
For the neutral species, a zero-bias Kondo effect still implies a spin-degenerate ground
state; the removal of one electron must therefore generate an additional spin, which
couples ferromagnetically to the first one (triplet ground state). Removal of one more
electron generates a singly charged species with two ferromagnetically coupled spins,
which are both antiferromagnetically coupled to the third spin. Thus, the molecule
could be reversibly switched between polyradical states by changing the gate potential
and the further manipulation by an external magnetic field-enabled advanced control
of quantum spin in a single organic molecule.

It has been demonstrated that it is possible to create a two-dimensional logic
memory molecular circuit based on bistable [2]rotaxanes containing a redox-active
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TTF unit and a dioxynaphthalene unit [60]. Scheme 3.30 shows how a rotaxane can be
assembled by the clipping method [60]. The rodlike molecule 83 acts as template in the
ring closing reaction, leading to cyclobis(paraquat-p-phenylene) (CBPQT*) unit from
dicationic precursor 84 and dibromide 85, which eventually leads to [2]rotaxane 86 [60].
The redox-active TTF moiety in the [2]rotaxane can then be oxidized to the radical
cation, which repels the positively charged CBPQT* unit and thereby forces it to
move to the naphthalene donor station. The CBPQT* unit will slowly fluctuate back
to the TTF part again when it is reduced to its neutral state. The hydrophobic and
hydrophilic end groups do not only prevent dethreading of the cyclophane but also
allows the molecule to be assembled in a Langmuir-Blodgett film. This film was sand-
wiched between electrodes in crossbar devices. Movement of the cyclophane from the
TTF unit to the naphthalene unit when applying a potential resulted in conductance
switching to a higher conducting state. A hysteresis effect was seen, which makes the
system useful for the construction of memory devices. The switch could be recycled
several times.

A different way to switch molecules is to use light [61], which in some cases can be
an advantage, since photoactive molecules can switch without necessitating the use of
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a third electrode (gate). Azobenzene is a simple photoswitch which, upon irradiation
with UV light, switches from the N=N frans isomer into the cis isomer that can be
isomerized back to the trans isomer by irradiation with visible light (Scheme 3.31) [62].
Although the change in the molecular topology in the switching of azobenzenes is
small, it has been reported that an SAM of azobenzene on a gold substrate shows
a conductance difference between the two isomers, the cis isomer being the high-
conducting state. This was assigned to a reduced tunneling distance through the cis
isomer [63]. Scheme 3.30 shows the procedure for synthesizing an azobenzene deriva-
tive with a thiol end-capped linker. Azobenzene derivative 87 was converted by a
nucleophilic substitution reaction into alkene 88, which then was converted to free thiol
compound 89 [64]. Photoresponsive switch 89 was applied to gold nanoparticles and
placed into a gel matrix film, in which it was possible to print images with UV light
and to erase them again with visible light [64].

Photoresponsive switches are often greatly affected by interactions with metal sur-
faces or metal nanoparticles, since a strong coupling between the metal surface and the
photoactive switch can lead to quenching of the excited state and hence lowering of
the quantum yield of the photoisomerization [65]. One way to overcome this problem
in m-conjugated molecules is to place the thiol anchoring group at a meta position on
the aryl linking unit, as in the dithienylethene system shown in Scheme 3.32 [66, 67].
Dibromide 90 was subjected to a halide-lithium exchange followed by the addition of
sulfur and finally acetylchloride to furnish product 91. The two photoisomers of the
photoactive system are represented by molecules 92 and 93. In compound 92 there is
a cross-conjugated connection between the two R-groups, which is changed into a linear
conjugation pathway upon photoisomerization into compound 93. This feature was
demonstrated in reversible light-controlled conductance switching experiments of com-
pound 91 in metal-molecule-metal devices; the open form corresponded to the off
state, while the closed form corresponded to the on state [66, 68].
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The dihydroazulene (DHA)/vinylheptafulvene (VHF) system presents another
switch, which has recently been employed in molecular electronics. DHA is converted
into the VHF by irradiation, while the VHF reverts back to DHA thermally (Scheme
3.33) [69]. A model system that could be evaporated into a silver nanogap junction was
designed [70]. One S-methyl group was used as a linker and was attached by a Suzuki
cross-coupling reaction between iodo-DHA 94 and boronic acid 95, furnishing S-methyl
DHA 96. This compound was then captured in a silver nanogap at 4K, and light-
controlled conductance switching was observed between DHA (off) and VHF (on)
states at certain gate and bias potentials (Figure 3.6) [70]. Due to the weak anchoring
via the SMe group, the single-molecule device was found to be operating in the
Coulomb blockade regime, in which electron transport is proceeding via sequential
tunneling, that is, an electron jumps from one electrode to the molecule, resides there
for a time, before jumping to the second electrode.

3.5 CONCLUSIONS AND OUTLOOK

A wide variety of molecular components have, in the last years, become available as
anchoring groups, wires, rectifiers, switches, and transistors, and immense research



REFERENCES 69

1.0 5

dVv/di (GQ)
(=]
o
1

pdidadila

o.o,J‘ —

T T
0 25 50
Time (min)

Figure 3.6. A series of on—off switchings of SMe end-capped DHA 96 at a gate potential of 2.7 V.
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focuses on improving these components and on developing new functional molecules.
Reliable contacting and self-assembly of billions of these molecular components
present important challenges for the further development of molecular electronic
devices. An important step has been taken, however, by the successful construction of
crossbar architectures based on monolayers of rotaxane molecules trapped between
wires in two-dimensional arrays. DNA-programmed assembly of nanostructures should
also be mentioned as a particularly promising tool for the controlled construction of
electronic devices [71]. Thus, DNA can be used as a template for the growth of nanow-
ires and addressable nanostructures in one, two, and three dimensions. In Chapter 5,
different routes to the self-organization of nanostructures via hydrogen-bonding inter-
actions are in focus. But before that, we shall look at all-carbon conjugated materials,
namely, carbon nanotubes and graphene, which have also found promising use in
organic electronics.
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CHAPTER 4

CARBON NANOTUBES
AND GRAPHENE

HELENA GRENNBERG

4.1 INTRODUCTION

Elemental carbon exists in three main forms: graphite, consisting of pi-stacked planar
graphene layers, and diamond, where the carbon atoms are tetrahedrally bonded to
each other, forming a 3D giant structure and the fullerenes, a large and diverse group
of hollow spheres, ellipsoids, and tubes of (formally) sp? hybridized carbon atoms [1,
2]. The first reports of fullerenes [3] and carbon nanotubes (CNTs) [4] opened a new
research area in which the knowledge of physics, chemistry, and the applications tech-
nology potential has increasingly grown [5, 6]. With the experimental verification of
individual graphene layers in 2004 [7], the area has expanded even further. Each of the
discoveries, in particular the latter two, has given rise to predictions of revolutions in
materials science and electronics [8, 9].

The worldwide research investments in CNT and graphene research over the past
two decades have considerably increased the level of knowledge, whereas applications
utilizing in particular the electronic properties, beyond the demonstrator devices, are
still to appear at the consumer side. One reason is the difficulties associated with, in
particular, CNT synthesis; for any application, scalable reproducible synthetic methods
and practical transfer of the product from the synthetic environment to a solid substrate
suitable for characterization or device fabrication are primary requirements. The gra-
phene area is benefiting from the knowledge gained in CNT research, hence initial
progress has been considerably faster.

In the present chapter, synthesis of CNTs and graphene is discussed, in the former
case including a discussion on purification and in the latter case with focus on the main
synthetic routes for graphene fulfilling both the requirement of being scalable and
yielding a product that can be deposited on any substrate. Examples of functionaliza-
tion and other secondary processing toward devices are given with (far from compre-
hensive) literature coverage ending 2012. Fullerene chemistry, related to the chemistry
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of CNTs, is touched upon, whereas synthesis, modification chemistry, and uses of
diamond is an area of its own [10] and is not covered in this chapter.

4.1.1 Terms and Nomenclature

Graphene. According to an early definition developed for graphite intercalation com-
pounds [11], graphene is a one-atom-thick sheet of hexagonally arranged sp” hybridized
carbon atoms. Despite the strict definition, it has become established practice to use
the term “graphene” also for flakes of more than one layer, of any sheet size from
around a square micrometer and up and also for carbon sheets with significant devia-
tions from the all-carbon and all-sp? criteria, such as graphite oxide (GO) and reduced
graphite oxide (RGO). In this chapter, we have used “graphene” and “graphene flakes”
for materials prepared via nonoxidative routes. Depending on the synthetic method,
the product can be single layer or with a distribution of thicknesses. In the case of
oxidation-reduction routes, the resulting material, a derivative of graphene, is denoted
“RGO”; “RGO flakes” is used for unspecified RGO entities. Graphene flakes and
sheets are often irregular in shape and with ragged edges (Figure 4.1) [12]. At the
atomic level, the edges can be “armchair” or “zigzag,” depending on the direction of
the carbon hexagons in the interior “basal plane” of the sheet. The edge carbon atoms
can be saturated or unsaturated, and edge termination is most often considered to be
by hydrogen or oxygen.

Carbon nanotubes (CNTs) belong to the same group of carbon allotropes as fuller-
ene Cq. Whereas the latter is a spherical molecule,a CNT may be viewed as a fullerene
that has been cut in two halves and combined with a graphene cylinder. CNTs are
primarily categorized based on the number of tubes inside each other: single, double,
or multiple, the latter being all CNTs with more than two “walls.” Multiple-wall carbon
nanotubes (MWCNTs) have significantly larger diameters than single-wall carbon
nanotubes (SWCNTs) (Figure 4.2). Although CNTs are very narrow in diameter, the
smallest tubes have diameters approximately equal to the length of anthracene; the
aspect ratio can be very high. As a result, CNTs are considered quasi-one-dimensional
materials [13].

The cylinder part of a CNT may exhibit all orientations of the hexagonal lattice,
from “armchair” to “zigzag.” Orientations between the two are chiral. The diameter of
a CNT as well as the angle of the hexagonal lattice versus the axis of the CNT is defined
by two integers (2, m) [14]. The first denotes the number of hexagons in a row that, in
a hypothetical “unwrapped” cylinder, are parallel to a zigzag edge that is required to
complete one turn around the circumference. The second integer describes the offset
of one turn along the tube axis, that is, to which zigzag hexagon row the last hexagon
of the first turn (in row 0) connects to for the second turn. For a zigzag tube, m = 0,
whereas for armchair tubes m = n. Although it is possible to construct very narrow 4,
0 and 2, 2 tubes using ball-and-stick models, the smallest diameters experimentally
observed in postsynthesis processed SWCNT samples are typically from 0.8 nm, which
is achieved for (6, 6) armchair (12, 0) zigzag, and the five chiral combinations in
between.

While perfect graphene is a semiconductor with zero bandgap [15], single-walled
CNTs can have either zero or nonzero bandgap [16]. The bandgap of CNTs depends
on the diameter as well as the chirality of the tubes. For MWCNTs, the individual tube
layers may have different properties. Theoretically, one-third of the possible (n, m)
CNTs belongs to the zero bandgap “metallic” category, but the structural differences
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Figure 4.1. Upper row: (left) A rectangular nanographene with two of the armchair (AC) and
zigzag (ZZ) edges marked. (right) A nanographene with irregular shape and the randomly mixed
AC and ZZ edge areas, as observed for exfoliated graphene flakes. Lower row: AFM (atom force
microscopy) of a slightly folded exfoliated graphene flake, approximately 10 um long, on SiO,.
AFM image from http://www.condmat.physics.manchester.ac.uk/imagelibrary/.

I i | i | 1T 1
~0.5 nm. ~1 nm. ~1 nm. 10-100 nm.

Figure 4.2. Left: Size comparison: Benzene, antracene, and view along the CNT axis for a typical
single- and multiwalled carbon nanotubes. Right: Side view of short, idealized SWCNTSs. Upper:
Armchair tube with closed ends. Lower: Zigzag tube with open ends.
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between the two categories can be very small: an (n, m) CNT can be metallic, whereas
an (n + 1, m) can be semiconducting.

4.1.2 Handling of Carbon Nanoforms

Are nanoforms of carbon safe? Neither CNTs nor graphenes are water-soluble, but
many derivatives are, including entities dispersed by surfactants. Nanoforms intended
for biological applications are extensively tested for unwanted acute or chronic
effects [17]. The risk associated with synthesis equipment and handling of reagents is
minimized by proper precautions, for example, concerning handling of the carbon
“soot,” be it graphite, RGO, or CNTs. To minimize spread of dust, handling should be
in a confined space with proper ventilation, as inhalation exposure may lead to lung
deposits [18]. In a later life cycle stage, lower quantities may leak into aquatic environ-
ments. In soil models, surfactant-dispersed CNTs were found to be mobile [19]. In
general, the safety of processes and products needs to be part of the process and
product design, and the design responsibility is with the scientists regardless of intended
application [20].

4.2 CHARACTERIZATION METHODS

The standard solution-based tools of organic chemistry, such as NMR and mass spec-
trometry, can be readily applied for the characterization of Cg, and its derivatives. For
characterization of CNTs, graphenes, and graphene derivatives, these are less appropri-
ate due to the low solubility and inhomogeneous nature of the materials. For deriva-
tives with a high proportion of polar bonds, infrared spectroscopy (IR) can be useful,
but Raman spectroscopy, X-ray absorption spectroscopy (XAS) and X-ray photoelec-
tron spectroscopy (XPS), microscopy methods, and thermogravimetric analysis (TGA)
are more common. The most accessible are Raman spectroscopy, TGA, and, for detec-
tion of graphene, optical microscopy, briefly described later. Methods for characteriza-
tion of graphene with regard to flake thickness and presence of defects have been
reviewed by, for example, Allen et al. [21].

4.2.1 Raman Spectroscopy

Raman spectroscopy employs electromagnetic radiation in the same wavelength region
as IR, and the two are complementary in the information they give about a functional-
ized carbon material. Raman spectroscopy draws on inelastically scattered photons:
when light is scattered by a molecule, most scattered photons have the same energy as
the incident photons, but a small fraction will have lower or higher energy than the
incident photons (inelastic scattering). This is due to the Raman effect; some of the
energy of the incident photon is absorbed by the molecule and transformed to vibra-
tional and/or rotational energy [22]. In crystals and in well-ordered materials, these
vibrations (phonons) can have only certain distinct frequencies, while amorphous mate-
rials can absorb over a wider range, producing broader signals.

The Raman active vibration modes that are of particular importance for character-
ization of single-walled carbon nanotubes are the ones that give rise to the G-band (G
from graphite), the D-band (disorder-induced band), and the radial breathing modes
(RBM) [23, 24], exemplified in Figure 4.3. The G-band is characteristic for graphite
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Figure 4.3. Raman spectrum of a commercial sample of single-walled carbon nanotubes (HiPCo).
Inset: vibrations giving rise to the G-band and radial breathing modes (RBM).

materials and arises as a result of the vibrations, as shown in the figure inset. In
SWCNTs, the G-band is a characteristic multipeak high-intensity band around
1580 cm™, whereas in graphite and graphene, it is a single-peak band [25]. The G-band
provides a signature of SWCNTs in a sample and can furthermore be used to determine
the relative distribution of semiconducting and metallic tubes. The RBM is the lowest-
frequency band in the Raman spectrum of SWCNTSs and originates from the atomic
vibrations in the radial direction. Aside from providing direct evidence of SWCNTs in
a sample, the position of the RBM gives information about the tube diameter. The
intensity of the RBM is lower than the G-band and can sometimes be difficult to detect,
as it may be buried in baseline noise from the sample or from the substrate.

The D-band appears around 1330 cm™ and reflects defects such as sp>-hybridized
carbons in the lattice. Such defects are always present to an extent, but their density
can be significantly increased by chemical processes such as acid-oxidation treatments.
However, amorphous carbon also has a prominent D-band, which can complicate the
interpretation. Raman spectroscopy of MWCNTs is less informative than for SWCNTs.
The G-band in MWCNTs generally appears as one broad peak without any visible fine
structure, similar to the one found in graphite or graphene. For graphene and deriva-
tives thereof, the D, G, and 2D bands (the latter also denoted D* or G’) are the most
interesting, with the position, shape, and relative intensity of the 2D band around
2650 cm™ (Figure 4.4) being a tool for fast determination of the number of layers in a
flake (Figure 4.4) [26-28].

4.2.2 Thermogravimetric Analysis

Thermogravimetric analysis (TGA) can be used for purity assessment and can further
provide quantitative information regarding derivatization outcome. The sample, on a
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Figure 4.4. (a and b) Raman spectra of the 2G region for samples of monolayer graphene
(bullets), bilayer (squares), few-layer (triangles), and highly ordered pyrolytic graphite (HOPG),
for two excitation laser wavelengths. Source: [27]. Reproduced with permission of Wiley-VCH
Verlag GmbH & Co. KGaA.
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Figure 4.5. TGA profiles for two MWCNTs samples (dashed and dash-dot) and a sample of
amorphous carbon material (solid) obtained for heating the samples in air. The residual mass that
remains at 750°C is related to metal impurities.

highly sensitive balance inside a ceramic chamber, is heated in a controlled atmosphere
(usually in N, or air) while the weight loss of the sample is monitored. Figure 4.5 shows
TGA profiles for MWCNT samples, one of an amorphous carbon material. The thermal
stability of the amorphous material is lower than for the CNTs, reflected by a lower
degradation temperature. The residual mass after heating in air gives a measure of the
amounts of inorganic impurities, whereas the residue after heating under inert atmo-
sphere may leave also CNTs or graphene on the balance.
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4.2.3 Microscopic Methods

Graphene on Si-SiO, substrates can be detected by (light) optical microscopy (LOM).
Due to interference phenomena, single layers appear blue, whereas thicker flakes
appear yellow-orange. Scanning electron microscopy (SEM) and transmission electron
microscopy (TEM) are more powerful microscopy techniques. In particular, TEM can
give very detailed information, even on atomic positions in individual nanotubes and
graphene flakes [29-31]. In addition, atomic force microscopy (AFM) and scanning
tunneling microscopy (STM) are techniques that can be used to visualize carbon mate-
rials at the atomic level [32].

4.3 PRODUCTION AND PURIFICATION OF CARBON NANOTUBES

4.3.1 Synthesis of Carbon Nanotubes

All CNT materials are produced from vaporized carbon at high temperatures [33]. The
processes are nonselective; in addition to mixtures of CNTs, deposits of amorphous
and graphitic carbon form in the reactor. Most methods can be adapted to produce
either MWCNTs or SWCNTs, but only a few processes—chemical vapor deposition
(CVD) and the closely related high pressure carbon monoxide (HiPco)—are suitable
for large-scale production of materials with a high proportion of CNTs. In the CVD
methods, a carbon-containing gas reacts on a solid substrate on which particles of metal
catalyst have been predeposited. Tuning of the catalyst composition improves the
SWCNT/MWCNT selectivity [34]; tuning of the gas composition to a specific catalyst
system may allow a decrease of the growth temperature [35], all of which are crucial
steps toward more selective CNT formation processes.

Although molecular total synthesis of fullerenes and CNTs aiming at certain diam-
eters or chiralities has been attempted and, for C4, accomplished [36-38], it is not likely
that such routes will outcompete the CVD methods, despite the drawbacks of these
methods in terms of formation of impurities.

4.3.2 Primary Purification of Carbon Nanotubes

A major drawback of all gas-phase production techniques is the impurities such as
amorphous carbon, fullerenes, and encapsulated metal particles in the produced mate-
rial [39, 40]. The removal of such species is of great importance, and purification of
CNTs has therefore been an area of extensive research. Numerous protocols for
increasing the CNT content by gas-phase [41, 42] and liquid-phase oxidations, most
commonly using oxidizing acids such as HNO; and/or H,SO, on CNT powders, have
been developed [43-45]. The oxidative methods are the most commonly used, as these
are technically simple and remove most unwanted material. In the oxidative processes,
the encapsulated metal catalysts are transformed to metal oxides. As oxides occupy a
larger volume of space than the parent metal, the volume expansions may break the
surrounding carbon cage. However, for any reagents to access the interior, the CNTs
need to be open. Under the conditions employed, the CNTs are also susceptible to
oxidation. At regions with fullerene-like curvature, the carbon lattice is cleaved, render-
ing the tube interior accessible to the reagents. Metal removal from MWCNT material
is more demanding, as the metal particles within the tubes are protected by several
carbon layers. Edwards et al. found that sonication in concentrated HCI preserved the
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Figure 4.6. Typical defects in a SWNT: (A) five- or seven-membered rings in the C framework,
instead of the normal six-membered ring, leads to a bend in the tube, (B) sp>-hybridized defects
(R_H and OH), (C) C framework damaged by oxidative conditions, which leaves a hole lined
with —-COOHgroups, and (D) open end of the SWNT, terminated with -COOH groups. Besides
carboxy termini, the existence of which has been unambiguously demonstrated, other terminal
groups such as -NO,, OH, H, and -O are possible. Source: [50]. Reproduced with permission of
Wiley-VCH Verlag GmbH & Co. KGaA.

CNTs better than treatment with oxidizing acids while still giving a material with a
very low residual metal content [46].

Treatment with strong acids will introduce oxygen-containing functional groups
such as hydroxyl, carbonyl, and carboxyl at opened sites (Figure 4.6) [47-50]. These
groups may increase dispersability of the CNTs [51, 52] and can be subsequently uti-
lized for further derivatization (Section 4.6).

Although the liquid-phase oxidative purifications are scalable, most require several
days at reflux temperature. This is generally followed by tedious workup and annealing
procedures in order to restore many of the properties of pristine CNTs [53, 54]. Micro-
wave heating has been used as a faster alternative to conventional heating, with the
same workup protocols and very similar results concerning the quality of the purified
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CNTs. In contrast, microwave heating of CNTs in a nonpolar organic solvent without
any added reagents very rapidly (<5 minutes heating + a filtration step) removes amor-
phous carbon and metal particles from the nanotubes with considerably less sidewall
damage than purification by aqueous oxidizing acid [55].

For purification of materals “on chip,” methods compatible with the growth sub-
strate are necessary in order to preserve both the substrate and the desired carbon
structure, for example, sulfidation of non-CNT carbon at elevated temperatures [56].

4.3.3 Fractionation of Carbon Nanotubes

To some extent, the diameter of CNTs can be predetermined by tuning of the catalyst
particles, but none of the current methods for CNT synthesis is fully selective with
respect to the helicity of the formed tubes. The as-produced diameter distribution and
the ratio of metallic to semiconducting tubes is, to a limited extent, changed in the
oxidative purification of the as-produced material [49, 57, 58]. A typical sample of
SWNTs produced by the HiPco method contains about 50 different types of nanotubes,
each with different (2, m) [39]. This is a major problem for potential applications that
require CNTs with specific (n, m) values or at least either metallic or semiconducting
tubes. Development of efficient techniques to fractionate the SWNT material has thus
been a very active area [59-62], intimately linked to the issue of achieving reasonably
individualized CNTs in solution or dispersion. For oxidized CNTs, this can be achieved
by covalent or noncovalent strategies (Section 4.6).

Size-exclusion chromatography [63, 64] as well as flow field-flow fractionation [65,
66] has been used for separation according to CNT length. For covalently functionalized
SWCNTs, separation of metallic from semiconducting CNTs was achieved by column
chromatography on silica [67]. Electrophoresis with [68] and without [69] a gel has
been employed for separation of metallic from semiconducting CNTs, with the one
without a gel being more efficient. Centrifugation of aqueous suspensions of oxidatively
purified CNTs has been used to separate bundles from individualized tubes [51]. Using
surfactants in combination with bromine, it was possible to separate metallic from
semiconducting tubes [70]. Centrifugation-assisted fractionation can also be achieved
for noncovalent assemblies of CNTs with polymers, for example, regioregular poly(3-
alkylthiophene) [71] or fluorene polymers, with the additional benefit of some helicity
discrimination by carrying out the centrifugation in the presence of the density-gradient
forming additive tribromotoluene [72]. Single-stranded (SS) DNA is another group of
polymers that have been used for SWCNT fractionation; chiral discrimination was
obtained from ion-exchange chromatography of SS-DNA-wrapped SWCNTs [73, 74].

The composition of a SWCNT fraction with respect to (n, m) values can be eluci-
dated from the Raman RBM band [75]. However, purity assessment should ideally be
by several independent methods [76], since the aggregation state of the CNT material
at the analysis stage strongly influences the intensities in the RBM band [67, 77].

4.4 PRODUCTION OF GRAPHENE AND REDUCED GRAPHENE OXIDE (RGO)

4.41 Graphene Synthesis: Top-Down or Bottom-Up

In contrast to CNTs, graphene is available to everyone owning a pencil. The flakes that
can be obtained from pencil exfoliation are small and of very poor quality compared
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with those flakes prepared by sticky tape exfoliation from highly ordered pyrolytic
graphite (HOPG), as first reported in 2004 [7]. Graphene prepared by such top-down
micromechanical exfoliation is still the experimental benchmark, and the method is
widely used despite being of low-yield and time-consuming. In contrast, routes where
flakes upon exfoliation are dispersed in a solvent can be fast, readily scalable, and hence
with the potential of being both high-yielding and cost-efficient. The materials prepared
by exfoliation are less homogenous regarding flake size and thickness, edge structure,
and termination, as well as incidence of process-induced defects than graphene pre-
pared by the “bottom-up” methods: molecular synthesis and CVD. The decision of
which general route to choose should depend on the requirements of the intended
application.

4.4.2 RGO by Oxidative Exfoliation Followed by Reduction

Due to the high sheet-to-sheet contact area, the intermolecular forces to overcome in
order to exfoliate sheets or flakes are larger than for solvation of smaller PAH conge-
ners or unbundling of CNTs, and therefore more forceful and potentially damaging
reaction conditions are necessary. The most commonly employed large-scale exfolia-
tion routes have been those via GO, using combinations of oxidizing agents in strongly
acidic media followed by a reductive treatment, as pioneered by Stankowich et al.
[78] and extensively reviewed by Ruoff et al. [79-81]. In the oxidation step, oxygen-
containing functional groups such as hydroxyl, ether, carbonyl, and carboxyl units are
introduced, which can be subsequently utilized for further functionalization. Most
oxidation-exfoliation protocols to form GO are adaptations of the method by Hummers
[82], where the graphite is treated with potassium permanganate in concentrated sul-
furic acid or the much older Brodie [83] or Staudenmaier [84] methods, which use
mixtures of potassium chlorate and nitric acid. GO can also be prepared using nitric,
sulfuric, or perchloric acid without additional co-oxidants [85]. It is of importance to
ensure safe working practices to avoid accidents in the exothermic oxidation-expansion
stage, during workup of the reaction mixtures, and while drying the GO.

In the oxidation process, oxygen-containing functional groups are introduced at
reactive edge sites as well as in the layers. As the reaction proceeds, the interlayer forces
are weakened, eventually leading to exfoliation of highly oxidized sheets of hydrophilic
nonconductive GO easily processible in water. Although hydrophilic, GO can be trans-
ferred to organic solvents by the use of cationic surfactants [86].

The size and thickness of the exfoliated graphene flakes strongly depend on the
source of graphite. In a comparative study by Wu et al., different kinds of graphite were
subjected to identical reaction conditions [87]. Artificial graphite, with small grains and
low crystallinity, gave a significantly higher proportion of flakes with one to three layers
than was the case for HOPG, with larger grains. The reagent-graphite interactions
ultimately leading to exfoliation take place at the edges of the graphite layers and in
the interlayer space. For a starting material with lower crystallinity, the proportion of
edges is higher and the diffusion routes for intercalation of reagents are shorter, and
thus, the efficiency of exfoliation of few-layer flakes becomes higher.

Several structural hypotheses for GO have been put forward, and the one pro-
posed by Szabo et al. [88] (Figure 4.7) correlates with most of the experimental
evidence available at that time. A later solid-state *C NMR analysis of GO prepared
from C- graphite by the group of Ruoff supports the model [89]: The NMR informa-
tion is always averaged, thus neither the identity nor exact position of the introduced
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(b)

Figure 4.7. The structural model of graphite oxide proposed by Szab¢ et al. [88] (a) Structure
including the possible functional groups. (b) Carbon skeleton view. Source: [88]. Reproduced with
permission of the American Chemical Society.

oxygen-containing functional groups can be determined. The proportion of acidic
groups can be determined by titration, however, as demonstrated by Yang et al. in a
study that indicated about 8 mol% of acidic groups in a GO sample prepared by a
modified Hummers oxidation [90].

By reductive treatment of GO, a material with the appearance and properties
resembling that of pristine graphene can be obtained. Reduced GO (RGO) is black,
hydrophobic, conducting, and has a significantly lower relative content of oxygen than
GO. Most established protocols utilize versions of the original protocol with hydrazine
[78]. No such reduction of GO has yet produced oxygen-free fully sp>-hybridized gra-
phene; nevertheless, RGO materials with conductivities in the same range as microme-
chanically exfoliated graphene have been reported [79-81, 91].

For an RGO graphene material prepared via Hummers oxidation to GO followed
by a thermal expansion, dispersion in the amide solvent NMP and reduced using H,,
Wu et al. [87] obtained linear current-voltage characteristics and conductivities in
individual flakes similar to what was reported by Novoselov et al. [7] and in the same
range as reported by Wang et al. for graphene flakes prepared by a less oxidizing first
step followed by solvothermal reduction with hydrazine in DMF [92].

Due to toxic and explosive properties, the use of hydrazine is restricted or forbidden
in many parts of the world. The hazards are the same everywhere, and although studies
employing hydrazine are among the referenced examples, use of alternatives is strongly
recommended regardless of the local situation concerning restrictions. Less harmful
yet efficient alternatives to hydrazine have been reported, such as H, [87], ascorbic acid
[93], NaBH, [94], hydroquinone [95], ammonia vapor [96, 97], metallic iron [98], and
tetrathiafulvalene [99]. The oxidized functional groups are thermally labile; hence,
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annealing also reduces the O/C ratio [100-102], as does solvothermal treatment of GO
with oleyl amine [103] or the amide solvent NMP [104]. Each combination of graphite
oxidation and reduction conditions will produce an RGO of its own.

4.4.3 Graphene by Direct Exfoliation

Direct nonoxidative exfoliation processes that employ ultrasonication or supercritical
extraction are highly practical alternatives to the expansion-exfoliation caused by
exothermic chemical reactions of intercalated oxidants, with sonication-assisted exfo-
liation as the dominant method [105]. During sonication, formation and collapse of
bubbles (acoustic cavitation) result in very high local pressures and temperatures
[106-108]. The energy, if transferred to graphite, can be sufficient to cause exfoliation
of graphene flakes. The solvent properties are important: The acoustic cavitation in a
high-boiling solvent will give fewer cavities that collapse with larger temperature/
pressure pulses than in a solvent with a lower boiling point. A high-boiling solvent may
thus give a more efficient exfoliation. Also of importance is the stability of the resulting
suspensions, which relies on the nature of the intermolecular bond between the exfoli-
ated graphene flake and the solvent (or surfactant) molecules.

In a survey of sonication of graphite powder in a range of organic solvents followed
by fractionation by centrifugation, Hernandez et al. found that the high-boiling amide
solvents DMF and NMP gave excellent results concerning yield and quality of few-
layer and monolayer graphene [109], similar to the findings of Bourlinos et al. [110]
and Hamilton et al. [111] from sonication of graphite in perfluorinated solvents or
o-dichlorobenzene, respectively.

Sonication of graphite powder in the presence of water-soluble surfactants, such as
sodium dodecylphenylsulphonate [112], sodium cholate [113, 114], pyrenetetrasulfonic
acid [115], or tetrapotassium coronene tetracarboxylate [116] gives, after centrifugation,
aqueous dispersions of graphene with a high proportion of few-layer flakes covered
with ionic surfactant molecules. If starting from graphite powder, the centrifugation
step is essential in order to separate the monolayer and few-layer graphene from the
starting material.

Not all solvents are stable under sonication conditions. In particular, amide solvents
such as DMF and NMP may undergo sonication-induced decomposition into radical
species [117, 118] with ability to add covalently with introduction of defects to the
graphene. Sonication of CNTs in a chlorinated aromatic solvent has been reported to
result in doping of the tubes by chlorine [119], and chloroform may decompose to
various compounds, including HCI and dichlorocarbene [120]. The latter has been
reported to react with soluble CNTs, forming cyclopropanes at the sidewalls [121].
Moreover, extended random sonication enhances aggregation of suspended graphene
[122]. The sonication time and power, and hence the risk of process-induced damage,
can be significantly decreased if the graphite is pretreated by intercalation of ICI [123]
or Br, [124], for example.

Use of supercritical conditions constitutes a promising further development toward
facile large-scale preparation of high-quality graphene. Rangappa et al. employed
supercritical extraction with amide solvents (DMF and NMP) to prepare dispersions
with high graphene content (Figure 4.8). About 90-95% of the exfoliated sheets were
less than eight layers, and the characterized flakes exhibited very good conduction and
electron-carrier capacity [125]. Supercritical CO, was used by Pu et al. to intercalate
graphite powder [126]. On depressurizing, the volume of the confined gas molecules
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Figure 4.8. Photographs of exfoliated graphene sheets dispersed in (a) ethanol, (b) NMP, and (c)
DMF, and approximately 1 g of their respective dried graphene powders (d—f); (g) scheme showing
the SCF exfoliation of graphite crystals to graphene. Source: [125]. Reproduced with permission
of Wiley-VCH Verlag GmbH & Co. KGaA. See color insert.

increases, leading to graphite expansion and exfoliation of high-quality graphene flakes
into aqueous sodium dodecylsulfate.

4.4.4 Large-Area Graphene by CVD

For large-area graphene, CVD methods [127] or epitaxial growth from SiC [128,
129] are the most appropriate routes; however, they produce only a few entities per
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experiment. For the SiC routes, the graphene is strongly coupled to the growth sub-
strate and transfer to other solid substrates is still not possible, whereas graphene
preparation on a metal surface by CVD allows control of composition (isotopes as well
as dopant elements) as well as transfer from the growth substrate. Graphene can be
grown on nickel [130-132] or, with more control, on copper using various carbon pre-
cursors [133-140]. The CVD processes can be adjusted for growth of nanosheets of
graphene protruding from a graphite basal plane [141-143], for the formation of gra-
phene on CNT “pillars” [144], or for growth of ribbons [145].

The transfer of CVD-grown graphene to other substrates more appropriate for
intended applications is a stepwise process. Prior to removal of the metal by etching,
the as-grown graphene is covered by a polymer, polydimethylsiloxane (PDMS) or
polymethyl methacrylate (PMMA), which will act as a support layer to the resulting
free-floating polymer/graphene film. Etching of Ni has been achieved using HCl
[131], and of Cu using, for example, solutions of iron nitrate [136] or ammonium per-
sulfate [146, 147]. With micropatterning of the graphene-PMMA support film prior to
etching of the metal layer, cut graphene-PMMA entities of identical shape could be
transferred from a metal grid to any substrate using a glass tip under the microscope
(Figure 4.9) [148].

1. PMMA on graphene is grown on 2. Patterns transfer to PMMA by EBL
copper foil. and to graphene by air plasma etching.
ﬁ | ) -
A pama . A / /3 /
Graphene =¢ =
Cu foil
Si substrate
4. PMMA/graphene film was fished _3. Dissolve copper in FeCl3+HCI solution
out from DI water and suspended and clean graphene in deionized water.

on Cu grid.

——®

5. Dry PMMA /graphene stamps
connect with the base membrane and
can be transferred under microscope.

s 6. Print PMMA/graphene stamp to
targeted position. Then, dissolve
PMMA and leave graphene behind.

Figure 4.9. Transfer-print processes for graphene microsheets [148]. Panels 14 illustrate how to
produce arrays of suspended and patterned PMMA/graphene microstamps. Panels 5 and 6 show
the deployment of the prepared graphene sheets to construct a device. Source: [148]. Reproduced
with permission of Wiley-VCH Verlag GmbH & Co. KGaA. See color insert.
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For large-scale applications, high-throughput methods for transfer of very large area
graphene to suitable substrates are required, such as the roll-to-roll process reported
by Bae et al. [149]: Graphene grown on rolled Cu foil is covered by the polymer
support, and the support/graphene/Cu sheet, while rolled out, is pulled through an
etching bath removing the Cu. The remaining graphene/support can then be rolled onto
a target substrate. This process, which can be repeated in order to obtain the desired
number of graphene layers, has been used to produce as large as 30-inch graphene
layers on a PET substrate.

A very important issue in all transfer processes is the influence of contaminants on
the properties of the graphene. The etching, not surprisingly, can lead to damage as
well as a chemical doping of the graphene [149, 150], and unless cleaning processes are
applied, polymer residues can also dope the graphene [146].

4.4.5 Graphene Nanoribbons

In-plane lattice defects [151, 152], that is, pentagon-heptagon Stone-Wales defects
joining patches of graphene with different orientation, can be regions with not only
chemically more reactive bonds but also physically weaker regions, before or after
functionalization of the defects [153]. A theoretical study suggests the curvature strain
induced by the defects results in decreased tear resistance for such Stone—Wales seams
between graphene areas with very similar orientation, whereas seams joining areas
with larger mismatch angles would be stronger than the surrounding hexagons [154].
The presence of weak bonds has been experimentally confirmed: Micromechanically
exfoliated graphene sheets can be torn in the process of removing graphene layers by
adhesives, forming ribbon structures as reported by Sen et al. [155]. Tearing can also
be a result of sonication, as was reported by Li et al. in a study where graphite inter-
calated with nitric and sulfuric acid was heated at 1000°C in an Ar-H, atmosphere,
followed by sonication in dichloroethane containing a polymer that attaches noncova-
lently to the graphene fragments. Narrow graphene ribbons were obtained after
centrifugation-assisted fractionation; other fractions contained fragments of different
sizes and shapes [156].

Higher yields of graphene ribbons were achieved by longitudinal opening of CNTs
(Figure 4.10), reported back-to-back by the groups of Dai [157] and Tour [158]. Starting
from CNTs allows a higher level of control, as the starting material already is pseudo
1D. CVD methods are even better considering control and scalability: the overall shape
of the graphene is predetermined by the shape of the accessible catalyst film, which
can be prepatterned to yield large numbers of entities [145]. The CVD methods are
more efficient than the top-down routes but cannot yet compete with molecular
synthesis (below) if very large quantities of identical ribbons with control over edge
structure are required.

4.4.6 Nanographenes by Organic Synthesis

In contrast to the efforts toward CNTs by organic synthesis methods [36-38], planar
giant molecular nanographenes are accessible from structurally well-defined carbon-
rich precursors [159-161]. A range of monodisperse soluble molecular nanographenes,
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Figure 4.10. Production of graphene nanoribbons (GNR) from MWCNTSs [157]. (a) A pristine
MWCNT was used as the starting raw material. (b) The MWCNT was deposited on a Si substrate
and then coated with a PMMA film. (c¢) The PMMA-MWCNT film was peeled from the Si
substrate, turned over, and then exposed to an Ar plasma. (d-g) Several possible products were
generated after etching for different times: GNRs with CNT cores were obtained after etching
for a short time 71 (d); tri-, bi-, and single-layer GNRs were produced after etching for times 2,
13, and 4, respectively (14 > 3 > 12 > t1; e-g). (h) The PMMA was removed to release the GNR.
Source: [157]. Reproduced with permission of the Nature Publishing Group.

up to a C6-symmetric C,,H,,, have been obtained from cyclodehydrogenation of
dendritic polyphenylenes (Figure 4.11), in turn accessible in several steps from di(4-
bromophenyl)ethyne [162].

Nanographene propellers and nanographite discs have been obtained from a
C474 precursor, as a mixture, however [163]. Poor solubility of the products limits
further size extension of monodisperse all-sp® systems. With solubility-enhancing
branched alkane edge groups as part of the design, more than 10 nm long, soluble
molecular nanoribbons with well-defined edge structures and masses of 20,000 p
were possible to prepare in good to excellent yields [164-166]. These achievements
compare well to the top-down strategies for creation of nanoribbons by tearing of
graphene or etching of CNTs (Section 4.4.5), the top-down routes suffering from
poor predictability on edge structure or “cut angle” and limitations in the number
of entities generated in each set of experiments. With these drawbacks in mind, molecu-
lar synthesis, although still challenging and time-consuming, could become the pre-
ferred route for preparation of large quantities of identical nanoribbons and other
nanographene entities since the general shape, structure of edges, as well as position
and identity of any desired functional groups can be decided at the synthesis design
stage.
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Figure 4.11. Synthesis of nanographene from well-defined building blocks. Oxidative cyclo-
dehydrogenation of the precursor molecule 1 give the PAH 2 and two routes to 1 via well-defined
intermediates. Source: [162]. Reproduced with permission of Wiley-VCH Verlag GmbH & Co.
KGaA.
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4.5 FUNCTIONALIZATION OF GRAPHENE AND CARBON NANOTUBES

4.5.1 Knowing Your Starting Material

In organic synthesis, a molecular species is transformed to a product, most often of
greater complexity. For success, sufficiently pure starting materials and reagents are
among the prerequisites, as are workup and purification protocols. Functionalization
of the most commonly available fullerenes (C60 and C70, carbon-only molecules avail-
able as chromatographically pure compounds) clearly belongs to the “organic synthe-
sis” category, but not to CNTs or graphene. None of the available methods for
production of CNT (Section 4.3), graphene, or RGO (Section 4.4) gives what the syn-
thetic organic chemistry would consider a pure material, considering neither the struc-
tural homogeneity of the nanotube (or graphene) entities nor the proportion of carbon
or noncarbon impurities. Any graphene sample consisting of more than one flake will
exhibit a distribution of thicknesses, area, defect density, and edge terminations [21].
Even within a flake, domains with properties differing from the surroundings can be
present [27].

CNTs are less homogenous; in addition to various non-CNT impurities, SWCNT
samples generally contain many different types of tubes in terms of length, diameter,
helicity, and defects [76]. Postsynthesis processing (Section 4.3.2) not only decreases
the proportion of non-CNT components but also increases the proportion of various
lattice defects and potentially useful functional groups in the CNTs.

RGO materials are likely the least homogenous, not surprising given the wide range
of conditions for transformation of graphite to GO and of GO to RGO (Section 4.4.2),
where each combination may result in a different RGO material regarding, for example,
C/O/N ratio, defect density, and functional groups available for further modification
[91]. Tt is likely that the batch-to-batch differences are at least in the same range as
observed for SWCNT oxidations [167].

For reactions using CNTs or graphene/GO/RGO starting materials, it is hence
essential to know both the general method by which the carbon material was produced
and which postsynthesis treatments have been carried out, since both factors strongly
influence the physical and chemical properties of CNT and graphene materials. By
applying conditions appropriate to the material in hand and accepting that neither the
starting material nor the product is “pure” by the small molecule definition of the word,
successful molecular engineering of these materials is possible.

4.5.2 Solubility

A common property of CNTs, graphene, and RGO is the very low solubility. Fullerene
Cg is reasonably soluble in aromatic solvents such as toluene and o-dichlorobenzene
as well as in carbon disulfide [168]; functionalized fullerenes are more soluble. CNTs
tend to aggregate due to van der Waals interactions (n-CNT stacking). This leads to
the formation of large bundles that do not easily dissociate. As a result, CNTs are
insoluble in most solvents before postsynthesis processing and only slightly soluble
after purification (Section 4.3.2) [52, 169]. By attaching various solubilizing groups to
the CNTs, covalently or noncovalently, it is possible to overcome the van der Waals
forces and exfoliate individual tubes from CNT bundles. This is highly related to the
exfoliation of graphene from graphite, only that the forces to overcome are larger in
graphite and the tendency to reaggregate in a disordered fashion higher. True solutions
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of graphene or RGO are generally of very low concentration, but fortunately, graphene
and RGOs can be dispersed in toluene and o-dichlorobenzene, as well as in amide
solvents such as NMP or DMF (Section 4.4.3). In addition, for these materials, func-
tionalization increases the solubility.

4.5.3 Reactivity

Graphene and derivatives thereof, including CNTs, chemically belong to the diverse
group of polycyclic aromatic hydrocarbons, in which naphthalene, anthracene, and
benzpyrenes are the smallest planar members. The chemical properties of a series of
progressively larger aromatic hydrocarbon compounds are similar, but due to the sig-
nificantly higher bulk :edge ratio, graphene reactivity per carbon is considerably lower
than for the smaller planar members of the group. The edges are reactive toward elec-
trophiles and toward oxidation, whereas the bulk, if composed of a perfectly planar
hexagonal lattice, is practically nonreactive. Most graphene, however, contains lattice
defects [152]. All deviations from perfect graphene such as vacancies, pentagon-
heptagon pairs (Stone-Wales defects), or 5-7 seams in grain boundaries between
armchair and zigzag areas constitute regions of increased chemical reactivity. This is
also true for CNTs [50].

Wrinkles and folds in graphene sheets, with local curvature resembling that of CNTs
and fullerenes, are also regions with a substantially higher chemical reactivity and thus
serve as initiation points for covalent functionalization reactions that may modify local
as well as bulk properties [170, 171]. The reactivity of graphene, however, is much lower
than for CNTs and fullerenes. Fullerenes are permanently curved in two dimensions,
and the “cylinder” part of a perfect CNT is curved in one. Neither fullerenes nor CNTs
are hence, by the strict definition, aromatic. The 6—r angle for a carbon atom in Cg,
is 101.6°, closer to the sp® tetrahedral 6-c angle of 109° than to the 90° of a sp® arene
system, and Cg reacts as an electron-poor polyolefin rather than a fully conjugated
superarene [172]. The reactivity of fullerenes toward electrophiles, enophiles, and
dienophiles is driven by release of strain energy [173], and all 30 double bonds, posi-
tioned at the junctions between the six-membered rings, are of equal reactivity.

The cylinder part of a perfect CNT is curved in one direction only, which leads to
a less distorted © system and a lower reactivity at the sidewalls than at half-fullerene
endcaps. The extent of pyramidalization depends on the diameter of the tube; CNTs
with smaller diameters (smaller curvature radius) are generally more reactive. The
pyramidalization is not identical in all directions: the strain parallel to the tube axis is
lower than in any direction between parallel and perpendicular, and the CC bonds of
an arbitrary “benzene” unit will possess nonidentical reactivity. Moreover, the local
curvature radius is higher for bonds in a zigzag than for bonds in armchair CNTs [174].
This explains to some extent the observed chirality-dependent reactivity differences,
with near-zigzag tubes being considerably less susceptible to oxidative degradation
than near-armchair ones of the same diameter [175-177].

The reactivity of CNTs also depends on whether the tube (or tube area) is “metallic”
or “semiconducting.” Metallic tubes are more reactive toward oxidation [178] than
semiconducting tubes of the same diameter. Using solid-state terminology, a zero
bandgap means that there is no energy difference between the valence band and con-
duction band, and hence, the electron density at the Fermi level (the boundary between
occupied and unoccupied levels) is higher than for a material with a bandgap. The
valence and conduction band of a material is analogous to the HOMO and LUMO
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of a molecule; a low-lying HOMO is generally less reactive than a HOMO higher in
energy.

The reactivity differences can also be rationalized using the concept of aromaticity
and antiaromaticity. Treating the virtual transformation of a graphene sheet into an
SWCNT cylinder as an electrocyclic reaction, “metallic” tubes are analogous to antiaro-
matic [4n] annulenes, whereas the “semiconducting” tubes are analogous to aromatic
[4n+2] annulenes, where lower reactivity is to be expected [15]. Although the “bandgap”
is of importance for the reactivity, curvature effects are even more important; graphene
has zero bandgap (as has a metallic CNT), but since addition at the interior of a planar
sheet would induce pyramidalization strain and curvature, it is highly unfavorable and
hence requires very much more forceful conditions than the corresponding transforma-
tion of a CNT, where the reaction instead releases strain.

4.5.4 The Functionalization Toolbox

The CNT functionalization area is well established [6, 179-182], and the younger
graphene/RGO area is in rapid development [183, 184]. The transformations gen-
eralized in Figure 4.12 and exemplified in the next two paragraphs are chosen to
illustrate the most common and versatile groups of reactions employed on CNTs and
graphene.

Primary functionalization can be oxidative, reductive, or with no overall change
of oxidation state of the carbon atoms. The reagents target areas of high reactivity
such as endcaps, bends, wrinkles, edges, or other imperfections. Noncovalent adsorp-
tion of molecules to the m systems of CNTs, graphene, or RGO is another primary

non-covalent

oxidation supramolecular

esterification

arylation cycloaddition

amidation
cycloaddition

supramolecular

Figure 4.12. Some of the major primary and secondary functionalization options for carbon
nanotubes and graphene.
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Figure 4.13. Oxidative primary treatment with aq HNOj; gives open-ended CNTs with -COOH
units possible to convert to ester or amides in a secondary functionalization step. CNT-COOH is
not soluble in nonpolar organic solvents, whereas CNT amides and esters with long-chain
substituents (>10C) can be soluble in, for example, toluene. See color insert.

functionalization strategy that does not cause permanent changes. Primary functional-
izations that introduce reactive functional groups allow for secondary functionaliza-
tions, a linear approach to molecularly engineered CNTs and graphenes.

4.6 FUNCTIONALIZATION OF CARBON NANOTUBES

4.6.1 Defect-Group Generation and Functionalization

Most of the protocols for postsynthesis purification (Section 4.3.2) introduce carbonyl,
hydroxyl, and carboxyl functional groups at ends and bends (Figure 4.6). Secondary
functionalization of these groups is an important route to achieve soluble CNTs without
further introduction of sp® sites (Figure 4.13). Amide formation by treatment of CNT-
COOH with SOCI, [185, 186] or dicyclohexylcarbodiimide [187], followed by an excess
of octadecyl amine to give SWCNT amides soluble in nonpolar solvents, was intro-
duced by the group of Haddon et al. in the late 1990s. Using amines with polyethylene
glycol chains, Sun et al. prepared individualized CNTs with solubility high enough for
solution-phase NMR characterization in CS, [188, 189], whereas PEG chains induce
dispersability in water as well [190]. In a systematic comparison of published protocols
for amidation via an SWCNT-acid chloride or direct amidation of CNT-COOH using
peptide coupling agents, the acid chloride route was the only one that resulted in amide
formation [167]. Esterification can be achieved not only by the same general acyl sub-
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stitution routes, but also by alkylation of CNT-COO" in a two-phase system [191], a
route that, in addition to the one via the SWCNT-acyl chloride, is robust and high-
yielding [167].

Octadecyl-esterified MWCNTs prepared by the alkylation method were found to
be very soluble in toluene, and dip-deposition on a patterned Si-SiO, substrate resulted
in a selective deposition of individual MWCNTs at the nonpolar Si areas, leaving the
more polar SiO, patches essentially bare [192]. Using bifunctional functionalization
components, such as aminoalkylmercaptane [193] or iodoarene-tagged carbohydrate
derivatives [194], solubility as well as additional function, affinity to gold surfaces, and
high-resolution TEM “visibility,” respectively, are introduced in only one synthetic
transformation.

4.6.2 Sidewall Alkylation and Arylation

With the use of radicals in situ generated from alkyl iodines by treatment with benzoyl
peroxide [195] or directly from benzoyl or lauryl peroxide [196], highly alkylated
SWCNTs with excellent solubility in organic solvents can be obtained. By treating
CNTs at Birch reduction conditions (alkali metal in liquid ammonia) and subsequently
adding an organic halide to the reduced CNTs, the organic component becomes grafted
to the CNT [197, 198]. The reductive route has some functional group tolerance; for
example, quenching with a carboxyl-substituted primary alkyl bromine gave a CNT-R-
COOH material that in a later step was transformed to a polyethylene glycol amide
with excellent water solubility [199]. “CNT-COOH” is thus accessible from both oxida-
tive and reductive treatments.

Pioneered by Tour et al., aryl diazonium salts have been used for preparation of
arylated CNTs [200-202]. The treatment results in very soluble CNTs [203], which are
possible to fractionate by silica gel chromatography [67]. The functional group toler-
ance of the process is excellent, which sets the stage for interesting secondary function-
alizations. One example is the study by Strano et al. in which layered amide-cross-linked
SWCNT membrane structures (Figure 4.14) were obtained from reacting SWCNT-
[ArCOOH], with diamines of varying flexibility and interamine distance. The porosity
of the membrane depends on the diamine used [204].

With 4-(prop-2-ynoxy)aniline as diazonium salt precursor, Andronov et al. obtained
CNTs with terminal alkynyl groups that were subsequently coupled to azide-terminated
polystyrene via a copper-catalyzed [3+2] Huisgen cycloaddition [205]. Giambastiani
et al., aiming for the same secondary functionalization reaction, instead started from
4-azideaniline. The resulting SWCNT-[Ar-Njs], was successfully coupled to a range of
functional alkynes in a convergent modular fashion (Figure 4.15) [206].

4.6.3 Cycloadditions

Among the cycloaddition reactions initially developed for functionalization of Cg, [207,
208], a few have been translated to CNT systems, and of these, the [3+2] cycloaddition
using an azomethine ylide, also called the Prato reaction, is the dominant one (Figure
4.16) [209]. The azomethine ylide is formed in situ from the reaction between an alde-
hyde or ketone and an (alpha) amino acid. The highly versatile reaction theoretically
allows up to 5 R groups to be introduced in a one-pot transformation, but 3 R units,
not counting H as an R group, are likely a practical limit due to the accessibility
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Figure 4.14. Synthesis of diamine-cross-linked SWNT frameworks [204]. (a) Schematic
representation of pore size control by linker approach through covalent layer-by-layer assembly.
(b) Alternate depositions of CxP-SWNT and diamine linkers on an amine-functionalized substrate.
CxP-SWNT was prepared by diazonium-assisted functionalization and further activated by a
uranium-based peptide coupling reagent (HATU). The linker molecules are EDA, BNZ, ODA,
and TED. Source: [204]. Reproduced with permission of the American Chemical Society.

and reactivity of the components [210]. In contrast to the stepwise nature of defect
group functionalization or functionalizations starting from alkylated or arylated CNTs,
strategies using azomethine ylides can be highly convergent. The desired function can
reside in the aldehyde or the amino acid component, the main restriction being com-
patibility with the ylide-formation step.

The reactions with CNTs, compared with those with the much more soluble fuller-
enes, are very slow. Using CNTs made soluble by esterification prior to the cycloaddi-
tion step increased the efficiency of the cycloadditon step, in reaction heated both by
conventional means and by microwaves. The latter heating method was more than 50
times faster, with even sidewall distribution of added pyrrolidine groups both at high
and low degree of functionalization [211].
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Figure 4.16. Pyrrolidine formation by [3+2] cycloaddition of and in situ-formed azomethine ylide
to a reactive C=C of a CNT or graphene allows for facile one-pot introduction of three R
functional substituents. Use of a 2,2-disubstituted N-substituted amino acid and a ketone could
introduce five units.
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Cyclopentenones can be formed by reaction between CNTs and zwitterionic addi-
tion products of 4-dimethylaminopyridine (DMAP) and disubstituted acetylenedicar-
boxylates (Figure 4.17). Quenching of the reactive pyridinium unit with alcohols
gives enol ethers, with the R chain introduced in the last step at the tip of the five-
membered ring. In a study toward selective CNT sensors, Wang and Swager utilized
the two-step one-pot protocol for preparation of a set of MWCNTs carrying a wide
range of units [212].

4.6.4 Noncovalent Functionalization

All covalent additions to CNTs transform the near-sp> hybridized carbons to sp?, which
affects the electronic and mechanical properties of the material. For applications where
an sp lattice as intact as possible is desired, linking of the active components, including
those that induce solubility, should instead be by noncovalent strategies such as salt
formation between a suitable amine and acidic units introduced in oxidative purifica-
tion [167] or, more common for introduction of “additional function,” by noncovalent
n—7 stacking interactions. The latter functionalization strategy, even more convergent
than the covalent cycloadditions, has been reviewed by Herranz and Martin [213]. The
component providing the n—m stacking interactions to CNTs is often a pyrene deriva-
tive, and depending on the properties of the derivative, solubility in organic or aqueous
media is induced.

Many groups have reported efficient noncovalent derivatization of SWNTs with
immobilization of small organic molecules as well as polymer biomacromolecules
including enzymes, opening up to sensor applications [214-217]. The functionalization
can be made reversible using ambipolar pyrenes [218] or essentially irreversible by
using pyrenes with a polymer [219] or polymerizable [220] tail (Figure 4.18).

Supramolecular CNT-pyrene assemblies where the electrochemical and photophysi-
cal properties are significantly influenced by the added units have been extensively
studied [221], as have assemblies between CNTs and porphyrins [222], and with tet-
rathiafulvalene derivatives [223]. With two -7 stacking units in a tweezer arrangement,
the interaction with the CNTs becomes even more efficient, and hence, the property
changes induced are more prominent [224, 225].

4.7 FUNCTIONALIZATION OF GRAPHENE

4.7.1 Oxidation and Covalent Secondary Functionalization

Oxidation of graphene flakes will, as with the oxidative treatment of graphite with
oxidants to form GO (Section 4.4.2), introduce oxygen-containing and, to some extent,
thermally labile functional groups—hydroxyl, ether, carboxyl, carbonyl, and so on—at
particularly reactive sites. The more forced the conditions, the more GO-like, that is,
insulating and hydrophilic, the resulting material will become when the interior of the
graphene lattice (the bulk) also becomes oxidized. Aqueous dispersions of oxidized
graphene are brown, orange, or yellow depending on the degree of reaction.

In contrast to the reagent combinations that transform graphite to GO, a hypotheti-
cal structure of which is given in Figure 4.7, ozone treatment of HOPG mainly oxidizes
the edges of the uppermost graphene layer (Figure 4.19). After annealing, the XPS and
XAS analyses indicated complete removal of the functional groups, leaving “perfect
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epoxy resin followed by polymerization forms stable composites. Source: [220]. Reproduced with
permission of the Royal Society of Chemistry.

graphene” [226]. Ozone treatment of nanographenes in solution gives rise to mixtures
of edge-oxidized products that can be separated and analyzed by NMR in solution.
Edges with “cis-diphenylethene” structure react faster with ozonolysis of C—C bonds
than “phenyl” edges [227], which would indicate a higher reactivity for armchair edges
than for zigzag ones.

Treatment with aqueous HCI, a strong acid with net nonoxidizing properties, adds
water to lattice defects with localized C=C sites (both C sp?). The initial H-C-C-OH
(both C sp?), in which formally one carbon has been reduced and one oxidized, may
rearrange with formation of a cyclic ether if the initial addition reaction takes place
atan internal lattice defect [228] or to a carbonyl if at an edge position [229]. Nanosheets
of graphene were found to react with incorporation of oxygen into the carbon
sheet plane [230], and the acid-treated material exhibited a lower resistivity than the
controls [150].

Partially oxidized graphene, as well as activated carbon [231]—essentially belonging
to the graphene group—and GO have been further modified by secondary functional-
ization, where, in particular, reactions targeting carboxyl units (amidation, esterifica-
tion) using conditions highly similar to the corresponding transformations of oxidized
CNTs (Figure 4.13) have been employed. The products are still insulating, but other
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Figure 4.19. Proposed chemical etching of a graphite surface by ozone. (a) untreated HOPG
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Source: [226]. Reproduced with permission of Elsevier.

physical and chemical properties depend on the structure and functionalities of the
esterification or amidation component [79-81, 232-235].

4.7.2 Reduction: Formation of Graphane

When exposed to cold hydrogen plasma, graphene undergoes a reversible transforma-
tion from conductor to insulator [236]. Graphene on SiO,, with only one side exposed
to the reagent, was less reduced than graphene mounted on a holey membrane, where
access to both sides allows the formation of “graphane,” with a relatively larger D:G
ratio than for the partially reduced graphene on SiO, where only one side is available
for the reagent. The graphene Raman signatures were almost completely recovered
after annealing, an observation supporting the general reversibility of the applied
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reduction process. The one-side reactivity and addition pattern may be different for
graphene on substrates other than SiO, [237].

Significant quantities of reduced graphene were prepared by Billups et al. by Birch
reduction of graphite powder. The reaction results in exfoliation of a highly reduced
material with a bandgap of 4 eV. Elemental analysis gave a H:C atomic ratio of 1:1.3.
Solid-state *C NMR analysis confirmed saturated methylene at the edges, but the large
number of different interior environments could not be resolved [238]. In contrast to
the hydrogen plasma treatment, the Birch reduction appears to be nonreversible and
could hence be a useful route to stable graphane.

4.7.3 Additions Using Nonoxidizing Reagents

Grafting of organic units is more easily controlled and hence less damaging to the &
system than the processes giving the highly oxidized GO and the highly reduced
graphane [170]. Use of aryl diazonium routes previously demonstrated for graphite
[239] and CNT functionalizations (Section 4.6.2) have been proven successful also for
graphenes. Hence, arylated graphene derivatives can be obtained from micromechani-
cally cleaved graphene [240], GO [241], and RGO [242-244], as well as from ribbons
derived from oxidative longitudinal opening of MWCNTs [245]. Alternatives to the
diazonium route are the Friedel-Crafts acylation of RGO using 4-aminobenzoic acid,
which introduces arylamine units [246], and radical addition of in situ-generated
Bergman cyclization products to NMP-exfoliated graphene flakes, which produced a
naphtyl-functionalized graphene derivative [247].

Cycloaddition reagents such as aryl azides and azomethine ylides, well established
for convergent functionalization of CNTs, are reactive toward graphene as well. The
structurally versatile reagents result in aziridination [248] (Figure 4.20) and pyrrolidina-
tion [249-251], respectively.

4.7.4 Supramolecular Noncovalent Functionalization

Noncovalent interactions between graphene and smaller molecules are of fundamental
importance for the formation of stable dispersions in a solvent, either via direct
graphene—solvent interactions or via graphene—surfactant + surfactant—solvent interac-
tions. Although solvatization depends on noncovalent interactions, it is normally not
categorized as functionalization. At the other end of the scale are the noncovalent
yet stable assemblies. According to a theoretical study by Kozlov et al. [252], the -7
stacking adsorption interaction between arenes and graphene is stronger than
10 kJ mol™ per carbon atom of the molecule. The material-molecule interaction can,
depending on the structure of the molecule as well as the amount and functional group
identity of defects in the graphene/GO/RGO, also involve dipole—dipole and ionic
interactions.

If the properties of the assembly are significantly different from those of the indi-
vidual components, the functionalization is categorized as being supramolecular, well
established for CNT systems (Section 4.6.4) and demonstrated also for graphene and
RGO on substrates. Both electron-donating and electron-withdrawing arenes such as
quinones and tetrathiafulvalenes [253-256] and larger entities such as porphyrins [257]
and polynucleotides [258] may attach and influence the electronic properties of the
graphene 1 system. The effects are small compared with the often prominent changes
of the electronic properties observed for covalently functionalized graphene.
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Figure 4.20. Aziridination of few-layer graphene exfoliated into o-dichlorobenzene using
perfluorophenylnitrenes. Source: [248]. Reproduced with permission of the American Chemical
Society.

Supramolecular functionalization can be achieved also for graphene suspensions,
which may result in stable suspensions or solutions. An electron-poor carboxycoronene
with characteristic optical properties was employed as a surfactant in a direct exfolia-
tion of graphene into water. The long-term dispersability of the nonpolar graphene in
a polar phase and the differences in absorption and emission indicative of significant
charge-transfer interactions are proof of successful functionalization [116].

Noncovalent functionalization may provide a handle for secondary modifications,
such as formation of composites, as was demonstrated by the group of Dai [259]. A
carboxyperylene was found to adhere to micromechanically exfoliated graphene on a
SiO, substrate, leaving the SiO, largely uncovered. The noncovalently attached mole-
cules provided nucleation sites for atomic layer deposition (ALD) growth of Al,Os,
rendering possible a mild route toward layered graphene-containing composite struc-
tures where the properties of the graphene layer remain intact.

The adsorption outcome depends on the graphene system’s properties. In contrast
to the homogenous distribution of perylenes on exfoliated graphene on SiO,, Pollard
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et al. observed formation of band patterns for perylene derivatives adsorbed onto
as-prepared graphene on a Rh substrate [260].

4.8 FUNCTIONALIZATION OF GRAPHENE AND CARBON NANOTUBES
BY METAL NANOPARTICLES

For the synthetic organic chemist, “Pd/C” has an established place in the stock of
standard reagents, as has other carbon-supported metal catalysts where activated
carbons or graphite powders constitute a large-area support to nanosized clusters of
metal or metal compounds [231]. It is hence not surprising that CNTs and graphenes
can also be “decorated.” Conditions developed for the less well-defined supports,
however, are not straightforwardly translated to and between CNTs and graphenes.

For CNTs, preprocessing influences the outcome of the metal-loading step. A
general observation is that oxidized CNTs carry nucleation sites for in situ formation
of nanoparticles. Examples such as Pt and Pt—Rh clusters on MWCNTs, intended for
fuel cell applications [261,262], and magnetic Fe-Ni alloy particles [263] are abundant.
Quantum dot-decoration of CNTs has been reported as well, for example, CdTe on
acid-ozidized MWCNTs by Banerjee et al. [264] and CdS, Ag,S, and HgS formation on
surfactant-dispersed MWCNTs by Wei et al. [265].

An alternative stepwise covalent convergent approach to this class of hybrids was
taken by Haremza et al. [266] in a study in which preformed CdSe nanoparticles with
terminal alkylamine surface groups were reacted with MWCNT-COCI, a route with
better control of the size distribution of the nanoparticles than the in situ formation
one [264]. Such strategies, employing secondary functionalization to introduce groups
with affinity for preformed nanoparticles or complexes, have been extensively utilized,
either using the functional groups introduced in oxidative purification or direct sidewall
functionalizations such as 1,3-dipolar additions to form pyrrolidines. A covalent molec-
ular approach to a carbon-supported monometallic Rh hydrogenation catalyst was
demonstrated by Lemus-Yegres et al. [267] In contrast to the amide route above,
hydrocarbon chains with suitable metal-coordinating end groups were covalently
bonded to an oxidized carbon material by siloxane bonds. The metal complex was
formed from a precursor complex by ligand exchange. For applications where the
carbon component does not provide suitable attachment functionalities or nucleation
sites, noncovalently adsorbed derivatives of pyrene, perylene, or other small arenes can
serve as interlinkers between the carbon material and the metal component [259]. In
such noncovalent routes to oxides on graphenes, the control over the graphene quality
in the final composite product is much easier to attain than in routes starting from GO
dispersions [183, 184]. However, as is the case for oxidized CNTs, points of attachment
for oxide, sulfide, or selenide precursors are significantly more abundant in GO than
in RGO or graphene; a reduction step subsequent to the “decoration” step is far from
ideal, yet more common than both the noncovalent or overall nonoxidative covalent
[268] pretreatments.

The interaction between thiols and colloidal silver or gold has been of particular
interest. For CNTs, both covalent [211,269, 270] and noncovalent strategies with pyrene
derivatives as interlinkers [271] efficiently bind to metal nanoparticles. Functionaliza-
tion of graphene or RGO with gold nanoparticles appears to be both more straight-
forward and less easy to control. Gold evaporated onto micromechanically cleaved
graphene flakes on Si-SiO, was found to aggregate to nanoparticles evenly distributed
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over the surface, with larger particle sizes at thick flakes than at thinner ones [272]. In
addition, preformed gold nanoparticles were found to adsorb to pristine graphene and
graphites; hence, the assemblies can be formed without the need for any interlinking
molecules or preoxidation [273, 274], which is a major difference from what has been
observed for CNT systems [270].

4.9 APPLICATIONS OF MOLECULARLY ENGINEERED CARBON
NANOTUBES AND GRAPHENES

4.9.1 Introduction

The initial focus in device-oriented CNT and graphene research has been applications
in electronic devices such as transistors, transparent conductors, nanosized sensors, and
photovoltaic systems, further detailed later (Sections 4.9.2-4.9.4). In such applications,
the electronic properties of the sp® systems are important. Lightweight composites [275,
276] are another application area where the level of perfection of the sp? is of impor-
tance; defects such as pentagons, heptagons, and sp*-hybridized carbons alter not only
the electronic but also the mechanical properties [277]. For both groups of applications,
the inherently low solubility (Section 4.5.2) makes effective use of pristine CNTs or
graphene complicated, and hence, functionalization is a primary requirement. The
synthesis, purification, and functionalization options of CNTs and graphene outlined
above can be tuned to add function while inflicting minimal damage to inherent prop-
erties needed in the intended application.

For many biomedical applications, a robust scaffold is of greater importance than a
fully intact sp*conjugated system, and use of moderately oxidized CNTs and GOs
would be preferred over the more conjugated and less polar materials. The functional
groups introduced in the oxidation step increase water solubility by providing sites for
hydrogen bonding. The water solubility can be further enhanced by covalent attach-
ment of polyethyleneglyclol (PEG) chains using esterification [278] or amidation [279]
conditions, whereas the less oxidized regions can be further functionalized using cova-
lent or noncovalent routes. The noncovalent routes are of particular interest for drug
delivery, for example References 17, 90, 280, and 281.

4.9.2 Toward Carbon Nanoelectronics

SWCNTs and graphene are, in theory, perfect candidates for a “next generation” of
light and flexible nanoelectronic devices such as CNT transistors [13, 16, 160, 282].
Purity and homogeneity of the carbon material are factors of fundamental importance;
devices made from as-grown SWCNTs were less efficient than those made from oxi-
datively purified SWCNTs, as demonstrated by Johnston et al. [283].

Wang et al. [284] have explored the homogenization effect of functionalization using
aryl diazonium reagents, reactions in which metallic CNTs are more reactive than
semiconducting ones. Functionalization may thus increase the proportion of semicon-
ducting CNTs. Thin-film transistors (TFTs) with CVD-grown SWCNTs were treated
on-chip with a solution of 4-bromobenzene diazonium tetrafluoroborate. After the
reaction, the Raman D band intensity had increased, as expected from a covalent
functionalization introducing sp’ “defects” in the CNT sidewall. Analysis of individual
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CNTs before and after functionalization revealed that semiconducting tubes were
unaffected by the treatment, whereas the conductance of metallic tubes decreased
significantly upon functionalization. The metallic character was never completely lost,
however.

Inkjet printing is a further step toward scalable manufacturing of CNT or graphene
devices [285]. Similar to the mixtures used for centrifugation-assisted fractionation
(Section 4.3.3), the CNT inks are composite solutions or suspensions of purified CNTs
and a polymer. The move from single-CNT to more robust network devices in combi-
nation with more selective CNT synthesis, improved purifications, and scalable frac-
tionations of noncovalently functionalized CNTs has resulted in demonstrator TFTs
with good carrier mobility and high on/off current ratio, as exemplified by Liu et al.
for a composite of commercial prepurified CNTs and a fluorene-bithiophene copoly-
mer [286]. When the SWCNT-polymer mixture was fractionated by centrifugation prior
to preparation of the TFT, the device performance substantially improved [287]. Use
of SWCNTs purified by a nonoxidative route [55] gave a slight further improvement
[288]. In contrast to the TFTs, requiring semiconducting SWCNTSs, the devices with
graphene or graphene derivatives draw on the conducting properties of graphene (or
RGO).

Utilizing general process knowledge from the CNT area, synthesis methods for
large-area-few-flakes or large-scale-small-flakes, and efficient transfer-deposition
routes, demonstrator devices are already less than a decade after the first graphene
report of sizes and with performances closer to the requirements of components for
consumer products than was the case for any CNT device even after twice the time.
Examples such as the 30-inch transparent electrode prepared from CVD-grown large-
area graphene by Bae et al. [149] or the thin-film RGO-polyvinyldifluoride (PVDF)
loudspeaker prepared by Shin et al. [289] by printing an aqueous GO-containing ink
onto oxygen-plasma treated PVDF substrates, followed by annealing to form a con-
ducting RGO layer (Figure 4.21), are only the beginning.

4.9.3 Sensor Applications of CNT and Graphene Electronics

The interaction between small molecules, typically arenes, and CNTs or graphenes is
the foundation for noncovalent and supramolecular functionalization (Sections 4.6.4
and 4.7.4) and is one of the noncovalent interactions drawn on in the activated carbon
“decolorization” during recrystallization purification of small molecules, as well as in
various carbon-based filter materials for air or water purification [290,291].The adsorp-
tion interaction leads to slight changes in the m system of the CNT, graphene, or RGO
[252, 292], changes that influence the current-voltage characteristics of the devices.
If large enough, the changes can be used to electrochemically detect the presence of
compounds adsorbed to the carbon component. This has been explored for gaseous
analytes: Liu et al. have demonstrated that SWCNT network electrodes exhibit resistiv-
ity changes in the presence of methanol, decane, or trimethyl benzene [293]. Fowler
et al. found that the presence of ammonia, NO,, or dinitrotoluene resulted in changes
of the current-voltage characteristics of RGO films prepared from spin-coated GO
films using anhydrous hydrazine as reducing agent [294].

The electrochemical response of monolayer pristine graphene is not significantly
different from that of thicker flakes [295], hence the number of layers of the graphene
used will thus likely be of less importance than the presence of defects inherent from
the preparation method and of functional groups with affinity for the analytes.
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Figure 4.21. (a) Schematic illustration and (b) photograph of a PVDF-based thin film acoustic
actuator using flexible and transparent graphene electrodes. The P and F mean polarization and
force of the acoustic actuator, respectively. Source: [289]. Reproduced with permission of the
Royal Society of Chemistry. See color insert.

Functionalization that introduces binding sites tailored toward certain classes of
analytes increases sensitivity and selectivity [296]. RGO with adsorbed picket-fence
iron porphyrins was explored by Tu et al. for amperometric detection of chlorite, a
by-product from disinfection of drinking water [257]. Kong et al. used aryl diazonium
precursors to attach cyclodextrin moieties to SWCNTs. The devices prepared from the
functionalized CNTS responded to host—guest interaction between the cyclodextrin
and chlorinated arenes belonging to the group of persistent organic pollutants [297].
CNT scaffolds have also found use as biosensor components [298-303].
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Devices that give not only a general “yes/no” response to the presence of any
analyte but also an indication of the identity will be more useful. Wang and Swager
have constructed array devices from MWCNTSs carrying a range of functionalities
(Figure 4.17). Each functionalized MWCNT may interact with several classes of ana-
lytes but not in the same mode for each class, giving a signature response over the array
that, after statistical treatment of the data, allows identification of the general class to
which an analyte belongs [212].

4.9.4 Photovoltaic Applications

Purified CNTs, as well as graphene derivatives, show promise for use in photovoltaic
applications, both as electron acceptors in bulk heterojunction cells and for trans-
parent electrodes [304, 305]. With an RGO-poly(3,4-ethylenedioxythiophene-poly-
(styrenesulfonate) polymer-heterojunction anode, Valentini et al. obtained an overall
power conversion efficiency of about 0.75% upon excitation with 100 mW cm™? AM
1.5 white light [306], in the same range as the 1% obtained by Wang et al. for hetero-
junction composites consisting of perylene and in situ reduced GO or SWCNTs [307].
Compared with the efficiencies around 5% obtained for bulk heterojunction solar cells
with Cy or Cy derivatives as electron acceptors in combination with a range of donor
compounds [308, 309], the CNT and graphene systems are still inferior, even more if
compared with organic solar cells where efficiencies around 8% have been obtained,
the >10% of dye-sensitized solar cells (DSSC), or the 15% of nanocrystalline silicon
[310].

CNTs and graphene derivatives, in particular GO and RGO, have shown more
promise in transparent electrode setups [311, 312]. For a DSSC system, Zhang et al.
demonstrated that counter electrodes constructed of an ethyl cellulose composite with
acid-oxidized CNTs were only slightly less efficient than the control ones with Pt as
the top layer, and hence would be an alternative to Pt in this application system [313].
Interestingly, counter electrodes with carbon black or RGO were considerably less
efficient than the CNT ones.

With increased control of synthetic procedures, purification, and functionalization,
as well as deposition schemes, the performance of CNTs and, in particular, graphene
derivatives in photovoltaic applications, will improve.
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CHAPTER 5

H-BOND-BASED
NANOSTRUCTURATION
OF SUPRAMOLECULAR
ORGANIC MATERIALS

TOMAS MARANGONI and DAVIDE BONIFAZI

5.1 INTRODUCTION

Nowadays, with the term “nanomaterials,” the scientific community intends a class of
functional materials characterized at least by one dimension below 100 nm [1]. Such
objects can possess a wide variety of shapes, ranging from the more simple spherical
shape, characteristic of nanoparticles and nanovesicles, to more complicated architec-
tures such as helixes or rosettes [2]. The great interest in this kind of molecular system
is mainly centered on the fact that the material properties at the nanoscale can be
substantially different from the bulk analogs [3]. Indeed the electronic [4], pharmaceu-
tical [5], and medicinal [6] properties of many materials have proven to be significantly
enhanced if opportune and reproducible nanostructuration processes are used. For
this purpose, the key concepts proper [7] of supramolecular chemistry [8] have been
revealed to be an extremely promising route for the preparation of nanoaggregates
providing reproducible structural and functional properties. In this context, strong hope
is now deriving from the possibility to control, in a defined way, the assembly of oppor-
tunely functionalized molecules exploiting noncovalent interactions such as H-bonds,
Van der Waals, or electrostatic interactions [9]. Despite the great efforts undertaken
by the scientific community to precisely control soft matter at the macroscopic scale,
the precise control and transmission of the molecular properties at the nanoscale or
microscale level still remain a difficult and partially unresolved task. Among all the
different types of noncovalent interactions, H-bonds have been probably more exhaus-
tively studied and understood. In this context, molecular recognition sites based on
multiple H-bonds are one of the most exploited approaches to prepare organic nano-
structured materials provided with highly controlled geometric and spatial features,
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thanks to the high directionality, selectivity, and reversibility characteristics of such
multiple interactions. To date, the exploitation of H-bonds as a supramolecular tool for
the production of nanostructured materials has led to a wide range of nanostructures
possessing different kinds of geometry and properties [10]. This chapter will focus on
the most significant developments obtained in the field of H-bond-based supramolecu-
lar materials, giving a particular emphasis on the structural relationship between the
molecular characteristics and the final self-organized nanostructures.

5.2 GENERAL PRINCIPLES IN H-BONDED SOFT MATTERS

When the bonds that hold together the monomeric units in a polymeric system
are constituted by highly directional noncovalent interactions, supramolecular poly-
mers are obtained. Although in the last decades a large number of approaches
have been elaborated in order to create complex noncovalent polymeric architectures
[10e,g, 11],it was only after the careful design of supramolecular polymers with multiple
H-bonds that it was possible to obtain systems showing true polymer-like material
properties, both in solution and in the solid state [12]. The great hope revolving
around these nanomaterials lies in the possibility to combine in an easy and facile
way many of the attractive properties of conventional polymers with the reversibility
and dynamicity of the noncovalent bonds. Indeed, many physicochemical properties
of these polymeric materials, such as the degree of polymerization and its chain con-
formations, can be opportunely tuned, modifying the strength of the noncovalent
interactions and thus originating adaptable materials capable of responding to external
stimuli in a way otherwise impossible for conventional covalent polymers [6, 13]. As a
general principle, it is possible to form all the known structures of polymers, such as
linear homo- and copolymers, branched structures, or cross-linked networks, using
directional complementary couples (such as A-B) or self-complementary units (such
as A-A) [10c, 11b, 14]. If a noncovalent association of bifunctional monomers forms
the polymer, the degree of polymerization will be determined by the association con-
stant (K,) of the terminal groups and by the concentration. A strong prerequisite to
producing high-molecular-weight macromolecules is therefore the possibility of using
monomers characterized by high association constants (a K, value higher than 10° M~
is preferable) [11b, 15].

An additional factor influencing the properties of the resulting supramolecular
polymers is the presence of aromatic molecular fragments, which give a planar shape
to the single monomeric units, and therefore the possibility of self-assembly and orga-
nizing along both sides of the molecular plane [16]. Such kinds of interactions, mostly
n—m interactions, result not only in an increase of the K, of the single monomers (and
therefore of the polymerization degree) but also in the formation of much stiff and
rod-like morphologies [10e, 17]. Different from the standard polymerization reactions,
the extent of supramolecular polymerization is directly coupled to thermodynamic
parameters, such as concentration, temperature, and pressure, due to the reversible
nature of the involved interactions. Thus, the major mechanisms through which supra-
molecular polymerization reactions usually undergo are isodesmic [18] and/or coopera-
tive [19]. In the first mechanism, the reversible formation of every single noncovalent
bond is thermodynamically identical, and thus, it is characterized by a single association
constant (K,) for each reversible step of the self-assembly process (Figure 5.1a,c).
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Figure 5.1. Graphic representation of the two principal mechanisms of supramolecular
polymerization: (a) isodesmic supramolecular polymerization and (b) cooperative supramolecular
polymerization (K,: association constant, K,: nucleation constant, K,: elongation constant).
Qualitative energetic diagram of an isodesmic supramolecular polymerization (c) and of the uphill
(d) and downhill (e) cooperative supramolecular polymerization. The abscissa represents the
supramolecular oligomer size (L) and the ordinate measures the free energy AG® in arbitrary
units (nucleation zone is reported in gray, elongation zone with small dots, nucleus size is
considered as two units in (d) and as three units in (e)).

On the other hand, the cooperative mechanism (Figure 5.1b) occurs in two distinct
stages: a first stage known as “nucleation” step, characterized by a linear isodesmic
supramolecular polymerization (described by an association constant K,, describing
the association of each monomer with the so-called polymerization nucleus), and a
second step known as “elongation phase,” in which the addition of the monomers is
governed by a different association constant K, (elongation constant, >K,,). The nucle-
ation step can be further classified in two different categories (Figure 5.1d,e). In the
first, also called “uphill polymerization” (Figure 5.1d), the initial supramolecular
nucleus possesses a Gibbs free energy higher than that of the monomeric units, thus
resulting in an initial thermodynamic instability of the system. In the second (Figure
5.1e), also known as “downhill polymerization,” the supramolecular nucleus has a
Gibbs free energy lower than that of the monomer, therefore leading to a thermody-
namically more stable supramolecular entity. The stability of the nucleus, in comparison
with that of the monomeric units, has been revealed to be highly influenced by the
reference state and by parameters such as the monomer concentration, thus giving rise
to interconversion between the two pathways [10g]. For a more detailed insight into
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the physical principles of the supramolecular polymerization process, the reader is
referred to the reviews and works of De Greef and coworkers [10g, 11b, 20].

Due to their high selectivity, directionality, and reversibility [10g, 15b,c,21], H-bonds
are among the most useful noncovalent interactions to self-assemble and self-organize
organic molecules into nanostructured materials [15b,c, 22]. In general terms, H-bonds
can be defined as noncovalent attractive interactions between a positively charged
hydrogen atom bonded to an electronegative atom (defined as H-bond donor D-H)
and a negatively charged/polarized atom possessing a lone pair of electrons (the
H-bond acceptor A) [21b, 23]. H-bonds can vary in strength from being very weak
(1-2 kJ mol™) to being among the strongest (161.5 kJ mol™) noncovalent intermolecu-
lar interactions [24]. Multiple H-bonds are directional and complementary and can thus
simplify the engineering of specific orientations and interactions between individual
H-bond donor and acceptor moieties. The strength of the supramolecular interactions
deriving from H-bonds depends on a relevant number of factors such as the solvent,
the total number of involved H-bonds, and their spatial disposition into the recognition
site. Indeed, thanks to the cooperativity among the H-bonds present in the array,
strength, selectivity, and specificity can be increased during the molecular recognition
process [25]. As can be intuitively expected, the strength of the interactions arising from
the molecular recognition process between two H-bond arrays can be strictly related
to the (i) strength of the isolated H-bonds and (ii) the number of H-bonds formed
between the two molecular units. While the first of these two factors can be associated
with the basicity and acidity of the H-bond donor and acceptor sites, respectively, for
(ii) it is possible to state as a general principle that the stability of an H-bond-based
complex would be the highest as most of the H-bonds are formed during the molecular
recognition process [15¢, 26]. In any case, even though it is possible to establish a linear
correlation between the number of H-bonds and the free energy association of two
molecules [27], this parameter cannot be taken as the only reference principle for the
correct evaluation of the strength of interactions into a multiple H-bond system.
Indeed, a conspicuous number of secondary effects, such as the geometrical disposition
of the H-bond donor (D) and acceptor (A) functionalities, the presence of intramo-
lecular H-bonds, tautomerization phenomena, and the electronic effect of the substitu-
ent, can play a decisive role in the final strength of the overall interaction. In the seminal
works by Jorgensen, it was shown that in multiple H-bonded arrays, the electrostatic
cross interactions between adjacent polarized atoms forming the donor and acceptor
functionalities of the arrays could induce a “secondary electrostatic interaction,”
responsible for the increase or decrease in the H-bonded complex stability [28]. From
a qualitative point of view, it is clear that the proximity of atoms bearing the same
charge would induce the instauration of repulsive secondary interactions, whereas the
presence of opposite charges on adjacent atoms would lead to secondary attractive
interactions (Figure 5.2a).

Therefore, following this concept,a DAD-ADA array would have a lower stability
in comparison with a DDA-ADA due to the presence of a higher amount of repulsive
secondary interactions (Figure 5.2a,b). Although Jorgensen’s theory gives a qualitative
trend, the calculated energies of the effects (=31 kJ mol™ for the primary interactions,
+10.5 kJ mol™ or —10.5 kJ mol™ for each repulsive or attractive secondary interactions)
were shown to be probably overestimated. In a further refinement using multiple linear
regression analyses, Sartorius and Schneider refined the previous values to —8.0 kJ mol™
for the primary interactions and to 2.9 kJ mol™ for the secondary attractive/repulsive
interactions [29].
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Figure 5.2. Schematic depiction (a) of the relation existing between the number and the disposition
of the donor and acceptor sites in a multiple H-bond array and the stability of the resulting
supramolecular complex. Graphic representation (b) showing the primary and secondary (both
repulsive and attractive) interactions arising from a DDAA-AADD quadruple H-bond array
(Jorgensen model). (¢) Tautomeric equilibrium of the ureido pyrimidinone derivatives influencing
the donor/acceptor disposition and thus the strength of the association.

A further phenomenon able to strongly influence the stability of the H-bond-based
complexes is the tautomerization process that can occur when heteroaromatic systems
are used as molecular recognition units. Indeed, the possibility to have different tauto-
mers of the same recognition system can induce an interchanging equilibrium between
the donor and acceptor functionalities in the array, varying their spatial orientation and
therefore the strength and the specificity of the final interaction. A classical example
of this is constituted by the ureido pyrimidinone (UPy) recognition motif displaying a
three-tautomer equilibrium (Figure 5.2¢), in which each tautomer displays a different
H-bond array: AADD, DADA, and DAAD. This equilibrium ultimately diminishes
the “fidelity” [30] of the H-bond array (defined as the ability of a recognition unit to
produce the desired supramolecular complex over all the possible complexes obtain-
able) [31] and thus the association strength.

Due to the conspicuous number of developed methods toward the preparation
of both linear and cross-linked supramolecular polymers based on H-bond motifs
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[11a, 32], this chapter is structured on the dimensionality of the final organic architec-
ture: the first part is focused on self-assembly/self-organization of molecular units for
the nanostructuration of one-dimensional (1D) assemblies and two-dimensional (2D)
networks, whereas the second section is centered on the discussion of engineering of
discrete systems, such as nanoparticles, nanorings, and toroids. For the sake of com-
pleteness, one should also remember the “crystal-engineering” approach, in which
H-bond interactions are engaged in three-dimensional (3D) crystalline structures [33].
Many examples of crystalline nanostructures based on H-bond molecular recognition
have been developed, such as 2D and 3D networks [34], tapes, or rosettes [35], showing
how slight structural modification of the molecular components can lead to the forma-
tion of different nanoscopic structures. In this respect, H-bonded crystals as prepared
following the crystal-engineering approach, introduced in 1988 by Desiraju as “the
understanding of intermolecular interactions in the context of crystal packing and the
utilization of such understanding in the design of new solids with desired physical and
chemical properties” [36], play an important role in the field of supramolecular materi-
als, and it is therefore perfectly understandable that the concepts proper of this field
are intimately connected to the general principles relative to the supramolecular chem-
istry treated in this chapter. For an extensive overview of the subject, the interested
reader is directed to the extensive review by Desiraju and Zaworotko [37].

5.3 1D H-BONDED NANOSTRUCTURED MATERIALS

The possibility of exploiting single or multiple arrays of H-bond interactions has been
known since the early 1990s, thanks to the pioneering works of Lehn and coworkers,
who synthesized the first supramolecular polymers based on self-assembly between
multiple H-bond recognition sites. In this work, triple H-bonding interactions between
uracil derivative 5.1 and bifunctional diamidopyridine module 5.2 induced the forma-
tion of a supramolecular polymer, which underwent self-organization into fibroid
objects, displaying heliticity as a consequence of the chirality of the single-molecular
components (Figure 5.3a) [38]. This approach based on the molecular recognition
process between diamidopyridine units and imidic systems was further exploited by
Lehn and coworkers to induce the assembly of different building blocks such as cyanu-
ric derivative 5.3 and complementary Hamilton-type receptor 5.4, inducing the forma-
tion of fibers observable through transmission electron microscopy (TEM) analysis
(Figure 5.3b—f) [22e, 39].

Following the work in the last 20 years, two main approaches toward the engineering
of 1D supramolecular nanostructures have been developed, mainly depending on the
spatial orientation of the H-bonded recognition units with respect to the main develop-
ing axis of the supramolecular architectures: (i) nanostructures in which the H-bond
systems are formed along the supramolecular chain (H-bonded main-chain polymers)
and (ii) systems in which the H-bond systems are formed orthogonally to the elonga-
tion axis.

5.3.1 H-Bonded Supramolecular Main-Chain Polymers

To this class belong all the nanostructures in which the H-bond recognition systems
are formed along the supramolecular chain, and the H-bond recognition unit itself
is mainly responsible for the formation of the 1D nanostructure. One of the most
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important steps toward the preparation of main-chain H-bonded supramolecular poly-
mers is the synthesis reported by the groups of Meijer and Sijbesma in 1998, in which
UPy derivatives dimerize through the formation of a supramolecular DDAA-AADD
complex based on four H-bonds, characterized by a dimerization constant exceeding
10° M™" (Figure 5.4b) [15a]. Due to the easy synthesis and high K, values, this discovery
paved the way for the subsequent development of many different types of supramo-
lecular homo- and copolymers based on multiple H-bond interactions. Recently, the
UPy recognition unit has been used for the development of highly luminescent supra-
molecular polymers by the groups of Meijer and Schenning [40]. In this work, three
n-conjugated supramolecular molecular modules 5.5-5.7 (blue, red, and green emitting,
respectively) functionalized at their termini with UPy moieties were synthesized
(Figure 5.4a). Specifically, upon self-assembly of these monomers, a mixed supramo-
lecular copolymer is formed at a certain mixing ratio of the chromophores, leading to
the emission of white light (Figure 5.4c-e). In fact, simultaneous addition of aliquots
of 5.6 and 5.7 into a solution of 5.5 induced the formation of the supramolecular copo-
lymer, which, at the 5.5:5.6:5.7 ratio of 33:8:59, afforded white photoluminescence
(Figure 5.4d). Moreover, a spin-coated orthodichlorobenzene (ODCB) solution ([4.5-
9] x 107 M) of the supramolecular polymer (ratio of 5.5:5.6:5.7 = 10:6:84) gave rise
to a white photoluminescent film, showing the effective processability of such molecu-
lar systems for the preparation of luminescent devices.

Recently, the same recognition system employed by Lehn to prepare linear supra-
molecular assemblies in solution has been also thoroughly investigated on surface in a
joint collaborative network by our group, by means of ultra-high-vacuum scanning
tunneling microscopy (UHV-STM) [41]. After the codeposition of building blocks 5.8
and 5.9 on Ag(111), the formation of wirelike assemblies [5.8-5.9], occurs (Figure 5.5)
as a direct consequence of the instauration of triple H-bonds between complementary
diacetylaminopyridinic moieties 5.8 and uracilic recognition sites 5.9. It was also shown
that the length and the morphology of the resulting linear assemblies could be tuned
by the addition of a third component, anthracenic derivative 5.10, which, acting as a
supramolecular stopper, terminates the elongation of the single supramolecular chains
on the surface (Figure 5.5¢,f).

Another example was developed by Pei and coworkers who synthesized aromatic
hexa-acid 5.11, capable of undergoing nanowire self-assembly, displaying a high solid-
state quantum efficiency (22% ) (Figure 5.6) [42]. In this case, the exploitation of a rigid
tridimensional skeleton as a molecular core dramatically increases the emissive proper-
ties of the resulting nanostructure into the first known example of a luminescent
supramolecular nanowire based on multiple H-bond interactions.

Another category of molecules able to induce the formation of supramolecular
main-chain polymers is constituted by the simple N-unsubstituted perylene diimide
(PDI). The supramolecular polymerization of these compounds in apolar solvents is
mainly driven by the formation of H-bond pairs upon antiparallel arrangements of
their imidic termini and the collateral interdigitation of the resulting chains. Wiirthner
and coworkers recently synthesized a series of highly fluorescent tetraaryloxy-
substituted PDI derivatives, molecules 5.12-5.16 (Figure 5.7a), equipped with different
peripheral chains [43].

By combining different spectroscopic (UV-Vis, circular dichroism [CD], and linear
dichroism [LD] spectroscopies) and microscopic (atomic force microscopy [AFM],
STM) techniques, it was possible to reveal that the self-assembly between PDI units
was occurring through the formation of extended double string cables, each consisting
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of two H-bonded supramolecular polymeric chains of densely packed and strongly
excitonically coupled PDI chromophores, featuring highly fluorescent J-aggregates
(Figure 5.7b—¢). The aggregation stability of the nanostructure and the photoemissive
properties of the J-aggregates have proven to be in strict relation with the structure
of the peripheral alkoxy substituents. Furthermore, concentration-dependent UV-Vis
absorption studies proved the presence of a cooperative nucleation—elongation mecha-
nism responsible for the aggregation of the assemblies in which the PDI core was
functionalized with chiral alkoxy moieties, providing a nucleation equilibrium constant
of K, =13 + 11 L mol™ and an elongation constant of K, = 2.3 + 0.1 x 10° L mol™ in
methylcyclohexane (MCH).

Another important class of compounds is the 1,3,5-benzene trisamide (BTA). This
aromatic module is very well known in the literature due to its ability to induce the
formation of 1D supramolecular polymers both in solution and at the solid state, as a
result of the threefold o-helix-type arrangement of its intermolecular H-bonds [44].
On the basis of UV-Vis and CD spectroscopies, several alkylated BTA derivatives have
proven to self-assemble by means of highly cooperative processes. In this context, the
highest degree of cooperativity was shown by chiral molecular derivatives that were
also able to induce chiral amplifications by means of the known “sergeant-and-soldier”
effect [45]. Depending on the chemical nature of the different functional groups at the
level of the amidic moieties, different types of supramolecular systems can be formed,
such as nanorods [46], nanofibers [47], or liquid crystals [48]. In a recent work, Nolte
and coworkers were able to synthesize triporphyrinoid derivative of BTA 5.18, which
self-assembles in cyclohexane (CHX) at micromolar concentrations into long, chiral
supramolecular polymers, which precipitate as fibers when the solution is drop-cast on
mica surfaces (Figure 5.8) [49].

In contrast, in CHCl;, BTA derivative 5.18 was molecularly dissolved up to a con-
centration of 0.02 mM, and after drop casting on mica surface, no macroscopic precipi-
tation of fibroid material was observed. However, when the CHCI; solution was
subjected to a spinoidal dewetting, an equidistant pattern of 1D columnar assembly
with a diameter comparable to that of the single molecule was formed (Figure 5.8c—e).
Exploiting the same recognition motif, Marcelis and coworkers used BTA derivative
5.17 to organize triphenylene functions into columnar nanostructures, forming hexago-
nal discotic phases possessing the highest charge carrier mobility ever (0.12 cm* V™' s
at 180°C) [50]. Very recently, the tris-amide functionality has been also exploited by
Garcia and Sanchez to study the transfer of chirality in different columnar nanostruc-
tures obtained with oligo(phenylene ethynylene) (OPE) derivatives [51].

For this purpose, two series of OPE derivatives, 5.19-5.22 and 5.23-5.25, bearing
different solubilizing chains have been prepared (Figure 5.9a). The first is composed of
OPE trisamides with a variable number of chiral side chains that self-assemble follow-
ing a cooperative mechanism, whereas the second is constituted by OPEs with a
variable number of ether and amide functional groups. CD spectroscopy of the self-
assembled nanostructures originating from the first series showed that the presence of
only one stereogenic center in the peripheral chains is sufficient to achieve helical
organization with a preferred handedness, whereas in the case of compounds 5.23-5.25,
no helical organization was observed (Figure 5.9b-d). Interestingly, mixing achiral
trisamide 5.19 with chiral bisamide 5.25 generated helical nanostructures with a pre-
ferred handedness in a cooperative fashion in a process involving the transfer of helicity
from 5.19 to 5.25 and the amplification of chirality from 5.25 to 5.19. This is a rare
example in which the molecular chirality is obtained from the formation of host—guest
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complexes between structurally analogous species that, alone, are CD silent. Another
elaborated example of noncovalent nanostructuration took advantage of the crown-
ether-based molecular recognition as developed by Stoddart and coworkers to form
pseudorotaxane structures. The ability of crown ethers to originate H-bond interactions
with ammonium cations has been frequently exploited in literature, with the aim of
constructing supramolecular architectures possessing different geometries and func-
tions [52]. In this context, in a very recent work, Huang and coworkers have prepared
a self-complementary molecular module 5.26 containing a dibenzo-[24]crown-8
(DB24C8) moiety and a bisbenzylammonium (DBA) cation separated by a 15-term
flexible alkylic chain (Figure 5.10a) [53]. Such a module undergoes self-assembly into
linear supramolecular polymers in apolar solvents, further self-organizing into different
kinds of nanomaterials such as rodlike nanofibers or gel (Figure 5.10b-d) as a function
of the used concentration. Moreover, the supramolecular polymer showing reversible
gel-sol phase transitions upon heating and cooling or addition of a base or an acid
(Figure 5.10c) was successfully employed for the selective release of guest molecules
such as rhodamine B.

Exploiting a similar strategy, Gibson and coworkers have developed the first type
of AA-BB supramolecular polymer based on bis(m-phenylene)-32-crown-10-based
cryptands (BMP32C10) and paraquat derivatives. The self-organization of such supra-
molecular polymers leads to the formation of linear nanofibers observable by scanning
electron microscopy (SEM) [54].

5.3.2 Supramolecular Polymers with H-Bonds Perpendicular to the
Elongation Direction

Through an accurate design of the molecular geometry, it is possible that the H-bond
arrays form perpendicularly to the principal growth direction of the nanostructure,
further strengthening side interactions such as the m—n contacts. As a consequence, a
recognition process mediated by the concomitant action of H-bonds and m-interactions
can form highly hierarchized supramolecular materials. Among all the functional
systems able to polymerize through this combined action, p-phenylenevinylene was
revealed to be the most exploited. In an extensive work of Mejier and coworkers,
p-phenylenevinylene derivative 5.27 functionalized at one peripheral position with
ureidotriazine (Figure 5.11a—c) was shown to dimerize via multiple H-bond formation
and subsequently to self-organize via n—r interactions, leading to polymeric structures
[55]. If opportunely functionalized with chiral lateral chains, helical nanofibers with an
approximate diameter of 5 nm showing a preferred handedness could also be formed,
as shown by combined AFM and computational studies [55¢c, 56]. Regrettably, electrical
measurements of nanofibers deposited on Au-Pd electrodes showed considerably low
conductive properties, most probably due to the presence of defects or to the intrinsi-
cally poor conductance of the n—r stacking arrangement [57].

The self-organization of thienylvinylene 5.28 and 5.29 originating supramolecular
nanofibers featuring organic gel (Figure 5.11d,e) has been also studied by Ajayaghosh
and coworkers [58]. The ability of the nanofibers to give charge-transfer phenomena
was studied by means of conducting probe (CP) AFM analysis, revealing a semiconduc-
tor behavior (Figure 5.11 f,g) of these nanostructures, with the highest conductance of
the nanofiber formed by 5.29, which was of approximately 0.93 nS. In another work,
Takeuchi and coworkers reported the organization of phthalydrazide-helicene 5.30 into
trimeric disks, leading to the formation of fibrous assemblies in nonpolar solvents such
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Figure 5.12. Molecular structure (a) of the helicene derivative 5.30. SEM image (b) of the
nanofiber produced by the self-assembly of (M)-5.30. TM-AFM images (c and d) at different
magnifications of the nanofibers deriving from the assembly of (M)-5.30 in toluene. Schematic
representation (e) of the self-assembly process of helicene derivatives 5.30, through H-bond-
mediated trimerization and subsequent n—7 interactions. Source: [59]. Reproduced with permission
of Wiley-VCH Verlag GmbH & Co. KGaA.

as CHCl; and toluene (Figure 5.12) [59]. Moreover, both assemblies derived from
molecules (M)-5.30 and (P)-5.30 showed extraordinary values of circularly polarized
luminescence (Ig,m! =0.035 at the peak maxima), which can be considered as the highest
value ever reported for organic molecules without a hosting matrix.

From these examples, we can thus conclude that self-complementarity between
molecular modules having multiple H-bonded-based recognition sites is an excellent
instrument to preorganize a discrete number of supramolecular oligomers into larger
structures able to polymerize in different supramolecular nanostructures such as helix,
wires, or tubes through n—m stacking interactions. As shown recently by Yagai and
coworkers for the case of melamine-functionalized oligo(phenylene vinylene) (OPV)
molecules 5.31 and 5.32 (Figure 5.13a), passing from a self-complementary to a coas-
sembled supramolecular system, it was possible to tune in a dramatic way the morphol-
ogy and the complexity of the resulting nanostructures (Figure 5.13d,e) [60]. After the
deposition of 5.32 on highly oriented pyrolytic graphite (HOPG), the formation of
fibers with a diameter of 8 nm was observed by means of AFM analysis (Figure 5.13c).
On the other hand, deposition under the same experimental conditions of molecule
5.31 resulted in the formation of an ill-defined nanostructure. Nonetheless, the combi-
nation of 5.31 with cyanuric acid 5.33 induced the formation of ring-shaped nanostruc-
tures (Figure 5.13b), efficiently reconverted into fibrilar nano-objects upon increasing
the concentration of the modules. This transition mainly originates from the formation
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of a different kind of supramolecular oligomer in solution between the melamine func-
tions of 5.31 and the imidic residues of 5.33 (Figure 5.13¢). Depending on the concen-
tration, such supramolecular heterotetramers can generate both rings and fibers,
through n—r stacking interactions.

In a further development, the same recognition units composed by melamine and
5.33 were employed to engineer the organization of functional chromophores such as
PDI derivatives into helical nanostructures. The formation of discotic supramolecular
3:1 complexes in MCH by mixing the melamine derivative 5.34, equipped with two
PDI chromophores, and 5.33 (Figure 5.14) was confirmed by UV-Vis and fluorescence
titration [61].

Microscopic investigations (TEM and AFM) revealed that the complex hierarchi-
cally organized into fibrous columnar assemblies, which resulted in the formations of
gels produced by an evaporation-induced organization process. Wide-area TEM analy-
sis has shown the presence of different types of fibrous entities (Figure 5.14c) classified
as thin fibrils, thin fibers, and thick fibers. CD investigation showed that the helicoidal

*: Chiral Centers

Hydrogen-bonded Left-handed
Complex Helical Column

1p ;n

Figure 5.14. Molecular structure (a) of the melamine derivative 5.34 used by Yagai and coworkers
to organize PDI molecules into helical nanostructure through H-bond interactions. Schematic
representation (b) of the self-assembly process leading to the final nanohelix. SEM image of the
nanofibers, showing the different morphologies of the structures along the condensation axis
(highlighted by the white squares and letters). Source: [61]. Reproduced with permission of
Wiley-VCH Verlag GmbH & Co. KGaA.
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structuration of the columnar stacks is determined by the direction of the rotational
displacement of the H-bonded core, which is commanded by the intercomplex asym-
metric interaction between the internal chiral chains of the primary discotic entity.
In addition, the obtained columnar aggregates have shown a remarkable retention of
chirality upon dilution and in time, maintaining their CD activity up to 2 weeks after
their preparation.

The n—n stacking interactions that usually originate from the organization of the
molecular modules, in which the H-bonding system is orthogonally oriented to an
aromatic moiety, can be efficiently exploited in order to produce ordered 1D nano-
structures characterized by high electrical conductivity. Thus, organic p-n-p junctions
prepared using diaminotriazine (DAT) and PDI have been thoroughly studied by dif-
ferent groups [62]. In the work of Meijer and coworkers, PDI derivative 5.36 was
exploited to form an H-bonded trimer in which the two molecules of OPV 5.35 were
associated at both termini of the PDI modules (Figure 5.15) [63]. After the trimeriza-
tion process, due to the increase in the m-conjugated surface of the supramolecular
complex, the formation of helical columnar stacks, with a diameter of approximately
7 nm, occurred. The resulting nanofibers have proven to serve as an efficient “supra-
molecular wire” for the antiparallel transport of both electrons and holes. The occur-
rence of an electron transfer phenomena within the columnar structure, from the
electron donor OPV to the electron acceptor (PDI), was outlined by time-resolved
transient absorption (TA) spectroscopy, proving in this way the functionality of the
supramolecular system.

5.4 2D H-BONDED NETWORKS

The investigation of the electronic and geometrical properties of molecular materials
bidimensionally arranged on surface can be extremely important for their potential
applications in the field of fabrication of nanoelectronic devices [64]. In this context,
the continuous development of scanning probe microscopy (SPM) in the last decades
has allowed observation and characterization at the molecular level of the geometrical
properties of 2D networks [65]. In particular, among all the SPM techniques, STM has
become the chosen technique for characterizing the formation of mono- and multimo-
lecular layers on different types of conductive surfaces [66]. In these systems, the
process of formation of the first monolayer and its stability is generally ruled by both
intermolecular contacts and molecule—substrate interactions. In this context, intermo-
lecular noncovalent interactions taking place parallel to the substrate can govern the
structural features of the final 2D assembly. Among all the possible strategies, the
incorporation of H-bond motifs in conjugated molecules to induce a controlled self-
assembly process on a surface is one of the most successful approaches due to the high
directionality and reversibility of this type of interaction, which give the possibility of
programming the geometrical and structural features of the resulting network [67].
So far, a conspicuous number of examples, describing the preparation of mono- and
bicomponent 2D networks through the formation of H-bonding interactions, has been
published [66-68]. One of the first examples of bicomponent porous networks charac-
terized by the presence of empty hexagonal pores was reported in 2003 by Beton and
coworkers [69], who described the formation of hexagonal arrays by the codeposition
of the commercially available perylene derivative 5.38 and melamine 5.37 on a Ag(111)-
terminated silicon surface under UHV conditions (Figure 5.16).
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Figure 5.16. Schematic representation of the self-assembly process between 5.37 and 5.38 inducing
the formation of a honeycomb network on the Ag/Si (111) +/3 x /3R30°surface [69].

As revealed by STM images, the two molecular modules organize in such a way
that hexagonal domains are formed. In this system, melamine and perylenetetracar-
boxydimide (PTCDI) module 5.38 undergo triple H-bond recognition, forming the
vertices and the straight edges of the hexagonal domains, respectively.

In a recent work by Linderoth and coworkers, the first example of an extended 2D
architecture formed by H-bond recognition between molecules that exhibit a pro-
nounced 3D structure has been reported [70]. After the deposition of the diaminotri-
azine functionalized (hexaphenyl)benzene derivative 5.39 on a Au(111) surface, the
formation of both linear and long-range-ordered 2D networks was observed by UH V-
STM. The different arrangements originate from the combination of N-H--N bonds
between the DAT functional moieties (Figure 5.17).

The most common approach for the preparation of 2D systems with a controlled
geometry consists of the deposition of molecular modules having a predefined recogni-
tion site able to induce the formation of the self-assembly process. Using a different
approach, Stohr and coworkers exploited a molecular system in which the molecular
recognition sites could be activated in situ, enabling hydrogen-bonding interactions
[71]. The authors reported that by thermal dehydrogenation of 4,9-diaminoperylene-
quinone-3,10-diimine (DPDI) 5.40 on a Cu(111) surface to form derivative 5.41 (Figure
5.18a), the formation of a supramolecular network based on H-bond donor and accep-
tor was observed by UHV-STM analysis (Figure 5.18b). The resulting periodic honey-
comb structure has revealed to be thermally very stable (up to >300°C) as a consequence
of an irreversible chemical transformation and of the combination of intramolecular
H-bonds and strong n-bonding between the organic molecules and metal atoms of the
surface.

Our group has investigated the controlled formation of a bi-component porous
network at the solid-liquid interface formed using 5.37 and bis-uracyl module 5.42 in
1,2,4-trichlorobenzene (TCB) on HOPG surfaces (Figure 5.19a) [72]. The structural
characteristic of melamine, that is, its ability to form three H-bond systems oriented at
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Figure 5.17. Chemical structure of molecular lander 5.39 (a) and its respective space-filling model
(e) (white: hydrogen; blue: nitrogen; and cyano: carbon). STM images of three of the different
bidimensional architectures obtained by the deposition of 5.39 on Au(111) (b—d).The representative
molecular disposition in the supramolecular network is reported below each image (f-h), and the
yellow circles are highlighting the different interactions between the DAT units of different
molecules (marked as A, A’, B, and B’). Source: [70]. Adapted with permission of the American
Chemical Society. See color insert.

120° to each other, directs the assembly of the network forming the resulting honey-
comb structure. The porous network was formed only with low concentration solutions
(=2.0 uM) since at higher concentration (=20 uM) only tightly packed monolayers of
5.42 were formed due to the competitive surface physisorption of the two molecules.
By working at the submonolayer coverage (=2.0 uM), it was possible also to investigate
the formation of discrete polygonal assemblies featuring porous domain at the solid—
liquidinterface. Two different molecular modules were exploited: tetrakis[ethynilpyrene]
derivative 5.43 and diacetylaminopyridine derivative 5.44 bearing complementary
triple H-bond recognition sites (Figure 5.19b-g) [73]. The nucleation of the H-bonded
assemblies was performed in solution and studied at very low concentration (<10 pM).
STM analysis showed the formation of hybrid-polygonal assemblies between 5.43 and
5.44, resulting in the formation of different types of self-assembled cyclic oligomers
characterized by rhomboidal and rectangular shapes, formed as a consequence of the
preprogrammed disposition of the H-bond recognition moieties into the molecular
components. Taking into account the differences in the absorption energy of the single
components and their tendency to minimize the occupied areas, control of the deposi-
tion of two different molecules on a surface can be considered a very difficult task. This
approach, preventing the competitive adsorption between the modules, can be consid-
ered a valuable route to the future engineering of multicomponent nanostructures on
a surface.

A further strategy for the preparation of 2D networks on surfaces exploits the
biomimetic approach [74]. In this context, He and coworkers have used DNA to engi-
neer an infinite 2D porous network able to induce the formation of highly extended
nanostructured arrays with a length of up to 1 mm (Figure 5.20) [75]. The fundamental
unit used for the preparation of the supramolecular network was characterized by a
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Figure 5.18. (a) Schematic representation of the hexagonal assembly formed by the
dehydrogenation of DPDI forming derivative 5.41; (b) STM image of the self-assembled
architecture formed by 5.40 after thermal activation on a Cu(111) surface under UHV conditions.
Source: [71a]. Reproduced with permission of Wiley-VCH Verlag GmbH & Co. KGaA.
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Figure 5.19. Molecular structures (a) of melamine 5.37 and bis-uracyl 5.42 modules and the
formation of the hybrid assembly via hydrogen bonding [72]. Molecular structures of
tetrakis[ethynilpyrene] derivative 5.43 (b) and of diacetylaminopyridine derivative 5.44 (¢). STM
images (c, f, and g) at different magnifications of the supramolecular polygonal assemblies formed
by 5.43 and 5.44 at the HOPG-TCB interface. Model assembly (d) of a hexameric hybrid complex
showing the distance values as estimated by MM2-based computational geometry optimization.
Source: [73]. Adapted with permission of the American Chemical Society.
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Figure 5.20. (a and b) The three-point star motif made up of seven DNA single strands; (c and
d) AFM images of the self-assembly showing the hexagonal porous network on a mica surface.
Source: [75]. Adapted with permission of the American Chemical Society.

three-pointed star shape and was produced by the selective association of seven DNA
single strands. In this case, palindromic sequences were used to ensure that the H-bond
interactions in all directions would have the same strength. After mixing the DNA
strands in the appropriate proportions in a tris-acetic-EDTA-Mg*, the material was
consequently deposited onto a mica surface, and AFM analysis of the surface showed
the formation of an extended, highly ordered, hexagonal 2D crystalline array character-
ized by pore diameters of 29 £ 0.1 nm.

In the recent work of Borguet and coworkers, by STM investigation of tetra-
carboxylporphyrin 5.45 on Au (111) in an acidic medium (HCIO, 0.01 M), the forma-
tion of three different types of ordered 2D arrays was observed as a consequence

of the instauration of multiple intermolecular H-bond interactions between the car-

boxylic moieties (Figure 5.21a) [76]. In these ordered systems, single molecules can be
slowly reduced by tuning the potential of the underlying electrode, showing that the
more negative the potential was, the faster the reduction reaction occurred (Figure
5.21b-e).

These results, along with the possibility of organizing the single electroactive mol-
ecules in a very efficient way, have shed new light on the possibility of exploiting the
new generations of 2D supramolecular networks for the production of high-performance
solar cells or nanoelectronic devices [77].

5.5 H-BOND DISCRETE NANOSTRUCTURES

One of the principal targets in the field of supramolecular nanostructuration of organic
materials consists in the possibility, through a strict control over the self-assembly
process, of governing the relation between the size of the supramolecular object and
the molecular properties. In this context it is important to control the number of mol-
ecules that are associating in order to induce the formation of nanostructures charac-
terized by an extremely precise dimension and, at the same time, a relatively high
monodispersity. In this section recent developments in the preparation of discrete
nanostructures based on H-bond interactions are reviewed. In Section 5.5.1, the forma-
tion of discrete assembly through a templated approach will be discussed, whereas in
Section 5.5.2, the formation of discrete entities by a self-assembly/self-organization
process of low-molecular-weight building blocks will be reviewed.
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Figure 5.21. Molecular structure (a) of tetracarboxylporphyrin derivative 5.45. STM images (b—¢)
relative to the slow reduction dynamic of 5.45 after the potential was stepped from 0.12 to 0.1 V
(¢ =0.01M HCIO,), revealed by the increase in the number of bright spots from b (50), ¢ (80), d
(100), to e (150). Source: [76]. Adapted with permission of the American Chemical Society.
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5.5.1 Templated Supramolecular Systems

One of the most intuitive and effective approaches used for the preparation of supra-
molecular materials featured with a controlled dimension consists in the use of a
template molecule, able to organize in precise fashion a finite number of building
blocks, through the use of noncovalent interactions [17c]. In general, rigid linear mol-
ecules have been used in order to template in a monodisperse manner stacked 1D
nanostructures. In this context Matile and coworkers, exploiting a combination of
H-bonds and aromatic electron donor—acceptor interactions, were able to construct a
supramolecular tubular nanostructure that could be exploited as a synthetic ion
channel, able to be opened in response to a chemical stimulation (Figure 5.22) [78].
Rigid supramolecular templates 5.46 were synthesized incorporating a rigid
p-octyphenyl rod molecule, eight naphthalene diimide (NDI) derivatives functional-
ized with amidic functions, that acting through self-recognition mediated by a complex
combination of H-bonds and n—r interactions induce the formation of a closed p-helix
channel. The addition of an electron-rich dialkylnaphthalene (DAN) derivative 5.47
(Figure 5.22b, left) resulted in its intercalation between the aromatic planes defined by
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Figure 5.22. Schematic representation (a) of oligomeric template 5.46 used for the preparation
of the artificial pores synthesized by Matile and coworkers. (b) Molecular structure of the DAN
derivative 5.47 used (left) and schematic representation of the H-bond and aromatic donor-
acceptor interactions occurring along the pore structure (center and right). Schematic depiction
of the pore structure (c); red tiles represent the DAN units, whereas the green ones represent the
NDI fragments. Axial (d) and top (e) views of the geometry-optimized model of the supramolecular
pore (DANS units are represented in red). Source: [78]. Adapted with permission of the American
Chemical Society. See color insert.



158 H-BOND-BASED NANOSTRUCTURATION OF SUPRAMOLECULAR ORGANIC MATERIALS

the NDI subunits, with a consequent structural change in the supramolecular architec-
ture corresponding to the formation of an open channel. This structural modification,
leading to an external control of the opening of the supramolecular pore, was attributed
to the formation of a charge-transfer process between the NDI and the DAN units,
able to induce the parallel disposition of their aromatic systems and therefore the
opening of the channel.

Sugimoto and coworkers reported the formation of a well-defined ladder-like
complex based on H-bond interactions between an oligomer having secondary dialkyl-
ammonium cations (constituting the rails of the ladder) and a porphyrin difunctional-
ized with 2,6-bis(2-oxazolyl)pyridine (PYBOX) moieties at the 5 and 15 meso positions
(constituting the bars between the rails) [79]. As a further development of this work,
through the introduction of chiral PYBOX moieties on the porphyrin core, the synthe-
sis of bis-PYBOX derivative 5.48 was performed (Figure 5.23a) [80]. After mixing chiral
unit 5.48 with the polycationic oligomer 5.49, the formation of a helical nanostructure
on HOPG surface was observed using AFM microscopy (Figure 5.23b,c).

CD and UV-Vis analyses of the mixture of 5.48 and 5.49 gave a further confirmation
of the helical structure of the templated assembly in solution. Indeed, during titration
experiments, the positive Cotton effect observed by CD in the Soret band of 5.48
was completely reverted, showing a decrease in the intensity (Figure 5.23d). This
result confirmed the formation of helical arrangements as a probable consequence of
the twisted n—m stacked interactions between the single units of 5.48 caused by the
isopropyl groups on the oxazolyl rings. Another valid approach recently used for
the preparation of H-bond-templated nanostructures takes advantage of the biomi-
metic exploitation of oligomeric nucleic acids as linear organic templates. This approach
was demonstrated for the first time by Iwaura et al. [81], who were able to coassemble
thymidine-functionalized OPV molecules using a complementary oligoadenylic eicos-
amer in aqueous solution. AFM analysis, in combination with CD and UV-Vis investi-
gations, confirmed the formation of helical stacked structures. In a series of more recent
works, the preparation of helical stacks formed of chromophoric conjugate molecules
has been also attempted by other groups. Meijer and coworkers demonstrated that a
single strand of DNA is able to template a supramolecular strand of chromophores,
yielding a new type of DNA hybrid (Figure 5.24a,b). In this type of architecture, an
oligothymine unit was used to template via multiple H-bond interactions the stack of
different chromophores, such as naphthalene 5.50 or OPV 5.51, each bearing a DAT
unit as a molecular recognition site [82]. The formation and the stability of the supra-
molecular constructs were monitored by variable-temperature CD and UV-Vis spec-
troscopies, showing that the binding of the chromophores to the ssDNA was completely
reversible and the formation of the helical stack followed a nucleation—growth
mechanism.

As a further development of this work, in 2009, Schenning and coworkers developed
a new type of chromophore able to respond to pH variation [83]. Diamino-purine
derivative 5.52 (Figure 5.24c) was synthesized, and its ability to reversibly associate
with an oligothymine template was investigated in solution by means of CD and
UV-Vis spectroscopies [83]. Also in this case, both techniques confirmed the reversible
association process forming right-handed supramolecular helices between the oligo-
thymine strand and achiral guest 5.52. Remarkably, by changing the pH from 8 to 2,
the CD spectra showed a complete inversion of the Cotton effect proper of the right-
handed helix, highlighting in this way the passage from a right-handed to a left-handed
helix. The pH-dependent chirality inversion was hypothesized to be related to the
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protonation of the N-3 position of the diamino-purine moieties of 5.52 leading to the
formation of 5.53. This phenomenon can be responsible for the change of conformation
of the polyethyleneoxy chains present on the purine fragment that, due to electrostatic
interactions, can induce a conformational rearrangement (Figure 5.24d,e) responsible
for the stabilization of the left-handed helix.

5.5.2 Nontemplated Self-Organized Systems

Focusing on the use of H-bonds as principal noncovalent interactions for the prepara-
tion of discrete nanostructures, the preparation of soft nanoparticles and nanovesicles
deserves particular attention. The work by Reinhoudt and coworkers on melamine
functionalized calix[4]arene represents one of the first key examples of formation of
discrete nano-objects through solely H-bond interactions [84]. Upon mixing three
equivalents of calix[4]arene derivative 5.54 with six equivalents of merocyanine dye
5.55, the formation of an assembly comprising two coplanar chiral rosettes was obtained
(Figure 5.25a), held together by the highly cooperative action of 36 H-bonds. Recently,
Ajayaghosh and coworkers were able also to direct the self-assembly of OPE deriva-
tives into the formation of spherical nanoparticles [85]. For this task, two OPE deriva-
tives 5.56 and 5.57, bearing at their termini hydroxy and methyl groups, respectively,
were synthesized (Figure 5.25b). UV-Vis spectra of a solution of 5.56 in CHCl; showed
a strong m—n* absorption band at 377 nm, which led to redshifted bands at 385 and
419 nm, whereas no considerable differences were noticeable in the case of derivative
5.57. These changes in the absorption spectra of compound 5.56 are attributed to the
formation of J-type aggregates. Tapping mode atomic force microscopy (TM-AFM)
and high-resolution transmission electron microscopy (HR-TEM) investigations of a
decane solution (¢ = 1 x 10 M) of derivative 5.56 showed the formation of highly
monodispersed nanoparticles provided with spherical geometry and a vesicular struc-
ture (Figure 5.25¢-f).

Most remarkably, AFM images at higher concentration (ca. 10° M) showed a pro-
nounced tendency of these vesicles to agglomerate and fuse, ultimately leading to the
formation of a self-supporting gel with a strong blue fluorescence (A, = 443 nm). In
a further development of the same work, the introduction of a chiral center into the
lateral chains of the OPE core led to the selective transformation of the particle
obtained by OPE derivative 5.56 into helical fibers, through a sergeant-soldier-type
mechanism [86].

In a collaborative work with the group of N. Armaroli, our group has recently
developed a novel approach for the preparation of both hollow and filled spherical
nanostructures, through the combination of both H-bond, aromatic-aromatic, and sol-
vophobic interactions [87]. Under temperature and solvent polarity control, supramo-
lecular adducts between two m-conjugated units, bearing complementary H-bonding
groups, can be obtained in solution and further organized into hollow spherical nano-
objects provided with a vesicular structure. In this work, the possibility of changing the
size distribution and shape by changing the stoichiometric ratio of the molecular com-
ponents was proven to be a consequence of the solvophobic/solvophilic interaction
established among the supramolecular species (Figure 5.26). For this task, molecular
modules 5.58 and 5.59 bearing complementary H-bond recognition moieties were
synthesized. Molecule 5.58 consisted of a p-disubstituted central benzene ring bear-
ing at both sides two 2,6-bis(acetylamino)-pyridyl moieties, whereas molecule 5.59
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Figure 5.26. Schematic representation (a) of the self-organization process between molecular
modules 5.58 and 5.59 resulting in the formation of H-bond-based vesicular nanostructures. TEM
(b) and TM-AFM (c) images of a drop-casted solution of molecules 5.58 and 5.59 in 1:2 ratio
(insets: detail on the single nanoparticle). Source: [87]. Adapted with permission of the Royal
Society of Chemistry.

possessed only one H-bond recognition site consisting of a uracil moiety. These molecu-
lar units are known to undergo a self-assembly process through the formation of triple
H-bonding systems with high association constant in apolar solvents (between 10*and
10° M) [88].

The UV-Vis spectrum of the ternary mixture [5.58¢(5.59),] presented the formation
of a new redshifted band, which was not present in the spectra of the isolated com-
pounds, thus potentially ascribed to the formation of n—m aggregates, likely induced
by the formation of the H-bonded trimers [5.58¢(5.59),]. Remarkably, TEM and
AFM analyses of drop-cast solutions of a 1:2 mixture of 5.58 and 5.59 showed the pres-
ence of supramolecular vesicles provided with uniform size distribution (diameter
ranging from 80 to 180 nm). Such results confirm that the self-assembly between 5.58
and 5.59 increases the solute-solvent interactions as a consequence of the change
of the solvophobic 2,6-di(acetylamino)-pyridyl moieties into the more solvophilic
anthracenyl extremity, thermodynamically favoring the formation of the spherical
supramolecular vesicles. Aiming at investigating the influence of the geometry of
the single-molecular components on the morphological features of self-organized
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Figure 5.27. Molecular structures (a) of the different building blocks (5.60-5.63) bearing
complementary H-bonding units. Topographic TM-AFM images (b—d) of the assemblies [5.60],
(b), [5.60-5.61], (c), and [5.60-5.63], (d) on the mica surface, showing the formation of different
type of nanostructures such as nanoparticles, linear, and helicolidal arranged nanofibers,
respectively. Source: [10h]. Reproduced with permission of Wiley-VCH Verlag GmbH & Co.
KGaA.

nanostructures, our group has synthesized a molecular library consisting of different
phenylacetylenic scaffolds equipped with 2,6-di-(acetylamino)-pyridil or uracil moi-
eties (5.60-5.63, Figure 5.27) [10h].

In this context it was clearly demonstrated that depending on the number of
recognition moieties and their spatial disposition, different types of self-assembled
nanostructures could be obtained through a fine tuning of the self-assembling condi-
tions (Figure 5.27). Interestingly, by mixing the previously discussed building block 5.60
with its linear complementary unit 5.61, it was possible to characterize by AFM analysis
the formation of nanowires of length above 400 nm and width of approximately 30 nm.
Upon addition of molecular stopper 5.62, the nanostructured material turned into
nanorods with length between 80 and 200 nm and width between 40 and 60 nm.
In a second set of experiments, the simple exchange of the linear molecule 5.61
with bent-shaped molecule 5.63 led to the formation of self-organized nanofibers.
Detailed morphological investigations showed the presence of humps and lumps on
the surface, most probably originated by the presence of helicoidally organized 1D
nanostructures. In the same work, a novel kind of stimuli-induced nanostructuration
process has been also reported exploiting thermally labile protecting groups. In par-
ticular, fert-butoxycarbonyl (BOC)-protected uracil derivative 5.64 was shown to easily
undergo thermal deprotection at 145°C, thus allowing H-bond formation at room
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temperature [89]. Microscopy studies evidenced that the BOC-protected tetratopic
module 5.64 self-assembles and self-organizes with 5.60 into extended domains of
circular nano-objects upon heating at 145°C. Confirmation of the occurrence of the
self-assembly/self-organization process in solution was obtained by variable tempera-
ture (VT) steady-state UV-Vis absorption and emission measurements, which showed
a progressive decrease in the absorption feature at 480 nm and the concomitant appear-
ance of a new band centered at 505 nm as a direct consequence of the formation of
H-bonded supramolecular assemblies initiated by the thermal cleavage of the BOC
group (Figure 5.28).

The AFM characterization of the nanostructures originating from the self-
organization of [5.64a¢5.60], on surfaces showed the formation of very regular nano-
objects possessing morphologies that resemble that of a crater. The variation of the
geometrical features of such systems was monitored by AFM imaging at different
temperatures, leading to the elaboration of a thermodynamic theoretical model,
showing that the self-organization process is strictly correlated to the solute diffusivity
D,, the solvent kinematic viscosity 1, and the temperature.

Another important challenge in the development of discrete nanostructures is the
preparation of nano-objects characterized by a circular shape such as rings or toroids.
In this context, Ajayaghosh and coworkers have recently reported the hierarchized
assembly of melamine-functionalized OPE derivatives in the presence of cyanuric acid
derivatives, resulting in the formation of luminescent toroid nanostructures [90]. The
bicomponent system formed by OPE-functionalized derivative and 5.65 is able to self-
assemble into discrete H-bond-based rosettes, through which n—n stacking interaction
of the final toroid structure is evolved (Figure 5.29).

Absorption measurements showed that the major driving force leading to the
rosette association was the formation of H-type aggregates induced by the OPE frag-
ments of 5.66. Moreover, molecular modeling simulations showed that the aromatic
planes defined by the OPE moieties were rotated 45° with respect to the H-bond plane,
confirming that an extended association of rosettes in such tilted conformation could
lead to the formation of columnar assemblies provided with a certain degree of curva-
ture, such as in the case of toroidal objects. In a very recent paper, the preparation of
H-bond-based toroidal nanostructures was also achieved by Yagai and coworkers,
through the self-assembly between complementary OPV derivatives opportunely func-
tionalized with barbiturate moieties at one of their termini [91]. Compounds 5.67-5.69
consisted of a barbituric acid H-bonding head group, an OPV rn-conjugated segment,
and a wedge-shaped tridodecyloxybenzyl (TDB) moiety (Figure 5.30a). UV-Vis spectra
of an MCH solution showed a strong hypochromic effect in comparison to the one in
tetrahydrofuran (THF) as a consequence of an associative phenomenon. The authors
hypothesize that the formation of the ring structures was caused by the specific curva-
ture encoded within the n—r stacked columnar nanostructures of the supramolecular
macrocycle formed through H-bonds in dilute conditions.

Most notably, close AFM investigations of spin-coated solutions (¢ = 1 x 10 M)
of 5.68 and 5.69 in MCH on HOPG showed the formation of interlocked structures
made of two nanorings, whereas for the derivative 5.67, interlocked structures were not
observed (Figure 5.30b—d). This can be rationalized, taking in consideration the differ-
ent types of supramolecular macrocycles formed by the different OPV building blocks.
In the case of OPV derivative 5.67, the ring structures resulting from the n—m interac-
tion of the supramolecular macrocycles were too small (average diameter of 25 nm)
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Figure 5.29. Schematic representation (a) of the self-assembly process between melamine-linked
OPE 5.66 and cyanurate 5.65, inducing the formation of toroid nano-objects. TM-AFM image (b)
of an equimolar mixture of 5.66 and 5.65 as spin-coated from decane solution on HOPG (Inset:
image obtained by low-force tapping mode). Source: [90]. Reproduced with permission of Wiley-
VCH Verlag GmbH & Co. KGaA.
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Figure 5.30. Molecular structures (a) of the barbituric derivatives 5.67-5.69 used by Yagai and
coworkers to induce the formation of discrete supramolecular nanorings. TM-AFM images (b-d)
of a spin-coated solution of 5.69 on HOPG surface revealing the formation of interlocked nanoring
structures resembling the formation of catenanes. Schematic representation (e) of the correlation
existing between the molecular structures of 5.67-5.59 and the size of the relative nanorings.
Source: [91]. Reproduced with permission of Wiley-VCH Verlag GmbH & Co. KGaA.

to allow an effective interlocking of the single nanoring, and the resulting nanostruc-
tures were therefore constituted only by isolated circular units (Figure 5.30e).

A further strategy, recently used for the preparation of discrete nanostructures
composed of an extremely restricted number of supramolecular building blocks, con-
sists in the exploitation of surface-based methods. Indeed, the size control of H-bonded
assemblies and the relative positioning of a small number of supramolecular building
blocks can be achieved more easily if the self-assembly process is restricted to only two
dimensions. One of the systems that is most studied so far is the one regarding the
self-association of the DAT OPV derivatives 5.70-5.72 (Figure 5.31a) [92].

All of the derivatives self-organize at the 1-phenyloctane/HOPG interface into
chiral hexameric rosettes as a result of the formation of H-bond pairs between the
DAT moieties (Figure 5.31b,c). Pure enantiomers 5.70 and 5.71 lead to the exclusive
formation of one of the two possible mirror-type arrangements, whereas the achiral
derivative 5.72 resulted in the formation of equal amounts of mirror-image domains.
Using this approach, it is also possible to induce the formation of monolayers consti-
tuted by the heteroassociation of a mixture of different building blocks. In this context,
H-bonded rosettes between OPV derivative 5.74 and N-unsubstituted naphthalene
bisimide (NBI) derivatives 5.73 have been visualized at the HOPG-solvent interface
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by STM measurements [92b]. Despite the disordered nature of the assembly, the forma-
tion of the heterocomplex at the solid-liquid interface was demonstrated using a bias-
dependent imaging technique able to discriminate between the electronic properties
of the single components.

5.6 CONCLUSIONS

In this chapter, the most recent advancements concerning the design and the prepara-
tion of organic nanomaterials through H-bond interactions have been reviewed. In
Section 5.1, the reader was introduced to the fundamental aspects regarding the design
and the preparation of supramolecular materials through H-bond interactions. In this
context, the two main supramolecular polymerization mechanisms (isodesmic and
cooperative) have been discussed, highlighting their basic thermodynamic features.
Subsequently, the principal characteristics of the H-bond-based molecular recognition
process have been discussed, with particular emphasis on the factors that are able to
influence the strength, selectivity, and reversibility of this noncovalent interaction (such
as the number of H bonds, their dispositions along the molecular backbone, and the
presence of tautomerization phenomena). Finally, the use of multiple H-bond systems
for the preparation of supramolecular polymeric materials has been discussed, showing
how through an opportune design of the structural parameters of the single-molecular
modules, and by a strict control of the solvent and temperature conditions, it is possible
to produce organic materials possessing different geometrical structures such as nano-
fibers, 2D organic networks, vesicles, or toroids. The development of all of the H-bond
nanostructured systems reported in this chapter has been possible thanks to the recent
developments in the synthesis and preparation of increasingly more complex and
elaborate building blocks, which introduced the possibility of studying with a higher
degree of detail the self-assembly and self-organization process of the different kinds
of supramolecular polymers.

Although nowadays this approach is still far from being exploited for the commer-
cial production of devices in the “everyday world,” its advantages [93] (high conver-
gence in the nanostructuration protocol, facile formation of the final nanostructures by
simple mixing of the components, possibility of obtaining defect-free architecture due
to the reversible nature of the interactions involved, which can induce the most ther-
modynamically stable phase) outline the necessity of further expanding the knowledge
and technologies required for the preparation of increasingly more sophisticated supra-
molecular nanostructures, which in the near future could be the foundation of leading
technologies in the world.
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CHAPTER 6

MOLECULAR SYSTEMS FOR
SOLAR THERMAL ENERGY STORAGE
AND CONVERSION

KASPER MOTH-POULSEN

6.1 INTRODUCTION

In 2001, the world energy consumption was estimated to be 425 x 10" J, corresponding
to a consumption rate of approximately 13.5 terawatts (TW) [1, 2]. The energy con-
sumption rate is estimated to grow from 13.5 TW in 2001 to about 27 TW in 2050 [1].
The majority (81%) of today’s primary energy production is based on fossil fuels such
as oil, natural gas, and coal, while nuclear (5.8%) and hydropower (2.2%) are much
less important. Other renewable energy sources (wind, photovoltaics,and solar thermal)
add up to 0.7% [3]. Growing energy consumption based on finite amounts of fossil
fuels is not sustainable—first, due to simple availability issues, and second, problems
with pollution might impose irreversible damage to the planet. Development of large-
scale renewable energy technologies is therefore a requirement for the sustainability
of the world society. Hydropower and wind turbines are already implemented on a
large scale, but limitations on their geographical location imply that these technologies
alone cannot produce the needed energy output [4]. Solar energy technologies in the
form of photovoltaics have seen an impressive development during the last decades,
and it is estimated that the cost of solar energy for power production will be able to
compete directly with fossil fuel technologies as early as 2016-2018 [5]. The decreasing
cost of photovoltaics together with government incentives are leading to large-scale
implementation in some countries, for example,3.2% of Germany’s total electric power
production in 2011 [6]. As a larger fraction of the energy production stems from solar
energy, energy storage and load leveling is becoming increasingly important due to
challenges with daily large variations in both solar energy flux and on energy demand
[7-12].

Technologies for storing electrical energy (in the case of photovoltaic energy gen-
eration) or thermal energy (in the case of solar thermal energy generation) have not
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been widely implemented on a large scale due to high cost and/or limited energy
storage time [4, 9, 13]. Relatively low energy density storage, geographic limitations,
and high cost make large-scale pumped hydroelectric storage impractical [4, 9, 14].
Similarly, the high cost and the need to consume other energy sources for stable power
generation limit compressed air energy storage from large-scale applications [4, 9, 14].
Storage of solar energy in the form of energetic chemical bonds is currently being
studied using several approaches, such as photoinduced water splitting [1, 15, 16], CO
reduction [1, 15], CO, reduction [1, 15], and more biologically inspired approaches [15,
17, 18].

In this chapter we will discuss a related, but so far much less explored approach
where photoinduced chemical reaction sequences are used to store large amounts of
heat in molecular materials (closed-cycle storage) [19] and also molecular solar thermal
(MOST) systems [20]. In MOST systems, a photoactive molecule (the parent) is
exposed to photons and is thus photochemically transformed into a high-energy pho-
toisomer, which should ideally have a long lifetime. Using external stimuli such as heat
or catalysis, the energy stored in the photoisomer can then be recovered in a controlled
way along with regeneration of the parent. In the schematic illustration of this concept
in Figure 6.1, the parent A is first activated by a photon to isomerize it to a high-energy
photoisomer B. The difference in energy between the parent and the photoisomer is
given as AH.. The long-term stability of the photoisomer is determined by the
energy barrier for back-conversion E,. Back-conversion to A is achieved either by
thermal activation or catalysis. The MOST strategy attracted considerable attention
several decades ago, but fundamental problems, largely related to molecular design,
proved to be insurmountable at the time [19].

a7

E,
Photoinduced
Isomerization
AH storage
Photon
—> .
A(Parent) B(Photmsomer)
Thermal or
Catalytic

Figure 6.1. General energy profile for a MOST system.
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Figure 6.2. Key requirements and molecular engineering challenges for a MOST system.

Several chemical systems have been proposed as candidates for solar thermal
energy storage, such as stilbenes [21, 22], anthraquinones [23], linked anthracenes [24],
limonene [25], norbornadiene—quadricyclanes (NQ) [26-32], ruthenium fulvalenes
[33-36], and inorganic systems such as dinitrogentetroxide (N,O, to NO,) [37], nitrosyl
chloride (NOCI to NO and Cl,) [38,39], and drying of zeolites [40,41]. The NQ system
has also been incorporated into photoresponsive polymers [42, 43]. Recently, the use
of carbon nanotubes functionalized with azobenzenes has also been proposed as a
material for solar energy storage [44]. The focus of this chapter is on the design of
molecules for MOST, and in keeping with the “molecular” theme of this book, the
scope of the chapter is focused on molecular systems with the exclusion of inorganic
and polymeric systems.

6.2 BASIC ENGINEERING CHALLENGES

A number of requirements need to be fulfilled for a successful MOST system [24, 29,
45, 46], each associated with molecular engineering challenges. In brief, the challenges
fall into four categories (Figure 6.2):

e photochemistry

e energy storage

¢ heat release

e stability and availability.

Each requirement imposes constraints and challenges on the design of the molecular
system, and it is challenging to develop a molecular system satisfying all the require-
ments. The implications of the basic requirements for molecular design are discussed
in the following.

6.2.1 Photochemistry

From a photochemical perspective, the design of molecules for MOST is related to
three parameters: (i) solar spectrum match, (ii) quantum yield, and (iii) spectral overlap
of photoisomers.

Solar spectrum match is a general challenge for all solar light-harvesting technolo-
gies. Figure 6.3 illustrates the solar spectrum energy flux as a function of wavelength
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Figure 6.3. Black, spectral distribution of the intensity for AM 1.5 solar radiation
(direct + circumsolar) (black). Dotted curve shows the percentage of all incident photons below
the absorption onset wavelength.

(AM 1.5, solid line). The dotted line is an integration of total energy flux from 250 nm
to the onset wavelength. As 50% of solar energy is in the 300-700 nm range, a challenge
from a chemical design perspective is to have a system that can absorb as many photons
as possible. In traditional chromophores, redshifted absorption maxima are typically
achieved using molecules with extended m-conjugation or by the introduction of donor—
acceptor systems. In the context of MOST, it is an extra challenge to tailor the absorp-
tion while keeping the molecular weight low [29] and the storage enthalpy AHoge as
high as possible.
The quantum yield, ¢, of a photochemical process is given by Equation 6.1 [47]:

— Neonverted (61)

s

npho[ons

Where Neonyerea 1 the number of converted molecules and 700005 i the number of inci-
dent photons.

In an ideal system, all photons induce an isomerization reaction and ¢ approaches
unity. Depending on the molecular system and the detailed mechanism of isomeriza-
tion, other reaction paths that do not lead to the desired photoisomer might compete
in the process, for example, fluorescence, vibrational relaxation, quenching, and others.

The third requirement with regard to photochemical properties is that the photoi-
somer ideally should have little or no spectral overlap with the parent molecule. The
reason for this requirement is that the MOST system should be able to operate in
highly concentrated and optically dense systems. If there is too much spectral overlap
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between photoisomer and parent, it would not be possible to reach full conversions in
the system due to inner filtering effects. The overall efficiency (ng) of a molecular
system to store solar energy is described in Equation 6.2 [30]:

- J'Ix (M )l
I s 100. 62)

En led A

Here, ng is the efficiency, AHre the storage enthalpy, £, the energy of the absorbed
photons, Ay, is the long wavelength limit of absorption, 7, is the distribution of power
in the solar spectrum, and M, is the fraction of absorbed photons with respect to the
total number of photons in the solar spectrum. For a full evaluation of the efficiency
of a MOST system, additional effects have to be taken into account. For example, the
energy storage density and heat capacities together determine the maximum adiabatic
temperature rise (AT giapaic) ONE can expect from the system.

6.2.2 Energy Storage

Several factors come into play when considering the energy storage capabilities of a
MOST system. The quantity that one seeks to optimize is the maximal adiabatic tem-
perature change (AT,gabaic) achievable, which for a MOST system is described by
Equation 6.3:

msoluAHslm'age

Andiabatic = (63)

Myo1uCsolu T MsolyCsoly

Here, AH g 1s the storage enthalpy of the molecular system (in J/g), m, is the mass
of the active molecular material in the system, and ¢, and ¢,y are the heat capacities
of the involved molecules and solvents. To achieve the best performance, AHrage
should be maximized and the amount of solubilizing solvent minimized; ideally, this
could be a neat system with no solvent at all. Maximizing molar enthalpy alone,
however, is not relevant if it comes at the expense of higher molecular weight. Ideally,
the storage enthalpy should be higher than 300 J/g [30], which exceeds the solar heating
(AT = 50°C) of water (AHyorage = 209 J/g), sand (AHorage = 42 J/g), and salt hydrates
(AHstorage =250 J/g) [30]'

6.2.3 Heat Release

One important aspect of MOST is that the photoisomer should be stable for extended
periods of time. Therefore, there should be a high energetic activation barrier E, for
back-conversion to the parent compound (Figure 6.1). Likewise, it should be possible
to initiate back-conversion and thereby release the stored energy in a fast and efficient
way. The triggered back-reaction can be initiated by heat, or more beneficially, by a
heterogeneous catalyst. A solid-state catalyst is ideal since it simplifies device design
and implementation [29].
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6.2.4 Stability and Availability

Considering the design challenges described earlier, concurrently with long-term stabil-
ity, recyclability (quantitative chemical reactions) and availability also have to be
considered. For practical reasons, a MOST system should be able to operate on a daily
basis for extended periods (e.g., 10 years), meaning that the molecular material should
be robust and able to withstand more than 10° cycles without significant degradation.
Availability is also important, since the target molecules should be synthesized from
cheap and abundant starting materials.

6.3 MOLECULAR SYSTEMS

Several photochemical isomerization reactions and molecular systems have been pro-
posed for MOST. In the following sections, some of these systems are described, with
emphasis on examples where “molecular engineering” has been used to optimize the
molecular properties and where trends in molecular structure—property relations can
be extracted.

6.3.1 Stilbene Systems

The photoisomerization of “stilbene-like” compounds has been considered as a poten-
tial chemical system for solar energy storage [48]. Most stilbene derivatives have
absorptions in the visible range from 300 to 700 nm [21, 22], making them interesting
in the context of this chapter. The basic isomerization of the stilbene C=C double bond
has an enthalpy difference of only a few kilojoule/mole [21, 22], but Mancini and
coworkers [21, 22] have discovered that some stilbene-like molecules possess surpris-
ingly high storage enthalpies in their Z/E conversion. The discovery is based on two
concomitant but opposing effects: the E isomer is stabilized by electronic delocaliza-
tion, whereas the Z form is destabilized due to steric interactions [21]. These results,
in terms of molecular structure and energy storage enthalpy, are summarized in
Figure 6.4. Introducing bulky methyl groups on the benzene ring, which destabilizes
the Z form, results in an increased storage enthalpy when going from unsubstituted
(AH orage = 5 kJ/mol) to tetrasubstituted (AHomge = 55 kJ/mol) phenyl groups (Figure
6.4 and Scheme 6.1). The energy difference between Z and E isomers is further
enhanced by introducing an amino group on the benzene moiety (AH e = 18 kJ/mol)
or a naphthyl group (AHree = 20 kJ/mol). The aminophenyl and naphthyl groups are
thought to stabilize the E forms of the molecules due to extended electronic delocaliza-
tion. This delocalization does not play as big a role in the Z isomers due to their strained
angular geometry [21] (Scheme 6.1). In the most promising case, where both electronic
and steric effects are combined in the same molecular system, an impressive storage
enthalpy of 104 kJ/mol is achieved, which is comparable to the energy of a covalent
chemical bond.

6.3.2 Linked Anthracenes

Anthracene dimerizes by a photoinduced [4 + 4] cycloaddition reaction. The reac-
tion is reversible when the dimer is exposed to heat or irradiated below 300 nm. The
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Figure 6.4. Engineering the storage enthalpy of cis/trans isomerization of “stilbene-like”
molecules [21].

energetics and reversibility of this reaction led to a suggestion that anthracenes could
be used for photon energy storage (Scheme 6.2) [24].

Jones et al. studied the dimerization reaction and measured the quantum yields and
storage enthalpies (AHme) for a number of linked anthracene derivatives (Scheme
6.3) [24]. The unsubstituted anthracene dimerizes with a quantum yield of 0.3 in highly
concentrated solutions, and the system possesses a storage enthalpy of AH e = 65 kJ/
mol. By adding donor and acceptor units to anthracene, the storage enthalpy could be
enhanced to 84 kJ/mol. Jones et al. wanted to develop a system where the quantum
yield was independent of concentration and prepared a number of linked antracene
derivatives (Scheme 6.3). The quantum yield of linked anthracenes was independent
of concentration, and being in the 0.15-0.36 range, it was comparable to the unlinked
system. The storage enthalpy of the linked anthracenes with a methylene bridge
(AHorage = 72 kJ/mol) was higher than for the ethyl-bridged system (AHorage = 61 kJ/
mol), probably due to the formation of a strained three-carbon ring in the photoisomer
of the methylene bridged anthracene. The double bridge “sandwich” compound had
much lower storage enthalpy (AHorg = 35.5 kJ/mol), perhaps owing to destabilization
of the parent compound due to both proximity of the two anthracene units in this
system and the formation of two very strained four-membered rings.



186 MOLECULAR SYSTEMS FOR SOLAR THERMAL ENERGY STORAGE AND CONVERSION

Scheme 6.1. Illustration of the chemical structures and resonance forms that contribute to the
increased storage enthalpy in “stilbene-like” molecules containing the 4-aminodurene moiety [21].

hv Q"
2? -
(>

Scheme 6.2. Light-induced dimerization of anthracene.

6.3.3 Norbornadiene-Quadricyclane System

The photoinduced valence bond isomerization of norbornadiene to quadricyclane,
observed by Dauben and Cargil in 1961 [49] in the unsubstituted system and by Crystol
and Snell for the carboxy-substituted derivative [50], has been extensively studied. The
photoinduced intramolecular [2 + 2] cycloaddition reaction has been found to proceed
both without [49] and with [51, 52] auxiliary photosensitizers (Scheme 6.4) [53].

The unsubstituted NQ system features a low-molecular-weight and high-storage
enthalpy (96 kJ/mol [54]). Also, both norbornadiene and quadricyclane are liquids at
room temperature, which is an advantage from a device implementation perspective.
Challenges associated with the system are lack of robustness, a low quantum yield in
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Scheme 6.3. Quantum yields (®) of the forward reaction and storage enthalpy (AHr,e) for a
number of substituted anthracenes. It should be noted that the photodimerization quantum yield
of unlinked anthracenes is concentration dependent. Values taken from Reference 24.

2 A or catalyst b
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Scheme 6.4. The photoinducered isomerization and back-conversion of the norbornadiene (N)—
quadricyclane (Q) system.

the absence of sensitizers, and that UV photons below 300 nm are needed to convert
the system [55], meaning that virtually no photoconversion of norbornadiene takes
place under natural solar irradiation conditions [26].

The synthesis of substituted norbornadienes is typically achieved via a Diels—Alder
[4 + 2] cycloaddition reactions [29, 31, 42,43, 56] (Scheme 6.5). The key starting materi-
als are derivatives of cyclopentadiene and acetylene.
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Scheme 6.5. Key step in the synthesis of substituted norbornadienes via the Diels—Alder
cycloaddition reaction of a cyclopentadiene with a substituted acetylene. D = donor and
A = acceptor groups.

Improving the photophysical properties via molecular engineering has been
attempted with success using two different strategies: (i) chemical modification of the
system by the introduction of donor and acceptor units [30, 32] and (ii) by the use of
sensitizers and other auxiliary intermolecular energy transfer agents [30, 32]. In some
examples, the sensitizer has been bound to the NQ system via noncovalent interactions
[57, 58]. Notably, both approaches have led to improved quantum yields, and the
absorption spectra of the modified systems show that they are capable of absorbing in
the visible range with onset of absorption above 500 nm [26, 30, 32, 55].

Figure 6.5 summarizes some of the results with donor-acceptor NQ systems
with the chemical structures, quantum yields, and the wavelength for the onset of
photon absorption. Notably, the quantum yield is very high for all these compounds
and is unaffected by solvent polarity [29]. The onset of absorption is redshifted
by the introduction of donors and acceptors with increasing strength: donors
(H<CH;<C¢H;s<CsH,OCHj;) and acceptors (H<<CO,CH;<CN).The findings by Yoshida
[29] corroborates the later results by Nagai, who employed various other donors and
acceptors [31]. The molar storage enthalpy of the donor—acceptor norbornadienes is
not affected much by variations in the substitution pattern [29]. Interestingly, the prom-
ising properties of the donor—acceptor norbornadienes led to early investigations of
the viability of using this system as an energy storage media for house heating [29].

6.3.4 Fulvalene Diruthenium System

(Fulvalene)tetracarbonyldiruthenium photoisomerizes via an unusual chemical rear-
rangement to the corresponding fulvene (Scheme 6.6). The reaction is fully reversible
by thermal heating or by exposure to a catalyst. The storage enthalpy of the reaction
is =87 kJ/mol [34].

The high storage enthalpy and general robustness of the system have led to the
proposed use of these types of compounds for MOST systems [20, 33, 34, 36, 59, 60].
The reaction mechanism of the photoinduced isomerization has been scrutinized using
a combination of computational techniques and experimental observations (time-
resolved IR and X-ray measurements), leading to the proposed photoinduced reaction
sequence shown in Figure 6.6 [60].

First, when a photon hits the parent compound, 1a, excitation leads to rapid metal-
metal bond dissociation and the formation of a syn-singlet state or a syn-triplet state.
The syn-singlet state decays on the =30 ps timescale either by recombination to reform
1a or via intersystem crossing to form the longer lived (=ns) syn-triplet state. The syn-
triplet state proceeds via thermal activation through the crossing point (CP) to form
the anti intermediate B. This intermediate proceeds then via transition state C to form
photoisomer 2a [60].
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Figure 6.5. Engineering the NQ system by introducing donor-acceptor groups. The figure
illustrates the effect of increased donor—acceptor strength on the quantum yield and on the onset
of the absorption wavelength. Ar' denotes a phenyl group and Ar® a p-methoxyphenyl group.
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Scheme 6.6. Photoinduced isomerization of the fulvalenediruthenium system.
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Figure 6.6. Potential energy profiles for the isomerization of (fulvalene)tetracarbonyldiruthenium.
Source: [60]. Reproduced with permission of Wiley-VCH Verlag GmbH & Co. KGaA. See color
insert.

The thermal back-reaction was investigated by Grossman, Vollhardt, and coworkers
[34] both computationally and experimentally. The reaction mechanism follows the
black energy profile on Figure 6.6. Both calculations and kinetic studies showed that a
thermal activation energy of =125 kJ/mol is needed to overcome the activation barrier
(C) in order to generate the parent compound 1a [34].

6.4 ENERGY RELEASE

The photoisomer in a MOST system should be stable over extended periods of
time. Therefore, the activation energy barrier (E,) for heat release back to the parent
compound should be sufficiently high. Meanwhile, for practical applications, it should
be possible to release the stored heat in a fast and efficient way. One option is to heat
the photoisomer to a temperature high enough to ensure thermal activation. From a
device perspective, thermal activation requiring a heating stage might require addi-
tional energy and thus complicate the design. A more favorable concept is to trigger
the heat release via a catalytic reaction [29]. For practical reasons, the catalyst should
be immobilized on a solid support and reused repeatedly [29].
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Figure 6.7. Catalytic reaction rate of conversion from quadricyclane to norbornadiene using a
copper phtalocyanine catalyst on activated carbon. Source: [61]. Reproduced with permission of
the Royal Society of Chemistry.

For the NQ system, catalytic systems based on Rh,(CO),Cl, [26], silver ions [61],
and cobalt porphyrins [62] have been presented. Some of the catalysts have been
immobilized on a solid support and the activity and turnover numbers (TON’s) moni-
tored [61, 62]. Figure 6.7 illustrates the activity of a copper phthalocyanine catalyst on
a solid support as a function of TON. The catalyst is capable of inducing the heat release
reaction at room temperature. The activity of the catalyst drops to half after about 8000
reactions but, interestingly, the activity of the catalyst can be fully recovered by washing
with a solvent.

6.5 STABILITY TESTS

Robustness of the molecular structures and reversibility of the isomerization reactions
through multiple cycles are of paramount importance if MOST systems should be
developed from research lab demonstrations to real-world applications [30, 32]. If the
MOST system is used as load-leveling energy storage system in conjunction with pho-
tovoltaic systems for example, one can assume that the system will be charged and
discharged once every day. Also, for practical reasons, the lifetime should be at least
5-10 years and preferably longer. With this point in mind, the relevant number of cycles
a system should be able to withstand is 2—4 x 10°. In terms of stability tests, the NQ
system is the most widely studied. Decomposition and side reactions have been reported
for some systems, while especially the donor-acceptor norbornadienes (Figure 6.5)
have shown impressive stability with almost no degradation both in solution [56, 63]
and in solid-state polymer matrix [63] (Figure 6.8).
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Figure 6.8. Stability tests of NQ donor-acceptor system (donor: p-methoxyphenyl, acceptor:
cyano) embedded in a polymer matrix or acetonitrile. Source: [63]. Reproduced with permission
of the Chemical Society of Japan.

6.6 CONCLUSIONS AND OUTLOOK

Since the introduction of MOST systems several decades ago, the world has changed
in many ways. The scientific and engineering fields have evolved while the world
demand for and cost of energy has continuously increased. Recently, new concepts have
been proposed [44], which has led to a reappraisal of MOST systems for energy pro-
duction [10, 19].

The design and synthesis of new and improved MOST systems are associated with
the molecular engineering challenges of photochemistry, energy storage, heat release
and stability, and availability, as discussed in Section 6.2. Synthetic chemistry methods
and computational methods as design aids have improved much since most of these
systems were first prepared three to four decades ago. On the device side, the develop-
ment of low temperature thermoelectrics might enable devices that efficiently produce
power from the released heat.

With these points in mind, it is hoped this chapter can be a source of inspiration for
a new generation of scientists working on the molecular engineering of new molecular
systems for solar energy storage and conversion.
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CHAPTER 7

STRATEGIES TO SWITCH
FLUORESCENCE WITH
PHOTOCHROMIC OXAZINES

ERHAN DENIZ, JANET CUSIDO, MASSIMILIANO TOMASULO, MUTLU
BATTAL, IBRAHIM YILDIZ, MARCO PETRIELLA, MARIANO L. BOSSI,
SALVATORE SORTINO, and FRANCISCO M. RAYMO

7.1 FLUORESCENCE IMAGING AT THE NANOSCALE

The introduction of fluorescent labels [1] within a sample of interest offers the oppor-
tunity to reconstruct an image of the specimen in real time with the aid of an optical
microscope [2]. Indeed, the microscope optics can be exploited to illuminate a relatively
small area of the labeled sample at an appropriate wavelength and excite the individual
fluorescent probes. The same optics can then collect the emission of the excited labels
and map their spatial distribution in two dimensions within the illuminated area.
Relying on the sectioning ability of confocal optics [3], the third dimension can also be
explored with the consecutive acquisition of two-dimensional maps offset in the verti-
cal direction. In fact, the fluorescence microscope has become an indispensable analyti-
cal tool in the biomedical laboratory for the investigation of the structural features and
dynamic processes associated with a diversity of biological samples.

The illumination of the sample and the collection of its fluorescence demand the
use of lenses to focus the exciting and emitted radiation [2]. The phenomenon of dif-
fraction [4], however, prevents the focusing of light within volumes of subwavelength
dimensions. As a result, the wavelength of the emitted radiation (as well as that of the
exciting one when confocal optics are employed) ultimately dictates the resolution of
a conventional fluorescence image, rather than the actual dimensions of the emissive
probes. It follows that the acquisition of images with visible light translates into the
inability to distinguish features separated by less than a few hundred nanometers. These
physical dimensions are at least two orders of magnitude larger than those of most
molecules and, therefore, conventional fluorescence microscopes cannot provide struc-
tural information at the molecular level.
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Figure 7.1. Illumination at an activating wavelength (A,.) switches the probes from a nonemissive
to an emissive state (a — b). Irradiation at an exciting wavelength (Ag,) permits the localization
of the emissive species at the single-molecule level (c) and then the bleaching of the localized
probes (d). Reiterative sequences of activation, excitation/localization, and bleaching steps offer
the opportunity to map sequentially the spatial distribution of the photoactivatable probes with
resolution at the nanometer level.

The phenomenon of diffraction is inherent to focusing and cannot be avoided [4].
However, it can be overcome with the aid of single-molecule localization, switchable
probes, and time [5-12]. Indeed, multiple fluorescent labels positioned within the same
subdiffraction volume can be localized one by one with the sequential acquisition of
snapshots, if they are designed to emit individually in turn at different times. This
stringent requirement can be satisfied with labels that switch from a nonemissive state
to an emissive one under illumination at an activating wavelength (A,.) and then fluo-
resce upon irradiation at an exciting wavelength (Ag,). Under these conditions, the
illumination of a labeled sample at A,. can be exploited to activate a relatively small
fraction of probes at a given time (a — b in Figure 7.1). If the population of active
probes is sufficiently small and sparse, then the probability of having more than one
within the same subdiffraction volume is negligible. As a result, the subsequent illumi-
nation at Ag, can be exploited to excite the active species and localize them individually
(b — cin Figure 7.1). If the active probes are sufficiently bright, the spatial coordinates
of each one of them can be identified with nanoscale precision. Further illumination
at A, can then bleach permanently the localized probes (c — d in Figure 7.1). At this
point, the sequence of activation, excitation/localization, and bleaching steps can be
reiterated multiple times until a sufficient number of coordinates is available to compile
a map of the spatial distribution of the labels in two dimensions. In fact, this clever
protocol* [13, 14] to overcome diffraction ultimately culminates with the reconstruc-
tion of a complete image of the sample with resolution at the nanometer level.

7.2 FLUORESCENCE SWITCHING WITH PHOTOCHROMIC COMPOUNDS

Photochromic compounds [15-20] switch reversibly between states with distinct
absorption properties in the visible region under the influence of optical stimulation.
Their photoinduced transformations are accompanied by pronounced stereoelectronic
modifications that can be engineered to control the emission of complementary fluo-
rophores [20-23]. Indeed, fluorescent and photochromic components can be integrated
within the same molecular skeleton or supramolecular construct to generate multicom-
ponent systems with photoswitchable fluorescence. The operating principles to switch

*These operating principles for the reconstruction of fluorescence images with subdiffraction resolution were
originally reported in References 13 and 14.
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Figure 7.2. Illumination at an activating wavelength (A,.) switches the photochromic component,
alters the electronic structure of the adjacent fluorophore, and enables absorption at an exciting
wavelength (Ag,) with concomitant fluorescence.

the emission of these fluorophore—photochrome assemblies are generally designed
around either electron or energy transfer® [24-32]. Specifically, one of the interconvert-
ible states of the photochromic component can be designed to either exchange an
electron with or accept energy from the excited fluorescent component and quench its
emission. Under these conditions, the photochromic transformation alters the quantum
yield of the emissive process and modulates fluorescence.

Mechanisms based on electron and energy transfer control the excitation dynamics
of the emissive component to regulate fluorescence. Alternatively, the photochromic
process can be designed to alter the electronic structure of the fluorescent component
in the ground state. Specifically, illumination at an activating wavelength (A,.) can
induce the photochromic transformation to extend conjugation within the emissive
chromophore and shift bathochromically its main absorption. In turn, the photoin-
duced bathochromic shift can enable the absorption of the fluorescent component at
an exciting wavelength (Ag,) with concomitant fluorescence. Indeed, the interplay of
beams at A,. and Ag, translates into the opportunity to photoactivate fluorescence
(Figure 7.2) with these photochromic systems and permits the reconstruction of fluo-
rescence images with subdiffraction resolution, according to the protocol outlined in
Figure 7.11 [33, 34].

7.3 DESIGN AND SYNTHESIS OF FLUOROPHORE-OXAZINE DYADS

In search of viable structural designs to implement photochromic transformations
with fast switching speeds, we developed a family of photochromic compounds based
on the photoinduced opening and thermal closing of oxazine rings [35]. These mole-
cules fuse a 2H,3H-indole heterocycle to a benzo-2H,3H-oxazine ring in their covalent
skeleton (a in Scheme 7.1). The local excitation of their phenoxy chromophore cleaves
the [C-O] bond at the junction of the two heterocyclic fragments and opens the oxazine
ring on a subnanosecond timescale. The resulting zwitterionic isomer (b in Scheme 7.1)
incorporates anionic and cationic chromophores that can be designed to absorb in the
visible region with the manipulation of their substituents (R', R? and R?). This species

*Mechanisms for fluorescence switching with photochromic compounds are reviewed in Reference 22. Repre-
sentative examples of fluorophore—photochrome dyads operating on the basis of electron and energy transfer
are reported in References 24-32.
1The use of photochromic compounds to reconstruct images with subdiffraction resolution is reviewed in Refer-
ence 22e. Representative examples of subdiffraction images acquired with photochromic fluorescent probes are
reported in References 33 and 34.
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Scheme 7.1. Illumination at an activating wavelength (A,.) opens the oxazine ring of one isomer
(a) to generate a zwitterionic species (b). The photogenerated isomer reverts to the original one
after the spontaneous closing of the oxazine ring.

reverts spontaneously to the original one with first-order kinetics on timescales ranging
from few tens of nanoseconds to several microseconds, depending on the nature of R,
R? and R°.

The photoinduced opening of the oxazine ring of our compounds can be exploited
to activate the emission of an adjacent fluorophore, according to the operating prin-
ciples outlined in Figure 7.2 [36]. Indeed, this structural transformation brings R' in
conjugation with the 3H-indolium cation of the zwitterionic isomer. Therefore, the
electronic structure of an emissive chromophore, introduced at this particular position,
can change with the state of the photochromic component. Specifically, the illumination
at an activating wavelength (A,.) can open the oxazine ring, shift bathochromically
the band associated with the S, — S, transition of R', and enable its absorption at
an exciting wavelength (Ag,). On the basis of these considerations, we designed a
general synthetic strategy to condense a preformed oxazine to formylated fluorophores
and prepared six compounds differing in the nature of R'. In particular, the reaction
of 2,3,3-trimethyl-3H-indole with 2-chloromethyl-4-nitrophenol gives the oxazine
1a (Scheme 7.2) in a yield of 58% [35a, 37]. The subsequent coupling of 1a with com-
mercial or readily accessible aldehydes, under the assistance of trifluoroacetic acid
(TFA), affords the target compounds 2a-7a (Scheme 7.2) in yields ranging from 10%
to 63% [36].

7.4 FLUORESCENCE ACTIVATION WITH FLUOROPHORE-OXAZINE DYADS

The chiral center within the oxazine ring of 2a-7a prevents electronic communication
between the fluorescent and photochromic components of these dyads in the ground
state [36]. As a result, their absorption spectra are essentially the sum of those of their
constituent components. Specifically, the spectra of 2a-5a and 7a in acetonitrile show
bands centered at wavelengths (A4, in Table 7.1) ranging from 288 to 520nm for the
fluorescent appendages and an absorption centered at ca. 310 nm for the 4-nitrophenoxy
chromophore. Illumination in the tail of this band with a pulsed laser, operating at
355nm (A, in Scheme 7.1), opens the oxazine ring of 2a, 3a, and 5a to generate the
corresponding zwitterionic isomers 2b, 3b, and 5b with quantum yields (¢p in Table 7.1)
of 0.08,0.02, and 0.02, respectively. This structural transformation brings the fluorescent
appendage in conjugation with the cationic fragment of 2b, 3b, and Sb and elongates
its absorption wavelength by more than 120nm. Indeed, the spectroscopic signature of
the resulting extended chromophores is essentially equivalent to that of the model
3H-indolium cations 8, 9, and 11 (Figure 7.3). As an example, the absorption spectra
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Scheme 7.2. The fluorophore-photochrome dyads 2a-7a can be prepared in two synthetic steps,
starting from commercial precursors and accessible aldehydes.

TABLE 7.1. Photochemical and Photophysical Parameters of the Ring-Closed Isomers 2a-5a
and 7a, the Ring-Open Species 6b, and Their Models 8-13 in Acetonitrile at 20°C

Aap" (nm) op” Te° (Us) Aap” (nm) Aem" (nm) OF’
2a 288 0.08 0.1 8 412 542 <0.01
3a 299 0.02 0.1 9 431 559 <0.01
4a 362 - - 10 501 630 <0.01
5a 412 0.02 0.2 11 573 645 0.09
6b 548 - - 12 543 565 0.03
7a 520 - 31 13 558 - -

“The absorption (A4,) and emission (Ag,) Wavelengths were estimated from the corresponding spectra.

"The quantum yield (¢p) for the photochromic transformation was determined with a benzophenone
standard.

“The lifetime (tp) of the photogenerated isomer was determined from the temporal absorbance evolutions.
“The fluorescence quantum yield (¢g) was determined with fluorescein and rhodamine B standards.
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13

Figure 7.3. The model compounds 8-13 incorporate essentially the same 3H-indolium
chromophore of the ring-opened isomers 2b—7b.

of an acetonitrile solution of 5a recorded before (a in Figure 7.4) and 30ns after (b in
Figure 7.4) laser illumination clearly reveal the photoinduced bathochromic shift
imposed on the absorption band of the fluorescent component. Furthermore, the
absorption band observed after irradiation (b in Figure 7.4) closely resembles that of
the model compound 11 (c in Figure 7.4).

The photogenerated isomers 2b, 3b, and 5b have lifetimes (tp in Table 7.1) ranging
from 0.1 to 0.2us and eventually revert to the original species 2a, 3a, and 5a with first-
order kinetics. Consistently, the band associated with the extended cationic chromo-
phores of 2b, 3b, and 5b decays monoexponentially. As an example, the absorbance of
5b in the visible region decays within few microseconds from laser illumination (Figure
7.5). In fact, these particular fluorophore—photochrome dyads can be switched between
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Figure 7.4. Absorption spectra of solutions (MeCN, 20°C) of 5a, recorded before ([a] 2.5uM)]

and 30ns after ([b] 10uM) illumination at A, (355nm) with a pulsed laser (6ns, 10mJ), and of 11
([c] 2.5uM).
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Figure 7.5. Evolution of the absorbance at 580 nm for a solution (10 uM, MeCN, 20°C) of 5a upon
illumination at A, (355nm) with a pulsed laser (6ns, 10mJ).

their two interconvertible states on microsecond timescales simply turning on and off
alaser operating at A,.. Furthermore, they tolerate hundreds of switching cycles without
any sign of degradation even in aerated solutions.

In contrast to the behavior of 2a, 3a, and 5a, the fluorophore—photochrome dyads
4a and 7a do not switch to the corresponding zwitterionic isomers 4b and 7b, under
otherwise identical illumination conditions [36b,c]. Rather than the expected ground-
state absorption of their 3H-indolium chromophores, the absorption spectra of 4a and
7a, recorded after illumination with a pulsed laser, reveal transient absorptions in the
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triplet manifold of their fluorescent components. Comparison of the time-resolved
spectrum of 7a with that of an appropriate model demonstrates that the local excitation
of the 4-nitrophenoxy chromophore of the photochromic component encourages the
population of the triplet state of the fluorescent component [36¢]. Thus, the excitation
energy of the former is transferred to the latter, sensitizing the formation of its triplet
state. However, further comparison of the excitation spectrum of 7a with that of a
model fluorophore indicates the lack of any intramolecular energy transfer in the
singlet state. These observations demonstrate that the excited photochromic compo-
nent undergoes intersystem crossing first and then transfers energy to the fluorescent
component in the triplet state, instead of opening its oxazine ring. In fact, the excitation
dynamics of 7a prove unequivocally that the photochemistry of this particular family
of photochromic oxazines evolves along the potential energy surface of their triplet
state.

In the case of the cyanine derivative, the absorption spectrum in acetonitrile shows
bands for the anionic and cationic chromophores of the zwitterionic isomer 6b [36b].
Consistently, the '"H NMR spectrum reveals a single peak for the pair of homotopic
protons on the methylene bridge between the two chromophoric fragments of this
species, rather than an AB system expected for the very same protons in the chiral
ring-closed isomer 6a. Thus, the extended conjugation of the 3H-indolium cation
encourages the preferential population of 6b relative to 6a for this particular
fluorophore—photochrome dyad.

The bathochromic shift associated with the transformation of 2a, 3a, and 5a into 2b,
3b, and 5b, respectively, upon illumination at A,. can be exploited to activate fluores-
cence, according to the operating principles in Figure 7.2 [36a,b]. Specifically, the
simultaneous illumination at A,. and a Ag, positioned within the absorption band of
the photogenerated isomer results in the excitation of its fluorescent appendage with
concomitant fluorescence. Indeed, the emission spectra of acetonitrile solutions of 2a,
3a, and 5a recorded upon irradiation at both A, and Ag, reveal bands essentially identi-
cal to those observed upon illumination of the corresponding models 8, 9, and 11,
respectively at Ag, only. In fact, these particular model compounds incorporate
3H-indolium cations equivalent to those of the zwitterionic isomers 2b, 3b, and 5b and
emit at wavelengths (Ag, in Table 7.1) ranging from 542 to 645 nm. As an example, the
emission spectrum (a in Figure 7.6) recorded upon illumination of an acetonitrile solu-
tion of 5a at A, = 355nm, to open its oxazine ring, and at Ag, = 532nm, to excite the
photogenerated isomer, shows a band that resembles the one (b in Figure 7.6) observed
for the model 11 upon illumination exclusively at Ag,.

The fluorescence quantum yield (¢ in Table 7.1) of the model compounds 8 and 9
is smaller than 0.01, while that of 11 approaches 0.09 [36a,b]. This particular value,
together with a molar extinction coefficient of 83mM™"cm™ at 573 nm, translates into
a brightness of 8mM™cm™. In turn, the relatively large brightness of this extended
3H-indolium cation suggests that the corresponding zwitterionic species Sb is suffi-
ciently bright to be detected at the single-molecule level. Indeed, individual molecules
of 5b, trapped within a poly(methyl methacrylate) (PMMA) matrix, can clearly be
observed in fluorescence images recorded after activation at A,. and excitation at Ag,.
Specifically, the continuous illumination at A,. of a portion of the doped polymer film
switches stochastically individual molecules from the nonemissive state 5a to the emis-
sive state Sb within the irradiated area. The concomitant acquisition of multiple frames
in sequence with irradiation at Ag, offers the opportunity to identify the fluorescent
species photogenerated at different times in distinct positions within the activated area.
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Figure 7.6. Emission spectra of solutions (MeCN, 20°C) of 5a ([a] 10uM), recorded upon
simultaneous illumination at A, (355nm, 10mJ) and Ag, (532nm, 30mJ) with a pulsed laser (6ns),
and of 11 ([b] 2.5uM), recorded upon excitation at Ag, (593nm) only.
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Figure 7.7. Sum of 2000 images (frame time = 10ms) of a PMMA film doped with 5a
(1 x 10°% w/w), recorded upon illumination at A,. (355nm, 10Wcm™) of a circular area with a
radius of ca. 6um and at Ag, (532nm, SkWcm™) of the entire imaging field. See color insert.

The acquired frames can then be summed to map the many species localized within
the activated area in a single image (Figure 7.7).

7.5 DESIGN AND ASSEMBLY OF PHOTOSWITCHABLE NANOPARTICLES

Amphiphilic copolymer 14 (Figure 7.8) incorporates multiple hydrophobic decyl and
hydrophilic oligo(ethylene glycol) chains along a common poly(methacrylate) back-
bone [38]. In aqueous environment, this macromolecule assembles into micellar con-
structs with nanoscaled dimensions capable of trapping hydrophobic guests in their
interior. Furthermore, these nanoparticles can cross the membrane of living cells and
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Figure 7.8. The amphiphilic copolymer 14 forms nanoscaled micellar assemblies in water able to
encapsulate the fluorophore—photochrome dyad 15a in their hydrophobic core.

transport their cargo unaffected into the cytosol. In principle, such supramolecular
strategy for intracellular delivery could be extended to the fluorophore—photochrome
dyad Sa in order to permit the subdiffraction imaging of the intracellular environment,
according to the operating principles outlined in Figure 7.1. On the basis of these
considerations, we assessed the ability of 14 to capture either Sa or its hydrophobic
analog 15a (Figure 7.8) and transfer them into aqueous solutions [39].

The decyl tail of 15a was expected to enhance the hydrophobic character of the
overall fluorophore—photochrome dyad and facilitate its encapsulation within micellar
assemblies of 14 [39]. Nonetheless, both 5a and 15a turned out to be optimal guests for
this particular polymeric host. Indeed, both molecules are virtually insoluble in aqueous
environments, but readily dissolve in neutral phosphate buffer saline (PBS) in the
presence of 14. The absorption spectra of the resulting micellar dispersions are similar
to those of 5a and 15a in acetonitrile. Under both set of conditions, the absorption band
of the coumarin appendage can clearly be observed at ca. 400nm. Upon illumination
of the PBS dispersions at A= 355nm, the oxazine ring of the dyads entrapped within
the micelles opens to generate the corresponding zwitterionic isomers Sb and 15b. As
observed in acetonitrile, this structural transformation is accompanied by the appear-
ance of a band at ca. 600nm for the extended 3H-indolium cation of 5b and 15b. This
transient absorption decays monoexponentially with the spontaneous reisomerization
of b and 15b back to 5a and 15a. Interestingly, the quantum yield for the photoinduced
ring opening of the dyads entrapped within the micelles and the lifetime of the photo-
generated isomers are essentially identical to those measured in acetonitrile (¢0p and Tp
in Table 7.1). Thus, the polymeric host protects the encapsulated guests effectively from
the aqueous phase and provides an environment similar to that experienced by the
dyads in acetonitrile.

The photochemical response of the fluorophore-photochrome dyads Sa and 15a,
entrapped within the micellar assemblies, offers the opportunity to photoactivate fluo-
rescence in aqueous environments [39]. As observed in acetonitrile, simultaneous illu-
mination at A, to open the oxazine ring, and at Ag,, to excite the photogenerated



CONCLUSIONS 207

20 < I

T T T T
0 1 2 3 4 5

Switching steps

Figure 7.9. Relative emission intensity at 650nm of a dispersion (H,O, 25°C) of 14 (2mgmL™)

and 15a (9ugmL™), recorded upon pulsed irradiation at Ag, (532 nm, 6 ns, 30mJ) without and with
simultaneous pulsed illumination at A, (355nm, 6ns, 15mJ).

isomer, results in the appearance of the characteristic band of the extended 3 H-indolium
cation at ca. 650nm in the corresponding emission spectrum. In fact, the fluorescence
of these nanostructured constructs can be switched on and off simply by turning a laser
operating at A, on and off, while illuminating the sample at Ag,. As an example, Figure
7.9 shows the changes in the emission intensity of an aqueous dispersion of 14 and 15a
for nine consecutive switching steps.

The ability to photoactivate the fluorescence of the dyads trapped within the micel-
lar assemblies permits the implementation of the operating principles in Figure 7.1 and
the visualization of these nanoscaled constructs with subdiffraction resolution [36b].
Specifically, micellar assemblies of 14 with 5a in their interior were deposited on a glass
slide and imaged for thousands of consecutive frames under illumination at A,.=355nm,
to open the oxazine ring, and at Ag, = 532 nm, to excite the resulting zwitterionic isomer
5b. The coordinates of the fluorescent species localized at the single-molecule level in

each frame were then combined to produce an image of the specimen with resolution
at the nanometer level. The resulting map (Figure 7.10a) shows objects of nanoscaled
dimensions that cannot otherwise be distinguished in the corresponding diffraction-
limited image (Figure 7.10b). Indeed, the spatial profile (Figure 7.10c) of the emission
intensity reveals that the peak-to-peak separation between two of the three objects in
the field of view is only 110 nm. This value is well below the limit imposed by diffraction
on the resolution of the conventional fluorescence image. Thus, the unique combination
of photochemical and photophysical properties associated with the fluorophore—

photochrome dyads entrapped within the micelles offers the opportunity to overcome
diffraction and resolve structural features at the nanoscale.

7.6 CONCLUSIONS

A photochromic oxazine can be assembled in a single synthetic step from commercial
precursors and condensed to fluorescent aldehydes under acidic conditions. The local
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Figure 7.10. A dispersion of 5a and 14 in neutral PBS was deposited on a glass slide. After the
evaporation of the solvent, the resulting nanoparticles were imaged for 90,000 consecutive frames
(frame time = 10ms) with simultaneous wide-field illumination at A, = 355nm (1 — 100W cm>)
and Ag, = 532nm. The super-resolution image (a), reconstructed from the sum of the acquired
frames, shows individual micellar assemblies that cannot be distinguished in the diffraction-limited
counterpart (b). The profile (c) of the emission intensity, measured along the two brightest
nanoparticles, indicates a peak-to-peak separation of ca. 110nm with an average full width at half
maximum of ca. 30nm. See color insert.

excitation of the photochromic component of the resulting fluorophore—photochrome
dyads opens the oxazine ring to produce a zwitterionic isomer. This structural trans-
formation extends the conjugation of the fluorescent component and shifts its main
absorption band bathochromically. Illumination at a wavelength positioned within this
band excites exclusively the fluorescent component of the photogenerated isomer. As
a result, the emission of such fluorophore—photochrome dyads can be switched under
optical control, relying on the interplay of activating and exciting beams designed to
address the photochromic and fluorescent components, respectively. In the case of a
coumarin derivative, the photogenerated isomer is sufficiently bright to be localized at
the single-molecule level. Furthermore, this particular fluorophore—photochrome dyad
can be encapsulated within micellar assemblies of an amphiphilic copolymer, and the
resulting supramolecular constructs can be operated in aqueous environments. Indeed,
the fluorescence of these nanoparticles can be switched on and off with the photoin-
duced interconversion of the photochromic component. Furthermore, the photoswitch-
able character of these supramolecular constructs offers the opportunity to overcome
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diffraction and reconstruct fluorescence images with resolution at the nanometer level.
Thus, our strategies for fluorescence activation with photochromic oxazines can eventu-
ally lead to the realization of an entire family of photoswitchable fluorophores for the
visualization of biological samples with subdiffraction resolution.
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CHAPTER 8

SUPRAMOLECULAR REDOX
TRANSDUCTION: MACROCYCLIC
RECEPTORS FOR ORGANIC GUESTS

SEBASTIEN GOEB, DAVID CANEVET, and MARC SALLE

8.1 INTRODUCTION

The growth of supramolecular chemistry over the last decades has been materialized
by the production of an extraordinary wide variety of macrocyclic receptors designed
for binding ionic or neutral guests [1, 2]. More and more sophisticated macrocyclic
hosts are prepared, and synthetic routes to their functionalization have been exten-
sively developed. Within this field, specific efforts have been produced to transduce the
host—guest recognition process in a redox event [3, 4], paving the way to various families
of sensors, smart materials, or devices for molecular electronics. Most often, the related
molecular structure is conceptually rather simple, since it essentially associates a
binding subunit (host) and a functional redox probe capable of interacting, directly or
not, with the bound species. Obviously, a critical issue lies on the nature of the com-
munication between both subunits, in order that the binding process efficiently inter-
feres with the electroactive moiety. A broad range of redox-active units can be integrated
in such systems, providing they are oxidized or reduced at readily accessible potentials
and preferably, according to reversible redox processes. Basically, two working modes
can be envisaged for the corresponding redox-active host assemblies, which actually
function either as detectors or as effectors. In the first case (responsive mode), the redox
properties of the probe are modified upon host-guest binding process (output signal).
In this context, the recognition of ionic guests is particularly illustrative. Indeed, due
to electrostatic interactions, the ion binding is accompanied by a perturbation of the
distribution of the charge density on the neighboring redox unit, which results in a
modification of the redox potential (E;,) of the electroactive reporter. Noteworthy,
useful thermodynamic information can be extracted from the magnitude of the elec-
trochemical shift AE,. In particular, the latter can be directly correlated to the host—
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guest binding constants corresponding to each redox state. This shift is described by
the equation AE,, = (RT/nF)In(K,../K,), for which K., and K, correspond to the
association constants in the reduced and oxidized states, respectively. A second working
mode has to be considered for redox-active receptors, and concerns the electrochemical
control over the binding intensity between host and guest units. In this case, the redox
unit is considered to be tantamount to an effector and is used to promote an input
stimulus. Tuning electrochemically, the redox state of the electroactive unit allows for
controlling the association constant between the receptor and the guest, the limit cases
being the trapping and the expulsion of the latter [5]. This redox-switchable working
mode has been explored in conformationally flexible or dynamic systems, such as
interlocked molecules [6]. Finally, it is worth noting that a given redox-active receptor
can function under each of the responsive- and switchable-working modes.
Compared to small ion recognition, binding organic substrates is known to be more
difficult to address from a general viewpoint given (i) their larger sizes, (ii) their higher
surfaces available for interacting with solvent molecules, and sometimes (iii) their
three-dimensional (3D) structures. Therefore, the specific case of responsive receptors
for organic molecules must address another challenging issue, by the additional need
to communicate the binding information to the redox center. At this stage, charged and
neutral organic guests have to be considered separately for two major reasons. In the
former case, as mentioned earlier, ion binding is prone to significantly modify
the electronic distribution of the electroactive unit and the presence of a charge, all
the more when localized, affords a way to recognize a binding site through electrostatic
interactions [7]. Unlike charged species, neutral guests only display partial charges
which result from bond polarization. Consequently, the related binding interactions are
weaker than in ionic complexes, and this makes the design of neutral guest receptors
more delicate. Using a combination of noncovalent forces along the recognition process
is often essential to increase the enthalpic contribution of Gibbs energy, but remains
an intricate issue since these supramolecular interactions may be as well synergistic or
antagonistic. In addition, whatever the charge of the guest, one should have in mind
that organic substrates have larger surface areas than small ions and thus, many solvent
molecules may interact with the host or the guest. Therefore, the choice of the solvent
is even more important in the case of organic guests since solvent molecules can impede
and sometimes prevent the desired binding if the guest-solvent or the host—solvent
interactions are too strong. On the contrary, it is also possible to take advantage of
solvophobic interactions to force the formation of the complex if the guest has a poor
affinity toward solvent molecules. Having in mind that the enthalpic term is usually
limited because of the weakness of the related interactions, a valuable strategy to
get round this issue consists in utilizing preorganized receptors. With macrocycles
endowed with well-defined cavities, the receptor does not have to experience any sig-
nificant conformational change to be able to bind the guest and, consequently, the
binding event is favored from an entropic point of view. Nevertheless, one should not
forget this strategy is a double-edged sword since it makes the receptor more rigid and
thus, more selective toward potential guests. On this ground, a wide variety of receptors
for neutral molecules involving hollows or cavities with an intrinsic curvature prone to
generate a three-dimensional encapsulation of the guest has been reported in the lit-
erature (e.g., cavitands, carcerands, cryptophanes, cucurbiturils, and cyclodextrins
[CDs]). In this context, some redox-active receptors for organic guests undergo a con-
formational change along the recognition process, which results in a modification of
their redox properties (responsive mode). Reciprocally, the binding properties of some
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of them can be electrochemically tuned upon reduction or oxidation [6], either through
a conformational change (case of interlocked molecules) or through an assembly/
disassembly process of the supramolecular complex (redox-switchable mode).

In this chapter, the specific case of macrocyclic redox-responsive reporters for
organic molecules, be they charged or neutral, will be covered through illustra-
tive examples of the recent literature. The recognition of small organic molecules,
possibly chiral, and of macromolecules of biological interest will be successively con-
sidered, with a special emphasis on selected applications. The recognition of redox-
active organic guests by macrocyclic receptors will also be addressed through various
examples.

8.2 REDOX-RECOGNITION/TRANSDUCTION WITH ORGANIC
GUEST MOLECULES

Binding organic molecular guests requires specific interactions [1, 3a,b, 4a,d] which
have to be considered when designing a receptor. Recent trends in the elaboration of
macrocyclic redox-active receptors are proposed through few illustrative and recent
examples of the literature.

8.2.1 Molecular Receptors Incorporating a Redox-active Subunit

8.2.1.1 Based on Tetrathiafulvalene (TTF) Derivatives Tetrathiafulvalene 1
(Figure 8.1) is a well-established fully organic n-donor, originally studied for the electri-
cal solid-state conduction of its corresponding cation-radical salts [8]. This unit has
known a growing interest as a key redox-reporter for a broad range of supramolecular
processes, and many examples of redox-responsive/switchable receptors incorporating
this unit have been described during the last decade [9].

In this context, TTF-calix(4)pyrrole conjugates have focused much attention and
will be discussed in the following chapter. Other TTF-based receptors involving a
rigid prebuilt cavity have been produced, and are therefore of potential interest
to probe the presence of neutral molecules (e.g., CD [10], calix(4)arene [11], or resor-
cinarene [12] derivatives). Nevertheless, these receptors have been mostly studied
for the recognition of inorganic ions rather than neutral organic guests. In this
regard, the case of the so-called extended-tetrathiafulvalene (exTTF) derivatives is
particularly appealing. Such structures incorporate a conjugated analog of the above-
encountered TTF unit, for which both 1,3-dithiolylidene moieties are separated by
an anthracene-based linker (Figure 8.2a). The short 1,6-H,S periplanar distance is
responsible for the butterfly shape of exTTFs, and obviously, the electrochemical

[~
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TTF1
Figure 8.1. Tetrathiafulvalene (TTF).
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Figure 8.2. (a) Chemical structure of exTTF and its optimized geometry (Hyperchem, PM3); (b)
chemical structure of compound 2; (c) cyclovoltammograms of 2 (black), Cy (blue), and 2¢Cy,
(red); chlorobenzene, TBAPF, 0.1 M, 100 mV.s™, V versus Ag/AgNOs. Source: [13a]. Reproduced
with permission of the American Chemical Society. See color insert.

behavior of these compounds is strongly modified related to TTF derivatives. Unlike
TTF and its two successive one-electron oxidations, exTTF displays a single and poorly
electrochemically reversible two-electron process, associated with a direct oxidation
into exTTF** cation. The concave geometry of exTTF, together with its electron-
donating properties, makes it an interesting building block for the recognition of
convex acceptors such as fullerenes. With this in mind, Pérez, Martin and coworkers
have recently developed macrocyclic molecules, which display very high binding con-
stants toward Cgy and C, [13]. They can be distinguished in two families, whether the
exTTF units are part of the macrocycle or are decorating moieties grafted on a mac-
rocyclic structure. With the first family, the authors have found the highest binding
constant reported to date for all-organic hosts of Cg and Cy, with binding constants
as high as log K, = 6.5 £0.5 in chlorobenzene. In few cases, fullerenes are tightly bound
to the macrocycles and thus, it is not surprising that clear electrochemical responses
could be measured. For instance, the fourth reduction wave of C;, was cathodically
shifted by 150 mV in the presence of one equivalent of compound 2 (Figure 8.2).

The related molecules 3 and 4 belonging to the second family display valuable
features supported by a strong ability to bind fullerenes and to transduce the recogni-
tion process into an electrochemical signal (Figure 8.3). Indeed, from a basic point of
view, the corresponding complexes 3¢Cg, and 3¢C;, are very nice examples of syner-
gistic interactions (n—r and n—n), which allow the stabilization of an inclusion complex
despite a limited preorganization. In the case of 4, one should focus on the inherent
chirality of this cyclotriveratrylene scaffold, given that one of the major current chal-
lenges [14] concerning fullerenes is the resolution of racemic mixtures of higher fuller-
enes (e.g., Cy) in a supramolecular manner.

8.2.1.2 Based on Ferrocene (Fc) Another demanding task regarding the recogni-
tion of organic guests concerns the specific case of carboxylate anions. Such systems
are indeed of potential broad interest in biology, medicine, catalysis, or environment,
and several reviews have addressed this issue [15]. In this case, the recognition process
is mainly governed by hydrogen bonding and/or electrostatic interactions with suitable
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Figure 8.3. (a) Compound 3 and the corresponding host-guest associations with Cg and Cy;
(b) Chemical structure of cyclotriveratrylene 4 [14].

groups, such as amide, urea, or polyammoniums. An interesting illustration is provided
by compound 5 which associates a tetraaza macrocyclic residue to ferrocene (Fc) units
and which is able to bind various carboxylate aromatic derivatives (Figure 8.4) [16].
The reversibly oxidized Fc framework has largely proved its efficiency for the prepara-
tion of electrochemical sensors [17]. The recognition of the dicarboxylate derivatives
ph*, iph*, dipic® by the tetraprotonated ligand 5¢4H", which occurs outside the cavity,
is accompanied by a strong cathodic shift of the redox potential associated to the Fc
probe (from —168 (dipic’”) to—275mV (ph?")). This electrochemical behavior is assigned
to the binding of the carboxylate anions by the RR’NH," groups in the vicinity of the
Fc units, which increases the electron density on the Fc center, facilitating thereof the
oxidation of the latter.

A complementary interesting case of specific carboxylic acid recognition with a
Fc-based receptor is provided by receptor 6 (Figure 8.5) [18]. This ditopic host system
is designed to simultaneously bind the carboxylic acid and the ammonium groups of
an amino-acid (phenylalanine, L-Phe), thanks to an amidopyridyl and a crown ether
moiety, respectively. The binding is efficient even in acetonitrile and operates through
a guest-to-host proton transfer reaction. Noteworthy, the recognition process is accom-
panied by a large positive shift (+129 mV) of the reversible redox process associated
to Fc oxidation as followed by cyclic voltammetry (Figure 8.5). This value reaches a
maximum for one equivalent of L-Phe added, suggesting a 1:1 stoichiometry in the
resulting complex. The positive shift contrasts with the previous case (receptor 5) for
which a negative shift was observed. This result is consistent with a host-to-guest proton
transfer from the L-Phe carboxylic acid function to the pyridine, which results in the
introduction of a positive charge in close vicinity of the Fc unit and therefore in a more
difficult oxidation of the latter. Interestingly, the proton transfer from the guest to the
amidopyridine unit only occurs with strongly acidic carboxylic functions, as this is the
case of amino acids like L-Phe, whereas no binding is observed with a structurally close
carboxylic acid (hydrocinnamic acid).
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Figure 8.4. (a) Redox-active responsive ligand 5¢4H"; (b) Organic dicarboxylate guests under
study.
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Figure 8.5. (a) Redox-active responsive ligand 6; (b) Organic guest under study (L-Phe); (c) Cyclic

voltammograms without (a) and with (b) 5 equivalents of the perchlorate salt of L-Phe (CH;CN).
Source: [18]. Reproduced with permission of The Royal Society of Chemistry.

8.2.1.3 Derived from Cyclobis(Paraquat-p-Phenylene) (CBPQT*) Macrocyclic
electrochemical transducers have also been used in the field of biodetection. This is
particularly true in the case of cyclobis(paraquat-p-phenylene) CBPQT*, a well-known
receptor for electron donating guests [19]. If CBPQT* is a well-established neu-
rotransmitter binder [20], to the best of our knowledge, its possible affinity toward
adenosine triphosphate (ATP) has never been studied. This seems particularly puzzling
since various analogs (compounds 7-10) have proven to be good ATP binders (Figure
8.6) [21].

Moutet, Royal, and coworkers have reported the organometallic macrocycle 7 [21c].
Instead of the phenylene spacers encountered in CBPQT*, ferrocenyl units link up
viologen moieties in such a way that four electroactive moieties make up the macro-
cycle. In principle, the supramolecular recognition of ATP? by 7 (or 8) can be followed
according to three redox processes related to viologen (V) and Fc units. However, both
V#/V* and V**/V° processes lead to strong adsorption phenomena onto the electrode
and complicates the reading of the binding event. Conversely, no adsorption was pro-
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Figure 8.6. ATP?" and several paraquat-based receptors.

voked by Fc oxidation. Thus, by comparing macrocycle 7 and its acyclic analog 8, the
authors demonstrated the importance of using a preorganized cavity when aiming to
bind ATP*. Indeed, the Fc oxidation in 7 undergoes a larger cathodic shift upon
binding ATP?* (25 and 10 mV for 7 and 8, respectively). In other words, noncovalent
interactions are facilitated when viologen subunits are maintained in the most suitable
conformation to bind ATP*" This assessment raises questions about the forces involved
to form the ATP*emacrocycle complex and the positioning of the guest in the cavity.
In order to get hints about this problematic, NMR spectroscopy can be a valuable tool,
as shown by Ramaiah and coworkers with macrocycle 9 [21b]. By performing NMR
titrations at different ionic strengths, the authors demonstrated that ATP binding
mainly results from electrostatic interactions. Furthermore, as shown by cyclic voltam-
metry, 9 exhibits significant interactions with the doubly charged ADP* and ATPZ,
whereas it does not with AMP~, PO, or adenosine.

From a fundamental point of view, studying compound 10 [21a], which corresponds
to a hybrid system between CBPQT* and compound 9, looks worthwhile in order to
evaluate the role of n— stacking in the supramolecular recognition of ATP* and its
impact on the redox properties of the system. Curiously, the authors reported the
decrease of the redox signals upon addition of ATP*, but no cathodic or anodic shift
of any redox waves was commented in this article. Finally, this system appears as par-
ticularly appropriate for recognizing 3,4-dihydroxyphenylacetic acid (DOPAC), another
neurotransmitter, since it can selectively bind the latter when competing with other
biomolecules of interest, namely ascorbic acid and dopamine [22].

8.2.2 Case of Electrochemical Chiral Recognition

Chiral discrimination between enantiomers is of crucial importance in analytical
chemistry, with a heavy impact in various applied fields such as analysis of drugs [23].
Therefore, the development of efficient methods allowing a rapid determination
of enantiomeric excess corresponds to a strong demand. Beside the well-established
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chromatographic or NMR techniques, various electrochemical techniques have been
applied to this field [24]. The discrimination between both enantiomers of a racemic to
analyze is supported by the difference in stability constants of intermediate diastereo-
meric complexes which are formed between each enantiomer and a chiral selector
designed on purpose. The chiral recognition at the asymmetric center is governed by
a minimum of three-point attractive or repulsive interactions. On this ground, voltam-
metric recognition of enantiomers by redox-active receptors constitutes a very promis-
ing outlook in this field, as depicted in several examples of the recent literature.
Compared to the above-mentioned redox-responsive ligands, the receptor integrates
one or more chiral centers in its structure.

An example of a chiral redox-responsive ligand incorporating a Fc unit and capable
to discriminate between both enantiomers of alanine methyl ester hydrochloride
(AlaOMeeH(l) is provided with compound 11 (Figure 8.7) [25]. This system combines
a chiral crown ether unit to a secondary H-bond donating group. A host-guest interac-
tion model is proposed by the authors, based on a combination of H bonds, and allows
for anticipating a higher affinity of host 11 for D-AlaOMe in front of the L-enantiomer.
Indeed, cyclic voltammetry studies in presence of D- and L-AlaOMe show a moderate
shift of the redox potential of the Fc probe (ca.20 mV) in the case of the pb-enantiomer
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Figure 8.7. (a) Redox-active responsive ligands 11 and 12 designed for voltammetric chiral
discrimination; (b) chiral analytes under study; (c) Square-wave voltammograms of 12 in the
presence of (2R)-2-amino-2-phenylethanol (solid curve) and (2S)-2-amino-2-phenylethanol
(dotted curve). Source: [26]. Reproduced with permission of the American Chemical Society.
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whereas no change is observed with L-enantiomer. Though very limited in intensity,
this different behavior is assigned to a discrimination between the b and the L isomers
of AlaOMe.

A step further is proposed with receptor 12 which contains a crown-ether macro-
cycle with asymmetric centers and a dinitroazophenol group. The latter can act as an
indicator by changing in color and by signaling the guest complexation electrochemi-
cally with various alkyl amines [26]. Spectrophotometric analyses show that the binding
of a given amino-derivative modifies the electronic configuration of the chromogenic
dinitroazophenol group, and that the two enantiomers give rise to complexes with
distinctive stabilities. This molecular recognition process is also followed by cyclic
voltammetry. The host oxidation occurs on the phenol group, and the progressive addi-
tion of an enantiomerically pure alkyl amine is accompanied by a new oxidation wave
at potentials that are specific of each enantiomer. This difference in redox potentials
between both enantiomers of 2-amino-2-phenylethanol reaches 43 mV (Figure 8.7) and
is assigned to a chiral-selective complexation with 12. Despite this moderate difference
between pure enantiomers, the authors suggest that this method allows quantifying
the ratios of enantiomers in an R/S mixture of the analyte, based on the fact that the
peak potential of 12 shifts continuously and proportionally with the ratio of each
enantiomer.

Recent significant achievements in this field have been accomplished by the group
of J. H. R. Tucker, who designed o-ferrocenylalkylurea-based chiral receptors, from
which compound 13 is a representative example [27]. Receptor 13 does not include any
macrocyclic cavity but presents a suitable combination of complementary H-bonding
interactions with carboxylate anions. This host undergoes a pronounced cathodic shift
in acetonitrile upon introduction of either enantiomer of various carboxylates, provid-
ing an additional example of the sensing of organic molecules by redox-active supra-
molecular receptor (see § 8.2.1). Similar to the carboxylate recognition by the
above-mentioned receptor 5, the negative shift in potential in the case of 13 is attrib-
uted to the carboxylate anion which increases the electron density on the Fc center,
resulting in an easier oxidation of the complex compared to the free ligand. Interest-
ingly, the two enantiomers of proline derivative 14 produce distinct electrochemical
titration profiles of receptor 13 (Figure 8.8d). Although the redox potential shifts pro-
voked by each enantiomer are not strongly different (AE,), this work offers promising
perspectives regarding electrochemical chiral discrimination.

A major achievement in this field was possible, thanks to compound 15 (Figure 8.9a)
[28]. In this case, not only electrochemical chiral discrimination was performed, but
also a proof of principle for the accurate determination of ee using an electrochemical
method was demonstrated. Receptor 15 contains a Fc redox center attached to a chiral
boronic acid, a known functionalized group used in NMR shift reagents for the deter-
mination of ee of diols and amines. Compound 15 is able to bind either enantiomers
of Binol, which is accompanied by a clear signature upon electrochemical analysis
(cyclic voltammetry and square wave voltammetry) (Figure 8.9). Remarkably, each
enantiomer behaves distinctively, as shown by positive shifts of +95 mV and +44 mV
with introduction of (R)- and (S)-Binol, respectively, to a solution of 15, illustrating a
clear electrochemical enantiomeric discrimination. Of striking interest is the difference
in binding strength that can be used to determine the enantiomeric composition of
various mixtures of (R)- and (S)-Binol. As shown in Figure 8.9b, the redox potential
associated to the Fc probe linearly shifts to positive values upon gradual increasing of
the (R)-Binol ratio Figure 8.9c. This linear dependence allows to discriminate between
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Figure 8.8. (a) Redox-active responsive ligand 13 designed for voltammetric chiral discrimina-
tion; (b) Proline guest 14 under study; (c) Recognition model between 13 and 14; (d) Plot of the

AE s value observed for receptor 13 against molar equivalents of (S)-14 (1) and (R)-14 (2). Source:
[27]. Reproduced with permission of the American Chemical Society.

mixtures containing 98% and 90% ee of (S)-Binol and allows the detection of small
amounts (<5%) of (R)-Binol at very low concentration (10> M). This result paves the
way to very promising studies on various chiral analytes and nicely illustrates the scope
of the electrochemical approach to chiral discrimination as an alternative to the chro-
matographic or NMR techniques.

8.3 ELECTROCHEMICALLY TRIGGERED MACROCYCLIC SYSTEMS

Controlling motion in interlocked systems such as catenanes or rotaxanes constitutes
a field of intense interest, in particular in connection with molecular electronics. The
following paragraphs focus on electrochemically triggered macrocyclic systems, either
purely organic or constructed around inorganic metal complexes.

8.3.1 Interlocked Assemblies Based on Organic Compounds

The above-mentioned CBPQT* system (“blue box”) has focused much attention in
this field because of its excellent ability to incorporate electron-rich substrate [19].
In this context, the n-donating TTF constitutes a complementary building block and
forms with CBPQT* a strong green 1:1 complex in solution or in the solid state. Since
the seminal example by Stoddart and coworkers [29],a myriad of pseudo-rotaxanes,
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Figure 8.9. (a) Redox-active responsive ligand 15 designed for voltammetric chiral discrimination;
(b) square wave voltammograms of (R)-15 (CH,Cl,, 3.14 x 10° M, 0.1 M TBAPF), each in the
presence of a 10-fold excess of Binol with varying enantiomeric composition, as expressed by %
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ee of (§)-Binol showing the linear dependence between 60% and 98 % ee. Source: [28]. Reproduced
with permission of the American Chemical Society. See color insert.

rotaxanes, and catenanes involving these two units have been produced, some being
electrochemically triggered. Different reviews have been dedicated to the always-
increasing level of complexity of these fascinating interlocked systems [6, 30], and only
some selected recent examples are developed below. The mechanical motion in such
systems is typically supported by a modulation of n—r interactions depending on the
oxidation state of redox-active moieties, in particular neutral and dicationic states of a
TTF unit. A recent additional achievement regarding the electrochemical control of a
molecular movement is provided with the [3]catenane system 16, which contains two
TTF units and two dialkoxynaphthalene (DNP) units interlocked with two CBPQT*
macrocycles (Figure 8.10) [31]. Tuning electrochemically, the oxidation degree of the
TTF units allows for controlling the three stable ring positions reversibly. Since TTF is
a better electron donor than DNP, the electron withdrawing CBPQT*" units occupy the
TTF stations when the latter are neutral (16 in Figure 8.10). On the contrary, when
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Figure 8.10. Schematic representation of the redox-controlled switching behavior of catenane 16.
Source: [31]. Reproduced with permission of The Royal Society of Chemistry.
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Figure 8.11. Schematic representation of the redox-controlled switching behavior of catenane 17.
Source: [32]. Reproduced with permission of the Nature Publishing Group.

TTF units are oxidized to their dicationic state (16*), they lose their electron-donating
ability, and DNP moieties become the better donor. Therefore, CBPQT* rings are
shifted toward these new stations. Remarkably, a more original situation arises from
the monoelectronic oxidation of both TTF units (16**). In this case, a less explored type
of interactions takes place and results in the formation of a (TTF*"), dimer. Such kind
of interaction, largely unexplored to date, offers promising perspective in terms of
motion control, as shown with catenane 17 (Figure 8.11).

Expanding the electron-poor CBPQT* by one phenylene unit to form cyclobis
(paraquat-4,4'-biphenylene) (CBPQTP*) in compound 17 allows co-accommodation
in the ring of two electron-rich TTF units, a recognition process which is not only driven
by a host-guest recognition but also by a guest—guest interaction within the paraquat
cavity (Figure 8.11) [32]. Thus, the successive electrochemical oxidations of both TTF
units inside the cationic macrocycle lead to the formation of stable mixed valence and
radical-cation dimers ((TTF)," and (TTF"),, respectively), and rotation of the electron-
rich guests around the CBPQTP* ring occurs only after complete oxidation of the TTF
units to the TTF* state (17%).

Based on the same approach, a multistable switchable [3]rotacatenane 18, which
associates both rotary and translational motion, has been very recently reported (Figure
8.12a) [33]. Compared to catenane 17, one electron-rich TTF-DNP macrocycle is
unrolled in 18 to constitute a rotaxane axis. The first two electrochemical oxidation
steps successively lead to the mixed valence (TTF), " dimer (18") and the (TTF*), one
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Figure 8.12. Schematic representations of the redox-controlled switching behavior of (a) a
multistable switchable [3]rotacatenane 18 and (b) a tristable [2]rotaxane 18b. Source of panel a:
[33]. Reproduced with permission of Wiley-VCH Verlag GmbH & Co. KGaA. Source of panel b:
[34]. Reproduced with permission of the Nature Publishing Group.

(18,,%), the latter being in equilibrium with compound 18,,**. This observation suggests
that in this case, TTF**~TTF" interactions are not only competing with host-guest
electrostatic repulsions between dimethylviologen DMV* and TTF™, but also with
DNP-DNP n—r stacking. To force both the translational motion of the paraquat to the
DNP station and the rotation of the TTF-DNP ring (compound 18*), the authors nicely
demonstrated by EPR that the only TTF unit which had to be oxidized was the one
composing the axle. These examples (17, 18) illustrate the fact that paraquat macro-
cycles may be well-suited hosts for supramolecular dimers made up of radical-cation
species. Such feature, observed in those cases with donor derivatives (TTF), could also
be demonstrated with electron-deficient units, such as dimethylviologen [34]. On this
ground, the same group proposed a step forward in the construction of advanced
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molecular machines by incorporating a viologen unit within the rotaxane axle in order
to dispose of a third station (compound 18b, Figure 8.12b) [34]. This strategy proves to
be relevant given that the reduction of the DMV? units into DMV** units results in
the formation of a stable supramolecular trimer, allowing thus a full control over the
ring movement, not only by oxidizing the TTF moiety but also by reducing the DMV?*
to the DMV™ form.

8.3.2 Interlocked Assemblies Based on Transition Metals

Apart from the successful examples involving TTF and DMV?* moieties, it is worth
mentioning that alternative redox-active units have been integrated to reach electro-
chemically triggered macrocyclic systems. In particular, those based on transition
metals are of interest. For instance, Wozniak et al. described a molecular shuttle 19 for
which the movement of an interlocked electron-rich aromatic crown ether with a face-
to-face macrocyclic heterodinuclear complex is controlled by the oxidation state of the
metal centers (Figure 8.13) [35]. The oxidation of Cu(II) center leads to a translocation
of the crown ether from its nickel initial docking station to the more positively charged
metal center. At low temperature or at shorter timescale, the translocation is slow, and
a part of the Ni-centers still interacts with the electron-donating ring, resulting in a
wave splitting. After the Ni(II/IIT) oxidation, the crown ether moves back to its original
position. This same concept was subsequently utilized to electrochemically thread and
unthread a crown-ether derivative interacting with a surface-immobilized mononuclear
Cu(IT) complex [36a,b].

Examples treated so far in this paragraph are related to a modification of the
electron-donating ability of a station which provokes in fine a shuttling movement.
Another strategy based on coordination chemistry has also largely proved to be rele-
vant in this context. Indeed, the coordination sphere of a metal center strongly depends
on its oxidation state. Consequently, it appears possible to electrochemically tune the
latter in order to induce a modification of the metal chelating environment, which may
be accompanied with a rotational or a translational motion. On this ground, Sauvage
and coworkers have described series of molecular shuttles over the last decades. Most
recent advances have notably implied interlocked systems based on a long axis contain-
ing two or three binding sites and a ring endowed with a bidentate ligand that coordi-
nates a copper ion (Figure 8.14) [37a,b]. Based on their initial result with ring 20 and
axle 22a [38], the authors designed more elaborated systems to get insight on the factors
that control the gliding motion of the shuttle between two stations. They demonstrated
first that the nature of the ring could impact significantly the translation kinetics. Elec-
trochemical studies revealed that the nonhindered bis-isoquinoline ring 21 translocates
over axle 22a on the milliseconds to seconds timescale, at least four orders of magnitude
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Figure 8.13. Catenane 19 based on a dibenzo [24]crown-8 and a heterodinuclear macrocycle [35].
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Figure 8.14. Rings 20, 21 and axles 22a, 22b; Principle of the electrochemically driven molecular
shuttles based on copper (I) and copper (II) coordination.

faster than the original ring 20. This improvement is of particular interest in the fields
of information storage and nanoscale mechanical switches which necessitate a rapid
answer to the external stimuli. Another issue of particular interest lies on the informa-
tion transfer over long distances. This step further has been proposed with an interme-
diary chelating group placed in the axle between the two external stations (compound
22b) [37a]. Its role has not been clearly determined yet, but in this case, shuttle 21 is
capable to translocate as fast as in the precedent example over a larger distance of
23 A.

The same team reported very recently another nice example with rotaxane 23 con-
stituted by two bichelating stations connected to a triazole unit (Figure 8.15) [39]. The
geometry of the chelating nitrogens is designed in order that the triazole groups can
either take part or not to the coordination process. Thus, Cu(I) is only bound by the
bipyridyl unit, while the oxidized Cu(II) is also coordinated by the triazole moiety. The
fast and quantitative reversible flapping motion (Figure 8.15) generated by this redox
process results in a strong angle modification between both macrocycles. Besides, it has
been shown that the corresponding advanced [4]rotaxane 24 (Figure 8.15) forms a
host-guest complex with the flat electron-rich TTF, which is accommodated between
the two aromatic platforms [40].

8.4 ELECTROACTIVE GUESTS

The electrochemical recognition of non-redox-active analytes with electroactive mac-
rocycles has been tackled through the first part of this chapter. This strategy, which
requires the incorporation of a redox reporter within or onto the macrocyclic scaffold,
proved to be sound. Reciprocally, one can consider the possibility of using the guest
electroactivity to transduce the recognition phenomenon. In this regard, two tracks
have to be distinguished, namely, the detection of intrinsically electroactive analytes
and the recognition of given species incorporating a redox probe.

Cucurbit [7]uril (CB7) and cucurbit [8]uril (CB8) were first isolated in 2000 by Kim
and coworkers [41] and have been extensively utilized as organic substrate receptors
since then. These hosts have focused much attention as they present well-suited cavity
sizes for the incorporation of small organic molecules. In particular, an interesting
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of TTF in bisrotaxane 24.

feature of CBs lies on their 3D hollow, which makes them efficient receptors for two-
dimensional guests. Studies dedicated to interactions that take place in these inclusion
complexes in water are of prime importance. In this context, Kaifer and coworkers
recently studied [42] different inclusion complexes between CB7 and the electron-poor
paraquat 25* and diquat 26*, as a complementary study to a previous work by Kim
and coworkers [43]. By means of cyclic voltammetry and '"H NMR, they were able to
determine the corresponding binding constants in water (CB7¢25*, K =1.2 x 10° M™;
CB7¢26*, K = 3.5 x 10> M™). The significantly higher value with guest 25*can arise
from two major differences: (i) 26> is a bit larger than 25* and is not planar, and
(ii) as demonstrated by the surface electrostatic plots of 25* and 26%, their charge
distributions are deeply different. Regarding the first item, 'H NMR showed that 26>
does not fit entirely in CB7 [42] whereas 25** does. Unlike diquat 26*, paraquat 25*
displays a convenient distance between its quaternized nitrogen atoms so that ion—
dipole interactions take place with the oxygen atoms of CB openings. Both electro-
deficient dicationic guest species undergo two consecutive one-electron reductions that
are electrochemically reversible at ca. 0.5 and 1.0 V (vs. Ag/AgCl) to form a cation
radical and a fully reduced neutral species. This behavior enabled the use of alternative
investigation techniques to study the binding process, and Figure 8.16a shows the elec-
trochemical behavior of 26* in the presence of various concentrations of CB7. The first
reduction (26*/26'*) process is shifted to less negative values while the second (26°*/26)
shifts in the opposite direction. This observation is consistent with a more stable
complex CB7¢26™ (K = 1.0 x 10* M) than CB7¢26*". Indeed, the reduction process
decreases the hydrophilic character of the cation and allows a better interaction with
the hydrophobic midsection of the host. The same experiment performed with 25
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Figure 8.16. Schematic representation of cucurbit[n]uril, bispyridinium guests paraquat 25,
diquat 26, and ferrocene-based guests 27-29; CV responses of (a) 26> (1.29 mM) in the presence
of 0, 0.5, 1.0, and 2.0 equivalents of CB7 (0.1 M phosphate buffer, scan rate 0.1 V/s, glassy carbon
working electrode). Source: [42]. Reproduced with permission of Wiley-VCH Verlag GmbH &
Co. KGaA. CV responses of (b) 27 (1.0 mM) without (continuous line) and with CB [7] (1.1 mM)
(dashed line) (0.1 M NaCl, scan rate 0.1 V s, glassy carbon working electrode). Source: [44].
Reproduced with permission of the American Chemical Society.

revealed an opposite behavior with a CB7¢25" complex (K = 6.1 x 10* M™) less stable
than the CB725% due to a decrease of its peripheral positive charge that reduces the
interactions with the CB7 oxygen atoms.

In order to estimate the importance of electrostatics with these hosts, a valuable
strategy has also consisted in studying closely related guests, be they ionic or not. This
was done with Fc-based derivatives 27-29 which are cationic, neutral, and anionic,
respectively (Figure 8.16) [44a,b]. As determined by NMR spectroscopy and cyclic
voltammetry, both 27 and 28 form strong associations with CB7 in water, while the
negatively charged guest 29 is not bound at all. This observation is consistent with the
morphology of CBs and their peripheral negative potential, which generates electro-
static repulsions and precludes the anion entrance. The CV response of 27 confirms the
high affinity of this unit for CB7, as shown by the positive shift (+110 mV) of the redox
potential observed for the corresponding complex. In addition, only the host-guest
redox signal remains visible after the addition of one equivalent of CB7 illustrating the
stability of the complex (Figure 8.16b).

By taking advantage of CB7 affinity toward Fc on the one hand, and cations on the
other hand, Kaifer and coworkers subsequently reported a nice extension of this work
with the synthesis and study of electrochemically -triggered rotaxanes 30a-d (Figure
8.17) [45]. The concept lies on the preparation of a molecular axle made up of an alkyl
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Figure 8.17. Electrochemically-triggered rotaxanes 30a-d. Source: [45]. Reproduced with
permission of the American Chemical Society.

or an aromatic spacer surrounded by two quaternized (ferrocenylmethyl)dimethyl-
amine units. In this manner, CB7 binds one of the lateral ferrocenyl moieties when the
latter are neutral, whereas it binds the central alkylenediammonium (or the arylene-
diammonium) part when Fc units are oxidized.

Another recent work from Kaifer’s team concerns the so-called (Ferrocenylmethyl)
tempammonium guests 3la—c, which therefore associate two distinctive electroactive
units linked through an ammonium bridge (Figure 8.18) [46]. These derivatives are
different by the methylation degree of the ammonium bridge, which proved to be criti-
cal regarding the recognition phenomenon with cucurbit [8]uril. Cyclic voltammetry of
compounds 3la-c shows two signals corresponding to the oxidations of the Fc at
+0.43 V and the nitroxide at +0.77 V versus Ag/AgCl. Based on the '"H NMR spectra
and the voltammograms of the inclusion complexes, the authors concluded that 31a
forms a very stable complex with CB8, with the tempo unit included in the cavity, while
the Fc moiety is predominantly hosted in the case of 31c. To get a deeper insight on
this process, the authors prepared and studied a structurally intermediate guest, 31b,
endowed with a tertiary ammonium bridge. Interestingly, a middle situation was noticed
with two competing binding modes: Fc@CB8 and TEMPO@CBS. Unfortunately, CV
experiments in the presence of CB8 were impossible because of the insolubility of the
complexes in the supporting electrolyte solution. Nevertheless, the inclusion of the Fc
residue in the lower size cucurbituril CB7 could be confirmed with the voltammetric
data (Figure 8.18). Addition of CB7 to a solution of 31bleads to a positive shift of the
Fc redox potential while the TEMPO unit is almost not affected. This result is consis-
tent with the data collected on the water soluble 27 derivative for which a positive shift
of the half-wave potential was consecutive to the guest inclusion. Even though there
is so far no indication about the exact role of the nitrogen methylation degree, one
could imagine that hydrogen bonds between the oxygen atoms of the cucurbituril
openings and the R;R,R;NH* and the R;R,NH," might be involved in the recognition
behavior with such guests.
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Figure 8.18. Compounds 31a-c and cyclic voltammetric response of 31b (1.0 mM) in 50 mM NaCl
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Figure 8.19. Molecular structure of water soluble anthraquinone guests; cyclic voltammetric
response on glassy carbon (0.071 cm?) of guest 32b in 0.1 M HCI solution without (continuous
line) and with 1.0 equiv. (discontinuous line) and 2.0 equiv. (dotted lined) of CB7. Scan rate:
0.1 V s7'. Source: [47]. Reproduced with permission of The Royal Society of Chemistry.

The inclusion of reducible anthraquinone guests (compounds 32a, 32b) has also
been studied (Figure 8.19) [47]. Cucurbit [7]uril is characterized by an internal diameter
of 7.3 A and peripheral openings of 5.4 A, while 5.3 A separate the oxygen atoms of
anthraquinone derivatives. Thus, the inclusion of the guest within the cavity is neces-
sarily associated to a distortion of the host. This explains the moderate binding con-
stants observed for 32a (K, =1.3x 10°M™) and 32b (K, =2.8 x 10° M) in chlorhydric
acid. In addition to steric effects, hydrogen bonding may once again intervene and
explain, at least in part, why 32b is more strongly bound by CB7 than its tetraalkylated
analog 32a. Both guests exhibit one wave centered at 0.13 V versus Ag/AgCl in acidic
solution, corresponding to the two electron reduction process to give the anthradihy-
droquinone. Addition of the CB7 host impedes the electrochemical process, indicating
the progressive inclusion of the guest in the cavity (Figure 8.19). In this case and
contrary to what was previously observed, the redox potential of the guest is not
affected. This example underlines the arising complexity when aiming to clearly iden-
tify the role of different complementary interactions since even a small modification
of the guest molecular structure modifies various parameters, such as solvation or steric
hindrance.
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Such detection strategy, which results from the modification of the redox properties
of the guest upon inclusion, has been commonly used for neurotransmitter recogni-
tion [48]. Nevertheless, the detection mechanism lies sometimes on more elaborate
concepts. In this regard, Raymo, Kaifer, and coworkers have reported a unique example
with a cucurbit [8]uril accommodating both a dimethyldiazapyrenium 33* unit and a
catechol derivative (34a: catechol; 34b: dopamine) (Figure 8.20) [49]. While one could
expect that both guests would compete to enter the cavity, they form a n-dimer within
the cucurbituril ring. From an electrochemical point of view, authors chose to study
dimethylviologen 25* instead of 33** because of the complicated and nonfully under-
stood voltammogram of the latter in water. Anyhow, they were able to identify the
redox signature of the 25**¢34b complex and demonstrated that the presence of cate-
chol 34a or dopamine 34b inhibits the formation of the radical-cation dimer (33""),
which exists in cucurbit [8]uril after a one-electron reduction process.

Cyclodextrins (CDs) are naturally occurring macrocycles, which result from the
enzymatic degradation of starch. These hosts represent a class of oligosaccharides
usually made up of six, seven, or eight p-glucose units linked through o-1,4-glucose
bonds to form a-, B-, and y-CDs, respectively. Their inner cavity diameters are similar
of those of the CB [6], CB [7], and CB [8]. However, cucurbituril are perfectly sym-
metrical, while CDs are conical and endowed with two rims that differ in chemical
nature. It is well known that hydrophobic and van der Waals interactions are predomi-
nant in host—guest associations involving CDs. But, unlike cucurbituril openings, the
peripheral hydroxyl groups of CDs do not seem to play a key role in the guest binding.
However, it is possible to use their reactivity to introduce new functionalities and tune
CD environment.

To date, many supramolecular Fc—CD associations have been reported, and their
stoichiometry mainly depends on the cavity size. Indeed, o- and B-CDs form 1:1 com-
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Figure 8.21. Cyclic voltammograms of 38a (1.0 mM) obtained on a GC electrode immersed in
phosphate aqueous buffer solution (pH 7.20, 50 mM NaCl as supporting electrolyte) in presence
of 36 (0, 1.0, 3.0, 5.0, 7.0, 10.0 mM from a to f). Scan rate = 50 mV s™. Source: [51]. Reproduced
with permission of the American Chemical Society.

plexes whereas y-CD incorporates two electroactive guests. Another important param-
eter controlling the related supramolecular interactions lies on the solvent nature. In
particular, V. Kolivoska et al. showed the strong influence of the solvent dielectric
constant over the Gibbs free energy [S0]. Just like for cucurbiturils, this statement sug-
gests an important contribution of electrostatic interactions. In this regard, Liu and
coworkers have recently compared the complexation behaviors of the native -CD to
functionalized B-CDs 35-37 with cationic Fc derivatives 38a,b, by means of isothermal
titration calorimetry (ITC) and cyclic voltammetry (Figure 8.21) [51]. Experiments
were run at pH = 7.2 so that 36 bears an ammonium group whereas 37 exists as a
carboxylate. As expected, binding constants depend on the electrostatic interactions
between the positively charged Fc derivatives 38a or 38b, and the CDs. The unsubsti-
tuted CD 35 shows K, values of 4137 and 5122 M toward these guests, respectively.
These values increase to 7679 and 9328 M with the anionic macrocycle 37 due to
favorable electrostatic interactions. Conversely, this value decreases to 3130 and
3680 M when the rim is positively charged (36). By cyclic voltammetry, the 3638a
host—guest complex presents a similar behavior than the CB/Fc inclusion complex
CB7e27 reported earlier. The sequential addition of the CD derivative over a solution
of 38a decreases the peak current and shifts the wave to more positive potentials
(Figure 8.21). This behavior indicates that the complex diffusion is lower than the free
guest and that the equilibrium constant is thermodynamically favorable. Besides, a
similar behavior has been reported by J. M. Casas-Solvas et al. with thioglycosylated
Fc’s derivatives [52].

As seen earlier, TTF is a well-known electroactive unit, which can be successively
and reversibly oxidized at readily accessible potentials to afford the TTF** radical
cation and the TTF* dication. In a recent work dedicated to the study of electron
transfers in host—guest inclusion complexes [53], Bergamini et al. examinated the TTF
oxidation behavior in presence of the hydroxypropyl-B-cyclodextrin (HPRCD). Almost
insoluble in water, TTF becomes soluble in the presence of the HPBCD, which suggests
the formation of the TTF@HPBCD inclusion complex. Electrochemical measurements
demonstrated that increasing the concentration of the CD derivative in a TTF solution
anodically shifts the first oxidation wave and results in a current decrease for both
oxidation processes (Figure 8.22).
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Figure 8.22. Cyclic voltammetry of TTF (5 x 10~ M), LiClO, (0.1 M), H,0, 1 V s in the presence
of increasing concentrations of HPBCD from 0.02 to 0.2 M on a 0.7 mm diameter GC disk
electrode (E vs. SCE). Source: [53]. Reproduced with permission of Elsevier.
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Figure 8.23. Representation of (a) the octaacid cavitand 39, (b) the corresponding dimeric capsule
including a guest. Source: [56]. Reproduced with permission of the American Chemical Society.

Another interesting macrocycle used to incorporate electroactive guest is the water-
soluble octaacid cavitand 39 (Figure 8.23a) developed by B. C. Gibb [54]. This host
forms in solution a dimeric container, which is stabilized when a guest is incorporated
in its hydrophobic cavity (Figure 8.23b).

The formation of this capsule, mostly driven by hydrophobic forces, reduces the
contact of the guest and of the inner cavity surface with water molecules. When cavi-
tand 39 and Fc are mixed in solution, the rapid solubilization of the electroactive unit
suggests the formation of the host—guest capsule [55]. This result was confirmed by
pulse gradient-stimulated echo (PGSE) NMR that allows the determination of diffu-
sion coefficients. Surprisingly, the electrochemical experiments showed a silent voltam-
mogram in the case of the capsule as a result of slow electron transfer kinetics. This
situation probably arises from the host acting as a neutral barrier. As a consequence,
Kaifer et al. developed a simple strategy to get partially round this issue [56]. To do so,
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Figure 8.24. (a) Structure of the adamantyl-substituted ferrocene 40 and (b) the corresponding
energy minimized structure (PM3) of the supramolecular capsule. Source: [56]. Reproduced with
permission of the American Chemical Society.
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Figure 8.25. (a) Scheme of the electron transfer in the dimeric capsuleeFc/27 system; (b) CV
responses on glassy carbon of 50 mM NaCl aqueous solutions buffered at pH 9 with 10 mM
sodium borate of 27 (1.0 mM) in the absence (blue) and in the presence (green) of 1.0 equiv of
dimeric capsule®Fc. Scan rate: 0.1 V™. Source: [57]. Reproduced with permission of the American
Chemical Society. See color insert.
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they synthesized a new bulky Fc derivative 40 grafted with two adamantyl units, well-
known moieties for their strong interactions with cavitands. In this manner, the guest
is able to maintain a larger distance between the two cavitands, preventing electro-
chemical isolation of the redox reporter, which consequently is clearly detected in this
case (Figure 8.24).

Finally, the oxidation of the incorporated naked Fc has been possible with the use
of a cationic mediator, the water-soluble Fc derivative 27 (Figure 8.25) [57]. Addition
of the latter to a solution of the host-guest complex dimeric capsuleeFc was followed
by PGSE NMR. This experiment indicates that the complex does not dissociate
upon addition of compound 27 and that the latter stands outside the cavity. The elec-
trochemical behavior of this mixture was studied by cyclic voltammetry and shows the
oxidation of free 27 only at 0.44 V versus Ag/AgCl (Figure 8.25b). The reverse scan
reveals the reduction of two species. The first is assigned to reduction of 27* to 27 with
a current level lower than the corresponding anodic wave, when the second takes place
in the region of the free Fc reduction (0.2 V vs. Ag/AgCl). From these findings, it has
been concluded that the encapsuled Fc transfers an electron to the oxidized 27* to
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generate the corresponding less hydrophobic Fc* species inside the capsule (Figure
8.25a), which leads to the destruction of the assembly.

In a different context, neurotransmitters are small redox-active molecules found in
the synaptic region, which allow communication between neurons, thanks to oxidation
and reduction reactions. Given their importance in neural science, their electrochemical
detection has focused much attention, and there have been thousands of examples
reported so far. Nevertheless, the utilization of macrocycles to host these species and
gain for example in selectivity remains less frequent in the literature. In this regard,
different kinds of receptors have been studied, such as CDs. With the latter, seminal
papers were used to describe the study of the neurotransmitter binding in solution.
From now on, scientists mainly focus their attention on modified electrodes, which
may have advantages in terms of experiment, cost, or reusability. A recent example
was published by Abbaspour and coworkers with a multilayer electrode made up of
carbon paste, multiwall carbon nanotubes (MWCNTs), poly(N-acetylaniline), and
B-cyclodextrin [58]. This work is particularly interesting since it benefits from two syn-
ergistic effects. On the one hand, MWCNTs catalyze the oxidation reaction of dopa-
mine and serotonin and, on the other hand, B-cyclodextrins allow for selectively
recognizing these neuromediators among other possible interfering analytes (e.g.,
ascorbic acid, ibuprofen, and glutamine) and make the oxidation potentials of
dopamine and serotonin sufficiently different to isolate their own electrochemical
signatures.

8.5 REDOX-RECOGNITION/TRANSDUCTION WITH NUCLEIC ACIDS

Nucleic acids are ubiquitous in living organisms and have central roles in most biologi-
cal processes. Consequently, their lacks, excesses, or dysfunctions are likely to induce
horrendous diseases at different levels. Therefore, it appears essential to be capable of
determining their concentrations and probing possible modifications of their chemical
structures. During the last two decades, chemists and biologists have developed new
methods and derivatives in order to recognize nucleic acids with very high selectivities
and sensitivities. This proves to be a very elaborate task, given the considered molecular
structures which often impose the utilization of multivalent systems. Indeed, these
macromolecules display peculiar arrangements with tridimensional binding sites that
can be considered as cavities or macrocycles.

From the medical point of view, major breakthroughs may be possible if one suc-
ceeds in improving ability to detect nucleic acids (e.g., DNA and RNA). For instance,
this would offer interesting outlooks regarding the treatment and the prevention of
genetic diseases. In this context, electrochemical methods are often qualified as promis-
ing because of their cheaper implementation compared with optical devices. An inter-
esting school case lies on a DNA-based molecular beacon labeled with a Fc unit at the
terminal position and attached to a gold surface (Figure 8.26) [59]. In the absence of
the complementary nucleic acid, the grafted DNA forms a macrocycle through weak
intramolecular interactions and the latter maintain the Fc unit in vicinity of the elec-
trode (strong current). Then, upon addition of a perfectly matching 17-base target,
nucleic acids hybridize together; this provokes the macrocycle opening, imposing a
larger distance between the terminal Fc reporter and the gold electrode, which eventu-
ally results in a decreased current (Figure 8.26). Authors demonstrated their chip could
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Figure 8.26. (a) Modulation of the redox probe-electrode distance by addition of a complementary
DNA strand on a DNA-modified electrode; (b) Evolution of the square-wave voltammetry in the
presence of increasing concentrations of complementary DNA (from top to bottom: 0 pM, 30 pM,
500 pM, 30 nM, 800 nM and 5 uM). Source: [59]. Reproduced with permission of the National
Academy of Sciences, U.S.A.

detect nucleic acid concentrations as low as 10° mol L™, but this system suffers from
a drawback regarding the reusability: by using sodium chloride and heating, only 80%
of the initial signal could be regenerated after one cycle.

Reusability is also a key point when aiming at generalizing a technique because it
may have a strong economic impact but more importantly, because it allows the experi-
menter to perform control experiments to avoid false positives that could be due to
nonspecific interactions or denaturation of the strand. This is the reason why the same
team proposed few years later a valuable improvement with the utilization of an
electrode-bound DNA pseudoknot [60]. It consists in a nucleic acid secondary structure
made up of a single strand which includes at least two stem loops, with half of one
comprised in the other loop (Figure 8.27). The redox-active tag in this case corresponds
to methylene-blue 41. Unlike the previous system, this SAM-based chip works as a
“signal-on” sensor. When free, the electroactive methylene blue 41 unit is far from the
gold electrode and isolated from the latter by the pseudoknot thickness. Conversely,
hybridization with a complementary strand makes the supramolecular complex more
flexible and allows tag 41 to approach the electrode, which is responsible for the current
increase. This method displays a very high selectivity. For instance, a solution of a
17-base target with three mismatches produces only a 2% variation compared with a
20 times more diluted solution of the perfectly matched target, whether in water or in
blood serum (Figure 8.27b). This system also proved to be more robust than the previ-
ous example, which would be due to the replacement of the Fc tag by a methylene blue
redox unit 41. As a consequence, the chip can be readily reemployed after a simple and
fast rinsing with distilled water.

As seen previously, the electrochemical behavior of Fc may also be modulated
provided the formation of an inclusion complex with CD. Such a recognition phenom-
enon classically induces a decrease of the measured current and sometimes a shift of
the Fc electrochemical signal. Thus, different teams have recently taken advantage of
these features for developing new strategies to detect nucleic acid sequences. For
instance, Aoki and coworkers have studied Fc-DNA-B-cyclodextrin conjugate 42,
which experiences a dramatic conformational change upon binding a complementary
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Figure 8.27. (a) Modulation of the redox probe-electrode distance by addition of a complementary
DNA strand on a DNA-modified electrode; (b) Evolution of the square-wave voltammetry in the
presence of complementary target DNA and mismatched DNA. MB stands for methylene blue.
Source: [60]. Reproduced with permission of the American Chemical Society.

strand (Figure 8.28) [61]. When free, 42 behaves as an Ouroboros: the molecule is
conformationally flexible and this makes the intramolecular Fc-B-CD recognition
process possible. On the contrary, when 42 is in the presence of a complementary
nucleic acid, DNA hybridization causes the dethreading of the Fc-B-cyclodextrin inclu-
sion complex. Consequently, the current intensity decreases significantly because of the
larger hydrodynamic radius and the oxidation potential is cathodically shifted (62 mV)
(Figure 8.28c), which may be ascribed to the negative charges brought by DNA.

As mentioned in the introduction of this part, being able to probe small chemical
modifications of DNA strands (for instance, the replacement of a nucleotide by another
one) remains challenging with electrochemical methods. In this regard, an elegant work
was recently reported by Thara et al. [62], who were able to differentiate the four
sequences presented in Figure 8.29. As one can observe, these 22-base oligonucleotides
have the same structures with the exception of one base. Thanks to the hybridization
of these oligonucleotides target22N with two other compounds, the DNA-B-CD con-
jugate 43 on the one hand, and the Fc-DNA one 44 on the other hand, authors were
able to show that a perfect match between these strands was a sine qua non condition
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Figure 8.29. (a) Chemical structure of BCyD- and Fc-fragments; (b) Schematic representation of
the tandem duplex; (c) targets 22A, 22T, 22G and 22C; (d) Square wave voltammograms of 44 in
the presence of 43 and targets 22A, 22T, 22G, 22. Source: [62]. Reproduced with permission of
The Royal Society of Chemistry.

to observe the formation of the Fc-B-CD inclusion complex, that is, the tandem duplex.
This was nicely proved through electrochemical measurements, which show the Fc is
electrochemically silent when perfect complementarity is reached (Figure 8.29d). A
similar observation had already been reported by Liu, Leumann, Fermin, and cowork-
ers, who had shown that the formation of the duplex could be accompanied by the
electrical isolation of a TTF redox probe [63]. These promising results pave the way
for the development of new electrochemical sensors to probe small mutations, for
instance.
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When using a redox reporter to probe DNA, the electroactive unit nature and its
position relative to the recognition unit can be decisive. Thus, fully label-free strategies,
that is, approaches that do not require the chemical grafting of a redox transducer, look
particularly promising [64]. In spite of their relatively high oxidation potentials, one
should not forget that adenine, thymine, cytosine, and guanine are electroactive moi-
eties. Consequently, the “label-free” method consists in this case in exploring their own
electrochemical signature to detect nucleic acids. In this context, Abbaspour and col-
laborators recently reported a nice study by modifying a screen-printed electrode
(SPE) with a composite made up of B-cyclodextrin, poly(/N-acetylaniline) (PNAANI),
and multiwalled carbon nanotubes (MWNTs) in order to differentiate ss-DNA (single-
strand DNA) and ds-DNA (double-strand DNA) among other things (Figure 8.30a)
[65]. Their strategy lies on the supramolecular interaction existing between adenine or
guanine and a B-cyclodextrin ring. Unlike the nucleobases of a ds-DNA, the ones
composing an ss-DNA are available to penetrate the hydrophobic cavity of a B-CD
and hence, be efficiently oxidized at the modified electrode. Their strategy proved to
be relevant since they demonstrated that a lower current was measured with ds-DNA.
Authors were even able to show the influence of base-complementarity by comparing
the cyclic voltammograms of a single strand (ss-DNA; green line) in the presence of
(1) its perfectly complementary sequence (ds-DNA; black line), (ii) a two-base mis-
matching sequence (partially ds-DNA; red line), and (iii) another noncomplementary
one (two independent ss-DNA; blue line) (Figure 8.30b).

8.6 SELF-ASSEMBLED MACROCYCLIC REDOX-ACTIVE RECEPTORS

The self-assembly methodology, more particularly when assisted by metals, constitutes
a very efficient synthetic tool to reach macrocyclic structures, otherwise very challeng-
ing to prepare through classical step-by-step covalent synthesis. In the recent past,
chemists have extensively used this strategy to synthesize host structures of increased
complexity. If a metal is required in the process, this methodology is supported by
coordination bonds between suitable metal complexes and polytopic ligands which
often incorporate two or more pyridyl units. The resulting discrete structures, namely
molecular polygons or polyhedra, intrinsically present a cavity prone to bind a comple-
mentary guest. Interestingly, the use of redox-active ligands along the self-assembly
process offers the possibility to reach macrocyclic structures endowed with redox-
active panels. Therefore, this situation potentially allows a control over the ionic charge
of the cavity, which can be tuned electrochemically. This feature may also be valuable
to probe the presence of a guest within the cavity. The former issues are of particular
importance regarding potential applications in terms of controlling the encapsulation/
delivery processes of various guests. The redox-active units encountered in the previous
paragraphs of this chapter are in principle concerned by this part, providing they are
chemically functionalized with appropriate chemical functions prone to allow self-
assembly. The latter being driven by thermodynamics, can be essentially performed
using either (i) reversible chemical reactions between the starting building blocks or
(ii) through coordination of a polytopic ligand to a transition-metal complex which
assists the self-assembly process. In the following are presented several illustrative
examples of redox-active self-assembled macrocycles.

A case falling in the first category is provided with the recently described macro-
cycles 45a-b which integrate three redox metallic centers and which were prepared
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Figure 8.31. (a) Self-assembled redox-active triangle 45a-b; (b) 9,10-dimethyltriptycene
guest under study; c) Cyclic voltammograms of 45b without (1) and after addition of
9,10-dimethyltriptycene in 1:10 (2) and 1:20 ratios (3); 0.1 MTBAPF, in CH;CN, 0.2 V s\, Source:
[66]. Reproduced with permission of Wiley-VCH Verlag GmbH & Co. KGaA.

through a self-assembly process from a Ni (respectively Cu) tetraazamacrocyclic mono-
nuclear unit and ethylene diamine as building blocks [66]. Regarding the triangular
shape of the resulting tris-macrocyclic hosts (Figure 8.31), the authors have found
a strong affinity with the structurally complementary 9,10-dimethyltriptycene, as
demonstrated by electrochemical studies. Interestingly, the latter are not based on the
usual variation of the redox potentials of the host—guest complex compared to the
free receptor, but rather on the evolution of the corresponding diffusion coefficient
upon inclusion of dimethyltriptycene. Both complexes 45a and 45b undergo a nearly
reversible M**M?* oxidation processes at 1.15 and 1.37 V versus Ag/AgCl, respectively,
with each of the three redox centers oxidized at the same potential in both cases.
Introduction of the triptycene guest onto an acetonitrile solution of hosts 45a or 45b
leads to a decreasing of the corresponding peak currents in the cyclic voltammogram.
Exploring this evolution, the authors could determine the association constants
(Kass = 454 (+/— 42) and 322 (+/- 27) for the Ni and the Cu complexes, respectively).
Noteworthy, these values, determined electrochemically, reasonably correspond to
those obtained from NMR titration, providing a new lighting on analytical tools dedi-
cated to host—guest interactions and illustrating an additional interest in the use of
redox-active receptors.

As pointed out previously, the TTF unit is a highly n-donating building block
showing unique redox properties, with occurrence of three distinct stable redox states
at easily reachable potentials. Moreover, this unit is compatible with a wide range of
reaction conditions, a favorable issue for various types of functionalization. In this
context, in Angers, we have recently developed several examples of self-assembled
redox-active electron-rich macrocyclic receptors. Their synthesis is based on the metal-
driven self-assembly methodology. Only some examples of self-assembled host struc-
tures involving electroactive side walls are depicted [67], and they are mostly built from
electron-acceptor ligands (typically of the 1,3,5-triazine or quinone family). On the
other hand, only few cavities are built from electron-rich panels, and compounds 47
and 48 belong to this category (Figure 8.32a) [68]. Triangle 47 and square 48 are inde-
pendently isolated from the same self-assembly reaction, through reaction between a
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Figure 8.33. Metal-driven self-assembly of the redox-active trigonal prismatic structure 50 and
inclusion of organic guest TCNQF, within the electron-rich cavity of 50. Source: [69]. Reprinted
with permission of the American Chemical Society.

TTF-based linear ditopic ligand 46 and a cis-coordinated square-planar Pt(II) complex.
Both polygons 47 and 48 are reversibly oxidized through two successive independent
three (respectively four) electron redox processes (Figure 8.32), giving rise to a revers-
ible control over the charge state of the cavity which can be tuned between 47 to
475 (48 to 48%). The electron-rich cavity of triangle 47 shows a good affinity for the
electrodeficient fullerene Cq as shown by UV-vis titration studies (log K, =4.2 in a
CS,/CH,Cl, 8/2 (v/v) solution). On the contrary, square 48, though presenting a similar
n-donating ability than triangle 47, does not exhibit any affinity for Cg. This difference
is assigned to an inappropriate cavity size to match Cg in the case of the square which
exhibits an inner diameter of 22 A versus 13 A for 47. This observation illustrates that
in addition to favorable interaction between redox-antagonists, a good size matching
is essential in the case of a preorganized rigid cavity.

From an analogous metal-driven self-assembly strategy, the trigonal-prismatic
polyhedron 50 could be recently prepared from a tetrapyridyl-TTF derivative 49 [69].
This metallo-based structure corresponds to the first example of a TTF-based self-
assembled cage and the corresponding electron-rich cavity can be used to incorporate
one electrodeficient molecule as shown in the case of tetrafluorotetracyano-p-quinodi-
methane (TCNQF,) (Figure 8.33). This example illustrates both the potentiality offered
by the metal-driven self-assembly methodology to reach electron donating cages and
in addition shows the ability of the latter to bind electron-poor guests. Given that each
panel making up the cavity can be oxidized twice, a step forward now concerns the
access to new related 3D host structures for which the guest could be switch-on/off
electrochemically.

In addition to these cavities constructed from electroactive side panels, consider-
able efforts have also been produced in direction of polygons appended with redox
probes, be they internal or external to the cavity, such as in the case of representative
assemblies 51 [70], 52 [71], and 53 [72], respectively, or even with the 3D cuboctahedral
redox-system 54 [73], designed as a model to explore protein encapsulation, and for
which presence of redox-groups can potentially provide an extra means of character-
izing the guest-encapsulated species (Figure 8.34).

Though their electrochemistry has not been specifically addressed in the literature,
several other examples of redox-active cages capable of including various guests have
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Figure 8.35. Redox-controlled cavity modulation of the rectangular complex 55.

been recently produced. For instance, (i) porphyrin-based boxes, be they covalent [74]
or self-assembled [75], exhibit an excellent binding ability for fullerenes or large aro-
matic guests, a behavior which is supported by the enriched m-electron density of the
cavity; (i) many examples of metalla-cages based on the electrodeficient 2,4,6-tripyridyl-
1,3,5-triazine ligand have been produced and have allowed spectacular results in terms
of inclusion of organic substrates [76, 77].

Finally, one can note that self-assembled structures also provide an opportunity to
electrochemically control the cavity size such as in the recent rectangular iron thiolate
aryldiisocyanide metallo-cyclic structure 55 (Figure 8.35), which also opens interesting
perspectives in terms of electrochemical-triggering of guest binding [78].

8.7 CONCLUSIONS AND PERSPECTIVES

Through this chapter, a sampling of covalent or self-assembled redox-active macrocy-
clic receptors for organic molecules has been proposed. As shown with those examples,
various topical application fields are concerned, ranging from electrochemical sensors
of potential interest in environmental or medical sciences, to controlled motions in
electrochemically-triggered systems, a key issue in the field of molecular electronics.
Efforts in those fields are continuously produced and several emerging further studies
can be identified:

¢ The design of the redox-receptor itself remains of critical importance, in particular
in connection with the structural characteristics of the targeted guests. From this
point of view, this chapter has essentially focused on redox-receptors integrating
an electron-rich cavity, designed to bind electrodeficient organic compounds. It is
worth mentioning that in principle, complementary electron-poor receptors can
also be designed, beside those derived from CBPQT* already mentioned. On this
ground, the pyromellitic diimide framework has recently attracted a strong inter-
est as a m-accepting building block widely used in supramolecular chemistry [79].
Several examples of a pyromellitic diimide-based macrocyclic receptors have
been developed [80],and an illustrative example is provided with compound 56
(Figure 8.36). The host-cavity in 56 [80b], with a transannular distance of 7.3 A
between two diimide m-faces, is m-electron poor and favors intercalation of
electron-rich aromatic guests with occurrence of a charge transfer interaction. On
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Figure 8.36. Redox-active ligand 56 and studied organic guests.

this basis, extension to new families of m-electron poor receptors can be envisaged
as a promising complementary approach to electron-donating macrocycles

e Chiral electrochemical recognition is particularly topical from the fundamental
and practical point of view, in particular regarding the need to alternative easy-
to-run ee determination analytical tools. Though this topic has focused an intense
interest for long, it is only recently that a striking achievement was accomplished
[28], which opens promising perspectives in terms of synthesis of new families of
redox-active macrocyclic chiral receptors.

e Beyond electrochemical transduction led in solution, which has constituted the
guideline of this book chapter, material sciences provide an additional promising
field of application for electroactive macrocyclic receptors in the solid state.
Modifying the electronic properties in the solid state is of course of interest for
a wide range of applications, such as molecular conductors, organic field-effect
transistors (OFETSs) or organic solar cells (OSCs). In this context, fullerene is a
well-known electron acceptor which is utilized as an electron transporter in pho-
tovoltaic devices. However, fullerene containing devices often suffer from their
tendency to aggregate. As a consequence, there has been in the recent years a
growing interest in the search for fullerene hosts, which would be capable of
preventing this phenomenon. In this regard, macrocyclic receptors [13b] have
contributed to significant advances. During the last decade, outstanding discover-
ies have been allowed regarding fullerene recognition, thanks to bisporphyrinic
macrocycles [74c]. In particular, Fumito Tani and collaborators have recently
described the utilization of such a host to produce interesting materials [81].
As illustrated in Figure 8.37, molecule 57 forms channels through hydrogen
bonding in the crystalline state, and fullerene nicely fits within these tubes when
cocrystallized.

In the case of the nonmetallated macrocycle, the redox potentials of the inclusion
complex were studied by cyclic voltammetry. Both oxidation (porphyrin) and reduction
(Cg) processes were affected compared to the unfilled 57 and Cg, transducing an
interaction in the ground state between both species. Moreover, the macrocyclic struc-
ture prevents fullerene aggregation and allows for aligning these electron acceptors.
This peculiar supramolecular arrangement generates anisotropy, and as a matter of
fact, it clearly explains why the conducting properties were so different depending on
the crystal orientation. Indeed, when the conductivity was measured in a parallel
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Figure 8.37. (a) Compound 57; (b) Channels based on 57; (c) X-Ray structure of 57; (d and e)
X-Ray structure of complex 57¢Cy,. Table 1: [a] The oxidation potentials were analyzed by
DPV of film states of the samples on platinum electrodes in acetonitrile with 0.1 M nBu,NCIO,.
[b] The reduction potentials were determined by cyclic voltammetry in o-dichlorobenzene/
pyridine (1:1) with 0.1 M nBu,NCIO,. Scan rate = 0.1 V s. [57] = 0.2 mM. Source: [13b].
Reproduced with permission of Wiley-VCH Verlag GmbH & Co. KGaA.

manner compared to the fullerene axis, the ¢ value was as high as 6 =0.72 cm* V™' 7',
whereas it was only 0.12 cm? V! s7! in a perpendicular direction. Such example, and
others [82], illustrate how redox-active macrocyclic host-guest systems can also inter-
fere at the solid state, giving rise to promising applications in the field of materials
sciences.

e Important efforts are currently produced in preparing self-assembled redox-
active cages. Beyond the synthetic interest of this strategy which allows reaching
functionalized cavities which are otherwise difficult to prepare through multistep
covalent synthesis, the resulting redox-active cavities are promising in the field of
redox-driven recognition processes. First, following the inclusion of a guest within
the cavity, they may allow an electrochemical detection of the host—guest process
through the response of the redox-probes surrounding or constituting the cavity
(responsive mode, §11.1). It is worth mentioning that in addition to sensor applica-
tions, a valuable extension of the concept can be envisaged by an electrochemical
control over the binding ability between the redox cavity and a given guest. One
could expect that controlling the redox state—that is, the ionic level—of the cavity
can switch on and off the guest binding, by modifying interactions between both
counterparts. For instance, cationic cavities would bind cations more weakly than
reduced ones, a concept which has already been demonstrated in the case of ionic
species with molecular organocyanometalate boxes which allow a redox-switch
of the complexation/decomplexation of K* and Cs* [83]. Extension of this strategy
to organic guests definitely constitutes a promising further challenge.
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CHAPTER 9

DETECTION OF NITROAROMATIC
EXPLOSIVES USING
TETRATHIAFULVALENE-
CALIX[4]PYRROLES

KARINA R. LARSEN, KENT A. NIELSEN, JONATHAN L. SESSLER,
and JAN O. JEPPESEN

9.1 INTRODUCTION

Current international public awareness of terrorist attacks using explosives has resulted
in an increasing interest in the development of quick and reliable methods to detect
explosives. In addition, explosives are commonly used in land mines and large quanti-
ties of explosives have been dumped in the environment. In both cases, the availability
of improved sensing systems would be beneficial. This has led to efforts to develop new
chemical-based sensor systems, so-called chemosensors. One approach taken within
this broader effort involves the development of tetrathiafulvalene (TTF) calix[4]
pyrrole-based chemosensors for nitroaromatic explosives. In this chapter, we describe
the molecular engineering that underlies the design of TTF-calix[4]pyrroles and sum-
marize their application as colorimetric chemosensors for nitroaromatic explosives.
These systems not only exploit fundamental donor—acceptor interactions between the
electron-rich TTF moieties and the electron-deficient nitroaromatic explosive analytes
but also rely heavily on the principles of supramolecular chemistry.

The advent of supramolecular chemistry [1] has stimulated interest in the develop-
ment of sensors—devices, molecule sized or larger, that signal the presence of matter
or energy in a way discernible by one of the human senses. Chemosensors capable of
recognizing a specific substrate, that is, the chemical species one wishes to detect [2],
have received increasing attention as alternatives to biosensors. Occasionally, the
motivation to develop a chemosensor reflects the fact that no biological receptor exists
for the targeted analyte. More often, biological-based sensor systems exist, but lack
the properties needed to make the systems useful outside of a controlled laboratory
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Figure 9.1. Schematic view of a chemosensor composed of receptor unit and a transducer unit.

environment. For instance, antibodies often display high affinities for specific substrates
but are usually available only on small scale and are easily subject to denaturing or
degradation. In contrast, chemosensors, which are typically the product of dedicated
synthesis, can, in principle, be manufactured on large scale and generally expected to
be more stable than their biological counterparts.

As shown in Figure 9.1, chemosensors can be produced inter alia from the covalent
association of a receptor unit and a transducer unit. Perturbation of the physical prop-
erties of the transducer unit upon complexation of the substrate then produces a
detectable signal, such as a color change. There are now many chemosensors available,
and for a wide range of analytes, based on this fundamental design. This chapter will
focus exclusively on systems based on TTF-calix[4]pyrroles.

9.1.1 Calix[4]pyrroles

In 1886 Baeyer synthesized a white crystalline material by condensing pyrrole with
Me,CO in the presence of a catalytical amount of hydrochloric acid [3]. Thirty years
later, Chelintzev and Tronov repeated this experiment and proposed a cyclic tetrameric
porphyrinogen structure 1, which later proven to be correct [4]. In 1955 Rothemund
and Gage improved this synthesis by using methanesulfonic acid as the catalyst [5].
Beyond these specific findings, this class of compounds was only studied sporadically
in the 100 years following their discovery [6]. This situation changed in the early 1990s
when Floriani and Floriani-Moro began exploring their metal coordination chemistry
extensively [7]. These seminal studies served to revive interest in these macrocycles
after a long dormant period. Interest in calix[4]pyrroles increased further when Sessler
and coworkers reported in 1996 that this kind of macrocycle could bind anions in
organic solution while likewise proposing that this macrocycle could prove useful in a
number of applications where anion recognition would be beneficial [8]. Sessler and
coworkers introduced the name calix[4]pyrrole to highlight the fact that these macro-
cycles displayed conformational behavior similar to that of the calix[4]arenes. Since the
1996 report, many new calix[4]pyrrole-based anion receptors have been synthesized
and studied in a number of research groups throughout the world. A summary of this
effort is beyond the scope of this chapter. However, a brief review of some of the key
features of calix[4]pyrroles is needed to understand the recognition attributes of their
more complex, TTF-functionalized derivatives.
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Figure 9.2. X-ray crystal structure of calix[4]pyrrole 1in the absence (1,3-alternate conformation)
and in the presence of CI” anion (cone conformation). Source: [9]. Reproduced with permission
of The Royal Society of Chemistry. Link: http:/pubs.rsc.org/en/content/articlelanding/1998/cc/
a706280j.
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Scheme 9.1. The sequential and reversible oxidation of TTF (2) affords the stable cationic species
3 and 4.

X-ray crystal analysis revealed that without anions, calix[4]pyrrole 1 adopts a
1,3-alternate conformation (Figure 9.2) wherein adjacent rings are oriented in opposite
directions. In the presence of anions (e.g., CI” anion), the molecule undergoes a dra-
matic change in geometry and adopts a cone-like conformation such that the four NH
protons are involved in hydrogen-bonding interactions to the CI™ anion. Single-crystal
X-ray diffraction analyses revealed this conformation (Figure 9.2) and revealed dis-
tance parameters consistent with the presence of strong hydrogen-bonding interactions
between the four pyrrolic NH protons and the CI™ anion in the solid state.

9.1.2 Tetrathiafulvalene (TTF)

During the past decades, the sulfur-containing heterocycle, TTF [10], and its derivatives
have been intensively studied on account of their unique n-electron-donating proper-
ties. Derivatives of TTF were originally prepared as strong electron-donor molecules
for the development of electrically conducting materials. However, recently TTF deriv-
atives have been used increasingly as building blocks in macrocyclic and supramolecu-
lar chemistry, and this work has revealed the utility of the TTF unit in application areas
beyond the field of materials chemistry [10b-d]. TTF has been incorporated into a
number of molecular and supramolecular systems to give complex entities and ensem-
bles with fascinating properties, including various macrocycles [11], interlocked com-
pounds [12], and polymers [13]. Systems incorporating the TTF unit capable of forming
host—guest interactions also show promise, for example, as chemosensors and as molec-
ular switches [14]. Some examples hereof were shown in the previous chapter.

Although TTF is a planar 14 m-electron system, it is nonaromatic according to
Hiickel definition because the 14 m-electrons lack cyclic conjugation [11a]. Oxidation
to the radical cation and dication occurs sequentially and reversibly at low potentials.
In contrast to the neutral TTF molecule, both the radical cation and dication (Scheme
9.1) are aromatic in the Hiickel sense as the result of the 6 m-electron heteroaromaticity
of the 1,3-dithiolium cation that results upon oxidation.
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Figure 9.3. Pyrrolo-TTF building blocks 5-7.

Neutral TTF is also a m-strong electron donor; this allows it to form charge-transfer
(CT) complexes with electron-deficient molecules such as nitroaromatic explosives. It
is this feature that has allowed for the development of TTF-calix[4]pyrrole sensors for
nitroaromatic explosives.

9.1.2.1 Pyrrolo-Annulated TTFs TTF has four identical potential attachment
sites. This makes the regioselective functionalization of TTF a challenge. In fact, incor-
poration of TTF into new molecular and supramolecular systems often results in a
mixture of cis and trans isomers. Moreover, separating the two isomeric products is
often impossible. On the other hand, the ongoing quest for well-defined molecular and
supramolecular materials has provided an incentive to develop new TTF-containing
building blocks for which the regiochemical issues associated with substitution are
addressed. One of the most successful realizations of this generalized objectives
involves the synthesis [15] of pyrrolo-annulated TTFs (Figure 9.3). Derivatives of
pyrrolo-TTFs, such as monopyrrolo-TTF (MPTTF) 5 carrying cyanoethyl thiolate and
tosyl protecting groups, have proven to be some of the most useful building blocks in
TTF chemistry [16].

Because of the fact that sequential and selective deprotecting of the two cyanoethyl
and the tosyl protecting groups followed by efficient S- and N-alkylations can be carried
out, the MPTTF unit has been incorporated into several molecular and supramolecular
systems, such as electrochemical sensors [17], porphyrins [18], and rotaxanes [19].

9.1.3 MPTTF Macrocycles, Belts, and Cages

Cyclophanes are fundamentally important compounds in many aspects of macrocyclic
and supramolecular chemistry, and research in this field has expanded rapidly [20].
Cyclophanes with rigid frameworks, often reflecting the presence of aromatic subunits,
and large internal cavities have been frequently exploited to accommodate charged or
neutral guest molecules [21]. Incorporation of the redox-active TTF unit into cyclo-
phanes may serve a dual purpose, namely, increasing the host—guest interaction with a
complementary electroactive guest and at the same time providing an electrochemical
signal for the complexation event; this makes such systems attractive for use in, for
example, sensor development [22].

By using MPTTF building block §, a TTF belt 12 was prepared in relatively few
steps (Scheme 9.2). This was done by linking the two MPTTF units together with glycol
chains [23].

TTF belt 12 was designed to recognize the electron acceptor 7,7,8,8-tetracyano-p-
quinodimethane (TCNQ) and bind it within its central cavity. However, a solid-state
X-ray crystal structure analysis (Figure 9.4) of the CT complex revealed that the TCNQ
guest is associated outside the center, being located specifically alongside one of the
TTF electron donors in the solid state [23].
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with permission of the American Chemical Society.
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Scheme 9.3. Synthesis of a TTF cage 20.

By applying the synthetic methodology used for the preparation of TTF belt 12, the
synthesis of a TTF-cage molecule was later accomplished. Specifically, tris-TTF-cage
molecule 20 (Scheme 9.3) was prepared [24]. This system was designed to have a larger
and more flexible cavity than present in the TTF belt 12. This, in turn, was expected to
increase the likelihood that receptor 20 would be able to accommodate electron-
deficient guests inside its cavity.

UV-Vis-NIR absorption studies carried out [24] on a mixture of tris-TTF cage 20
and 1,3,5-trinitrobenzene (TNB), chosen as a test explosive, revealed the appearance
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of a weak CT band, accompanied by a color change from orange to light green when
TNB is added to a CHCI; solution of the cage. Unfortunately, in spite of the underlying
design expectations and these experimental findings, it proved impossible to determine
whether TNB was being captured within the cage or was simply associating with 20 via
an outside binding mode [24]. In light of this ambiguity, a dedicated effort was made
to design, synth