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AA  GGeenneerraall  IInnttrroodduuccttiioonn  ttoo  

SSuupprraammoolleeccuullaarr  CChheemmiissttrryy  

 

 

1.1 The “chemistry beyond the molecule”. 

 

According to Noble Prize winner in Chemistry, Jean-Marie Lehn, which 

was awarded together with Donald J. Cram and Charles J. Pedersen in 1987, 

supramolecular chemistry is the “chemistry beyond the molecule”,
1
 and it aims 

at developing highly complex chemical systems starting from molecular 

components held together by noncovalent forces.
2
  

Based on self-assembly
3
 and self-organization processes,

4
 

supramolecular chemistry is intrinsically dynamic, which allows the spontaneous 

but information-directed generation of organized structures under equilibrium 

conditions. Suitable manipulation of structural subunits and interaction codes 

gives rise to a wide and new variety of systems. Thanks to a constant and 

continuous development, supramolecular chemistry widens the playground for 

scientists. Simple systems are replaced by ever more complex ones. Building-

blocks become more elaborated, with respect to both structure and function. 

Dynamic chemical bonding ranges from the weak van der Waals forces to the 

thermodynamically reversible covalent interactions, called dynamic 

combinatorial chemistry. The attention, previously focused exclusively on the 

solid and solution states, is now pointing through surfaces and interfaces, 

tackling more complex systems, featuring multivalency, cooperativity and 

orthogonality.   

With its challenges, ever more function-oriented and application driven, 

supramolecular science constitutes a multidisciplinary and interdisciplinary 

domain that provides a highly fertile ground for the creativity of scientists from 

all origins. 
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The present thesis takes its place in this context, and it shows, by 

harnessing noncovalent interactions within different building-blocks, how it is 

possible to generate functional materials and to realize hierarchical self-

assembly on surfaces. 

 

1.2  Secondary Interactions: a “glue” to assemble 

supramolecular architectures. 

 

G. R. Desiraju wrote “in supramolecular chemistry, one makes higher 

level aggregates (supermolecules) from lower level entities (molecules) using 

weak intermolecular interactions as a glue”.
5
 

The term supramolecular refers in fact to ordered molecular 

aggregates, held together by noncovalent interactions, such as metal-ligand 

bonds, hydrogen bonds, or van der Waals’ forces. Because of the weakness of 

such binding interactions, the formation of supramolecular assemblies is often 

thermodynamically dictated, and it commonly results from spontaneous self-

assembly processes, rather than from sequential bond-forming strategies. In 

particular, if self-assembly could be simply defined as the reversible collection 

and aggregation of components into a confined entity, self-organization is the 

real driving force that leads to complex supramolecular systems. After a first 

step, involving the complementary molecular recognition among the structural 

subunits, thanks to selective binding motifs, the growth of a supramolecular 

structure progresses through sequential and eventually hierarchical interaction 

of multiple components, according to cooperative or linear behavior.  

Therefore the choice of the interactional motifs is crucial in 

supramolecular chemistry, because it determines their specific physical and 

chemical properties, like the robustness of the final products, plasticity and 

structure. 

 Next paragraphs will present most common weak interactions in 

supramolecular chemistry.  

 

 Hydrogen-Bonding. 

  

Hydrogen bonding is a type of attractive intermolecular force that exists 

between two partial electric charges of opposite polarity. As the name 

"hydrogen bond" implies, one part of the bond involves a hydrogen atom, which 

is attached to a relatively electronegative heteroatom, such as oxygen, nitrogen 

or fluorine, and it is called the hydrogen-bond donor (D-H). The electronegative 
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element attracts the electron cloud from around the hydrogen nucleus and, by 

decentralizing the cloud, leaves the atom with a positive partial charge. The 

hydrogen bond results when this positive charge density attracts a lone pair of 

electrons on another heteroatom, which becomes the hydrogen-bond acceptor 

(A). Depending on the reciprocal location of H-donors and H-acceptors, H-

bonding can be intramolecular or intermolecular, respectively if donor and 

acceptor are located on the same molecule or on different ones. 

 

 
 

Figure 1: 3D model of hydrogen-bonds in water. 

 

Hydrogen bonding is generally considered with a geometry D-H···A. Some of 

the functions commonly used to evaluate its strength involve a modified 

Lennard-Jones potential, with a D-H···A angle dependent term like: 

 

 

where R is the distance between the D and A, R0 is the equilibrium distance, ε 

is the depth of the potential and A and B are adjustable parameters.
6
 From the 

above reported equation it appears that, for single donor acceptor systems, 

such as D-H···A, the strongest hydrogen bonds are collinear.
7
 Electrostatic 

calculations suggest that deviation of 20° from linearity leads to a decrease in 

binding energy of approximately 10%.
8
 In double acceptor systems, bifurcated 

hydrogen bonds with nonlinear angles are preferred. For example, in protein 

structures, the 90% of N-H···O bonds lie between 140° and 180°, and they are 

centered around 158°. For C=O···H, the range is more broadly distributed 

between 90° and 160° and centered around 129°.
9
 

Although stronger than most other intermolecular forces, the hydrogen bond is 

much weaker than both the ionic bond and the covalent bond. Namely it can 

vary in strength from very weak (1-2 kJ mol
−1

) to extremely strong (higher than 

155 kJ mol
−1

), as in the ion [HF2
−
].

10
 Typical values include: 

 

 

F-H···F (155 kJ/mol) 
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O-H···N (29 kJ/mol) 

O-H···O (21 kJ/mol) 

N-H···N (13 kJ/mol) 

N-H···O (8 kJ/mol) 

 

In contrast to covalent bonds, hydrogen bonds are reversible and their 

strength depends on the chemical environment. Therefore, a suitable tuning of 

the external parameters allows the direct control of the physical properties of 

supramolecular assemblies based on this kind of interaction. For example, the 

well known solvent dependence of H-bonded complex stability in solution, can 

be exploited to obtain robust systems in apolar, aprotic solvents, or to reduce 

the association, by moving to polar solvents, which can act as competitive H-

bond acceptor or donor. Improvement in the stability can be obtained by a 

combination of multiple hydrogen bonds. The stability of final complexes can be 

finely tuned by the proper choice of primary H-bonds, but also of secondary 

electrostatic interactions, which can be repulsive or attractive.
11

 These effects 

have been quantified by Sartorius and Schneider
12

 for the prediction of multiple 

H-bonded complex stability in chloroform (Figure 2).  

The length of hydrogen bonds depends on the interaction strength, as 

well as on temperature and pressure. It can range from 1.2 Å, when the 

interaction features a strong covalent character, to values higher than 2.2 Å, 

when the binding features a more dispersive nature.
10 

As a consequence of 

their specificity, directionality, and versatility
13

 hydrogen bonds have been 

widely exploited in supramolecular chemistry, giving rise to dynamic and 

tunable materials, such as polymers, dendrimers and molecular containers.  
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Figure 2: Schematic representation of complexes containing one to four H-bond together with the 

secondary attractive or repulsive electrostatic interactions.
11 

 

 Metal-Ligand Coordination. 

 

Coordinative metal-bonds feature a great versatility, thanks to the large number 

of structural motifs and bond energies that are available through coordination 

chemistry. Moreover, the high directionality displayed by coordinative bonds is 

particularly appealing for supramolecular chemists, allowing the rational design 

of the structural subunits to bind together, as well as the structural control of the 

entities formed by self-assembly. 

The energy bond related to metal-ligand interactions ranges from the strong 

value of covalent binding, in carbon-based molecules, to the weak one, 

characterizing biological systems.  

When the energy required to induce a geometrical distortion around the metal 

center is relatively low, dynamic coordination complexes can be obtained, able 

to give ligand exchange or pseudorotation around the bond axes, resulting in 

the tuning of the final shape of the self-assembled entities. Also, the availability 

of a wide variety of metals, having different coordination numbers and 

geometries, as well as the chance to act on the orientation of the ligand binding 

sites, provide powerful means to model the structure of supramolecular 

architectures. 

The most common potential building-blocks embrace nitrogen-containing 

molecules, cyano-substituted ligands and phosphorous-containing ligands. 
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The most used metals are zinc and palladium, which form labile reversible 

complexes, or ruthenium, rhenium and platinum, whose adducts are very stable 

or become reversible only by addition of competitive adducts. 

 

 
 

Figure 3: An example of binuclear pentacoordinate zinc complex with two bis-8-hydroxyquinoline 

ligands. [M. Albrecht, O. Osetska, R. Fröhlich, Synlett, 2006, 924.] 

 

Metal-ligand motifs have been frequently used to extend covalent oligomers 

or polymers, and to improve their initial structural and mechanical properties. 

Also the cross-link of polymers bearing multiple metal-coordination sites is quite 

common in supramolecular chemistry, as well as the induction of such redox or 

thermo-reversibility by exploiting metals properties.   

 

 Ion–Dipole Interactions. 

 

Numerous supramolecular complexes are based on electrostatic forces 

between a permanent charge and neutral species featuring a dipole. Ion-dipole 

interactions occur with a strength ranging between 50 and 200 kJmol
-1

, and they 

became stronger with increase of charge or dipole moments. The interaction 

energy depends also upon the distance from the center of the ion to the 

midpoint of the dipole. Therefore temperature changes can be used to enhance 

or to decrease the binding strength.  
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Figure 4: Ion-dipole interaction between Na
+
 and H2O molecules. 

 

Host-guest chemistry displays a huge number of complexes based on ion-

dipole interactions. For example, the binding of protonated amines in 

cucurbituril macrocycle
14

 is largely attributable to ion–dipole forces, as well as 

the inclusion of alkali-metal and alkaline-earth cations by crown ethers
15

 and 

related compounds. 

 

 CH-π Interactions. 

 

Even if weaker than the ordinary hydrogen-bonds, the CH-π interactions (2 

∼ 8 kJ mol
-1

), were shown to play a substantial role in a variety of chemical and 

biological phenomena. They can be described as the interactions occurring 

between soft acids (CHs in an alkyl group) and soft bases (π-systems). 

Suggestion for the presence of attractive interactions between C-H groups and 

π-electron systems came from studies on conformational problems of a series 

of compounds bearing an aliphatic group on one side of the molecule and a 

phenyl group at the other end.
16

 Stabilization of this bond comes essentially 

from the dispersion forces and charge-transfer interactions, while contribution 

from the electrostatic energy is relatively unimportant. Orientation dependent 

and additive in enthalpy, CH-π bonds can act in a cooperative fashion when 

multiple CH groups participate simultaneously in interactions with π-groups.  

 

Figure 5: Examples of CH-  interactions. 

A relevant feature of this kind of interaction is its effectiveness in water 

and in nonpolar media, with significant consequences on molecular recognition 

in biological environments. CH-π interacting species were found to become 
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more favored as the π-electron density of the involved aromatic system 

increases, and, of course like in the case of H-bonding, if the hydrogen atoms of 

the partner molecule become more acidic. CH-π interaction plays a crucial role 

in determining the selectivity of organic reactions, the properties of solid 

materials, such as graphite and fullerene, as well as the specificity of substrate 

and biologically important macromolecules. 

 

 π-π Interactions. 

 

Weak electrostatic π-π interactions occur between aromatic moieties, 

because of the intermolecular overlapping of p-orbital in π-conjugated 

systems,
17

 thus more π-electrons are involved in the interaction, the stronger is 

the bonding. The stabilizing energy of π−π interactions also includes induced 

dipole and dispersion contributions. Aromatic interactions are intriguing in 

molecular recognition processes, since they are expected to be strong in water 

(due to the hydrophobic component of the interaction), and at the same time, 

selective, if the electrostatic component is significant. Consequently they 

provide the best features of both hydrophobic effects and hydrogen bonding. 

Two general types of aromatic π−π interactions are face-to-face and edge-

to-face. The latter is actually a C−H···π interaction (the C−H bond generally 

having a small dipole moment). The attraction in these two orientations comes 

from the interaction between positively charged hydrogen atoms and negatively 

charged π-face of aromatic system. The perfect facial alignment of face-to-face 

orientation is unlikely because of the electrostatic repulsion between the two 

negatively charged π-systems of the aromatic rings. The distance between the 

aromatic π−π faces is about 3.3−3.8 Å. 

 
Figure 6: The limiting types of aromatic π −π interactions:  

face-to-face and edge-to-face orientations. 

 

π-π interactions are one of the principal noncovalent forces governing 

supramolecular organization and recognition processes. They are key 

interactions influencing the tertiary structure of proteins
18

 and the vertical base 

stacking in DNA.
19

 Moreover they also play a major role in stabilizing host-guest 

complexes
20

 and in self-assembly based on synthetic molecules.
21
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 Halogen Bonding. 
 

Halogen bonding is the noncovalent interaction occurring between the 

region of positive electrostatic potential of a covalently bonded halogen atom 

and an electron-rich atom (or group of atoms) that acts as a Lewis base. In 

nature halogens are electron withdrawing resulting in a partial negative charge 

being accumulated on their surface in halocarbons. However, it was 

demonstrated that, in C–X moieties, the partial negative charge is not evenly 

distributed around the halogen atom; rather, it forms an equatorial belt around it, 

coaxial with the C–X bond, that leaves a region of positive electrostatic potential 

localized at the tip of the C–X bond extension, called “σ-hole”. 
22

 

It is a relatively new class of interactions in Supramolecular Chemistry, 

and its definition has been announced only recently in Pure and Applied 

Chemistry by Desiraju et al.: “A halogen bond occurs when there is evidence of 

a net attractive interaction between an electrophilic region associated with a 

halogen atom in a molecular entity and a nucleophilic region in another, or the 

same, molecular entity.” 
23

 A typical halogen bond is denoted by the three dots 

in R–X•••Y. R–X is the halogen bond donor, X is any halogen atom with an 

electrophilic (electron-poor) region, and R is a group covalently bound to X. Y is 

the halogen bond acceptor and is typically a molecule possessing at least one 

nucleophilic (electron rich) region. Among most common R-X are: dihalogen 

molecule (e.g., I2, Br2, ICl, ClF), haloalkanes (e.g., CBr4, CHI3), haloarenes or 

haloheteroarenes (e.g., iodobenzene, halopyridinium), halonium ions (e.g., 

diphenyliodonium) and haloimides (e.g., N-bromo- or N-iodosuccinimide). 

Meanwhile most common XB acceptors are lone pair possessing atoms (e.g., N 

atom of a pyridine or an amine, O atom of a carbonyl group), π systems (e.g., 

double or triple bonds, arene moiety), anions (e.g., halide anion, oxyanion).  

In a typical halogen bond (XB) distance between X and Y is smaller 

than sum of their van der Waals radii, while R-X is bigger than in pristine 

complex. Halogen bond is much more directional than H-bonding, and the angle 

between R–X•••Y is close to 180
o
C, what also implies that Y is approaching X 

along the extention of R-X axis. The halogen bond strength decreases as the 

electronegativity of X increases, and the electron withdrawing ability of R 

decreases. The primary forces involved in the formation of bond are 

electrostatic, but effect of polarization, charge transfer and dispersion cannot be 

neglected. Presence of XBs usually can be observed in UV-Vis, Raman, XPS 

and NMR experiments, as in all this measurements signals of atoms are 

shifted.
23

  

Recently halogen bonding become of great interest
24-27

 in chemistry and 

number of articles reporting “halogen bonding” among keywords is growing, 
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with maximum of 103 papers reported in 2012 (SCOPUS database). The 

majority of papers reported in the literature cover 3 topics: crystal engineering,
24

 

material science
25,26

 and biological applications.
27

 Strong bonding and well 

defined angle between XB donor and acceptor is used for building well 

organized 1D, 2D and 3D architectures in solid state. Recently, the group of 

Resnati and Metrangolo, reported an example of 3D organic framework self-

assembled by orthogonal interactions, HB and XB, exhibiting open 2D 

channels.
28

 Framework, supported only by HBs and XBs, can withstand single-

crystal-to-single-crystal guest exchanges from liquid and gas phases without 

collapsing. In material science, XBs are exploited for enhancing liquid crystal 

states properties and its self-assembly ability, in the synthesis of MOFs as 

linkers and specific binding sites for guests
29

 and as binding motif for anions in 

anion recognition systems. Important are also biological applications, where 

often presence of XBs is responsible for specific binding of pharmaceuticals in 

enzymes binding sites.
27

  

 

 Hydrophobic effects. 

 

Hydrophobic effects are sum of multiple interactions between non-polar 

molecules and water, resulting in immiscibility between them, e.g. mineral oil 

and water.
30

 The water molecules are attracted strongly to one another resulting 

in a natural agglomeration of other species (such as non-polar organic 

molecules) as they are squeezed out of the way of the strong inter-solvent 

interactions. In addition, between organic molecules are usually present van der 

Waals and π–π stacking attractions. 

The hydrophobic effect is very important in biological systems in the 

creation and maintenance of protein and polynucleotide structure and in the 

maintenance of phospholipid bilayer cell walls. Hydrophobic effects are of 

crucial importance in the binding of organic guests, see Gibb’s capsules,
31

 in 

water and may be divided into two energetic components: enthalpic and 

entropic. The enthalpic hydrophobic effect involves the stabilisation of water 

molecules that are driven from a host cavity upon guest binding. Because host 

cavities are often hydrophobic, intracavity water does not interact strongly with 

the host walls and is therefore of high energy. Upon release into the bulk 

solvent, it is stabilised by interactions with other water molecules. The entropic 

hydrophobic effect arises from the fact that the presence of two (often organic) 

molecules in solution (host and guest) creates two ‘holes’ in the structure of bulk 

water. Combining host and guest to form a complex results in less disruption to 

the solvent structure and hence an entropic gain (resulting in a lowering of 

overall free energy). The process is represented schematically in Figure 7. 
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Moreover moving water molecules from a hydrophobic environment to the bulk 

leads to a great energy gain. 

 

 
Figure 7. Hydrophobic binding of organic guests in aqueous solution. From ref. 

32. 

 Host-Guest Complexation. 

 

Host-guest complexation involves receptor molecules containing hollow and 

enforced spaces, and smaller species that can be located inside them. 

In a kind of designer-chemistry, different functional groups are incorporated into 

the host molecules, so that their orientation facilitates strong binding to 

corresponding fragments in the guest. 

A variety of forces, such as electrostatic interaction, hydrophobic 

effects, halogen and hydrogen bonding, are utilized to achieve higher affinity 

and selectivity in the binding processes.  

Equally important are both, the structure of the interacting units and the 

thermodynamics that control the inclusion phenomena. Namely, host and guest 

are devised in order to maximize favorable enthalpic and, when possible, 

entropic contributions during the complexation processes. 

Based on structurally well-defined pattern of intermolecular interactions, 

host-guest chemistry leads to a huge variety of supramolecular architectures, 

embracing polymers and sensors, molecular machines and functional surfaces. 

 

 

 

 

 

1.3 Structural Subunits for Supramolecular 

Frameworks. 
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The following paragraph will describe briefly the structural properties and 

the most important association features of the macromolecules exploited in this 

thesis as building-blocks. 

 

 Cavitands. 

 

Cram defined cavitands
33

 as “synthetic organic compounds with enforced 

cavities large enough to complex complementary organic molecules or ions.” 

They are versatile molecular receptors and these compounds are extremely 

interesting in host-guest chemistry and have been extensively studied in the 

solid state,
34

 in solution
35

 and in the gas phase.
36

 

Suitable scaffolds for the construction of cavitands are resorcin[4]arenes, 

synthesized in straightforward condensation reaction from resorcinols and 

aldehydes in acidic or basic conditions.
37

 

 
 

Figure 7: Synthesis of resorcin[4]arenes. 

 

A further functionalization of the resulting macrocycles can be achieved 

by means of bridging reactions on the four couples of adjacent phenolic 

oxygens. The choice of the bridging groups is pivotal to determine shape, 

dimensions and complexation properties of the final cavitand. 

 

Tetraphosphonate-bridged Cavitands. 

 

Bridging of resorcinarene with forur P(V) moieties results in formation of 

tetraphosphonate cavitands.
38

 The introduction of phosphonate groups 

introduce special complexing properties toward positively charged species, 

such as alkali-metal and alkaline-earth cations,
39

 or ammonium and N-

methylpyridinium salts.
40

 The presence of four stereogenic centers in the 

tetraphosphonate cavitands gives rise to six possible diasteromeric isomers, 
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differing from each other for the orientation of the P=O moieties, either inward (i) 

or outward (o) the cavity.
41

 

 

 
 

Figure 8: Tetraphosphonate cavitand isomers. 

 

Stereochemistry is pivotal to determine the cavitand complexing 

capability. The higher binding has been observed for the isomer featuring four 

P=O groups converging toward the center of the cavity. 

The main specific interactions responsible for recognition processes are 

H-bonding, CH-π, and cation-dipole forces.
42

 A multiple ion-dipole interaction 

occurs between the inward facing P=O groups and the positively charged guest 

moieties; directional H-bonding involve two adjacent P=O groups in presence of 

H-donor species; CH-π interaction acts between guest acidic protons (e.g. CH3 

group in N-methylpyridinium salts) and the π-basic cavity. All these forces 

operate in a synergistic fashion, assuring high association constant
40

 for the 

complex formation (in order of 10
5
 M

-1
 for methyl ammonium species).  

When the P=O moieties are replaced by the P=S ones, by oxidation with sulfur 

on P(III) precursor,
40b

 the structurally related tetrathiophosphonate cavitands 

are obtained. These compounds feature ionophoric properties toward soft 

metals,
43

 such as Ag
+
, Hg

2+
, Tl

+
, but result inefficient in pyridinium or ammonium 

binding, because of the weaker H-bonding and ion-dipole interactions that they 

can form with these guests.
40b

 

In this thesis, host-guest properties of tetraphosphonate cavitands have 

been exploited to form supramolecular hierarchical self-assembly protocols on 

the surface (Chapter 3), synthesise dyes for Guest-Host Liquid Crystal Dyes 
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cells (Chapter 4) and for sensing in Organic Electrochemical Transistors 

(Chapter 7). 

 

Tetramethylene-bridged Cavitands. 

 

Conformationally mobile resorcinar[4]arenes can be converted to bowl-

shaped cavitands by fourfold ring closures, which introduce methylene bridges 

anchored by the four sets of proximate oxygens.
34

 

 

 
 

Figure 11: Tetramethylene-bridged cavitands. 

 

Cavitand depth and shape vary with the character of the R1 substituents (H, 

CH3, Br, I, etc.). These compounds possess enforced concave surfaces of 

molecular dimensions and form solvates with simple guest molecules, most 

of which are complementary to their cavities, such as CH2Cl2, CHCl3, 

CH3CN, C6H5CH3, and C6H6.
44

 Methylene-bridged cavitands stand at the 

lower end of complexation ability, as they bind the guest only through CH 3-

π interaction. Recently, Schalley et al. demonstrated that these cavitands 

are able to complex anionic species in gas phase,
45 

however, in solution, 

where the solvent effect are important, no evidences have ever been shown 

of such affinity neither for anions nor for cations.  

 

In this thesis we exploited methylene-bridged cavitand as preorganized 

rigid scaffold for building secondary building units (SBUs) in metal organic 

framework (MOFs), which mimic tetraphosphonate cavitands geometry 

(Chapter 2). 
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 Phthalocyanines 

 

Phthalocyanines (Pcs) 
46

 were serendipitously discovered in 1928, and 

since then, these synthetic analogues of the naturally occurring porphyrins 

have been the subject of extensive research in many different fields .
47

 Pcs 

are planar, symmetrical aromatic macrocycles composed of four isoindole 

units having 18 π-electrons delocalized over alternating macrocycle 

consisting of carbon and nitrogen atoms. As a consequence they have very 

strong absorption in visible region and are thermally and chemically stable. 

They are also very versatile – the central cavity has sufficient size to 

accommodate over 70 metal ions (e.g. Cu
2+

, Fe
2+

, Ni
2+

, Co
2+

, Zn
2+

, Mn
2+

, 

Al
3+

, Fe
3+

, Si
4+

, Ti
4+

), and a variety of substituents can be incorporated 

(Fig.12) at peripheries (R1-R16) and at the axial position (R17-R18). 

 

Figure 12. Scheme of phthalocyanine with possible substitution 

positions. 

The most common synthetic pathway towards phthalocyanines used on 

laboratory scale start from phthalonitrile (orto-dicyanobenzene) and its 

derivatives. On Scheme 13 are presented also other routes towards MPc. 

Synthesis of metal free Pcs is usually accomplished by use of phthalonitrile 

in high-boiling alcohol in presence of metallic lithium, followed by 

protonation with acetic acid. 
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Scheme 1. Synthetic routes to MPc. Reagent and conditions: i.) Large 

excess of CuCN in refluxing DMF;
48

 ii.) Refluxing DMF with metal salt;
49

 iii.) 

Highboiling-point solvent (e.g. quinoline) with metal salt at 205 °C;
50

 iv.) In 

2-ethoxyethanol with metal salt at 50 °C;
51

 v.) Solvent free, in fused urea 

with metal salt at 160 °C;
52

 vi.) High-boiling-solvent (e.g. nitrobenzene) with 

urea, metal salt NH4Cl and ammonium molybdate at 180 °C;
53

 vii.) In 

nitrobenzene with urea, metal salt and ammonium molybdate at 190 °C;
54

 

or in HMDS and DMF with metal salt and p-TsOH at 130 °C;
55

 viii.) In 

refluxed quinoline with metal salt.
56

 

Due to their remarkable absorption properties, since their discovery 

they found applications ion dye industry and are still present there. Later one, 

their unique properties allow them to studied for applications in optics (UV-vis, 

fluorescence,
57

 nonlinear optics – NLO
58

), electronic conductivity (sensors,
59 

charge-transfer complexes
60

), optoelectronics (photoconductivity,
61

 light 

harvesting/photovoltaic,
62

 OLEDs
63

), catalysis,
64

 adsorption,
65

 magnetics,
66

 and 

recently also in the medicine.
67

 

In this thesis, good optical absorption and electronic properties have 

been exploited in synthesis of donor acceptor systems for organic photovoltaic 

solar cells and strong complexing properties towards lanthanides and unique 

magnetic properties of such complexes have been utilized for synthesis of 

building blocks, which can be deposited on the silicon surface and operate as 

single molecule magnets. 
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CChhaapptteerr  22  

DDeessiiggnn  aanndd  ssyynntthheessiiss  ooff  aa  

ccaavviittaanndd  ppiillllaarr  ffoorr  MMOOFFss
**
  

2.1. Introduction 

In 2009 Yaghi, Stoddart and co-workers
1
 published the first 

example of a MOF architecture incorporating polyether ring components as 

specific molecular recognition units in the construction of cubic frameworks. In 

this way the complexation of the incoming guest into the MOF structure is not 

only shape- and size-selective, but it is based on a specific molecular 

recognition event.In general, to be incorporated into the MOF architecture, an 

organic molecule needs to be equipped with a stiff backbone, e.g. polyynes, 

phenyl rings, etc., and two metal binding sites, e.g. -COO
-
, -CN, -SCN, pyridine 

derivatives,conveniently oriented to match the MOF geometry.
2
 The most 

important and widely used bridging ligands for constructing MOFs are 

carboxylate linkers, due to the high thermal and chemical stabilities of the 

carboxylate–metal framework.
3
 

Cavitands are particularly appealing as molecular receptors, due to 

their tuneable and outstanding host-guest properties. In the design of these 

macrocycles, shape, dimension, nature of the host-guest interactions involved 

in the recognition processescan be tuned by the choice of the bridging groups 

connecting the phenolic hydroxyls of the resorcinarene scaffold.
4 

The versatile 

molecular recognition properties of cavitand receptors can be harnessed in 

sensing when they are arranged in a solid material suited to be used in specific 

devices.
5
 For example, cavitands presenting four quinoxaline groups at the 

upper rim, have a deep cavity capable to interact selectively with aromatic 

guests via π-π and CH-π interactions;
6,7

 cavitands functionalized with 

phosphonate groups pointing inside the cavity, present really high affinity 

                                                 

* 
The work described in this Chapter has been published online: K. Misztal, A. 

Sartori, R. Pinalli, C. Massera, E. Dalcanale, “Design and synthesis of a 
cavitand pillar for MOFs” Supramolecular Chemistry, 2013, 
DOI:10.1080/10610278.2013.835051. 
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towardsalcohols, thanks to the synergistic presence of H-bonds and CH-π 

interactions.
8
 Simple tetramethylene bridged cavitands are reported to be 

suitable hosts for molecules like acetonitrile and nitromethane.
9
  

If opportunely functionalized at the lower rim, cavitands could be 

suitable host molecules to be incorporated into MOF structures to act as 

specific binding sites.In its simpler form, a cavitand pillar for MOF must fulfil the 

structural requirement of having thetwo distally positioned carboxylic groups at 

the lower rim in equatorial -configuration. In this way the carboxylates will be 

rigidly held at 180° angularity, pivotal for MOF assembly. 

In this work we introduce a general synthetic strategy to insert two distal 

benzoic acid derivatives at the lower rim of cavitands, in the desired equatorial 

configuration (compound 3ee, Scheme 1). The introduction of the benzoic acid 

derivatives is planned at the resorcinarene scaffold level, in order to make this 

synthetic strategy of general value for the synthesis of a wide variety of 

cavitands. 

2.2. Results and Discussion 

In 1989 Cram et al.
10

 reported a study in which they showed that 

the acid-catalyzed condensation reaction of aldehydeswith 2-nitroresorcinol 

stopped to the formation of the dimer, like 1 reported in Scheme 1, without 

proceeding further to the corresponding cyclic tetramer.The presence of the 

electron-withdrawing group NO2 on the resorcinol deactivates the phenyl ring 

toward multiple electrophilic aromatic substitutions.In 2005 Bourgeoisand 

Stoeckli-Evans
11

 published an interesting study in which theyshowed that, under 

alkaline conditions, paraformaldehyde and 2-nitroresorcinol do form a cyclic 

tetramer in high yield. More recently, Beyeh and Rissanen
12

 reported the first 

example of a direct synthesis of a tetranitroresorcinarene starting from 2-

nitroresorcinol and acetaldehyde under alkaline conditions. The X-ray structure 

of the obtained compound confirmed that the macrocycle assumes the usual 

rcct-flattened cone stereoisomer.
10

  

These three papers were instrumental in providing the synthetic 

background for the design of a di-substituted resorcinarene having the desired 

R substituents on the lower rim in equatorial conformation.The reduction of the 

R substituents at the lower rim from 4 to 2, calls for a stepwise synthesis of the 

tetramer, following the procedure reported in Scheme 1.  
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Scheme 1. Synthesis of the methylene bridged cavitands 3. All three different 

isomers are obtained: 3aa, 3eeand 3ae. Reagents and conditions: i) HCl, 

MeOH, 75°C, 5 days;ii) formaldehyde, NaOH, MeOH, 50°C, 24h; iii) 

bromochloromethane, K2CO3, dry DMA, 80°C, 3 days. 

 

The acid-catalysed condensation reaction between 2-

nitroresorcinol and methyl 4-formylbenzoate resulted in the formation of dimer 

1. The subsequent reaction of 1 with formaldehyde in basic medium brought to 

the formation of resorcinarene2. The preference for the axial (a) conformation of 

R substituents in resorcinarenes is well documented.
10

 The ring inversion of the 

resorcinarene macrocycle allows the R groups to exchange between the 

equatorial (e) and the axial positions.
13

 In this case, the ring inversion is eased 

by the removal of two of the four substituents, allowing the interconversion 

between the three possible conformers in solution. The introduction of the four 

methylene bridges at the upper rim blocks the benzoate substituents in either 

axial or equatorial configuration. Therefore 2 was reacted directly with 

bromochloromethane in presence of K2CO3, to yield cavitand 3in all three 

possible configurations. The three isomers were separated via column 

chromatography, giving 3aa, 3ee and 3ae,in a 5:3:1 ratio.The configuration of 

each of the three isomers was determined via 
1
H NMR, as reported in Figure 1. 

The isomers 3ee and 3aa, having a C2v symmetry, presented one singlet for the 

methine proton, as highlighted in the figure (empty circle for cavitand 3ee, 

empty square for cavitand 3aa). The upfield shift of the methine proton is 

indicative of theequatorial position of the R substituents.
13

 The 3ae isomer 

presented two different singlets for the methine proton, one shifted upfield, 
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diagnostic of the equatorial position of the leg (black square), and the other one 

shifteddownfield,diagnostic of the axial position of the substituent (black circle). 

The asymmetry of the molecule is also confirmed by the multiplicity of all the 

other signals. 

 

Figure 1. 
1
H NMR spectra of the three different isomers of cavitand 3. 

Diagnostics methine peaks for the configuration attribution are highlighted with 

different symbols. 

 

The stereochemistry of the3ee isomer has been univocally 

confirmed also via single crystal X-ray diffraction analysis (Figure 2). Suitable 

crystals were obtained by slow evaporation of a solution of 3ee in 

acetonitrile.The solvent is included inside the cavitand, stabilized by CH-π 

interactions between the methyl group of the guest and the nitrobenzene rings 

of the host.  
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Figure 2: a) top and b) side view of the molecular structure of compound 3ee 

hosting an acetonitrile molecule; c) ORTEP view.Hydrogen atoms have been 

omitted for clarity. 

 

The molecular structure clearly shows that the two benzoate 

legspoint in opposite directions, with the distance between the two carbon 

atoms of the ester groups being 18.389(3) Å. The phenyl rings and the -

COOCH3 groups are coplanar and slightly tilted with respect to the least-

squared plane passing through the methylene groups of the lower rim (the 

angle formed between the carboxylic atoms and the centre of the plane is 

167.01(7)°). In the lattice, the cavitands are piled in columns running in opposite 

directions along the crystallographic axis b, forming channels filled with 

acetonitrile molecules (see Fig. 3).  
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Figure 3. Crystal structure of compound 3ee showing the channels formed in 

the lattice along the crystallographic axis b. Hydrogen atoms have been omitted 

for clarity. 

2.3. Conclusions 

The introduction of distal benzoate substituents in equatorial 

configurationat the lower rim of a methylene-bridged cavitand has been 

achieved via a stepwise synthesis .All three possible stereoisomers are 

accessible via this approach (3aa, 3ae, 3ee). Crystal structure analysis proved 

that the elusive 3ee isomer was indeed formed. This approach shows that, by 

carefully choosing the conditions of the different reaction steps (acid or alkaline 

environment), it is possible to introduce different substituents at the lower rim of 

cavitands in the desired position andconfiguration.Moreover, the formation of 

the resorcinarene intermediate 2 makes this synthetic protocol amenable to be 

extended to the preparation of a wide variety of cavitands, featuring different 

bridges at the upper rim. The particular configuration of cavitand 3ee isomer 

and the nature of the benzoate legs open the way to use this molecule as 

molecular recognition unit in MOF architecture. 

2.4. Experimental Section 

Unless specified, all the reagents and solvents needed were used 

as purchased without further purification. Reactions were carried out under 

argon using dry solvent, unless otherwise noted. 
1
H NMR spectra were 

collected on a BrukerAvance 400 MHz; ESI-MS spectra were collected on a API 

100 SCIEX electrospray ionization mass spectrometer, single quadrupole. HR-

MS spectra were collected on a Thermo Scientific LTQOrbitrap XL electrospray 
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ionization mass spectrometer. 

Methyl 4-(bis(2,4-dihydroxy-3-nitrophenyl)methyl)benzoate (dimer) 1 

2-nitrobenzene-1,3-diol (200 mg, 1.29mmol) and methyl-4-formylbenzoate (105 

mg, 0.64mmol) were dissolved in 10 mL of methanol. To the red-orange clear 

solution obtained, hydrochloric acid (37% water solution) was added dropwise 

over a period of 10 min. After 5 days at 75°C, a red-orange precipitate 

appeared. The reaction was cooled down to room temperature, filtrated and the 

solid was washed with cold methanol. No further purification was necessary and 

the crude productwas used as is in the next step. (235 mg; yield = 80%). 

1
H NMR (400 MHz, acetone-d6) δ: 10.90 (s, 2H, Ar-OH), 10.47 (s, 2H, Ar-OH), 

7.97 (d, 2H, (O)C-Ar-H, J = 6.56 Hz), 7.27 (d, 2H, HO-Ar-H, J = 8.20 Hz), 7.10 

(d, 2H, CH-Ar-H, J = 8.72 Hz), 6.62 (d, 2H, CH-Ar-H, J = 8.76 Hz), 6.19 (s, 1H, 

CH), 3.88 (s, 3H, CH3). ESI-MS (neg mode): calculated for C21H16N2O10(M) 

456.37; found [M – H]
-
 = 455.34. 

 

Tetranitroresorcin[4]arene, 2 (mixture of ee, ae and aa isomers): 

To a solution of 1 (150 mg, 0.33mmol, 1 eq.) and sodium hydroxide (26.3 mg, 

0.66mmol, 2eq.) in methanol cooled at 0°C, paraformaldehyde (10 mg, 

0.33mmol, 1 eq.) was added in one portion. The mixture was stirred for 2 hours 

at 0°C and then heatedat 60°Cfor 20 h. The resulting dark red mixture was 

cooled to room temperature and quenched by one pot addition of acetic acid 

(38 μL, 0.66mmol, 2 eq.). The solvent was removed under reduced pressure, 

and the solid was dissolved in acetone and filtrated on silica gel. Flash 

chromatography of the crude (SiO2; eluent CH2Cl2/Hexane/Aceton, 4:9:1) 

yielded tetramer 2 (20 mg, yield 12%) as mixture of threeisomers. No other 

attempts to separate the isomers were performed at this stage. 

ESI-MS (neg mode): calculated for C44H32N4O20(M) 936.75; found [M – H]
-
 = 

935.68. 

 

Methylene-bridged tetranitrocavitand, 3: 

A solution of 2 (80 mg, 0.085mmol) in dry DMA (10 mL) in a schlenktubewas 
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degassed with bubbling Ar. After 30 minutesa large excess of anhydrous K2CO3 

(600 mg) was added, followed by bromochloromethane (56 μL, 0.85mmol, 10 

eq.). The reaction mixture was stirred at 80°C under Argon atmosphere for 

three days. During this period,two portions of K2CO3 (300 mg each portion) and 

three of BrCH2Cl (4 eq. every portion) were added. The complete 

disappearance of reagent 2 was monitored via TLC. At the end the solvent was 

evaporated under reduced pressure. The crude was dissolved in water and 

extracted three times with dichloromethane; the organic phase was collected 

and evaporated. The obtained precipitate was purified by flash chromatography 

(SiO2; eluent CH2Cl2/Hexane/Acetone, 5:5:0.3). Three different isomers were 

recovered:3aa (7 mg, yield 8%);3ae (3 mg, yield 4%);3ee (4 mg, yield 5%). The 

reaction was repeated on a larger scale with similar yields. 

3aa: 
1
H NMR (400 MHz, acetone-d6) δ: 8.01 (d, 4H, (O)C-Ar-H, J = 8.44 Hz), 

7.89 (s, 4H, Ar-H), 7.56 (d, 4H, CH-Ar-H, J = 7.48 Hz), 6.41 (s, 2H, CH), 5.97 

(dd, 4H, O-CH2-O, J1= 7.52 Hz, J2= 7.84 Hz), 4.81 (d, 2H, O-CH2-O, J = 7.44 

Hz), 4.62 (d, 2H, O-CH2-O, J = 7.72 Hz), 4.46 (d, 2H, Ar-CH2-Ar, J = 12.84 Hz), 

3.94 (s, 6H, CH3), 3.78 (d, 2H, Ar-CH2-Ar, J = 12.72 Hz).HR-MS: calculated 

forC48H33N4O20[M+H]
+
985.168815; found [M + H]

+
 = 985.16874. 

3ae: 
1
H NMR (400 MHz, acetone-d6) δ: 8.15 (s, 2H, Ar-H), 8.11 (d, 2H, (O)C-Ar-

H, J = 8.44 Hz), 8.08 (s, 2H, Ar-H), 7.93 (d, 2H, (O)C-Ar-H, J = 8.48 Hz), 7.67 

(d, 2H, CH-Ar-H, J = 7.52 Hz), 7.21 (d, 2H, CH-Ar-H, J = 7.76 Hz), 6.49 (s, 1H, 

CH), 6.01 (d, 1H, O-CH2-O, J = 7.56 Hz), 5.97 (d, 1H, O-CH2-O, J = 7.68 Hz), 

5.66 (s, 1H, CH), 5.50 (d, 1H, O-CH2-O, J = 7.60 Hz), 4.82 (d, 1H, O-CH2-O, J = 

7.56 Hz), 4.71 (d, 2H, O-CH2-O, J = 7.72 Hz), 4.64 (d, 1H, O-CH2-O, J = 7.60 

Hz), 4.55 (d, 2H, Ar-CH2-Ar, J = 12.76 Hz), 3.97 (s, 3H, CH3), 3.89 (d, 2H, Ar-

CH2-Ar, J = 12.84 Hz), 3.86 (s, 3H, CH3).HR-MS: calculated 

forC48H33N4O20[M+H]
+
985.168815; found [M + H]

+
 = 985.16875. 

3ee: 
1
H NMR (400 MHz, acetone-d6) δ: 8.32 (s, 4H, Ar-H), 7.95 (d, 4H, (O)C-Ar-

H, J = 8,40 Hz), 7.23 (d, 4H, CH-Ar-H, J = 7.12 Hz), 5.95 (d, 2H, O-CH2-O, J = 

7.72 Hz), 5.88 (s, 2H, CH), 5.51 (d, 2H, O-CH2-O, J = 7.68 Hz), 4.75 (d, 2H, O-

CH2-O, J = 7.60 Hz), 4.65 (d, 2H, O-CH2-O, J = 7.64 Hz), 3.98 (s, 2H, Ar-CH2-

Ar), 3.95 (s, 2H, Ar-CH2-Ar), 3.89 (s, 6H, CH3). HR-MS: calculated 

forC48H33N4O20[M+H]
+
985.168815;found [M + H]

+
 = 985.16875. 

Crystal structure determination of isomer 3ee 

The molecular structure of compound 3ee was determined by single-crystal X-

ray diffraction methods. Crystallographic and experimental details are 

summarized in Table 1.  
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Table 1. Crystallographic data and refinement details for compound3ee. 

 Compound 3ee 

Formula C50H35N5O20
 

Formula weight 1025.83 

Crystal system Monoclinic 

Space group P2/c 

a/Å 13.351(2) 

b/Å 7.5160(10) 

c/Å 22.798(3) 

β/˚ 98.135(2) 

V/Å
3
 2264.7(5) 

Z 2 

Dc/g cm
-3

 1.504 

F(000) 1060 

μ/mm
-1

 0.119 

θmin,max/˚ 1.54, 24.77 

Reflections collected 23238 

Independent reflections 3885 (Rint = 0.1078) 

Obs. refl. [I>2(I)] 1925 

Data / restraints / parameters 3885/ 0 / 343 

R indeces [I>2(I)]
a
 R1 = 0.0520, wR2 = 0.1156 

R indeces (all data) R1 = 0.1262, wR2 = 0.1463 

Δρmin,max/e Å
-3

 -0.184, 0.196 

S
b
 0.997 

a
R1 = Fo-Fc/Fo, wR2 = [ w(Fo

2
-Fc

2
)
2
/ wFo

4
]
1/2

. 
b
Goodness-of-fit S = [w(Fo

2
-Fc

2
)
2
/(n-p)]

1/2
, where n is the number of reflections 

and p the number of parameters. 
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Intensity data and cell parameters were recorded at 293 K on a Bruker Apex II 

single-crystal diffractometer (employing a Mo Kα radiation and a CCD area 

detector). The raw frame data were processed using SAINTand SADABS to 

yield the reflection data file.
14

 The structure was solved by Direct Methods using 

the SIR97program
15

 and refined on Fo
2 

by full-matrix least-squares procedures, 

using the SHELXL-97 program
16

 in the WinGX suite.
17 

All non-hydrogen atoms 

were refined with anisotropic atomic displacements. The hydrogen atoms were 

included in the refinement at idealized geometry (C-H 0.95 Å) and refined 

“riding” on the corresponding parent atoms. The weighting schemes used in the 

last cycle of refinement was w = 1/ [σ
2
Fo

2 
+ (0.0604P)

2
], where P = (Fo

2
 + 

2Fc
2
)/3.Drawings were obtained using the programs Mercury

18
 and Chimera.

19
 

Crystallographic data (excluding structure factors) for the structure reported 

have been deposited with the Cambridge Crystallographic Data Center as 

supplementary publication no. CCDC-947610 and can be obtained free of 

charge on application to the CCDC, 12 Union Road, CambridgeCB2 1EZ, U.K. 

[Fax: (internat.) + 44-1223/336-033; E-mail: deposit@ccdc.cam.ac.uk] 
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CChhaapptteerr  33  

HHiieerraarrcchhiiccaall  SSeellff--AAsssseemmbbllyy    

ooff  LLuummiinneesscceenntt  EEuu((IIIIII))  

CCoommpplleexxeess  oonn  SSiilliiccoonn
**
  

3.1 Introduction 

Formation of hierarchical monolayers and multilayers on different surfaces 

by exploiting supramolecular interactions represents a theme of great interest in 

contemporary chemistry.
1,2

 The idea behind this approach is to use the 

thermodynamic control and reversibility of non-covalent interactions for the 

error-free generation of specific architectures directly on surfaces.
3
 A substantial 

contribution to the self-assembly protocols for 2D and 3D structures was given 

by the development of molecular recognition schemes on surfaces,
4
 tapping 

into the large body of available synthetic receptors that have been designed, 

prepared and tested in the last three decades. Among them cavitands
5
 are 

particularly versatile systems whose complexation ability was exploited not only 

for recognition of target molecules
6
 but also for the fabrication of well-defined 

2D and 3D molecular assemblies.
7
 Some examples of cavitand-decorated 

surfaces of gold
8
 and silicon

9
 in which the molecular recognition properties of 

cavitands have been exploited for the precise fabrication of specific molecular 

structure have been reported. Recently β-cyclodextrins were employed as 

molecular receptors for the self-assembly of Eu(III) luminescent complexes on 

glass.
10

 The antenna sensitizer and the Eu complex were independently 

anchored on the glass surface via hydrophobic adamantyl-cyclodextrin 

complexation using the multivalency approach. The two components interact on 

the surface leading to localized sensitized emission. 

In the present work we describe an alternative, sequential self-assembly 

protocol aimed at building Eu(III) luminescent coordination structures on silicon. 

Our approach is based on the combination of the molecular recognition 

                                                 
* Content of this chapter has been submitted for publication. 
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properties of a tetraphosphonate cavitand with the metal-coordination ability of 

specific guests. 

Eu(III) and Tb(III) complexes display exceptional photophysical properties
11

 

such as high photoluminescence quantum yield (PLQY) in the visible spectral 

region, long excited state lifetimes, large Stokes shifts, and sharp emission 

profiles related to f−f electronic transitions. The characteristic red and green 

photoluminescence of trivalent Eu and Tb ions,
12

 upon ultraviolet light 

irradiation, has been exploited from the fundamental and applicative point of 

view. Accordingly, materials based on Eu(III) and Tb(III) are extensively utilized 

in light-conversion molecular devices, as phosphors in lighting technologies, as 

well as for sensing purposes and memory devices.
13,14

 However, although in 

literature some examples of Eu(III) complexes covalently attached on surfaces 

have been reported,
15,16

 to the best of our knowledge no examples of non-

covalent self-assembly of lanthanide luminescent probes on silicon surfaces 

have been described in the literature. 

The main goal of the present work is the development of a strategy for the 

precise and reversible hierarchical assembly on silicon of a luminescent Eu(III) 

complex, which is bound to a surface-anchored cavitand by means of a 

sarcosine bearing a phenanthroline ligand. The design of the connecting ligand 

was determined by the following experimental observations: i) the high 

association constant of sarcosine with tetraphosphonate cavitands,
17

 ii) the well-

known ability of phenanthroline
18,19

 to serve as a strong bidentate ligand and 

efficient sensitizer for Eu(III) β-diketonates.  
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Chart 1. Molecular structure of the compounds used in the present work. 

3.2 Results and Discussion 

3.2.1 Design and strategy  

The compounds used in the present work are shown in Chart 1. The precise 

and reversible hierarchical assembly on silicon was obtained by using host-

guest interactions and metal-ligand coordination in sequence. This multi-step 

approach involves the recognition process of tetraphosphonate cavitands 

(Tiiii)
20

 anchored on the silicon surfaces towards a sarcosine unit
[17] 

connected 

to a phenanthroline ligand (1), followed by the coordination of the 

phenanthroline with the europium -diketonate complex 2 used as luminescent 

probe. The related non-luminescent and diamagnetic yttrium -diketonate 3 was 

chosen as reference compound for the NMR characterization in solution and for 

photophysical control experiments on the surface. Cavitand decorated silicon 

surfaces were prepared by photochemical grafting.
[21

 The entire process was 

fully tested in solution, and then successfully transferred to the solid state, 

where it was monitored via XPS and luminescence spectroscopy. 
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3.2.2 Self-assembly in solution  

The formation of ternary complexes was first carried out in solution to prove 

feasibility (Figure 1). The first step is the complexation of the methylammonium 

guest 1 inside the Tiiii[C3H7, CH3, Ph] (from now onward Tiiii-A) cavity in 

methanol, monitored by 
31

P and 
1
H NMR measurements. Figure S1 shows the 

1
H NMR spectrum of the host-guest complex formed by 1 and Tiiii-A (Tiiii-A•1). 

Diagnostic upfield shifts of the guest signals were observed, as expected for 

hosted species that experience the shielding effect of the cavity.
[17]

 In particular, 

the signals of N-CH3 moiety moved over 3 ppm upfield to -0.53 ppm; other 

resonances attributed to the sarcosine moiety as well as to the phenanthroline 

unit were also shifted. The 
31

P resonance of the four P=O groups moved 

downfield of almost 5 ppm (from 5.9 to 10.8 ppm, Figure S2). The upfield shift of 

the methyl residue is diagnostic of the N-CH3 inclusion into the cavity whereas 

the downfield shift of P=O signals is a clear indication of the participation of 

phosphonates in the complexation of the guest. 

 

Figure 1. Ternary complex formation in solution: a) Host-guest Tiiii-A•1 complex 

formation in methanol; b) coordination between Tiiii-A•1 and 2 (or 3) in 

dichloromethane. The pink ball represents the chloride anion of the ammonium-

based ligand 1. 
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The ternary complexes between Tiiii-A•1 and the metal precursors 2 or 3 were 

formed quantitatively by simply mixing the components in dichloromethane. The 

formation of Tiiii-A•1•3 was monitored via 
1
H and 

31
P NMR. In the proton 

spectrum of Tiiii-A•1•3 the downfield shift of the peaks belonging to the 

phenanthroline was observed, diagnostic of the metal complexation (Figure S1). 

The phosphorous peak remained almost unchanged, indicating that metal ion 

does not compete with sarcosine for the cavity. Because of the paramagnetic 

properties of Eu(III), 
1
H NMR was not used for monitoring the formation of the 

Tiiii-A•1•2 complex, while the phosphorus spectrum is similar to that of the 

diamagnetic yttrium derivative Tiiii-A•1•3 (figure S3), so it is safe to assume 

that  the Tiiii-A•1•2 complex was formed. The presence of both complexed 

species was also confirmed by high resolution mass spectrometry (HR-MS). 

The HR-MS spectrum in acetonitrile of the analogous complex Tiiii-C•1•2, in 

which the cavitand has longer alkyl chain at the lower rim exhibited a peak at 

m/z corresponding to the complex without the chloride anion (Figure S4). 

3.2.3 Absorption and luminescence spectra in solution 

The formation of the hierarchical complexes Tiiii-A•1•2 and Tiiii-A•1•3 is further 

supported by photophysical investigations. The UV-Vis absorption spectrum of 

2 in dichloromethane spans across the range 260-350 nm with the maximum 

centred at 290 nm (Figure S5). The phenanthroline ligand 1 absorbs in the 

same spectral range but its maximum is located at higher energies (275 nm, 

Figure S5). In line with these findings, the absorption spectrum of the compound 

obtained from the phenanthroline system 1 and the Eu -diketonate complex 2 

(1•2) is the sum of the spectral features of its building blocks and shows a 

maximum at 285 nm (Figure S5). The absorption spectrum of the analogous 

yttrium--diketonate complex 1•3 is virtually identical to that of 1•2, indicating 

the same electronic transitions in both compounds, as expected (Figure S6). 

The Tiiii-A cavitand does not absorb the light beyond 290 nm, and the 

formation of Tiiii-A•1•2 leads only to a broadening of the absorption band 

(Figure S5). Absorption spectra of 1•2, 1•3, Tiiii-A, Tiiii-A•1 are presented in 

Figure S7.  

All the investigated europium compounds, 2, 1•2 and Tiiii-A•1•2 exhibit 

characteristic Eu(III) emission bands due to the f-f transitions. The emission 

spectra consist of 
5
D0→

7
FJ transitions (J = 0–4) mainly dominated by the 

5
D0→

7
F1 and 

5
D0→

7
F2 sharp emissions bands centred at 590 and 613 nm, 

respectively. The perfect overlapping of the emission spectra between 2, 1•2 

and Tiiii-A•1•2 complexes shows that the coordination sphere of the europium 

cation remains virtually unchanged after the encapsulation in the cavity. Notably, 
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the PLQY of 2 is 15.5%, and increases to 25.9% for 1•2. In the latter, the 

phenanthroline ligand fills the coordination sphere around the europium cation 

and eliminates vibrational quenching from water molecules and, on the other 

hand, it serves as light harvesting antenna. PLQY of the ternary complex Tiiii-

A•1•2 in solution is 20.0% that is intermediate between those of 2 and 1•2. The 

trend of lifetimes values is in perfect agreement with that observed for the 

quantum yields (Table 1).  

Y(III) complexes (1•3 and Tiiii-A•1•3), which do not exhibit metal-centred 

emission due to the closed-shell configuration of the ion. Therefore they were 

investigated as reference compounds. The only luminescence band observed 

was that of the sarcosine-phenanthroline ligand 1 at λmax = 440 nm. The 

emission profiles of 1 in Tiiii-A•1•3 matches well the emission of the ligand in 

Tiiii-A•1 and is shifted towards longer wavelengths compared to the free 1 (λmax 

= 290 nm) due to the confinement effect of the cavitand. PLQY of the free 

ligand 1 was 5.7%. This value decreases to 2.7% in Tiiii-A, suggesting the 

presence of some electronic interaction between the phenanthroline moiety and 

the cavitand. In the case of the metal complex 1•3, PLQY is decreased to 1.9%. 

The difference with free 1 suggests some electronic perturbation induced by the 

yttrium cation. 
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Figure 2. Emission and excitation spectra in dichloromethane at 298 K. 

Excitation spectra: λem= 612 nm in all cases but 1 for which λem= 410 nm. 

Emission spectra: λex= 280 nm.  

 

3.2.4 Self-assembly on the Tiiii functionalized Si surface  

The non-covalent anchoring on the silicon surface is schematically illustrated in 

Figure 3. The preliminary step was the preparation of Tiiii-B functionalized Si 

surface (Si-Tiiii-B) by covalent grafting of a mixed Tiiii-B/1-octene (Oct) 

monolayer, via photochemical hydrosilylation. According to previous 

studies,
[9b,21]

 the use of Oct as spectator spacer in the mixed monolayers 

improves the passivation of the Si surface, thus minimizing substrate oxidation 

due to aging. X-ray photoelectron spectroscopy (XPS) measurements of the 

grafted surfaces showed the typical P 2p band of the silicon-anchored Tiiii 

cavitand. The detailed characterization of the Si-Tiiii-B surface is reported 

elsewhere.
[9b]
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Table 1. Photophysical data in dichloromethane solution at 298 K.  

Compound PLQY (%) Excited state lifetime 

1 5.7 4.9 ns
[b] 

2 15.5 0.75 ms
[a] 

1•2 25.9 0.85 ms
[a] 

Tiiii-A•1•2 20.0 0.80 ms
[a] 

Tiiii-A•1 2.7 3.70 ns
[b] 

1•3 1.9 3.10 ns
[b] 

Tiiii-A•1•3 1.7 3.50 ns
[b] 

[a] Eu(III) centred luminescence. [b] Phenanthroline centred fluorescence.
 

The self-assembly protocol implemented in solution was then transferred to 

the silicon surface, as illustrated in Figure 3. The first step was the binding of 1 

on the Si-grafted cavitand through the complexation of the methyl ammonium 

moiety. This was accomplished by dipping Si-Tiiii-B in a 1 mM methanol 

solution of 1. The surface functionalized with the host-guest adduct (Si-Tiiii-

B•1) was then dipped in a 1 mM THF solution of 2 (or 3) in order to bind the 

metal complex through the coordination with the phenanthroline moiety, yielding 

Si-Tiiii-B•1•2 (or Si-Tiiii-B•1•3, respectively).  

3.2.5 Step-by-step monitoring of the self-assembly process 

via XPS 

Each self-assembly step was monitored by XPS. The atomic compositions of 

Si-Tiiii-B, Si-Tiiii-B•1, Si-Tiiii-B•1•2 and Si-Tiiii-B•1•3 are reported in Table 2. 

Table 2. Elemental composition data from XPS measurements for selected 

surfaces. 

 Atomic fractions [%] 

 P Si O C N F Eu Y 

Si-Tiiii-B 1.1 16.3 31.9 50.4 0.3 - - - 

Si-Tiiii-B•1 1.0 12.9 30.5 53.9 1.7 - - - 

Si-Tiiii-B•1•2 0.9 12.2 28.8 49.3 1.2 6.9 0.38 - 

Si-Tiiii-B•1•3 0.9 11.1 21.3 59.9 1.1 5.4 - 0.32 

Si-MeCav•1•2 - 19.9 26.9 52.4 0.3 0.5 0.03 - 
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Figure 3. Si-Tiiii-B hierarchical self-assembly protocol with a) guest 1 and 

subsequently b) with metal complexes 2 or 3. 

Although a low N 1s signal is already present in the Si-Tiiii-B sample due 

to adventitious N-containing species. However, after treatment with guest 1, a 

significant increase of the N 1s signal was observed. In addition, the shape of 

the XPS N 1s band (Figure 4) is consistent with the molecular formula of 1. In 

fact, the band consists of two components: i) a main feature at 400.0 eV 

assigned to the two phenanthroline nitrogens and the nitrogens of the amidic 

bond (Nlig), and ii) a less intense component at 402.0 eV assigned to the 

protonated nitrogen of sarcosine (Nsar). The observed intensity ratio Nlig/Nsar is 

about 3:1 as expected from the molecular structure. The successful 

coordination affording Si-Tiiii-B•1•2 and Si-Tiiii-B•1•3 respectively were 

corroborated by the presence of Eu (or Y) XPS bands together with the F 1s 

signal due to the coordinated -diketonate ligands (Table 2). 

The Eu 3d XPS region of Si-Tiiii-B•1•2 sample shows the characteristic 

doublet of Eu 3d5/2- and Eu 3d3/2 that are centred respectively at 1164.8 eV 

and 1135.1 eV; this is consistent with the presence of Eu(III) (Figure 5a).
[16]

 It is 

worth noticing that a low intensity doublet is observed at 1155.1 eV and 1125.1 

eV, which could indicate the presence of reduced Eu(II).
22

 The relative intensity 

of these bands (with respect to the main doublet) increases with X-rays 

irradiation times and the amount of Eu(II) is negligible for very short XPS 

acquisition times (Figure S8). This suggests that europium is present only as 

Eu(III) in the monolayer and that reduction is produced during the  XPS 

analysis. In the Si-Tiiii-B•1•3 sample, Y 3d5/2 and Y 3d3/2 peaks (Figure 5b) 

appear respectively at 158.8 eV and 160.6 eV, consistent with the presence of a 

Y(III) compound. 
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Figure 4. High resolution N 1s XPS region of Si-Tiiii-B and Si-Tiiii-B•1. 

In order to demonstrate that the self-assembly on the surface is driven by 

the molecular recognition properties of the Tiiii-B cavity and to rule out any 

physisorption phenomena of the metal complexes on the surface, a specific 

control experiment has been designed and executed. 

 

Figure 5. High resolution XPS regions of a) Eu 3d of Si-Tiiii-B•1•2 and b) Y 3d 

of Si-Tiiii-B•1•3. 

A blank sample made of a complexation inactive methylene-bridged 

cavitand grafted on silicon (Si-MeCav) was prepared. The resulting Si-MeCav 

surface was treated with guest 1 and 2 (Si-MeCav•1•2) similarly to Si-Tiiii-

B•1•2. XPS analysis of Si-MeCav•1•2 (Table 2) did not show significant 

amounts of nitrogen, europium or fluorine, showing that physisorption on the 

surface is negligible, and the complexation capability of the Tiiii-B cavity is a 

key requirement for the self-assembly process. 
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The atomic ratios Eu/N/F and Y/N/F of Si-Tiiii-B•1•2 and Si-Tiiii-B•1•3 are 

1/3.2/18.2 and 1/3.4/16.9, respectively. They are close to the theoretical 

expected ratio 1/4/18, although a slightly lower amount of N is observed in both 

cases. This behaviour can be due to a direct coordination of the metal 

complexes in the Tiiii-B cavity, to a very limited extent. To investigate this 

possible side reaction pathway, Si-Tiiii-B surfaces without guest 1 were treated 

with 2 and 3. XPS analyses of the samples thus obtained (Si-Tiiii-B•2 and Si-

Tiiii-B•3) showed the presence of the metals and fluorine in amounts 

comparable to Si-Tiiii-B•1•2 and Si-Tiiii-B•1•3, indicating that the Tiiii-B cavity 

can interact directly with complex 2 or 3. 

3.2.6 Photophysical measurements on the surface 

To evaluate the presence of free or uncomplexed phenanthroline ligand in the 

self-assembled systems, the luminescence properties of Si-Tiiii-B•1, Si-Tiiii-

B•1•2, Si-Tiiii-B•1•3 and Si-Tiiii-B•2 surfaces have been examined in the 

spectral window of the phenanthroline fluorescence band (λex=270 nm, Figure 

6) for the various surfaces. Only Si-Tiiii-B•1 sample showed the band of the 

phenanthroline ligand (λmax = 440 nm), whereas in all the other samples no 

luminescence was detected (Figure 6). For Si-Tiiii-B•2 this result is obvious, 

since phenanthroline is not present on the surface. However, in the case of Si-

Tiiii-B•1•2 the absence of phenanthroline emission corroborates the occurrence 

of energy transfer properties to the Eu(III) ion.  

 

Figure 6. Emission spectra of different surfaces in the spectral window of the 

phenantroline fluorescence. 
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Eu(III) emission was evaluated in the 480-750 nm range (λex = 320 nm) for 

both Si-Tiiii-B•1•2 and Si-Tiiii-B•2 surfaces. Si-Tiiii-B•1•2 exhibits emission 

bands related to 
5
D0  

7
F1, 

5
D0  

7
F2, 

5
D0  

7
F3 and 

5
D0  

7
F4 transitions, at 

592, 610, 648 and 690 nm respectively, shifted a few nanometers towards 

higher energies in comparison to the compound in solution. For Si-Tiiii-B•2 only 

the strong signals of 
5
D0  

7
F1, 

5
D0  

7
F2 were observed (Figure 7). The 

emission intensity recorded for the Si-Tiiii-B•1•2 surfaces is significantly higher 

compared to Si-Tiiii-B•2, thanks to the sensitizing properties of the 

phenanthroline towards Eu(III), which ultimately improves light absorption and, 

accordingly, emission output. Moreover, the relative intensities of the 
5
D0  

7
F1 

and 
5
D0  

7
F2 transitions are different for the two surfaces. In particular, for Si-

Tiiii-B•1•2 the intensity ratio between the 
5
D0  

7
F1 and 

5
D0  

7
F2 transitions 

(1:4) is similar to that in solution (1:5), whilst for Si-Tiiii-B•2 it is remarkably 

different (1:2). These results suggest that the self-assembly process in the 

presence of 1 occurs without significant changes of the Eu coordination 

environment compared to the solution process. By contrast, the direct 

complexation of 2 in the Tiiii cavity leads to a significant modification of the 

original Eu environment. 

Finally, no emission was observed for Si-MeCav•1•2. This result matches with 

XPS findings, indicating no Eu(III) complex anchored on the surface in the 

absence of specific Tiiii receptors. 

 
Figure 7. Fluorescence spectra of Si-Tiiii-B•1•2 (red trace) and Si-Tiiii-B•2 

surfaces (black trace) probed at 5 different points of the samples. λex = 320 nm. 
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3.3 Conclusions 

In the present study we have reported the first example of hierarchical self-

assembly of luminescent lanthanide complexes on silicon. Formation of these 

supramolecular structures on Si surface has been confirmed by two 

independent analytical techniques (XPS and fluorescence) and validated by 

control experiments with surfaces decorated with a complexation inactive 

methylene-bridged cavitand. Self-assembly on the cavitand functionalized 

surface with sarcosine-phenanthroline ligand followed by Eu(hfac)3 coordination 

afforded a more strongly emitting surface than direct coordination of Eu(hfac)3 

in the cavity, due to the sensitization of the Eu(III) ion by the phenanthroline 

ligand. The present approach can be implemented for applications in sensing, 

bio-imaging and optoelectronic devices. The use of the universal bidentate 

ligand 1 allows the complexation of other lanthanide ions, as well as of metals in 

general. Moreover, the self-assembly of these ternary complexes on silicon will 

widen the spectrum of possible applications, since silicon is a technologically 

important inorganic platform. 

3.4 Experimental Section 

General: All commercial reagents were ACS reagent grade and used as 

received. Solvents were dried and distilled using standard procedures. 
1
H NMR 

spectra were recorded on Bruker Avance 400 (400MHz) and Bruker Avance 

300 (300 MHz) NMR spectrometers. All chemical shifts (δ) were reported in 

parts per million (ppm) relative to proton resonances resulting from incomplete 

deuteration of NMR solvents. ESI-MS experiments were performed on a Waters 

ZMD spectrometer equipped with an electrospray interface. Exact mass was 

determined using a LTQ ORBITRAP XL Thermo spectrometer equipped with an 

electrospray interface. This section only includes the synthesis and 

characterization of the ligand 1 from commercially available 5-amino-[1,10]-

phenanthroline 5, through modified literature procedure
[14] 

and self-assembly in 

solution and on silicon surface; syntheses of tetraphosphonate cavitands with 

C3H7 (Tiiii-A)
23

 and C10H19 (Tiiii-B)
24

 on lower rim were reported previously. In 

Supporting Information are also NMR and MS spectra of formation of 

complexes. 

Bromo-N-[1,10]-phenanthrolin-5-yl-acetamide, 4: 5-Amino-[1,10]-

phenanthroline (0.20 g, 1.03 mmol) was placed in a round bottomed flask under 

argon. ACN (dry, 40 mL) and triethylamine (0.11 g, 1.04 mmol, 0.15 mL) were 

added and the suspension was stirred for 30 min at room temperature. The 

mixture was cooled to 0°C before bromoacetylchloride (0.19 g, 1.23 mmol, 0.10 
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mL, 1.2 equivalents) in ACN (5 mL) was added drop-wise. The mixture was left 

stirring for 16 h at RT and TLC (CH2Cl2:MeOH(saturated with NH3) 9:1) showed 

no further progress of reaction. Solvent was removed under reduced pressure 

and residue was solubilised in 10 mL of 5% K2CO3 aqueous solution. Triple 

extraction with dichloromethane was conducted and organic layers were 

collected and evaporated, yielding a brown residue (0.25 g) which was next 

purified by silica column chromatography using 95:5 CH2Cl2 : MeOH(NH3) as 

eluent, giving pale brown solid (0.166 g, 51%). 
1
H NMR (400 MHz, CDCl3, 298 

K) δ=9.26 (d, 1H, J = 4.2 Hz), 9.18 (d, 1H, J =5.6 Hz), 8.81 (bs, 1H, NH), 8.39 (s, 

1H), 8.36 (d, 1H, J =8.5 Hz), 8.27 (d, 1H, J = 8.0 Hz), 7.74 (dd, 1H, J = 4.0 Hz, J 

= 5.4 Hz), 7.67 (dd, 1H, J = 5.8 Hz, J = 5.9 Hz), 4.21 (s, 2H,CH2). 

Ligand 1: To 0.166 g (0.63 mmol) of 4 dissolved in 20 ml of dry ACN (pale-

yellow solution) 1.2 equivalents of sodium iodide (0.94 g; 0.63 mmol) were 

added. Solution was stirred for 10 min at RT until a white precipitate appears 

(NaBr). Next 5 mL of 30% methylamine solution in ethanol were added by 

portion during 6h stirring at RT until TLC indicated no starting compound. 

Reaction mixture was evaporated at reduced pressure and was further purified 

by silica column chromatography using 95:5 CH2Cl2 : MeOH(NH3) as eluent, 

giving yellow-brown solid (0.126 g, 90%). 
1
H NMR (400 MHz, CDCl3, 298 K) 

δ=10.23 (s broad, 1H, NH), 9.26 (d, 1H, J =4.0 Hz), 9.14 (d, 1H, J =4.0 Hz), 

8.65 (s, 1H), 8.34 (d, 1H, J =8.4 Hz), 8.26 (d, 1H, J = 8.0 Hz), 7.73 (dd, 1H, J = 

4.3 Hz, J = 4.3 Hz), 7.67 (dd, 1H, J = 4.3 Hz, J = 4.3 Hz), 3.58 (s, 2H, CH2), 

2.68 (s, 3H, CH3). 
13

C NMR (100 MHz, CDCl3, 298 K) δ=170.2, 150.2, 149.6, 

135.9, 130.2, 128.7, 123.5, 123.2, 122.8, 116.6, 55.4, 37.2. Calculated 

forC15H15N4O ([M+H]): m/z=267.12. Found:m/z=267.2. 

Tiiii-C: To a solution of heptadecyl-footed resorcinarene (130 mg, 0.090 mmol) 

in fresh distilled pyridine (10 mL), dichlorophenylphosphine (0.081 mL, 0.582 

mmol) was added slowly, at room temperature. After 3 hours of stirring at 70 °C, 

the solution was allowed to cool at room temperature and 2 mL of aqueous 35% 

H2O2 was added. The resulting mixture was stirred for 30 minutes at room 

temperature and H2O (100 mL) was added and solution was filtrated. Solid was 

suspended in water (100 mL), sonicated for 30 min and filtrated again resulting 

as white powder  (140 mg, 80%). 
31

P NMR (160 MHz, CDCl3): 7,6 (s, 4P). 
1
H 

NMR (400 MHz, CDCl3): 8.10-8.04 (m, 8H, PO-Ar-Ho), 7.64 (m, 4H, POArHp), 

7.55-7.51 (m, 8H, POArHm), 7.31 (s, 4H, Ar-Hup), 7.02 (s, 4H, Ar-Hdown), 4.82 (bt, 

4H, Ar-CH-Ar), 2.36 (bd, 8H, -CH-CH2-CH2-), 1.47 (m, 8H, -CH2-CH2-CH3), 1.28 

(m, 112H, -CH2-(CH2)14-CH3),  0.90 (m, 12H, -CH2-CH3). 

Cavitand-guest-ligand complex Tiiii-A•1: To a methanol solution containing 1 

(20 mg, 0.0752 mmol) a CH3COCl solution in methanol (0.752 M, 0.1 ml used) 
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was added dropwise. To this transparent solution cavitand Tiiii-A (89 mg, 

0.0752 mmol) was added. Mixture was stirred until everything becomes 

solubilized (5 min, rt). Next, solvent was removed under reduced pressure and 

orangish residue Tiiii-A•1 was dried under vacuum. 
1
H NMR (400 MHz, CDCl3, 

298 K): 1: 9.34 (bs, 1H), 9.26 (bs, 1H), 9.02 (bs, 1H), 8.43 (bs, 1H), 7.80 (s, 1H), 

7.71 (s, 1H), 7.30 (bs, 1H), 6.83 (bs, 2H, NH2) 3.76 (s, 2H,CH2), -0.50 (s, 

3H,CH3); Tiiii-A: 8.15 (q, 8H, Ar-H, J =7.2 Hz), 7.82 (bs, 4H, Ar-H), 7.73 (t, 4H, 

Ar-H, 7.6 Hz ), 7.60 (m, 8H, Ar-H), 4.83 (t, 4H, Ar-CH-Ar, J =7.6 Hz), 2.63 (m, 

8H, CH-CH2-CH2), 2.20 (s, 12H, Ar-CH3), 1.46 (m, 8H, CH2-CH2-CH3 ), 1.10 (m, 

12H, CH2-CH3).
31

P NMR (160 MHz, CDCl3, 298 K): 10.8 (s, 4P). 

Tiiii-C•1: To methanol solution containing 1 (11 mg, 0.040 mmol) a CH3COCl 

solution in methanol (0.403 M, 0.1 ml used) was added by drops. To this 

transparent solution cavitand Tiiii-C (78 mg, 0.040 mmol) was added. Mixture 

was stirred for 5 min at room temperature. Resulting orangish residue was dried 

under vacuum. 
31

P NMR (160 MHz, CDCl3, 298 K): 12.1 (s, 4P). 
1
H NMR (400 

MHz, CDCl3, 298 K): 1: 9.30 (bs, 2H), 9.02 (bs, 1H), 8.49 (m, 4H), 3.80 (s, 2H, 

CH2), -0.64 (s, 3H, CH3); Tiiii-C: 8.10 (m, 8H, PO-Ar-H), 7.69 (m, 4H, PO-Ar-H), 

7.58 (m, 8H, PO-Ar-H), 7.25 (bs, 4H, Ar-H), 6.97 (bs, 4H, Ar-H), 4.78 (t, 4H, Ar-

CH-Ar, J =6.6 Hz), 2.85 (bs, 8H, CH-CH2-CH2), 1.51 (bs,  8H, CH-CH2-CH2), 

1.42 (m, 112H, CH2-(CH2)14-CH3), 0.89 (m, 12H, CH2-CH2-CH3). 

Ternary complex Tiiii-A•1•2: To dichloromethane solution containing Tiiii-

A•1(25 mg, 0.017 mmol) 2 (14 mg, 0.017 mmol) was added at once and mixture 

was stirred for 1 h at RT. Solvent was removed under reduced pressure and 

orange residue Tiiii-A•1•2 was dried under vacuum. 
31

P NMR (160 MHz, CDCl3, 

298 K): 11.3 (s, 4P). 

Ternary complex Tiiii-A•1•3: To dichloromethane solution containing Tiiii-A•1 

(30 mg, 0,02 mmol) 3 (14.2 mg, 0.02 mmol) was added at once and mixture 

was stirred for 1 h at RT. Solvent was removed under reduced pressure and 

orange residue Tiiii-A•1•3 was dried under vacuum. 
1
H NMR (400 MHz, CDCl3): 

1: 9.25 (bs, 1H), 9.18 (bs, 1H), 8.70 (bs, 1H), 8.46 (s, 1H), 8.23 (bs, 1H), 7.70 

(bs, 1H), 7.09 (bs, 1H), 6.83 (bs, 2H, NH2) 3.58 (bs, 2H,CH2), -0.58 (s, 3H,CH3); 

2: 6.07 (bs, 2H), 6.00 (bs, 1H); Tiiii-A: 8.10 (q, 8H, Ar-H, J =7.2 Hz), 7.82 (bs, 

4H, Ar-H), 7.75 (t, 4H, Ar-H, 7.04 Hz ), 7.59 (m, 8H, Ar-H), 4.83 (t, 4H, Ar-CH-Ar, 

J =7.2 Hz), 2.61 (m, 8H, CH-CH2-CH2), 2.18 (s, 12H, Ar-CH3), 1.47 (m, 8H, 

CH2-CH2-CH3 ), 1.10 (m, 12H, CH2-CH3).
31

P NMR (160 MHz, CDCl3, 298 K): 

11.0 (s, 4P). 

Ternary complex Tiiii-C•1•2: Tiiii-C•1 (29 mg, 0.013 mmol) and Eu(hfac)3(10.5 

mg, 0.013 mmol) were solubilized in dichloromethane (10 mL) and solution was 
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stirred for 1 hour at RT until everything was solubilized. Solvent was removed 

under reduced pressure and residue was dried under vacuum. 
31

P NMR (160 

MHz, CDCl3, 298 K): 12.6 (s, 4P). HR-MS: calculated for [M-Cl]
+
 

C150H190EuF18N4O19P4
+
 m/z=2971.19277, found m/z=2971.18155.  

Synthesis of Si-Tiiii-B: Tiiii-B/1-octene mixture (χcav = 0.05) was dissolved in 

mesitylene (solution concentration = 50mM) and 2.0 mLof this solution were 

placed in a quartz cell and deoxygenated by stirring in a dry box for at least 1 h. 

A Si(100) substrate was dipped in H2SO4/H2O2 (3:1) solution for 12 min to 

remove organic contaminants, then it was etched in a hydrofluoric acid solution 

(1% v/v) for 90 s and quickly rinsed with water. The resulting hydrogenated 

silicon substrate was immediately placed in the above mentioned mesitylene 

solution. The cell remained under UV irradiation (254 nm) for 2 h. The sample 

was then removed from the solution and sonicated twice in dichloromethane for 

10 min to remove residual physisorbed material. 

Host-guest system on silicon, Si-Tiiii-B•1: Si-Tiiii-B wafer was dipped in a 

1x10
-3 

M solution of guest 1 in CH3OH for 60 min, sonicated in CH3OH for 5 

minutes and dried in nitrogen flux. 

Ternary complex on silicon with 2 and 3,Si-Tiiii-B•1•2 andSi-Tiiii-B•1•3:Si-

Tiiii-B•1 was dipped in THF solutions of complexes 2 and 3 (1x10
-3 

M) for 30 

min, sonicated in THF for 5 minutes and dried in nitrogen flux.  

Photophysical measurements: Absorption spectra were recorded in Hellma 

quartz cells (1 cm) with a Perkin-Elmer Lambda 950 UV/Vis/NIR 

spectrophotometer. Steady-state photoluminescence spectra and excitation 

spectra were recorded with an Edinburgh FLS920 spectrometer (continuous 

450 W Xe lamp), equipped with a Peltier-cooled Hamamatsu R928 

photomultiplier tube (185−850 nm). Emission quantum yields of Eu(III)-based 

samples were determined according to the approach described by Demas and 

Crosby,
25

 using [Ru(bipy)3Cl2] (Φem = 0.028 in air-equilibrated water solution)
26

 

as standard. 

Excited state lifetimes in the ns time scale were measured with IBH 5000F time-

correlated single-photon counting spectrometer, by using pulsed NanoLED 

excitation sources at 278 nm; analysis of the luminescence decay profiles was 

done with Decay Analysis Software DAS6 provided by the manufacturer. 

Emission decays in the ms time scale were measured with a Perkin-Elmer LS-

50B spectrofluorimeter equipped with a pulsed Xe lamp and in gated detection 

mode. The phosphorescence decay analysis was performed with the PHOS 

Decay software provided by the manufacturer. Experimental uncertainties are 
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estimated to be ±2 and ±5 nm for absorption and emission peaks, ±20% for 

emission quantum yields, and ±8% for lifetimes.  

XPS measurements: XPS spectra were run with a PHI 5600 multi-technique 

ESCA-Auger spectrometer adopting a standard Al Kα X-ray source. Analyses 

were carried out with a photoelectron angle of 10° (relative to the sample 

surface) with an acceptance angle of ± 7°. The XPS binding energy (B.E) scale 

was calibrated by centering the C 1s peak due to hydrocarbon moieties and 

“adventitious” carbon at 285.0 eV.
27
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CChhaapptteerr  44  

CCaavviittaanndd--bbaasseedd  lluummiinneesscceenntt  

ddooppaannttss  ffoorr  lliiqquuiidd  ccrryyssttaallss  

cceellllss  

4.1. Introduction 

Liquid crystals are materials which exhibit properties of two states of the 

mater – liquid and solid. They can flow just like ordinary liquids but at the same 

time be oriented like molecules in crystals, mostly having orientational order. 

Mesogenes, as are called liquid crystalline molecules, are usually highly 

anistropic in shape. Most often they shape resemble cylinders or spindles. The 

most common liquid crystal phases are: nematic, smectic A, smectic C, smectic 

C* (chiral) and cholesteric. Each of them is characterized by different alignment 

of molecules, as presented in Fig. 1. Nematic LCs have only orientational order 

and all molecules are pointing in one direction, called director. Smectic LCs 

have orientational order and some degree of positional order, as molecules are 

positioned in layers perpendicular to the director. In the smectic A layers are 

oriented 90
o
 to director, the smectic C phase has a director tilted with respect to 

the layers.  The chiral analogue of the smectic C phase is denoted by a star (*). 

In this phase, the tilt direction of the mesogens rotates as one progresses 

through the layers.  If a nematic liquid crystal is inherently chiral, then adjacent 

mesogens will have a preferential twist with respect to one another, which leads 

to the larger-scale twisting of the internal order. The chiral nematic phase is also 

called the cholesteric phase. 
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Figure 1.  Schematic representations of a nematic LC phase, smactic LC 

phases oriented along (smectic A) and away (smectic C) from the normal of the 

layer, and a chiral LC phases – smectic C* and cholesteric. [picture from 

http://barrett-group.mcgill.ca/tutorials/liquid_crystal/] 

Luminescent materials emitting polarized light attract a lot of attention 

for their potential applications in flat panel displays and other optoelectronic 

devices.
1
 Liquid crystalline dyes are of particular interest due to the fact that 

polarized absorption/emission intensity can be controlled by application of 

electric field, which changes orientation of molecules in the LC cells.
2
  LCDs 

consume appreciable electric power for back light systems and in portable 

devices these displays decrease operational time when only battery is used. In 

addition, use of dye emitting only polarized light would cut down costs, since in 

device would have to be used only one polarizer instead of two used currently. 

However, development of fluorescent liquid crystals is challenging, as suitable 

molecules have to posses characteristics of both LCs and efficient dyes, which 

are not easy to incorporate in one molecule. It also limit scope of colors which 

can be used in devices, as only organic compounds can be expected to form 

liquid crystal phases and, at the same time organic dyes have many limitations, 

as purity and range of colors and quantum yields. On this background emerged 

idea of guest (dye) – host (LC) liquid crystal displays (GH-LCDs), which merges 

advantages of both: LCs and efficient organic/inorganic dyes.
3,4

 For successful 

development of this kind of LCDs it is crucial to develop strongly fluorescent 

dyes with a highly dichroic property and strong emission in blue-red region.
5
  

 The dichroism of dyes is a characteristic of the anisotropy of the 

molecular transition moment in either absorption or emission. When a dichroic 

dye with a geometric anisotropy is dissolved in a nematic liquid crystal, the dye 

molecules tend to arrange themselves in a way that their long molecular axis 

align along the LC director and a change of color intensity is obtained by 

controlling the direction of the LC molecules (Fig. 2). A rod-like, long molecular 

structure is favorable for a strongly dichroic dye. In principle, the design of 
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dichroic fluorescent molecules follows the same guidelines needed for the 

creation of highly dichroic absorption dyes.
6
 In addition, it is necessary for the 

molecules to be strongly fluorescent, and the fluorescence should not be 

quenched by other molecules or by the LC matrix itself. In general, absorption 

dyes with a dichroic ratio (N) of more than 8.0 are required for practical use of 

the absorption dyes in LCDs.
7
  

 

 
Figure 2. UV-Vis spectra of an idealized dye for GH-LCDs applications. (From 

Ref. 7) 

 

 Most common dyes used in GH-LCDs are based on scaffold of strongly 

emitting organic dyes, like anthraquinone, naphthalimide,
8
 acenequinone,

9
 

oligothiophene,
10

 benzothiadiazole,
5
 indole, and  enzimidazole cyanine.

11
 

However these dyes are usually emitting in blue-orange range, while strong 

emitter in longer wavelength, particularly in red, are still rare.
12

 One of the ways 

to overcame it might be use of lanthanide complexes, particularly of europium, 

which is known to emit strongly in red region.  

Ternary complexes studied in solution and described in previous 

chapter seem to be good candidates as dyes for guest-host liquid crystal 

displays. The use of universal bidentate ligand – phenanthroline – allows easy 

exchange of luminescent complex within lanthanide group. Combination of 

complexes of Eu
3+ 

(red luminescence), Tb
3+

 (green) and Tm
3+

 (blue) within one 

cell allow creation of emissive LC cell with pure RGB colours.
13

  

In order to obtain RGB LC cell first we ran trails with europium ternary 

complex as model. Some modifications in structure of complex had to be 

introduced in order to increase solubility in liquid crystal matrix and enhance 
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rodlike shape, namely elongation of the alkyl chain at the lower rim of 

tetraphosphonate cavitands. These features in combination with already 

possessed characteristics, like high quantum yield, emission in visible region 

and stability, make this ternary complex a contender for GH-LCDs.  

4.2. Results and discussion 

 

 
Scheme 1. Structure of the molecules used in present work. 

On scheme 1 are presented molecules employed as building blocks 

during this project. Compound 1 was synthesised in 2 steps from commercially 

available 5-Amino-[1,10]-phenanthroline and was presented in the previous 

chapter, together with synthesis of Tiiii. Dye 2 was chosen as strong red light 

emitter with high quantum yields and two empty coordination sites, ready for 

complexation. 5CB is common compound exhibiting nematic liquid crystal 

properties in room temperature range and is commercially available. 

Tetraphosphonate cavitand Tiiii bears on lower rim four alkyl chains consisting 

of 17 carbon atoms, which we consider should be sufficient to provide good 

mixing with liquid crystals and to give molecule elongated shape triggering 

orientation of molecule along long axis of liquid crystals.  

 Formation of ternary complex is sketched on Figure 3. The sarcosine-

phenanthroline 1 ligand was exposed, in the form of ammonium salt, to a 

tetraphosphonate cavitand to test the complexation in organic solution (first 

step). The formation of the host-guest complex was monitored by 
1
H  and 

31
P 

NMR measurements. In particular, the signals of N-CH3 moiety moved more 
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than 3 ppm upfield to -0.64 ppm and other resonances attributed to sarcosine 

part as well as to phenanthroline unit were also shifted. The 
31

P resonance of 

the four P=O groups moved downfield of 4.5 ppm (from 7.6 to 12.1 ppm). The 

upfield shift of the methyl residue is diagnostic of N-CH3 inclusion into the 

cavity, whereas the downfield shift of P=O signals is a clear indication of the 

participation of phosphonates in the guest complexation. The next step was the 

complexation of a suitable Europium complex, to this host-guest preformed 

species to form the desired ternary complex, namely Eu(hfac)3 (Fig. 3, step B). 

Although Eu is paramagnetic complexation can be monitored by 
31

P NMR and 

by some means by 
1
H NMR. Formation of complex was also confirmed by High 

Resolution Mass Spectrometry measurements.  

 

Figure 3. Formation of ternary complex. 

The orientation properties of new-synthesized cavitand were 

investigated by means of measuring polarized absorption and luminescence 

spectra in aligned media. The experiments were implemented using a standard 

sandwich glass cell filled with mixture of nematic liquid crystal (4-cyano-4'-

pentylbiphenyl - 5CB, clearing point 35ºC) and ternary complex as a dopant 

(weight concentration: 1%). Cavitand structural formula is presented in Fig.3 

(final product on the right). The thickness of the cell was approximately 50 μm. 

The inner surfaces of the glass were covered with a thin nylon film. Surfaces of 

glasses were rubbed in one direction providing a strong uniaxial anchoring of 
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nematic LC molecules on the surfaces. Such oriented surfaces impose planar 

orientation of the nematic director for the whole cell. 

 
Figure 4. Parallel and perpendicular absorption spectra of 5CB and 

Tiiii•1•2 mixture. 

Parallel and perpendicular absorption spectra of 5CB and Tiiii•1•2 

mixture (1%) were obtained (Fig.4). The band near 320 nm which appears in 

absorption spectra arises from presence of Tiiii•1•2. Its profile is alike to 

absorption spectra in DCM of similar ternary complexes, with only shorter 

chains on lower rim, as presented in previous chapter. Therefore the 5CB 

matrix does not interfere with Europium complex absorption. 

Anisotropy of complex absorption in parallel and perpendicular direction 

testifies that the transitions of cavitand absorption bands are aligned with the 

long cavitand axis. Dichroic ratio NA is calculated as follows: 

   
    

     
 

and results are shown in Table 1. The obtained value is low in comparison with 

requirements
7
 for NA>8 for complex to act as LC dopant and in comparison with 

highest reported value for triphenodioxazine-based dyes of 22.1
14

, but it is 

promising for further studies. 
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Table 1. 

 Tiiii•1•2+5CB 

Dichroic ratio, NA 1.57 

Luminescence 

anisotropy, Slum 
0.16 

Luminescence spectra of Tiiii•1•2+5CB (1%) (under the 340 nm 

excitation) are studied (Fig. 5). Luminescence band with the maxima nearly 437 

nm (not shown) is caused by electron transition in 5CB molecule, namely, by 

electron transition in biphenyl group.
15

 Highly intensive luminescence band with 

the maxima nearly 615 nm is caused by 
5
D0→

7
F2 transition in Eu

3+
 ion.  

As it was mentioned before, LC cells were coated by parallel rubbed 

nylon layer, which provides the orientation of LC molecules as well as cavitand 

molecules parallel to the cell plane (parallel to the rubbing direction). In this way 

the Eu-based cavitands give higher emission under excitation with the 

polarization parallel to long molecular axis.  

 

Fig. 5. Luminescence emission of Eu-based cavitand in 5CB; λex=340 nm. 

Luminescence anisotropy can be calculated as follows: 

     
          

          
 

and it is shown in Table 1. The obtained value is acceptable for complex as 

dopant in LC cells. 
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 These results are promising for further activity. In particular orientation 

of LC molecules as well as cavitands can be changed by applying electrical 

field. This effect will result in decreasing of absorption and as a consequence 

lead to the decreasing of luminescence intensity. The polarized luminescence 

can be rapidly recovered upon voltage removal. 

The next step in formation of RGB LC cell was design, synthesis and 

characterization of Terbium complex (emission in green region) followed by 

measurements in liquid crystal matrix. Tb(hfac)3 complex is not commercially 

available so it has been synthesized by standard synthetic procedure developed 

by prof. Marek Pietraszkiewicz from IPC from Warsaw, and applied for these 

studies without further modifications. Terbium carbonate salt has been 

produced through anion exchange with potassium carbonate starting from 

Terbium nitrate. Product was then reacted with hexafluoroacetylacetone in 

diethyl ether. Resulting white solid was next recrystallized from mixture diethyl 

ether:hexane affording whitish-transparent needle-like crystals exhibiting green 

luminescence under standard UV lamp irradiation. Product has been 

characterized by ESI-MS, 
19

F NMR and elemental analysis.  

Formation of ternary complex is virtually the same as for europium 

complex, outlined on Figure 1, only with use of Tb(hfac)3. Firstly, the sarcosine-

phenanthroline ligand was complexed by a tetraphosphonate cavitand. 

Monitoring of the reaction by 
31

P NMR and 
1
H NMR confirmed formation of host-

guest assembly. Complexation of a terbium complex to this host-guest 

preformed species has proven to be difficult step. Tb is more paramagnetic than 

europium and monitoring by 
1
H NMR was impossible, meanwhile in 

31
P NMR 

were present 2 signals, suggesting the dimer complexation of Tb
3+

 by the four 

P=O of the cavitand, bypassing the phenanthroline coordination. Unfortunately, 

the High Resolution Mass Spectrometry, that in the case of Eu ternary complex 

provided good evidence of its formation, returned no results.  

4.3. Conclusions 

 In conclusions Eu-based cavitand+5CB mixture possesses highly 

intensive luminescence with the maxim nearly 615 nm at laser excitation (λ=340 

nm), which is polarized (luminescence anisotropy Slum equals to 0.16) and 

exhibits moderate dichroism (NA=1.57). Therefore it can be assumed that 

cavitand based dopants for liquid crystal displays are a versatile group of dyes 

for further applications. The complexation of the other lanthanide ions (Tb
3+

 and 

Tm
3+

) by the Tiiii•1 complex turned out to be less straightforward than 

expected. 
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4.4. Experimental section 

 

General: All commercial reagents were ACS reagent grade and used as 

received. Solvents were dried and distilled using standard procedures. 
1
H NMR 

spectra were recorded on Bruker Avance 400 (400MHz) and Bruker Avance 

300 (300 MHz) NMR spectrometers. All chemical shifts (δ) were reported in 

parts per million (ppm) relative to proton resonances resulting from incomplete 

deuteration of NMR solvents. ESI-MS experiments were performed on a Waters 

ZMD spectrometer equipped with an electrospray interface. Exact mass was 

determined using a LTQ ORBITRAP XL Thermo spectrometer equipped with an 

electrospray interface. This section includes the synthesis of tetraphosphonate 

cavitand Tiiii and self assembly in the solution; the synthesis and 

characterization of the ligand 1 was reported in Chapter 3. Eu(hfac)3 was kindly 

provided by Prof. Marek Pietraszkiewicz of the Institute of Physical Chemistry of 

the Polish Academy of Science, Warsaw. All of the luminescence 

measurements in liquid crystal cells were conducted at University of Ghent, in 

group of Prof. Kristiaan Neyts. 

 

Tiiii: To a solution of heptadecyl-footed resorcinarene (130 mg, 0.090 mmol) in 

fresh distilled pyridine (10 mL), dichlorophenylphosphine (0.081 mL, 0.582 

mmol) was added slowly, at room temperature. After 3 hours of stirring at 70 °C, 

the solution was allowed to cool at room temperature and 2 mL of aqueous 35% 

H2O2 was added. The resulting mixture was stirred for 30 minutes at room 

temperature and H2O (100 mL) was added and solution was filtrated. The solid 

was suspended in water (100 mL), sonicated for 30 min and filtrated again 

resulting as white powder  (140 mg, 80%). 
31

P NMR (160 MHz, CDCl3): 7,6 (s, 

4P). 
1
H NMR (400 MHz, CDCl3): 8.10-8.04 (m, 8H, PO-Ar-Ho), 7.64 (m, 4H, 

POArHp), 7.55-7.51 (m, 8H, POArHm), 7.31 (s, 4H, Ar-Hup), 7.02 (s, 4H, Ar-

Hdown), 4.82 (bt, 4H, Ar-CH-Ar), 2.36 (bd, 8H, -CH-CH2-CH2-), 1.47 (m, 8H, -

CH2-CH2-CH3), 1.28 (m, 112H, -CH2-(CH2)14-CH3),  0.90 (m, 12H, -CH2-CH3). 

 

Tiiii•1: To methanol solution containing 1 (11 mg, 0.040 mmol) CH3COCl 

solution in methanol (0.403 M, 0.1 ml used) was added by drops. To this 

transparent solution cavitand Tiiii-C (78 mg, 0.040 mmol) was added. Mixture 

was stirred for 5 min at room temperature. Resulting orangish residue was dried 

under vacuum. 
31

P NMR (160 MHz, CDCl3, 298 K): 12.1 (s, 4P). 
1
H NMR (400 

MHz, CDCl3, 298 K): 1: 9.30 (bs, 2H), 9.02 (bs, 1H), 8.49 (m, 4H), 3.80 (s, 2H, 

CH2), -0.64 (s, 3H, CH3); Tiiii: 8.10 (m, 8H, PO-Ar-H), 7.69 (m, 4H, PO-Ar-H), 

7.58 (m, 8H, PO-Ar-H), 7.25 (bs, 4H, Ar-H), 6.97 (bs, 4H, Ar-H), 4.78 (t, 4H, Ar-

CH-Ar, J =6.6 Hz), 2.85 (bs, 8H, CH-CH2-CH2), 1.51 (bs,  8H, CH-CH2-CH2), 

1.42 (m, 112H, CH2-(CH2)14-CH3), 0.89 (m, 12H, CH2-CH2-CH3). 
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Ternary complex Tiiii•1•2: Tiiii-C•1 (29 mg, 0.013 mmol) and Eu(hfac)3(10.5 

mg, 0.013 mmol) were solubilized in dichloromethane (10 mL) and solution was 

stirred for 1 hour at RT until everything was solubilized. Solvent was removed 

under reduced pressure and residue was dried under vacuum. 
31

P NMR (160 

MHz, CDCl3, 298 K): 12.6 (s, 4P). HR-MS: calculated for [M-Cl]
+
 

C150H190EuF18N4O19P4
+
 m/z=2971.19277, found m/z=2971.18155.  
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5.1 Introduction 

Limited amount of natural resources, growing population followed by 

increasing energy demand, hazards connected with current energy sources 

(atomic plant malfunctions), ultimately cost and political issues (energy 

independence)lead to seek alternative energy sources. Hydroelectric energy, 

wind energy, biomass, geothermal energy and solar energy contributed to the 

19% worldwide energy consumption in 2011 according to Renewables Energy 

Policy Network (REN’21) report.
1
Taken out hydroelectric contribution, wind, 

solar, biomass and geothermal power accounted for 1.1% worldwide consumed 

energy. In particular, in the last years, solar power has established itself as the 

second fastest growing source of energy increasing its power capacity by a 

60% in 2007-2012 period. 

The first example of converting solar light into electric current was 

reported by young French scientist Becquerel in 1839.
2
Upon irradiation of Pt 

and Ag electrodes immersed in different acidic, basic and neutral solutions, he 

observed generation of small current in the system, phenomenon called 

Becquerel Effect. The era of modern photoelectrochemistry started for good in 

1954 with the development of the first silicon solar cell in Bell Telephone Lab, 

USA, with an efficiency of 4.5%.
3
 This kind of crystalline solar cells, known as 

the 1
st
 generation solar cells, currently dominates the photovoltaic market (over 

90% in 2008).
4
The efficiency of the single junction cells has a theoretical limit of 

about 30% (the Shockley–Queisser limit)
5,6

 and currently the common silicon 

wafer based devices show an average of nearly 20% efficiency, with the highest 

reported efficiencies reaching 25%.
7
 Their main drawback is the high price 

originating from the use of high purity silicon and from the processing 

technologies; moreover the devices are rigid and relatively heavy. These 

                                                      
*
 The work presented in this chapter has been carried out on in the laboratories 
of Prof. Davide Bonifazi at the University of Namur, Belgium. 
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reasons were the driving force for the development of the 2
nd

 generation solar 

cells. To overcome the cost issue, scientists decided to decrease the amount of 

expensive materials by depositing thin films on inexpensive substrates, 

preferably glass. The materials that proved to be more successful were 

amorphous silicon, CuIn(Ga)Se2 (CIGS) and CdTe/CdS deposited on thin 

substrates by different techniques like solution deposition, vapor deposition, 

electroplating, etc.. Efficiency is usually lower, in respect to the 1
st
 generation 

solar cells, with a maximum up to 19%, moreover the module efficiencies reach 

only a 14 % due to the difficulties in producing large scale homogeneousfilms.
7
 

An alternative to these two classes of devices are the 3
rd

 generation solar 

cells, which are using different materials and working principles. As for the 2
nd

 

generation, the main driving force here was a decrease in the costs together 

with an increase in efficiencies. The 3
rd

 generation solar cells relies on multi 

junction solar cells, which can significantly increase the device efficiency via 

improvement in harvesting of photons and even overcome the theoretical limit 

of 30 %. Currently the highest efficiencies reported for multijunction solar cells 

are over 33 %.
7
Besides  these three approaches there are also different types 

of solar cells, namely Dye-Sensitized Solar Cells (DSSCs)
8,9

and Organic Solar 

Cells (OSCs). DSSCs are based on combination of dyes with metal oxides and 

electrolyte. The efficiencies of DSSC are in the range of 12% for small lab scale 

devices, while the lifetime of the devices is rather low compared to inorganic 

solar cells. 

The term Organic Solar Cells refers to devices which have layered 

structure, and the active absorbing layer comprises only organic materials, 

while for other layers (for example electrodes), metals and other inorganic 

materials can be used. There are a number of reasons that generated the big 

interest towards organic solar cells: a) they can be fabricated easily in a cost 

effective way; b) they are lightweight and flexible and c) their performance can 

be modulated by molecular designing and synthesis of new molecules. 

Functionalization is mostly driven by two factors: correction of energy levels 

(HOMO, LUMO) of semiconductor to optimize the system and peripheral 

functionalization in order to ease processing. For example phthalocyanines, 

typical absorbing material eager to lose electron upon irradiation, (electron 

donor), can be transformed into electron acceptors by changing the character of 

substituents from electron donating into electron withdrawing.
10
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Figure 1. Schematic representation of photoelectric conversion mechanism in 

organic solar cell. 

The mechanism by which the light is converted into electric power in 

organic photovoltaics (OPVs) consists of 4 basic steps (Figure 1): 1) The 

photon is absorbed by the active material (electron donor, D), which promotes 

the electron to the lowest unoccupied molecular orbital (LUMO), while leaving 

the positive charge carrier or the so called “hole”, in the highest occupied 

molecular orbital (HOMO). The excited pair electron-hole is still tightly bounded 

by coulomb attraction forces forming an exciton; 2) the exciton diffuses through 

the donor-acceptor interface (D-A) heterojunction; 3) if the interface energy level 

offset exceeds the exciton binding energy, the exciton is dissociated into free 

carriers at the donor-acceptorinterface
11,12 

and 4) finally the free carriers are 

being transported and collected at their respective electrodes.
13 

The part of 

photogenerated excitons that reaches the D–A interface is called the exciton 

diffusion efficiency. Similarly, the charge collection efficiency is defined as the 

fraction of dissociated charge carriers that reaches the electrodes. In a planar 

heterojunction OPV, the device performance is limited by a low-absorption 

efficiency since the active layer thickness is comparable to the exciton diffusion 

length (LD), which is much smaller than the optical absorptionlength.
11

 

The competition between the requirements for efficient optical 
absorption and exciton diffusion is known as the “exciton bottleneck”. Multiple 
approaches have been developed to overcome the exciton bottleneck and to 
realize efficient photoconversion in OPVs. One approach was to use long-lived 
phosphorescent materials, for example C60,

14
 which permit larger LD than with 

the use of fluorescent organic materials.
14-18

To date, the most significant 
improvements in device performance have come from advances in the control 
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of film composition and morphology. Architectures including mixed,
19-21

hybrid 
planar-mixed,

22,23
nanocrystalline,

24,25
 and bulk,

15, 26-28.
heterojunctionshave 

attempted to overcome the short LD by increasing the D–A interface area 
thereby improving the exciton diffusion efficiency. The use of a uniformly mixed 
D–A heterojunction is attractive as it permits efficient exciton diffusion by 
extending the dissociating interface throughout the film.

19-21
 Unfortunately, the 

charge carrier mobility is typically reduced in these structures, especially in 
mixtures of small molecules, potentially leading to lower charge collection 
efficiency.

29, 30 
A promising alternative to the use of uniform mixtures aggregates 

D–A heterojunctions (GHJs).
19,31,32 

Careful fabrication of graded growth OPV 
cell with use of C60 and CuPc allow increase in power conversion of a 60% in 
comparison with planar heterojunction OPV and of a 20% with uniformly mixed 
heterojunction OPV consisting of the same materials. The GHJ has a larger D–
A interface area than a planar heterojunction, and for an optimized composition 
profile, maintains a high-charge collection efficiency relative to a uniform 
mixture. 

  

Figure 2. A) Molecular structures and hypothetical OMARG-SHJ architecture 

Au-1-(2-3-)m(4-5-)n of POP-N initiator (1) and POP-Y (2, 3) and OPE-R (4, 5) 

propagators on gold.B) HOMO and LUMO levels show photoinduced (dashed 

arrows) e- (gray) and h+ (black) injection into e- (n)- and h+ (p)-transporting 

pathways (bold) (from Ref.33). 
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Graded growth heterojunction OPVs realized by means of high vacuum 

thermal sublimation can be optimized by varying mixture composition, 

conditions, support, etc., as physicist in this process do not have direct means 

to control organization of molecules on the surface and during deposition. 

Chemists, on the other hand, can use weak interactions for assembly of 

molecules between themselves in a strictly controlled and predictable way. This 

approach was pioneered in the group of Stefan Matile from University of 

Geneva and is presented on Figure 2.
33

 Scientists were able to organize 

complicated supramolecular system on gold surface by a combination of 

different supramolecular forces, like H-bonding and π-π stacking. The system 

presented on Figure 2 is called OMARG-SHJ, which stays for Oriented 

Multicolored Antiparallel Redox Gradients Supramolecular Heterojunction. 

Gradient in charge channels is needed for transport on long distances and 

molecules having different absorption region, joined together, can contribute to 

capture whole solar light spectrum (panchromatism), increasing efficiency. Both 

e
- 
(or n)- and h

+
(or p)-transporting channels are situated very close to each 

other, forming very large heterojunction, and, at the same, time minimizing 

possibility of recombination or trapping of charges. 

The idea presented in this chapter is to organize different types of 

phthalocyanines, electron donor and acceptor, on surfaces in a planned and 

controlled manner. Phthalocyanines are known to form long columnar 

aggregates, which size depends on functionalization and conditions, both in 

solution and on the surfaces, due to their planarity and particular polarity. 

However, different types of phthalocyanines cannot be expected to aggregate 

together but might be “glued” using supramolecular forces, like hydrogen 

bonding, hydrophobic/hydrophilic interactions, and thermodynamic forces 

(Figure 3).  

 

Figure 3. Idea of organization phthalocynine columnar aggregates on surface. 

Herein we present the synthesis of three different types of 

phthalocyanines (Pcs) designed to exploit their hydrophobic-hydrophilic 

characters as driving forces for assembly:1) hydrophobic Pc functionalized with 
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long alkyl chains; 2) hydrophilic Pc bearing ethylene glycol derivatives; and 3) 

amphiphilic Pc bearing both functionalization. 

Columnar architectures on surfaces controlled by 

hydrophilic–hydrophobic interactions 

5.1.1 General Design 

We designed electron donor and electron acceptor phthalocyanines 

with major differences on energy levels caused mostly by the central metal ion. 

Therefore functionalization on peripheries should not affect them, leaving us 

freedom in functionalization of Pcs peripheries.  

We chose to obtain good mixing of these two types of Pcs, electron 

donor and acceptor, on surfaces by proper functionalization with 

hydrophobic/hydrophilic units. In our system we want to employ three types of 

molecules: hydrophobic Pc functionalized with dodecyloxy chains; hydrophilic 

Pc functionalized with triethylene glycol chains; and amphiphilic molecules 

bearing both functionalizations. At first we would like to test our hypothesis that 

two different types of Pcs, the hydrophobic and the hydrophilic, do not mix 

forming domains instead of a homogenous mixture.  

5.2 Results and discussion 

Synthesis of molecules 1 and 2 (Schemes 1 and 2, respectively) was 

accomplished by condensations of suitable functionalized phthalonitriles in 

presence of metal salts. For both compounds, the same three steps synthesis 

protocol was followed. 
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Scheme 1. Synthesis of hydrophilic ZnPc 1. 

The synthesis of hydrophilic phthalocyanine 1 is presented in 

Scheme 1. Dibromocatechol 5 is reacted with triethylene glycol tosylate 6 giving 

7 in good yield. Subsequent Pd-catalyzed cyanation gave 8 after purification in 

good yield. Phthalocyanine is then obtained in 8% total yield by reacting 8 with 

Zn(OAc)2 in refluxing pentanol.1 is well soluble in polar solvents, including  

water. 
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Scheme 2. Synthesis of hydrophobic zinc ZnPc 2. 

The synthesis of hydrophobic ZnPc 2 is presented in Scheme 2. The 

starting material is dibromocatechol 5, which is functionalized with long alkyl 

chains (10) by Williamson reaction with 1-bromododecane 9. The subsequent 

Palladium catalyzed cyanation reaction with Zn(CN)2 in DMF was carried out in 

the microwave, since the reaction under standard conditions gave poor yields. 

The final macrocyclization was conducted in refluxing pentanol in presence of 

zinc acetate obtaining 2.in 12% total yield. 

Then, the optical properties and the formation of assemblies on 

surfaces of compounds 1 and 2 were evaluated. First, we observed the 

formation of aggregates in solution by means of UV-Vis absorption 

spectrometry. To a 5 x 10
-5 

M solution of 1 or 2 in CHCl3 (300 µL) 300 µL of 

MeOH were added (Figure4). In the case of solution of 1 the absorption peaks 

are stronger upon addition of methanol due to the aggregates breakage. The 

opposite behaviour is observed for molecule 2: addition of polar solvent causes 

formation of aggregates, as absorption peaks becomes weaker and smudgy.  

 

Figure 4. UV-Vis absorption spectra of 1 (a) and 2 (b) in CHCl3 (300 µL), red 

line, and upon addition of 300 µL of MeOH, blue line. 

Since we observed the formation of aggregates for 2 when methanol 

was added, we decided to verify this in the solid state. 300 μL of 5 x 10
-5 

M 

solution of 2 in CHCl3 were rapidly added to 3 mL of MeOH. The solution was 

kept at room temperature for 15 hours and then drop casted onto silicon wafer 

surface. The surface was covered with nanoparticles, which homogeneity was 

then controlled with SEM technique. Formation of aggregates is homogeneous 

over vast areas (Figure 5 a-d). These species are very small (Figure 5d). From 

these images it is impossible to conclude that we have the formation of 

columnar aggregates or of some other type of aggregates. We tried also to form 
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aggregates from a solution containing both 1 and 2, but in this case addition of 

MeOH to the chloroform solution caused the aggregation of 2 and the 

dissolution of the aggregates of 1. In the solid state, nanoparticles formed on 

silicon surface from this solution treated in the same way as 2, were very similar 

to the results shown in Figure 5 and the size of nanoparticles was in the same 

range. Therefore we can assume that 1 and 2 did not mix in solid state, 

otherwise the size of nanoparticles should differ. 

 

Figure 5. SEM images of aggregates of 2 on silicon. Zooming in from a) to d). 

In order to facilitate the mixing of the two compounds 1 and 2, we 

decided to use the amphiphilic molecule as a connector, as mentioned before in 

paragraph 5.1. Two target molecules for the amphiphilic Pc are shown in 

Scheme 3, namely 3 and 4. They both have 4 alkyl chains and 4 PEG chains, 

but 3 is ABAB type while 4 is AABB type. We expect compound 3 to be less 

effective in mixing than molecule 4 since the different polarity substituents are 

adjacent (Figure 6). Four adjacent units of the same character should be more 

efficient in formation of self-assembly with other molecule bearing the same 

motifs, than only 2 like in case of 3.  
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Figure 6. 2D view of hypothethical mixing of molecules 1 (red circle), 2 (green 

circle), 3 (quarter red, quarter green circle) and 4 (half red, half green circle) on 

surface. 

 

The synthesis of molecules 3 and 4 is depicted in Scheme 3. Monomers 

8 and 11 in equal molar quantities were mixed in presence of copper salt in 

refluxing pentanol for 16 hours. Copper was chosen to better differentiate the 

two phthalocyanines 3 and 4 from 1 and 2. The reaction mixture, containing all 

the possible isomers, was subjected to several chromatographic columns in 

order to isolate 3 and 4 in pure form; however, it was impossible to isolate the 

individual isomers, or even the enriched mixture. Problems connected with the 

purification arise from equal solubility and polarity of 3 and 4, since both 

molecules have the same functional groups in equal amounts. 

 
Scheme 3. Synthesis of mixed AABB and ABAB zinc phthalocyanines. 
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Figure 7. Molecular structure of target molecule 5 – hydrophobic-hydrophilic 

dyad. 

Due to these purification problems we decided to change strategy and 

synthesize the dyad shown in Figure 7, which consists of two asymmetric 

phthalocyanines joined by a triple bond. The requirements for this Janus-type 

molecule 5 were the follows: i) it should retain character of both hydrophobic 

and hydrophilic Pcs; ii) the bond between Pcs should be conjugated and should 

allow formation of columnar aggregates; iii) ease of synthesis. In the literature 

similar dyads are reported, joined by triple bonds, which can be introduced by 

Sonogashira cross-coupling reaction. The starting molecules should possess 

either terminal triple bonds or iodides.  

Dyad 5 precursors are therefore Pcs bearing terminal alkyne or iodide 

functional groups, e.g. 12 and 14. However, since there is a large difference in 

solubility between hydrophilic and hydrophobic Pc 1 and 2, we decided to test 

Sonogashira reaction first between monomers of different functionality, iodide or 

alkyne, but of the same character, e.g. 12 and 13 and 14 with 15. In addition, 

having hydrophilic or hydrophobic dyad we could test formation of aggregates in 

the solution and on the solid state and evaluate effect of junction between them 

on aggregation properties.  

Therefore we decided to synthesise a series of asymmetric 

phthalocyanines presented on Scheme 4, all following reaction depicted on 

Scheme 5. Pcs 13 and 14 could not be synthesised directly, since the presence 

of the triple bond during Pc formation could lead to byproducts. Therefore we 

decided o prepare TMS protected derivatives, 18 and 19 (Scheme 5). 

Phthalonitrile with TMS-protected triple bond 17 was synthesised by 

Sonogashira reaction of 4-iodophthalonitrile 16 and TMS-acetylene in presence 

of palladium. All ZnPcs 12, 15, 18, 19, were synthesised as in the previous 
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cases by cyclization of stoichiometric mixtures of starting phthalonitriles in ratio 

2:1, where 16 and 17 were the less abundant. The purification of all 4 

compounds was very demanding, as the reaction mixture contained other 

products of cyclization, namely isomers A2B2 and A4. Often their polarity was 

very similar to polarity of desired A3B isomer. Several chromatographic columns 

had to be run for every compound but unfortunately MALDI analysis still 

revealed the presence of the unwanted isomers. Currently all the Pcs are still 

under purification.  

 

Scheme 4. Four target asymmetric phthalocyanines for synthesis of dyad 5. 

 

Scheme 5. Synthesis of asymmetric phthalocyanines.  
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5.3 Conclusions 

Two different phthalocyanines, hydrophobic and hydrophilic were synthesized, 

and their behaviour in solid state was investigated by means of UV-Vis 

spectrometry and SEM microscopy. The two Pcs presenting different polarity do 

not form mixed aggregates, therefore amphiphilic molecules possessing 

functionalities of both type were designed and their synthesis was carried on. 

The first attempt to prepare amphiphilic phthalocyanines, by stoichiometric 

condensation of two different phthalonitriles, yielded inseparable mixture of 

products and isomers. Change in design led to “Janus-type” molecule –dyad 

composed of two asymmetric Pcs, hydrophilic and hydrophobic, joined by triple 

bond. Currently we are pursuing synthesis of the dyads purifying and 

characterizing asymmetric Pcs.  

5.4 Experimental Section 

General: All commercial reagents were ACS reagent grade and used as 

received. Solvents were dried and distilled using standard procedures. 
1
H NMR 

spectra were recorded on a 400 MHz NMR (Jeol JNM EX-400) or 270 MHz 

(JeolJNM EX-270) NMR spectrometers. All chemical shifts (δ) were reported in 

parts per million (ppm) relative to proton resonances resulting from incomplete 

deuteration of NMR solvents. ESI-MS experiments were performed on a Waters 

ZMD spectrometer equipped with an electrospray interface. 

 

4,5-dibromobenzene-1,2-diol 5:  

To a 250 mL round-bottomed flask 7 mL of bromine (0,136 mol, 2 eq.) 

solubilised in 10 mL of CHCl3 were added by drops over 1,5 hour to brown 

solution of catechol (7,5 g, 0,068 mol, 1 eq.) in CHCl3at 0
o
C. Then the reaction 

was allowed to warm up to room temperature and was stirred for 18 hours. 

Upon addition the solution changed colour to orange and a white precipitate 

was formed. Evolving white fumes has been run through 1 M water solution of 

NaOH. Upon total consumption of catechol, as evidenced by TLC (95:5 

DCM:MeOH), solution has been filtered and washed thoroughly with CHCl3 (300 

mL) and dried on vacuum pump yielding dibromocatechol (11,66 g, 64 %).  

1
H NMR (400 MHz, Acetone-d6, 298 K): δ (ppm) 7.12 (s, 2H, Ar-H). 

 

1,2-dibromo-4,5-bis(2-(2-(2-methoxyethoxy)ethoxy)ethoxy)benzene 7: 
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To an oven-dried 50 mL round-bottomed flask charged with 5 (0.5 g, 1.87 mmol, 

1 eq.) in dry DMF (20 mL) was added oven-dried K2CO3 (1.29 g, 9.34 mmol, 5 

eq.). The mixture was stirred at room temperature for 20 min. 6 (1.31 g, 4.1106 

mmol, 2.2 eq.) was added and solution was stirred at 80
o
C for 16 h in Ar 

atmosphere. Reaction mixture was then cooled to room temperature, solubilised 

in 40 mL of AcOEt, washed twice with 15 mL of a saturated water solution of 

NH4Cl, 15 mL of water and 10 mL of brine. Organic phase was dried with 

MgSO4 and evaporated giving 0.95 g of crude solid which had at least 80% 

purity (by 
1
H NMR) and was used without further purification in the next step.  

1
H NMR (400 MHz, CDCl3, 298 K): δ (ppm)7.12 (s, 2H, Ar-H), 4.11 (t, J=9.8 Hz, 

4H, ArOCH2), 3.82 (t, J=5.0 Hz, 4H, ArOCH2CH2), 3.70 (m, 4H, OCH2), 3.64 (m, 

8H, OCH2), 3.54 (m, 4H, OCH2),3.36 (s, 6H, CH3). 

 

4,5-bis(2-(2-(2-methoxyethoxy)ethoxy)ethoxy)phthalonitrile 8: 

In an oven-dried 50-mL two-necked round-bottomed flask purged with Ar, a 

solution of 7 (0.95 g, 1.6956 mmol, 1eq.) and Zn(CN)2 (0.24 g, 2.04mmol, 1.2 

eq.) in dry DMF (20 mL) was deoxygenated via three freeze-pump-thaw cycles 

with Ar. [Pd(PPh3)4]
0
 ( 0.196 g, 0.1696 mmol, 0.1 eq.) was added and the 

resulting solution heated at 120
o
C for 4 h. After cooling to room temperature, 

NH4OH was added. The resulting solution was stirred for 1 h and triple 

extracted with DCM (3 x 50 mL) in presence of 3 mL of brine. Combined organic 

phases were washed once with brine (20 mL), dried over MgSO4 and 

evaporated. Column chromatography (Cy/AcOEt 1:1) provided the product 8 as 

a white solid (570 mg, 74%).  

1
H NMR (400 MHz, CDCl3, 298 K): δ (ppm)7.23 (s, 2H, Ar-H), 4.21 (t, J=4.6 Hz, 

4H, ArOCH2), 3.85 (t, J=4.6 Hz, 4H, ArOCH2CH2), 3.68 (m, 4H, OCH2), 3.60 (m, 

8H, OCH2), 3.50 (m, 4H, OCH2), 3.33 (s, 6H, CH3). 

13
C NMR (100 MHz, CDCl3, 298 K): δ (ppm)152.48, 117.15, 115.90, 108.76, 

71.97, 71.05, 70.73, 70.64, 69.52, 69.45, 59.08. 

 

Hydrophilic Pc, 2,3,9,10,16,17,23,24-octa(2-(2-(2-

methoxyethoxy)ethoxy)ethoxy)phthalocyaninato zinc(II) 1 

To an oven-dried 50-mL two-necked round-bottomed flask purged with Ar, a 

solution of 8 (100 g, 0.22mmol, 4 eq.) and Zn(OAc)2 (10 g, 0.05 mmol, 1 eq.) in 

hexanol (10 mL) was added. The mixture was stirred for 16 h at reflux. After 
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cooling to room temperature, the solvent was evaporated in vacuo and the 

residue purified by repeated column chromatography preparative TLC (gradient, 

DCM→DCM/MeOH9:1) providing Pc 1 (10 mg, 10 %).  

1
H NMR (400 MHz, CDCl3, 298 K): δ (ppm) 8.90 (s, 8H, Ar-H), 4.73 (t,J=4.4Hz, 

16H, ArOCH2), 4.16 (t, J=5.0 Hz, 16H, ArOCH2CH2), 3.90 (t, J=5.1 Hz, 16H, 

OCH2), 3.75 (t, J=4.4 Hz, 16H, OCH2), 3.68 (t, J=4.9 Hz, 16H, OCH2),3.53 (t, 

J=4.9 Hz, 16H, OCH2) 3.32 (s, 24H, CH3). 

MALDI TOF-TOF: calc. for [M]
+
 C88H128N8O32Zn m/z =1875.3834, found [M]

+
 

m/z = 1875.7668. 

 

1,2-dibromo-4,5-bis(dodecyloxy)benzene 10: 

To a round-bottomed flask charged with solution of 5 (1 g, 3.73 mmol, 1 eq.) in 

dry DMF (35 mL), oven-dried K2CO3 (2.68 g, 18.66 mmol, 5 eq.) was added at 

room temperature. After 30 min bromododecane(1.99 mL, 8.21 mmol, 2.2 eq.) 

was added and reaction was completed after 16 h at 80
o
C as revealed by TLC 

(Cy/AcOEt 7:3). Solution was cooled to room temperature and the solvent was 

evaporated under vacuum. The residue was then solubilised in AcOEt (30 mL), 

washed with saturated water solution of NH4Cl (3 x 15 mL) and brine (10 mL), 

dried with MgSO4 and evaporated giving 2.26 g (quantitative yield) of pure 

product 10.  

1
H NMR (400 MHz, CDCl3, 298 K): δ (ppm) 7.05 (s, 2H, Ar-H), 3.93 (t, J=6.6 Hz, 

4H, CH2OAr), 1.79 (m, 4H, OCH2CH2), 1.44 (m, 4H, O(CH2)2CH2), 1.26 (bs, 

32H, O(CH2)3CH2), 0.88 (t, J=6.7 Hz, 6H, CH3). 

 

4,5-bis(dodecyloxy)phthalonitrile 11: 

5-mL microwave vial was charged with 10 (605 mg, 1.00 mmol, 1 eq.) and 

Zn(CN)2 (141 mg, 1.20 mmol, 1.2 eq.) in dry and deoxygenated (via freeze-

pump-thaw cycle once with Ar) DMF (3 mL). [Pd(PPh3)4]
0
 ( 0.115 g, 0.10 mmol, 

0.1 eq.) was added and the resulting mixture was stirred for 2 h under 

microwave irradiation (120
o
C, 0 bar internal pressure, very high power). After 

cooling to room temperature, NH4OH was added and the solution was stirred 1 

h followed by extraction with DCM (3 x 50 mL). Combined organic phases were 

evaporated and purified by column chromatography (gradient Cy/DCM2:1→0:1) 

provided the desired product 11 as a white solid (373 mg, 75%).  
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1
H NMR (400 MHz, CDCl3, 298 K): δ (ppm) 7.10 (bs, 2H, Ar-H), 4.02 (bt, 4H, 

CH2OAr), 1.82 (m, 4H, OCH2CH2), 1.43 (bs, 4H, O(CH2)2CH2), 1.24 (bs, 32H, 

O(CH2)3CH2), 0.86 (bt, 6H, CH3). 

 

Hydrophobic Pc,2,3,9,10,16,17,23,24-octadodecyloxyphthalocyaninato 

zinc(II) 2 

Oven-dried 25-mL round-bottomed flask purged with Ar, was charged with 16 

(200 g, 0.40 mmol, 4 eq.) and Zn(OAc)2 (19 g, 0.10 mmol, 1 eq.) and pentanol 

(10 mL) at room temperature. The mixture was stirred for 24 h at reflux. After 

cooling to room temperature, the solvent was evaporated in vacuo, the residue 

solubilized in minimal quantity of dichloromethane and precipitated by addition 

of EtOH. After 1 h at 5 °C the precipitate was filtrated and subjected to column 

chromatography (gradient, DCM→DCM/MeOH9:1) providing Pc 2(46 mg, 24%). 

1
H NMR (270 MHz, CDCl3, 298 K): δ (ppm) 8.89 (s, 8H, Ar-H), 4.50 (t,J=8.8 Hz, 

16H, ArOCH2), 2.06 (m, 16H, OCH2CH2), 1.63 (m, 16H, O(CH2)2CH2), 1.41 (m, 

16H, O(CH2)3CH2),1.22 (m, 128H, O(CH2)3CH2),  0.82 (bt, 24H, CH3). 

MALDI TOF-TOF: calc. for [M]
+
 C128H208N8O8Zn m/z = 2052.4640, found [M]

+
 

m/z = 2052.5334. 

 

Amphiphilic Pcs, 2,3,9,10-tetradodecyloxy-16,17,23,24-tetra(2-(2-(2-

methoxyethoxy)ethoxy)ethoxy)phthalocyaninato copper(II) 3 and 4 

In an oven-dried 50-mL two-necked round-bottomed flask purged with Ar, a 

solution of 8 (52 g, 0.115 mmol, 2 eq.), 11 (58 g, 0.115 mmol, 2 eq.) and 

Cu(OAc)2 (10 g, 0.058 mmol, 1 eq.) in pentanol (15 mL) was placed at room 

temperature. The mixture was stirred for 16 h at reflux. After cooling to room 

temperature, the solvent was evaporated in vacuo and the residue purified by 

repeated column chromatography and preparative TLC (gradient, 

DCM→DCM/MeOH9:1), yet not providing pure isomers 3 and 4. 

MALDI TOF-TOF: calc. for [M]
+
C108H168CuN8O20 m/z = 1962.0880, found [M]

+
 

m/z = 1962.1321; also calc. for [M]
+
 C88H128N8O32Zn m/z =1875.3834, found 

[M]
+
m/z = 1875.7668. 

 

2,3,9,10,16,17-hexadodecyloxy-23-iodophthalocyaninato zinc(II) 12 
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Oven-dried 10-mL schlenk tube purged with Ar, was charged with a solution of 

11 (150mg, 0.30mmol, 6 eq.), 4-iodophthalonitrile (13mg, 0.05mmol, 1 eq.) and 

Zn(OAc)2 (20 g, 0.10 mmol, 2 eq.) in pentanol (4 mL) at room temperature. The 

mixture was stirred for 24 h at reflux. Reaction was cooled to room temperature 

and solvent was evaporated in vacuo. Repeated column chromatography 

(gradient, DCM→DCM/MeOH 9:1) and preparative thin layer chromatography 

failed to provide the pure product, which is present in the mixture. 

MALDI TOF-TOF: calc. for [M]
+ 

C104H159IN8O6Zn m/z = 1809.7215, found 

[M]
+
m/z = 1809.9827; also A4 isomer calc. for [M]

+
C128H208N8O8Zn m/z = 

2052.4640, found m/z = 2052.4330. 

 

2,3,9,10,16,17-octa(2-(2-(2-methoxyethoxy)ethoxy)ethoxy)-23-

iodophthalocyaninato zinc(II) 15 

In an oven-dried 25-mL two-necked round-bottomed flask purged with Ar, a 

solution of 8 (137mg, 0.30mmol, 6 eq.),4-iodophthalonitrile (13mg, 0.05mmol, 1 

eq.) and Zn(OAc)2 (20 g, 0.10 mmol, 2 eq.) in pentanol (4 mL) was placed at 

room temperature. The mixture was stirred for 60 h at reflux. After cooling to 

room temperature, solvent was evaporated in vacuo. Repeated column 

chromatography (gradient, DCM/MeOH95:5→8:2) provided mixture where 

product was present as minor product as demonstrated by MALDI MS 

experiment. 

MALDI TOF-TOF: calc. for [M]
+
C74H99IN8O24Zn m/z = 1676.9110, found m/z = 

1676.4504; also A4 isomer calc. for [M]
+
C88H128N8O32Zn m/z =1875.3834, found 

m/z = 1873.7246. 

 

4-((trimethylsilyl)ethynyl)phthalonitrile 17: 

5-mL microwave vial was charged with 4-iodophthalonitrile (200 mg, 0.79 mmol, 

1 eq.), trimethylsilylacetylene (0.330 mL, 2.36 mmol, 3.0 eq.), CuI (3 mg, 0.02 

mmol, 0.02 eq.) and Pd(PPh3)2Cl2 (11 mg, 0.02 mmol, 0.02 eq.) in TEA (3 mL) 

and was deoxygenated via freeze-pump-thaw cycles three times with Ar. 

Resulting mixture was stirred for 2.5 h under microwave irradiation (50
o
C, 0 bar 

internal pressure, very high power). After cooling to room temperature, toluene 

(10 mL) was added and resulting mixture filtrated through celite and evaporated 

in vacuo. Column chromatography (Cy/AcOEt20:1→9:1) provided the desired 

product (162 mg, 92 %).  
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1
H NMR (400 MHz, CDCl3, 298 K):δ (ppm)7.84 (t, J=1.1, 1H, Ar-H), 7.74 (dd, 

J=1.1, 2H, Ar-H), 0.27 (s, 9H, Si-CH3). 

13
C NMR (101 MHz, CDCl3, 298 K): 136.48, 136.05, 133.49, 129.15, 116.26, 

115.19, 114.77, 114.65, 103.47, 100.68, -0.39. 

 

2,3,9,10,16,17-hexadodecyloxy-23-

((trimethylsilyl)ethynyl)phthalocyaninato zinc(II)18 

Oven-dried 10-mL schlenk tube purged with Ar, was charged with a solution of 

11 (220 mg, 0.44 mmol, 6 eq.), 17 (17mg, 0.07mmol, 1 eq.) and Zn(OAc)2 (27 g, 

0.15 mmol, 2 eq.) in pentanol (4 mL) at room temperature. The mixture was 

stirred for 24 h at reflux, cooled to room temperature and the solvent was 

evaporated in vacuo. Repeated column chromatography (gradient, 

DCM→DCM/MeOH 9:1) provided mixture of compounds, in which the desired 

product was present but its isolation was not possible. 

MALDI TOF-TOF: calc. for [M]
+
C109H168N8O6SiZn m/z = 1780.0280, found 

[M]
+
m/z = 1780.1476; also A4 isomer calc. for [M]

+ 
C128H208N8O8Zn m/z = 

2052.4640, found m/z = 2051.5163 and A2B2 isomer calc. for 

[M]
+
C90H128N8O4Si2Zn m/z = 1507.5920, found [M]

+
m/z = 1506.8336. 

 

2,3,9,10,16,17-octa(2-(2-(2-methoxyethoxy)ethoxy)ethoxy)-23-

((trimethylsilyl)ethynyl)phthalocyaninato zinc(II)19 

Oven-dried 10-mL schlenk tube purged with Ar, was charged with a solution of 

8 (200mg, 0.44mmol, 6 eq.),17 (17mg, 0.07mmol, 1 eq.) and Zn(OAc)2 (27 g, 

0.15 mmol, 2 eq.) in pentanol (4 mL) at room temperature. The mixture was 

stirred for 48 h at reflux. Reaction was cooled to room temperature and solvent 

was evaporated in vacuo. Repeated column chromatography and preparative 

TLC (gradient, DCM→DCM/MeOH 8:2) provided some separation but the 

products were not identified by MALDI. 
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CChhaapptteerr  66  

TToowwaarrddss  UUPPYY--ddeeccoorraatteedd  

TTeerrbbiiuumm  PPhhtthhaallooccyyaanniinnee  

DDoouubbllee  DDeecckkeerrss  SSiinnggllee  

MMoolleeccuullee  MMaaggnneettss  

6.1. Introduction 

Single Molecule Magnets (SMMs) are compounds with strong magnetic 

properties at the molecular level. SMMs can be considered as molecular 

analogues of classical bulk ferromagnets, therefore they are useful for 

applications involving the storage and processing of digital information. 

However, in contrast to bulk magnets currently used for this purpose, such as 

neodymium−iron boride magnets,
1
 the molecular nature of SMMs offers unique 

attributes that may allow information to be stored with much higher densities, 

and to be processed at unprecedented speeds.
2
 SMMs typically present 

nanometric dimensions, thus if properly organized on surfaces can reach the 

ultimate goal of storing 1 bit per molecule.
3
  

The origin of unique magnetic properties of SMMs is high spin ground state 

showing a slow magnetization relaxation rate at low temperatures.
4
 It means 

that SMMs retain magnetization for long periods of time in the absence of an 

external magnetic field at temperatures lower than magnetic blocking 

temperatures, TB,
5
 leading to magnetic hysteresis. Usually these temperatures 

are very low, in order of few K, or even below 1K. This poses important 

problems from technological point of view and there are only two ways to 

resolve this problem. First is development of applications where low 

temperatures will not be a problem yet it seems hard to accomplish. Second 

option is to find SMMs with much higher TB, what is main activity of scientist 

working in the field, and lanthanide phthalocyanines double-deckers (LnDD) 

seems to be the best among new materials. However, beyond temperature 
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limitations, a quick development of a SMM-based technology is hampered by 

the intrinsic chemical fragility of most polynuclear SMMs and the evanescence 

of the SMM behaviour, which make the retention of the molecular magnetic 

bistability at the nanoscale difficult. The chemical bond between a sulphur 

functionalized SMM, the tetrairon(III) system (Fe4 hereafter), and a gold surface 

has been recently employed and the typical magnetic hysteresis observed 

through synchrotron-light based experiments.
6,7

 Unfortunately the lability of the 

Au-S bond
8
 cannot guarantee the long term stability required for the 

development of an SMM-based device. For this reason grafting of SMMs on a 

particularly attractive inorganic platform, such as silicon wafers, will offer the 

possibility to make robust and durable devices by forming stable Si-C covalent 

bonds. Moreover, the possibility of different doping of the silicon substrate can 

be used to influence the electronic properties of the grafted molecules.
9
 

Although preliminary promising results have been obtained with Fe4 SMMs 

chemically anchored on silicon,
10 

very low temperature was required for the 

observation of magnetic bistability (i.e. below 1K). Good alternative can be 

another molecule, i. e. the Terbium(III) bis-phthalocyaninato neutral complex,
11 

TbPc2. Slow dynamics in the magnetization reversal is here due to the large 

activation energy barrier generated by crystal field splitting of the J=6.3 ground 

multiplet of the highly anisotropic Tb III ion.
12 

This results in one of the most 

promising and investigated SMMs,
13-15 

whose insertion in single molecule 

transport devices has allowed to monitor the quantum dynamics of a single 

nuclear spins
16

 and to observe a novel supramolecular spin valve effect.
17

 In 

general, however, the magnetization dynamics of TbPc2 is severely altered in 

amorphous materials, where the packing of the molecules characterizing the 

crystalline phase is lost.
18 

The origin of the phenomenon remains unclear, 

although it should be considered that small distortion of the two 

phthalocyaninato ligands from the perfectly staggered configuration, 

corresponding to D4d symmetry, can be very efficient in promoting the tunnel 

mechanism of relaxation.
18

 A similar reduction of the magnetic bistability is 

observed at the nanoscale: by thermal evaporation of these double-deckers on 

clean metallic surfaces in Ultra-High Vacuum (UHV) environment, the wide 

opening of the magnetic hysteresis loop above liquid helium temperature 

vanishes.
19 

The phtahlocyaninate ligand appears to efficiently couple the 

magnetic moment of the Tb ion with the magnetization of substrates as recently 

shown for submonolayer UHV-prepared deposits of TbPc2 on magnetic 

substrates.
20

 The strength of the interaction can be tuned modifying the 

electronic characteristics of the substrate, though also in these cases no 

evidences of the SMM character of the pristine molecular system has been 

observed. 
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Taking into consideration above mentioned issues, we decided to prepare 

the silicon surfaces covered with the TbDDs. Although silicon is technologically 

important substrate, very common in modern electronics for multiple 

applications, like processors, flash drives, solar cells, sensors, etc. it is not easy 

surface to work with. Substrate needs to be of high purity, grafting protocol is 

quite harsh and requires dry box conditions, also wafers cannot be exposed to 

air and humidity, as this factors cause surface degradation, due to formation of 

silica, which is insulator and interfere during characterization. Therefore 

designing of system is challenging as all this factors needs to be taken into 

consideration.  

6.2. Results and discussion 

6.2.1. Design of system 

There are two main roads by which TbDD can be successfully grafted 

on silicon. One is anchoring in non-reversible way by formation of covalent 

bonds. For this way TbDD needs to be functionalized with terminal double 

bonds to apply photografting protocol, successfully reported by our group for 

grafting of cavitands on silicon. This task was undertaken by other PhD student 

from our group, Federico Bertani. The other way for formation of monolayers of 

SMMs on silicon can be achieved in reversible, non-covalent way exploiting 

strong H-bonding motifs. To test our idea we decided to functionalize surface 

and TbDD with NAPY and UPY groups, respectively, forming strong hydrogen 

bonding heterodimer.
21

  

Silicon surface decorated with NAPY was reported by our group 

previously.
22

 Meanwhile, synthesis of TbDD functionalized with UPY has not 

been published in the literature until now. As will be presented later, synthesis is 

challenging, due to harsh conditions of formation of both, phthalocyanines and 

double-deckers, and as a consequence unpredictable side-reactions of 

intermediates, as well as difficulties with characterization of products by both 

NMR and MALDI. 
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Chart 1. Two ways for grafting UPY isocyanate on TbDD. A) by 

functionalization of monomer; B) by post-functionalization of TbDD with free 

hydroxyl groups. 

The structure of the target molecule, TbDD functionalized with UPY, is 

presented in Chart 1. The molecule is functionalized with four UPY units, all 

attached to one Pc, one for each monomer subunit. The target molecule is 

mixture of constitutional isomers sharing the same physical properties. The Pc 

can be in turn synthesized in two ways: 1) functionalization of phthalonitrile with 

UPY, followed by cyclization to Pc and complexation of Tb to form double 

decker; 2) formation of TbDD with reactive functional group, which in next step 

is used as anchoring site. The first road should be much faster and more 

straightforward, but as will be shown later, we were forced to take longer, 

second road due to problems mentioned before. 
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6.2.2. Monomer functionalization 

 

Scheme 1. Synthesis of functionalized monomer 3 and formation of Pc 4. 

Synthesis of the Pc 4 is presented in Scheme 1. The starting compound was 4-

hydroxyphthalonitrile. In the first step it was functionalized with hexyl spacer, 

which task was to avoid the presence of carbamates in α-position to Pc. The 

next step was the decoration with the UPY moiety, followed by formation of 

macrocycle 4. Unfortunately, this last step turned out to be unfeasible. All 

starting material 3 was consumed, as indicated by TLC, and we can assume 

formation of Pc, as reaction mixture had green colour, although mixture 

contained at least 7 green bands with slightly different polarities. All attempts to 

purify and isolate product were unsuccessful. Due to presence of multiple spots 

on TLC we assumed, that UPY moiety underwent fragmentation. Therefore we 

decided to attach UPY in final step, already on formed TbDD complex.  
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6.2.3. TbDD post-functionalization 

 

Scheme 2. Synthetic pathways for synthesis of heteroleptic terbium double 

deckers.  

Like in previous case, for grafting of UPY on TbDD we decided to 

employ isocyanate chemistry and formation of carbamate bonds. This required 

functionalization of TbDDs with free OH or primary amines. In Scheme 2 are 

presented two most common pathways for synthesis of heteroleptic double 

deckers. Route A
23

 goes through synthesis of metal-free Pc and formation of 

half-sandwich complex with Tb salts (here Tb(acac)3) in presence of base. 

Synthesis of second macrocycle is carried during the reaction, where Tb 

complex has the function of a template. Route B
24

 is very similar to route A, but 

instead of synthesis of second Pc, lithilated compound is used. In this case two 

extra steps are needed but reaction is cleaner and usually the final step has 

better yields; however global yields are lower. Certain disadvantage might be 

also formation of homoleptic complexes, which often are hard to separate from 

heteroleptic complexes. One can notice that in both cases conditions are very 

harsh and many functional groups can undergo degradation.  
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Scheme 3. Synthesis of heteroleptic TbDD 9 from 4-hydroxyphthalonitrile. 

On Scheme 3 is depicted synthesis of TbDD 9 following route A. As 

starting monomer we decided to use commercially available 4-

hydroxyphthalonitrile. We introduced protecting group because our initial trials 

revealed, that use of monomer with free phenolic OH prevent formation of 

macrocycle. We decided to use MOM protecting group which is easily 

introduced in presence of base, and easily cleaved under acidic conditions. 

However, MOMCl has to be handled with care because fumes are hazardous 

and may cause cancer. Phthalocyanine was obtained in moderate yield (20%) 

as a mixture of constitutional isomers and used in this form. Pc was complexed 

with Tb salt in presence of DBU in o-dichlorobenzene at 170
o
C. During 

formation of TbDD 9 al starting material 8 was consumed, as revealed by TLC, 

unfortunately MALDI TOF-TOF analysis of all separated fractions did not 

confirm presence of product.  

Therefore, we decided to follow route B towards the same TbDD 9, 

depicted on Scheme 4. Pc 10 has been synthesised in one step from 

commercial phthalonitrile, and subsequently lithilated with Li in refluxing ethanol 

(11). Half-sandwich complex 12 was obtained in reaction with Tb(acac)3 in high-

boiling solvent. In next step, carried in the same flask, lithilated Pc 13 was 

added and reaction mixture was refluxed for 2 hours. After purification we were 

able to isolate product 9, confirmed by MALDI TOF-TOF experiment.  
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Scheme 4. Synthesis of TbDD 9 by route B. 

Next steps (Scheme 4) comprehended deprotection of MOM and reaction with 

UPY isocyanate (15). TbDD with 4 free phenolic OH, 14, was obtained in 

reaction of 9 with HCl in mixture of methanol and chloroform, added in order to 

increase solubility of 9 and decrease solubility of 14, therefore push the 

equilibrium towards products. Reaction of 14 with excess of isocyanate 15, in 

presence of catalyst DABCO, was carried for prolonged period of time in 

elevated temperature, until all starting material disappeared in TLC. We were 

not able to isolate pure product, and MALDI experiment of mixture did not 

reveal peaks corresponding to four substituted product 16 neither partially 

substituted intermediates, the only evident peaks belonged to starting 

compound. We assumed that one of the reasons why compound 16 does not 

form was low reactivity of phenolic OH in reaction with isocyanate. The other 

possibility was fragmentation of final product upon ionization during MALDI 

experiment. 
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Scheme 5. Synthesis of TbDD-UPY complexes. 

In order to exclude any influence on reactivity of OH by double decker, 

we decided to insert spacer between them. At the same we changed phenolic 

OH in alkylics ones. The synthesis of monomer is depicted in Scheme 6. 

Starting monomer 17 is commercially available 4-iodophthalonitrile. 

Sonogashira reaction gives 18 in quantitative yield, which triple bond was 

reduced in next step with palladium on active carbon in atmosphere of 

hydrogen, yielding 19. Protection with MOMCl gave monomer 20 in global yield 

78% from 17.  

 

Scheme 6. Synthesis of monomer 20. 
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Scheme 7. Synthesis of TbDD 24.  

In order to obtain molecule 24 we followed route B for synthesis of double 

deckers. Cyclization of monomer 20 was accomplished in similar fashion as 

before, and Pc 21 was obtained in good yield (30%). Further lithilation (22) and 

complexation with half-sandwich 12 gave TbDD 23 in good yield (62%). 

Formation of this complex was confirmed by MALDI TO-TOF. Subsequent 

deprotection in the same conditions as before, gave TbDD with free alkylic OH 

24, again confirmed by MALDI experiment. Again, reaction of 24 with 

isocyanate 15 in the same conditions as previously did not lead to the product. 

Although the reaction was run for prolonged period of time, the only peaks in 

mass spectra which can be identified belong to starting material and MOM-

deprotected Pc 21. We think that the problem lays in the MALDI TOF-TOF 

characterization. The next step will be analysing the reaction of 24 with UPY on 

Orbitrap MS instrument.  

6.3. Conclusions 

A TbDD equipped with UPY units for non-covalent grafting on silicon wafers 

was designed. So far difficulties during synthesis and time frame did not permit 

us obtain satisfactory results. The limited amount of analytical tools available for 
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paramagnetic TbDD downsized only to MS, is also a bottleneck. Purification of 

this kind of compounds is challenging and often leads to looses of product. 

Though, we were able to synthesized TbDD with free hydroxyl and phenolic 

groups, 24 and 14 respectively, which can be used as building blocks for further 

functionalization. From our results we are not able to undoubtedly state whether 

we failed to obtain target molecule or only characterize it.  

6.4. Experimental section 

 

General: All commercial reagents were ACS reagent grade and used as 

received. Solvents were dried and distilled using standard procedures. 
1
H NMR 

spectra were recorded on Bruker Avance 400 (400MHz) and Bruker Avance 

300 (300 MHz) NMR spectrometers. All chemical shifts (δ) were reported in 

parts per million (ppm) relative to proton resonances resulting from incomplete 

deuteration of NMR solvents. ESI-MS experiments were performed on a Waters 

ZMD spectrometer equipped with an electrospray interface. 

 

4-hexyloxyhydroxyphthalonitrile 2 

In an oven-dried 50-mL two-necked round-bottomed flask purged with Ar, a 

solution of 4-hydroxyphthalonitrile (300 mg, 2.083 mmol, 1 eq.) and K2CO3 (0.72 

g, 5.210 mmol, 2.5 eq.) in dry DMF (10 mL) was placed at RT for 10 min. 6-

bromohexanol (0.33 mL, 2.500 mmol, 1.2 eq.) was added at once and the 

mixture was stirred for 16 h at 80
o
C. After cooling to room temperature 

suspension was filtred through celite plug and washed with DCM. Solvent was 

evaporated and residue subjected to column chromatography (DCM/MeOH 

95:5) affording white powder (415 mg, y=81%).  

1
H NMR (400 MHz, CDCl3, 298 K): 7.69 (d, J=8.8 Hz, 1H, Ar-H), 7.25 (d, J=2.5 

Hz, 1H, Ar-H), 7.18 (dd, J1=2.5 Hz, J2=8.8 Hz, 1H, Ar-H), 4.05 (t, J=6.4 Hz, 2H, 

ArO-CH2), 3.63 (t, J=6.4 Hz, 2H, HO-CH2), 1.83 (m, 2H, ArOCH2-CH2), 1.57 (m, 

2H, CH2-CH2-OH), 1.45 (m, 4H, -CH2-). 

 

UPY-phthalonitrile 3 

To a round-bottomed flask charged with solution of hexylhydroxyphthalonitrile 2 

(150 mg, 0.615 mmol, 1 eq.) in dry CHCl3 (10 mL), UPY-isocyanate (236 mg, 
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0.800 mmol, 1.3 eq.) was added at RT. Reaction was stirred at 67
o
C for 16 h. 

Solvent was evaporated and the residue subjected to column chromatography 

(9:1 DCM:EtOH) yielding 14 mg (trace) of pure compound.  

1
H NMR (400 MHz, CDCl3, 298 K): 13.15 (bs, 1H, C-NH-C), 11.87 (bs, 1H, C-

NH-CO), 10.16 (bs, 1H, CO-NH-CH2), 7.71 (d, J=8.8 Hz, 1H, Ar-H), 7.25 (d, 

J=2.5 Hz, 1H, Ar-H), 7.18 (dd, J1=2.5 Hz, J2=8.8 Hz, 1H, Ar-H), 5.86 (s, 1H, C-

CH-CO), 4.89 (bs, 1H, CH2-NH-CO), 4.05 (m, 4H, ArO-CH2, COOCH2CH2), 

3.27 (q, J=6.7 Hz, 2H, CH2-CH2-NHCOO), 3.17 (q, J=6.3 Hz, 2H, NHCONH-

CH2-CH2), 2.25 (s, 3H, C-CH3), 1.85 (m, 2H, ArOCH2-CH2), 1.68-1.20 (m, 14H, -

CH2-). 

 

ESI-MS: calc. [M+Na]
+
=560.60, found m/z=560.3. 

 

Pc-UPY 4 

In a dry round-bottomed flask, UPY-phthalonitrile 3 (14 mg, 0.026 mmol, 1 eq.) 

was added to a solution of DBU (2 μL, 0.010 mmol, 0.4 eq.) in pentanol (3 mL) 

at RT. The resulting mixture was stirred for 10 h at 138
o
C, when TLC 

(CHCl3/MeOH 9:1) show the disappearance of phthalonitrile. Solvent was 

evaporated and the residue subjected to preparative TLC. Unfortunately, the 

mixture contained at least 6 green-colored fractions, which were probably 

phthalocyanines and it was impossible to separate them.  

 

MOM-protected 4-hydroxyphthalonitrile 6 

In a dry round-bottomed flask, MOMCl (0.95 mL, 12.5 mmol, 6 eq.) was added 

dropwise to a solution of 4-hydroxyphthalonitrile (300 mg, 2.08 mmol, 1 eq.) and 

DIPEA (3.45 mL, 19.76 mmol, 9.5 eq.) in mixture of DMF (4 mL) and CHCl3 (4 

mL) at 0
o
C. The resulting mixture was stirred for 16 h at 40

o
C. Then the reaction 

mixture was cooled down to RT and the solvent was evaporated. The residue 

was solubilized in DCM and filtrated through short silica plug affording pure 

product (m=370 mg) in excellent yield (95%). 

1
H NMR (400 MHz, CDCl3, 298 K): 7.70 (d, J=8.8 Hz, 1H, Ar-H), 7.43 (d, J=2.5 

Hz, 1H, Ar-H), 7.34 (dd, J1=2.5 Hz, J2=8.8 Hz 1H, Ar-H), 5.26 (s, 2H, CH2), 3.48 

(s, 3H, CH3). 
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H2Pc(OMOM)4 7 

In an oven-dried 25-mL two-necked round-bottomed flask purged with Ar, a 

solution of MOM-hydroxyphthalonitrile 6 (320 mg, 1.70 mmol, 1 eq.) and 

metallic Li (70 mg, 10.20 mmol, 6 eq.) in pentanol (15 mL) was placed at RT. 

The mixture was stirred for 16 h at 138
o
C. After cooling to room temperature, 

the solvent was evaporated and residue solubilized in MeOH (20 mL) and 2 mL 

of CH3COOH. After 2 h in fridge a green precipitate was collected and 

subjected to column chromatography (CH2Cl2/MeOH 95:5) affording 80 mg 

(25%) of green solid, as a mixture of constitutional isomers. 

1
H NMR (400 MHz, CDCl3, 298 K): 8.30-8.10 (m, 4H, Ar-H), 8.07-7.84 (m, 4H, 

Ar-H), 7.43-7.24 (m, 4H, Ar-H), 5.60 (m, 8H, CH2), 3.81 (s, 12H, CH3). 

 

TbPc(OMOM)4 8 

To a vigorously stirred solution of H2Pc(OMOM)4 7 (50 mg, 0.066 mmol, 1eq.) in 

dry orto-dichlorobenzene (2 mL), Tb(acac)3 (27 mg, 0.080 mmol, 1.2eq.) and 1 

drop of DBU were added at the RT. The resulting mixture was stirred for 1.5 h 

at 170
o
C under constant flow of Ar. After cooling to RT, solvent was evaporated 

and residue washed with hexane. The solid was used as recovered in next step. 

 

TbPcPc(OMOM)4 9a 

In an oven-dried 50-mL two-necked round-bottomed flask purged with Ar, a 

solution of TbPc(OMOM)4 8 (65 mg, 0.060 mmol, 1 eq.) in mixture of pentanol 

(2 mL) and dry orto-dichlorobenzene(2 mL), phthalonitrile (33 mg, 0.261 mmol, 

4.3 eq.) and 1 drop of DBU were added and resulting mixture was stirred for 2.5 

h at 160
o
C. After cooling to room temperature, the solvent was evaporated and 

the residue was subjected to preparative TLC (CHCl3/MeOH 9:1). Unfortunately, 

using 
1
H NMR and MALDI, it was impossible to evaluate if one of 4 separated 

fractions was the desired product. 

 

Li2Pc(OMOM)4 13 
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In a dry round-bottomed flask, H2Pc(OMOM)4  (30 mg, 0.04 mmol, 1 eq.) was 

added to a solution of metallic Li (1 mg, 0.16 mmol, 4 eq.) in absolute EtOH (5 

mL) at RT. The resulting mixture was stirred for 2h at 80
o
C. After cooling to RT 

solvent was removed in vaccuo. The residue was solubilized in acetone, 

filtrated and dried with Na2SO4, to give a green solid (30 mg, quant.). In 
1
H NMR 

no presence of aromatic peaks. 

1
H NMR (400 MHz, Acetone-d6, 298 K): 5.68 (m, 8H, CH2), 3.71 (s, 12H, CH3). 

 

TbPcPc(OMOM)4 9b 

In an oven-dried 25-mL two-necked round-bottomed flask purged with Ar, a 

solution of 11
22

 (33 mg, 0.063 mmol, 1.2 eq.) and Tb(OAc)3 (21 mg, 0.063 

mmol, 1.2 eq.) in 1-chloronaphthalene (5 mL) was stirred for 1 h at 185
o
C. After 

cooling to room temperature, Li2Pc(OMOM)4 13 (40 mg, 0.052 mmol, 1.0 eq.) 

was added and reaction was stirred for 1 h at 210
o
C. After cooling to RT solvent 

reaction mixture was subjected to column chromatography with hexane to get 

rid of solvent, then washed with DCM to recover the product. Repeated column 

chromatography (gradient DCM/Hex 8:2->DCM->DCM/MeOH 8:2) gave 9b as 

pure product (30 mg, 25%).  

MALDI TOF-TOF: calc.C72H48N16O8Tb [M]
+
=1423.31, found [M]

+
=1423.329 

 

TbPcPc(OH)4 14 

To a vigorously stirred solution of TbPcPc(OMOM)4 9b (20 mg, 0.014 mmol, 1 

eq.) in in mixture of CHCl3 (4 mL) and MeOH (4 mL), 0.5 mL of HCl was added 

at RT. After 5 h at 60
o
C reaction was cooled to RT and solvent was removed on 

rotavapor. Residue was sonicated with H2O, filtrated and washed extensively 

with H2O in order to remove HCl, resulting in 20 mg (quant.) of product after 

drying on vacuum pump. 

ESI-MS: calc. C64H33N16O4Tb [M+H]
+
=1247.97, found [M+H]

+
=1248.6. 

 

TbPcPc(OH)4 – UPY 16 

In an oven-dried 50-mL two-necked round-bottomed flask purged with Ar, to a 

solution of UPY isocyanate (17 mg, 0.056 mmol, 7 eq.) in dry CHCl3 (5 mL) 
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TbPcPc(OH)4 14 (10 mg, 0.008 mmol, 1 eq.) was added. The solution was 

stirred at 67
o
C for 4 h. After this time 1 spoon of DABCO was added and 

temperature was maintained for another 2 days until disappearance of starting 

14. The reaction mixture was cooled down to RT, the solvent was evaporated 

and residue subjected to column chromatography (gradient, CH2Cl2/EtOH 99:1 -

> 9:1). MALDI TOF-TOF of separated fractions did not reveal any peaks 

originating from four times functionalized product, neither intermediates. The 

only identified peak belonged to Pc(OH)4. 

 

5-(3,4-diisocyanophenyl)pent-4-yn-1-ol 18 

In an oven-dried 25-mL two-necked round-bottomed flask purged with Ar, to a 

solution of 4-iodophthalonitrile (300 mg, 1.18 mmol, 1 eq.) in dry DMF (1 mL) 

and TEA (5 mL), CuI (60 mg, 0.31 mmol, 0.26 eq.) and 1 spoon of [Pd(PPh3)4]
0
 

were added at RT. 4-pentyn-1-ol (0.23 mL, 2.48 mmol, 2.1 eq.) was added and 

the resulting solution stirred at RT for 5 h. The reaction mixture was diluited with 

20 mL of DCM and washed with H2O (3 x 10 mL), 0.5 M HCl (10 mL), dried over 

MgSO4, and the solvent evaporated in vacuo. 18 was purified by column 

chromatography (AcOEt/Hex 6:4) (250 mg, quant.).  

1
H NMR (300 MHz, CDCl3, 298 K): 7.76-7.62 (m, 3H, Ar-H), 3.75 (t, J=6.1 Hz, 

2H, CH2-OH), 2.57 (t, J=7.1 Hz, 2H, C-CH2), 1.84 (m, 2H, CH2-CH2-CH2). 

 

5-(3,4-diisocyanophenyl)pentan-1-ol 19 

In a dry round-bottomed flask, 1 spoon of Pd/C was added to a solution of 5-

(3,4-diisocyanophenyl)pent-4-yn-1-ol 18 (240 mg, 1.14 mmol) in AcOEt (15 mL) 

at RT. The resulting mixture was stirred in the atmosphere of H2 for 16 h at RT. 

Reaction was filtered on celite PAD and washed with AcOEt, giving pure 

compound (235 mg, quant.) after removal of the solvent. 

1
H NMR (300 MHz, CDCl3, 298 K): 7.69 (d, J=7.8 Hz, 1H, Ar-H), 7.60 (s, 1H, Ar-

H), 7.53 (dd, J=7.8 Hz, J=8.1 Hz, 1H, Ar-H), 3.59 (t, J=6.6 Hz, 2H, CH2-OH), 

2.71 (t, J=7.5 Hz, 2H, Ar-CH2), 1.65 (m, 2H, CH2-CH2OH), 1.53 (m, 2H, ArCH2-

CH2), 1.38 (m, 2H, CH2). 

 

1,2-diisocyano-4-(5-(methoxymethoxy)pentyl)benzene 20 
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In a dry round-bottomed flask, MOMCl (0.45 mL, 6.0 mmol, 6 eq.) was added 

dropwise to a solution of 5-(3,4-diisocyanophenyl)pentan-1-ol 19 (215 mg, 1.00 

mmol, 1 eq.) and excess of DIPEA (3.0 mL) in ACN (10 mL) at 0
o
C. The 

resulting mixture was stirred for 16 h at 50
o
C. Then reaction mixture was cooled 

down to RT and the solvent was evaporated. The residue was solubilized in 

DCM, filtrated through short silica plug and washed with acetone, affording 20 

as pure product (200 mg, 78%). 

1
H NMR (300 MHz, CDCl3, 298 K): 7.69 (d, J=7.8 Hz, 1H, Ar-H), 7.60 (s, 1H, Ar-

H), 7.53 (dd, J=7.8 Hz, J=8.1 Hz, 1H, Ar-H), 4.59 (s, 2H, O-CH2-O), 3.50 (t, 

J=6.6 Hz, 2H, CH2CH2-O), 3,33 (s, 3H, O-CH3), 2.73 (t, J=7.5 Hz, 2H, Ar-CH2), 

1.64 (m, 4H, CH2-CH2OH, Ar-CH2CH2), 1.42 (m, 2H, -CH2-). 

 

H2Pc(C6H12OMOM)4 21 

In an oven-dried 25-mL two-necked round-bottomed flask purged with Ar, a 

metallic Li (23 mg, 3.25 mmol, 6 eq.) was placed in pentanol (5 mL) at RT and 

stirred for 15 min at 80
o
C. Solution of 1,2-diisocyano-4-(5-

(methoxymethoxy)pentyl)benzene 20 (140 mg, 0.54 mmol, 1 eq.) in pentanol (5 

mL) was added and mixture was stirred for 5 h at 138
o
C. After cooling to room 

temperature, the solvent was evaporated and residue solubilized in mixture of 

MeOH (20 mL) and of CH3COOH (3 mL). After 16 h in freezer a blue precipitate 

was separated from the green solution. The liquid phase was evaporated and 

subjected to column chromatography (CH2Cl2/MeOH 95:5) affording 60 mg 

(43%) of green solid, which was mixture of constitutional isomers of 21. 

1
H NMR (400 MHz, CDCl3, 298 K): 7.73 (d, J=10.4 Hz, 4H, Ar-H), 7.65 (s, 4H, 

Ar-H), 7.52 (d, J=10.0 Hz, 4H, Ar-H), 4.60 (s, 8H, O-CH2-O), 3.51 (t, J=8.4 Hz, 

8H, CH2CH2-O), 3.34 (s, 12H, O-CH3), 2.74 (m, 8H, Ar-CH2), 1.65 (m, 16H, 

CH2-CH2O, Ar-CH2CH2), 1.42 (m, 8H, -CH2-). 

MALDI TOF-TOF: calc. for C60H75N8O8, [M+H]
+
 1035.5707, found 1035.5538. 

 

Li2Pc(C6H12OMOM)4 22 

To a vigorously stirred solution of metallic Li (1 mg, 0.12 mmol, 3 eq.) in 

absolute EtOH (10 mL), H2Pc(C6H12OMOM)4 21 (40 mg, 0.04 mmol, 1 eq.) was 

added and the reaction was kept for 2 h at 80
o
C. The solvent was removed on 
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rotavapor, the residue was solved in acetone and filtrated. Evaporation of the 

liquid phase yielded a solid used in next step without further purification. 

 

TbPcPc(C6H12OMOM)4 23 

Li2Pc(C6H12OMOM)4 22 (40 mg, 0.039 mmol, 1 eq.) and Tb(acac)3 (18 mg, 

0.039 mmol, 1 eq.) were solubilized in 1-chloronaphtalene (5mL) at RT and and 

then heated at 185
o
C for 5 h, until disappearance of starting material on TLC 

(DCM/MeOH 9:1). The reaction mixture was cooled down to RT, Li2Pc 11 (22 

mg, 0.039 mmol, 1 eq.) was added and temperature was maintained at 210
o
C 

for 1 h. Purification with column chromatography gave first 1-chloronaphtalene  

eluted with hexane, later using gradient DCM/MeOH 10:0->9:1 product 23 was 

obtained (40 mg, 62%).  

MALDI TOF-TOF: calc. for C92H88N16O8Tb, [M]
+
 1703.6225, found 1703.5581. 

 

TbPcPc(C6H12OH)4 24 

TbPcPc(C6H12OMOM)4 23 (20 mg, 0.012 mmol) was placed in mixture of MeOH 

(2 mL) and CHCl3 (2 mL) at RT giving clear green solution, to which was added 

0.5 mL of HCl. After 7 h at 50
o
C reaction was finished, as indicated by TLC 

(DCM/MeOH 8:2). The solvent was evaporated and the residue used as 

recovered in next step. 

MALDI TOF-TOF: calc. for C84H73N16O4Tb, [M+H]
+
 1528.5254, found 

1528.4411. 

 

TbPcPc(C6H12OH)4 – UPY 25 

In an oven-dried 50-mL two-necked round-bottomed flask purged with Ar, to a 

solution of UPY isocyanate (10 mg, 0.032 mmol, 5 eq.) and 1 spoon of DABCO 

in dry DMF (5 mL) was added TbPcPc(C6H12OH)4 24 (10 mg, 0.006 mmol, 1 

eq.). The solution was stirred at 50
o
C for 16 h. No substrate 24 was observed 

by TLC after this time, so reaction mixture was cooled down to RT and the 

solvent was evaporated. MALDI TOF-TOF of crude did not reveal any peaks 

originating from four times functionalized product, neither intermediates. The 

only identified peak belonged to to starting TbPcPc(C6H12OH)4 24 and Pc(OH)4 

(probably product of fragmentation of 24 during MALDI analysis). 
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CChhaapptteerr  77  

AApppplliiccaattiioonn  ooff  

tteettrraapphhoosspphhoonnaattee  ccaavviittaannddss  

iinn  OOEECCTT  sseennssoorrss  

7.1. Introduction 

The field of organic electronics has grown significantly in the past 20 years 

largely due to the many desirable properties of organic semiconductors such as 

low cost, ease of processing and tunability through synthetic chemistry which 

open many possibilities to use these materials in different applications such as 

lighting (OLED),
1,2

 photovoltaic
3
 and sensing.

4,5
 

Among these devices, organic thin film transistors (OTFTs) have attracted 

considerable interest for their application in printed electronics.
6, 7

 Within the 

subset of OTFTs, organic electrochemical transistors (OECTs) have 

distinguished themselves in recent years given their simple fabrication and low 

voltage operation.
8-10

 The ability to operate in aqueous environments and the 

integration with microfluidics make OECTs excellent candidates for a variety of 

applications, especially in the area of biosensing.
11

 OECTs were first 

demonstrated by White et al., where the conductivity of a poly(pyrrole) film was 

modulated by the application of a gate voltage through an electrolyte.
12

 Many 

groups have followed and demonstrated other materials and applications of 

OECTs.
4,13-15

 In these devices a gate voltage is applied through an electrolyte 

and the conductivity of an organic semiconductor film is modulated due to the 

motion of ions between the electrolyte and the organic film. Being “soft” 

materials, organic semiconductors allow significant ionic motion within their 

films and are particularly suited for the effects exploited in OECTs. The 

preferred material used in this devices is poly(3,4-ethylenedioxythiophene) 

doped with poly(styrenesulfonate) (PEDOT:PSS); the mixture is commercially 

available and stable under a variety of conditions. PEDOT:PSS is a 

degenerately doped p-type semiconductor (commonly referred to as a 

conducting polymer), where holes on the PEDOT are compensated by 

acceptors (SO3
2–

) on the PSS. Organic ECTs (OECT) have been studied as 
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chemical and biological sensors, in particular as glucose sensors,
16, 17

 gas 

sensors,
18

 pH sensors,
19

 and biological species detection.
20

 

In our group we are involved in fabrication of systems for evaluations of 

biologically and environmentally relevant species, particularly sarcosine,
21

 

drugs, alcohols,
22

 explosives, BTEX etc.
23,24

 As a result we took part in the 

development of devices exploiting our host molecules, particularly 

tetraphosphonate and tetraquinoxaline bridged cavitands, for surface 

functionalization and as preconcetrators and sensors. OECTs are a 

transduction platform which provides fast response time, simple setup, 

biocompatibility, acting in aqueous media and low cost.  

Incorporation of specific hosts into semiconducting polymer of OECTs 

can bring many advantages, as was already shown by e.g. Ivaska et al.
25

 The 

idea was to use functionalized resorcinarenes and calixarenes as electrolytes 

instead of PSS. Response of device towards some of the ions, which interact 

specifically with supramolecular hosts, has been improved with respect to 

standard systems. In typical OECT device ions present in solution form layers 

on the semiconductor changing its electrical conductivity. In OECT doped with 

host molecules, guest ions penetrate deeper into material, their interactions are 

stronger, and consequently response of device should be higher. Base on this 

premise we doped semiconductor with tetraphosphonate cavitands which are 

much better hosts for cations than both resorcinarenes and calixarenes.  

 

Figure 1. Qualitative representation of OECT behavior. a) OECT labeled 

with appropriate naming conventions. b) OECT without gate voltage applied. 

Current is determined by the intrinsic conductance of the organic 
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semiconductor. c) OECT with gate voltage (Vg) applied. Current is determined 

by the extent to which the organic semiconductor is de-doped  

 

A picture illustrating typical OECT is shown in Figure 1 (from Ref.26). The 

essential components are an organic semiconductor film with source and drain 

contacts, an electrolyte, and a gate electrode. Because the majority of organics 

used for OECTs are hole transporters, the nomenclature of this analysis refers 

to p-type doping (mobile holes and spatially fixed acceptor ions), but it is trivial 

to repeat the analysis for electron transporting materials. As a convention, the 

source contact is grounded and a voltage is applied to the drain contact (Vd) 

relative to ground. The current that passes through the organic semiconductor 

(Isd) can be monitored as a function of the applied gate voltage (Vg). Upon the 

application of a positive gate voltage (Vg) relative to ground, cations from the 

electrolyte are injected into the organic semiconductor film. This in turn de-

dopes the organic semiconductor and thus decreases the source-drain current 

(Isd). The transport of ions from the electrolyte into the organic semiconductor 

film is fundamental to the behavior of OECTs.  

 

 
  

Figure 2. Typical response of OECT device used in this chapter. Solution 

containing poly(acrylic acid) sodium salt (PAA), 0.05 mg/mL. (from Ref. 27) 

 

The OECTs response is determined by the kinetic curve that represents the 

electrical behavior of the devices interacting with the solutions
17

 and is 

presented on Fig. 2.  In this curve, the difference of the drain current in the on 

and in the off state, depends on the used electrolytes and their concentration, 

similarly to what happens to the standard electrodes used in electrochemistry. 

As can be observed on the Fig. 2, difference in response between reference 

and sample increases with increase of applied gate voltage Vg. The modulation 

is determined by the ratio |Ion-Ioff|/Ioff  as a function of the gate voltage applied 

Vg, with Ion the current when Vg is on and Ioff  the current when Vg is off. As 
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shown on Fig. 2b modulation for PAA solution is much lower than in the case of 

reference sample. Performing experiments with known solutions, concentration 

or type of unknown samples can be evaluated.  

7.2. Results and discussion 

7.2.1. Simple approach 

Our device is based on PEDOT:PSS and is easily fabricated applying 

concepts of ink-jet printing: desired structure is drawn on the glass slide using 

an automatic syringe and a micro-positioning system. Commercially available 

PEDOT:PSS solution in water, from Sigma Aldrich, is fluid enough to be 

deposited in this way. Therefore simplest and cheapest approach, which could 

allow fabrication of many devices in short time, was to suspend 

tetraphosphonate cavitands in this solution and fabricate device in standard 

way. 9 parts of commercial solution containing ~1.5% w/w PEDOT:PSS in water 

was diluted with 1 part of ethylene glycol and 1 part of methanol. To this 

solution 2% by weight, with respect to PEDOT:PSS, of tetraphosphonate 

cavitands Tiiii[C3H7,CH3,Ph] was added and solution was stirred for one hour at 

room temperature. In the next step the solution was deposited on the pretreated 

glass surface following the procedure described in the experimental section and 

used in the experiment.  

To measure current modulation in drain-source electrode we used the 

setup presented in Ref. 27. Through drain-source electrode was running small 

current (-0.1 V) which was kept constant all the time. To the gate was applied 

positive Vg in the range from 0.1 V to 0.5 V, always for 150 s periods, with 0 V in 

between, also for 150 s. Device chamber was filled with solution of analyte. 

Reference solution was 10
-2

M water solution of LiCl (LiCl+water). Concentration 

of methylbutylammonium chloride (MBACl) was 10
-3

M in water containing10
-2

M 

water solution of LiCl (MBACl+water). In order to give more reliable data, for 

each device experiments were repeated few times, indicated by number in 

curve name. 
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Figure 3. Kinetic curve for MBACl measurements of cavitand doped 

PEDOT:PSS. LiCl 10
-2

M, MBACl 10
-3

M, water solutions. 

 

Figure 4. Modulation curve for MBACl measurements for cavitand 

doped PEDOT:PSS. 

Modulations, calculated according to the before mentioned equation, 

are presented on Fig. 4. Analysis of the graph clearly reveals small differences 

in modulations between samples containing both MBACl and LiCl and only LiCl. 
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Such a small varieties are within experimental error and can be rather attributed 

to slightly increased concentration of ions in mixture MBACl+LiCl.  

Lack of specific response of device towards guest molecules inspired 

us to design of system with better communication between cavitands and 

semiconductor, higher homogeneity and better control of material composition. 

 

7.2.2. Formation of covalently bound 4PO-PEDOT 

Synthesis of PEDOT functionalized with tetraphosphonate cavitands 

was carried out by electropolymerization. The molecular structure of monomers 

and the resulting copolymer are depicted in Chart 1. Monomers 1 and 2 were 

both obtained in one step via esterification reactions from commercially 

available EDOT-carboxylic acid, in particular 1 by Steglich esterification from 

monohydroxy-footed tetraphosphonate cavitand,
28

 2 by Fisher esterification 

from methanol. 

 

Chart 1. Structure of monomers 1 and 2 for electropolymerization, and 

copolymer PEDOT-cav. 

PEDOT-cav was prepared by electropolymerization using Cyclic 

Voltammetry. In solution of dry acetonitrile:dichloromethane 9:1, 1 and 2 were 

solubilised in molar ratio 1:8, and concentration was 10
-2

 mol/L fixed on 2 in 

presence of supporting electrolyte LiClO4 10
-1

 mol/L.  Gold disk presented on 
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Figure 1 (d=20 mm) was acting as working electrode; in the system were also 

present glassy carbon counter electrode and Ag/AgCl in 3 M KCl reference 

electrode. Solution was first purged with N2 for 100 s and then 25 scans from -

1.0 V to +1.5 V were run with scan rate 0.1 V/s. Cyclic voltammetry curve of 

initial scans is presented in Fig. 5. 

 

Figure 5. Initial scans of electropolymerization of monomers 1 and 2 in ratio 1:8, 

range -1.0 V to +1.5 V, scan rate 0.1 V/s.  

The prepared sample (Figure 5) was subjected to XPS analysis. The 

sample was divided in three zones based on coverage thickness evaluated by 

naked eye.  
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Figure 5.  Gold surface covered by electropolymerization of mixture of 

compounds 1 and 2 and division by zones according to level of 

deposition. 

Survey spectra of sample with partial attribution of peaks, for all three zones are 

reported in Fig. 6. The XPS data confirm the presence of all important elements 

on the gold surface and show some difference between separated three zones. 

 

 

Figure 6. XPS survey spectra with partial attribution of peaks. 

Quantitative analysis determined atomic composition of three zones of 

sample surface and results are presented in Table 1. The ratio between 

elements and theoretical values calculated for ideal monomers (1:2) ratio 1:8 is 

presented in Table 2 for all three zones. This data confirm lack of other 

elements on the surface apart of C, O, P, S and Au and show lack of 

homogeneity of surface coverage, in line with naked eye observations, 

expressed in differences in stoichiometry.  

 

 

Table 1. Atomic composition of sample in all three zones. 
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 Atomic composition on sample surface 

%C %O %P %S %Au 

ZONA 1 68.1 23.5 2.1 4.7 1.5 

ZONA 2 69.0 21.8 1.7 4.5 2.9 

ZONA 3 70.7 20.2 2.5 2.6 3.9 

 

Table 2. Ratio between elements calculated for ideal monomers (1:2) ratio 1:8. 

 
theoretical Zone 1 Zone 2 Zone 3 

C/O 2.9 2.9 3.2 3.5 

C/P 34.7 31.7 40.1 27.8 

C/S 15.4 14.3 15.2 26.8 

S/P 2.2 2.2 2.6 1.0 

 

Zone 1 seems to be completely covered by copolymer due to black colour of 

surface. Indeed copolymer provides good coverage and molar ratio between 

monomers 1 and 2, as evaluated from ratios between C/P, C/S and S/P, are 

close to theoretical values. In zone 2 the coverage seems to be partial, and data 

confirm it, as percentage of Au in respect to C is much bigger than for zone 1. 

Bigger values of ratios between C/P, C/S and S/P also suggest that ratio 

between monomers 1 and 2 is higher than in previous case in favour of 2. 

Instead in case of zone 3, which seems to be transparent, ratio between Au/C 

(Table 1) is the biggest from all zones, yet all elements are present on the 

surface. Ratios between elements suggest much higher percentage of 

monomer 1 in this area than in other two. At this moment we are not able to 

explain differences in coverage thickness and composition of the copolymer.  

The OECT device consists of two electrodes from semiconductor deposited 

on an insulating surface immersed in an analyte solution. Therefore for our 

purposes we need to electropolymeryze mixture of monomers 1 and 2 on glass 

surface in controlled manner. It is challenging task, as electropolymerization can 

be only carried on metallic conductors. Proper OECT device require only drain-

source electrode functionalized with host molecules, as gate electrode does not 

interact with solutions. Our idea was to deposit only one electrode consisting of 

PEDOT-cav by electropolymerization, and gate electrode would be later one 

deposited next to it, as described earlier. New drain-source electrode might 

arise during polymerization between two gold electrodes, if distance between 
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them would not be too big. Later both gold electrodes could be erased from 

glass surface leaving PEDOT-cav deposited on the surface.  

Unfortunately, this approach was not successful. We were able to cover 

glass between electrodes, when we ran electropolymerization with only 2, but 

experiment repeated in the same conditions in mixture of 1 and 2 in 1:8 ratio, 

just like before on gold disc, was not successful. Decreasing distance between 

gold lines was not possible, as it would cause many problems during removing 

of gold, and amount of semiconductor would be probably too small for stable 

functioning.  

 

Figure 7. Gold electrodes on glass before (a) and after (b) 

electropolymerization.  

7.3. Conclusions 

We were able to functionalize EDOT with tetraphosphonate cavitands and 

at the same time avoid strong non specific interactions. Reactivity of methyl 

ester EDOT derivative, as well as of receptor functionalized molecule, in the 

course of electropolymerization was shown to be lower than of simple EDOT, 

requiring much higher polymerization potential, which can also lead to some 

kind of degradation of formed polymer in case of pristine material.  

We were able to cover gold surface with layer of functionalized PEDOT in 

good stoichiometric ratio between monomers by cyclic voltammetry and this 



Tetraphosphonate cavitands in OECTs 

 
119 

 

was confirmed by XPS experiments. Unfortunately device cannot be fabricated 

with use of conducting support because all electric current should run through 

gold due to lack of energy barrier in this material. Change of geometry of the 

device did not solve the problem. 

7.4. Experimental section 

General: All commercial reagents were ACS reagent grade and used as 

received. Solvents were dried and distilled using standard procedures. 
1
H NMR 

spectra were recorded on Bruker Avance 400 (400MHz) and Bruker Avance 

300 (300 MHz) NMR spectrometers. All chemical shifts (δ) were reported in 

parts per million (ppm) relative to proton resonances resulting from incomplete 

deuteration of NMR solvents. ESI-MS experiments were performed on a Waters 

ZMD spectrometer equipped with an electrospray interface. Monohydroxy 

footed cavitand was prepared according to literature procedure.
28 

Tetraphosphonate cavitand EDOT ester, 1: In an oven-dried 25-mL two-

necked round-bottomed flask purged with Ar, a solution of 2,3-

dihydrothieno[3,4-b][1,4]dioxine-2-carboxylic acid ( 10 mg, 0.054 mmol, 1 eq.), 

DMAP (1 mg, 0.008 mmol, 0.15 eq.) and monohydroxy footed tetraphosphonate 

cavitand (66 mg, 0.054 mmol, 1 eq.) in dry CH2Cl2 (10 mL) was placed at 0
o
C . 

After 10 min DCC (11 mg, 0.054 mmol, 1 eq.) was added and reaction was 

stirred for 3 h at room temperature until complete disappearance of 3 by TLC 

(9:1 DCM:MeOH). White precipitate (urea) was filtrated off and liquid phase, 

diluted with 20 mL of DCM, was washed twice with 0.5 M aqueous HCl (15 mL), 

once with NaHCO3 saturated H2O solution (15 mL) and evaporated in vacuo. 

Column chromatography (DCM/MeOH 1:1, 2% CH3COOH), followed by 

evaporation, solubilization in DCM and filtration off silica provided product (45 

mg, 60%). 

ESI-MS: calc. C75H71O16P4SNa=1407.3, [M+Na]
+ 

m/z=1407.4. 

1
H NMR (400 MHz, CDCl3, 298 K): 8.07 (m, 8H, PAr-H), 7.67 (t, J= 6.9 Hz, 4H, 

PAr-H), 7.56 (m, 8H, PAr-H), 7.28-7.22 (m, 4H, Ar-H), 6.42 (d, J= 3.6 Hz, 1H, 

Th), 6.21 (d, J= 3.6 Hz, 1H, Th), 4.90-4.70 (m, 5H, Ar3-CH, O-CH), 4.40 (m, 1H, 

O-CH2), 4.29 (m, 1H, O-CH2), 2.35 (m, 8H, CH2), 2.18 (s, 9H, Ar-CH3), 2.11 (s, 

3H, Ar-CH3), 1.90 (bs, 4H, CH2), 1.77 (m, 2H, CH2), 1.43 (m, 6H, CH2), 1.43 (t, 

J= 7.2 Hz, 9H, CH3). 

31
P NMR (160 MHz, CDCl3, 298 K): 8.86 (s, 1P), 8.04 (s, 3P). 



Chapter 7 

 
120 

 

Methyl 2,3-Dihydrothieno[3,4-b][1,4]dioxine-2-ester, 2: To a round-bottomed 

flask, equipped with Dean-Stark, charged with solution of 2,3-dihydrothieno[3,4-

b][1,4]dioxine-2-carboxylic acid ( 50 mg, 0.269 mmol, 1 eq.) in toluene (20 mL), 

MeOH (0.11 mL, 2.688 mmol, 10 eq.) and 3 drops of 12 M HCl were added at 

room temperature. The reaction was stirred for 3 h at 130
o
C and then cool down 

to room temperature. The resulting solution was evaporated, residue solubilized 

in DCM (15 mL) and washed with H2O triple (3x15 mL). The organic phase was 

run through short plug silica and washed with DCM affording 47 mg (86%) of 

pure product.  

ESI-MS: calc. C8H8O4SNa=223.2, [M+Na]
+ 

m/z=222.9. 

1
H NMR (400 MHz, CDCl3, 298 K): 6.46 (d, J= 4.8 Hz, 1H, Th), 6.36 (d, J= 4.8 

Hz, 1H, Th), 4.79 (t, J= 5.2 Hz, 1H, O-CH), 4.35 (d, J= 5.0 Hz, 2H, O-CH2), 3.82 

(s, 3H, CH3). 

 

Fabrication of the OECT device: The apparatus used for ink-jet printing is 

based on X, Y, Z servo motors controlled by a computer and an automatic 

micro-syringe providing a reduced solution flow up to 1 μl/min. While X and Y 

axes are used to draw the devices the Z axis is used to position the needle of 

the syringe at right distance respect to the glass slides. A motion-controlling 

program (Motion Assistant, National Instruments) is used to implement the 

movements of the three axes and to draw the devices. The combination of 

needle size, flow rate and solution/substrate wettability determines the smallest 

line width; to obtain large size lines we performed multiple passages of the 

needle one close to the other. In the present case the typical thickness of a 

single passage line is between 150 and 200 μm. The drain–source electrode is 

made with one or at least two overlapped passages to increase the conductivity 

if needed. The gate electrode width was about 0.8–1 mm corresponding to 6 

adjacent lines. The distance between the two electrodes is about 250 μm. The 

inset in Fig. 1 shows a picture of the final result. The optimal adhesion of the 

polymer to the glass slide is maximized controlling the glass surface properties 

in terms of wettability and roughness and optimizing the drawing speed and the 

flux of the polymeric solution. It is important to have optimal adhesion to prevent 

the detachment of the polymer due to the mechanical stress when the solution 

is inserted in the vessel or removed from it. The last step is a curing treatment 

at 150 
o
C in oven for 2 h. Finally all the devices are characterized in terms of 

their electrodes resistance.  

A vessel made of PDMS is attached to the glass slide to create a water 

resistant chamber containing the electrolyte solution in contact to the 
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electrodes. The geometry of the vessel was designed to maximize the exposure 

of the electrodes to the solution and their sensitivity. A homemade Labview 

(National Instruments) program was written to pilot the two electrometers 

(Keithley 2400 and Keithley 6417) used to apply the voltage and to read the 

current at the electrodes. Typically the drain–source current modulation was 

collected at different gate voltages applied, to obtain a kinetic curve. The 

potential applied to the drain electrode was set negative (-0.1 V) and was kept 

constant during the experiment. The potential applied to the gate was set 

positive and was increased during the experiment from 0 up to 0.5 V with steps 

of 0.1 V amplitude and 150 s period. The gate is turned off for the same period 

of time before each increasing step. 

Cyclic voltammetry: Experiments were carried using Autolab PG Stat 20 or 

μAutolab 3 Type 3, both produced by EcoChemi Utrecht, Netherlands, both 

equipped with polarographic head Merolm 663 VA Stand and customised 

software GPES (General Purpose Electropolymerization Software). 
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Fig. S1. 1H NMR of 1, Tiiii-A, Tiiii-A•1 and Tiiii-A•1•3 formation in 
CDCl3. 
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Fig. S2. 31P NMR of Tiiii-A, Tiiii-A•1 and Tiiii-A•1•3 formation in 
CDCl3. 
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Fig. S3. 31P NMR of Tiiii-A, Tiiii-A•1 and Tiiii-A•1•2 changes in 
CDCl3. 
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Fig. S4. HR-MS spectra of Tiiii-C•1•2. 
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Photochemical measurements in solution 
 

 
 

Fig. S5. Normalized absorption spectra* of europium derivatives in 
dichloromethane. 
*Absorption  spectra were normalized because limited solubility 
unabled quantitative measurement of extinction coefficient values. 
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Fig. S6. Normalized absorption spectra* of yttrium derivatives in 
dichloromethane. 
*Absorption  spectra were normalized because limited solubility 
unabled quantitative measurement of extinction coefficient values. 
 

 
Fig. S7. Absorption spectra of yttrium complexes in 
dichloromethane.  
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XPS analysis 
 

Fig S8. Eu 3d XPS region of Si-Tiiii-B•1•2 after 18 minutes (upper 

spectra) and 370 minutes (bottom spectra) of acquisition time. 
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