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ABSTRACT 

Water soluble Ir(III) complexes towards organised phases and 

nanostructured IrO2 thin films 

 

This thesis comprises three main macro-topics: water-soluble Iridium (III) complexes, 

Iridium-based metallogels and nanostructured Iridium Oxide (IrO2). More specifically, the 

synthesis of new water-soluble cationic Ir(III) complexes has been performed through a 

simple methodology which involves the incorporation of hydrophilic counterions into the 

final compounds. Some of the synthesized complexes have shown supramolecular 

organization in water. These self-assembling architectures have been thoroughly 

investigated through the combination of complementary characterization techniques, in 

particular Polarized Optical Microscopy (POM), Transmission Electron Microscopy (TEM), 

Powder X-Ray Diffraction (PXRD), etc. According to the nature of the featuring ligands, the 

water-soluble Ir(III) complexes display features of metallogels or lyotropic liquid crystals. 

The use of these highly organized metallo-hydrogels as Structural Directing Agent (SDA), 

and concomitantly as direct metal source, has been exploited for the preparation of 

nanostructured IrO2 powders and thin films. All the presented materials display appealing 

features for specific applications: water-soluble Ir(III) complexes could represent 

interesting candidates for anticancer drugs or bioimaging probes, Ir(III) metallogels could 

find applications in thermosensing or as templating agents, and finally nanostructured IrO2 

could be employed in electrochromic devices and catalytic processes. 
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Chapter 1 

General introduction 

 

1.1 Iridium (III) complexes 

In recent years, great consideration has been given to Iridium(III) complexes, by virtue of 

their interesting properties that make them suitable candidates for many applications, such 

as OLEDs, LEECs, anticancer agent, etc. 

Ir (III) metal centre is characterized by a rich coordination chemistry, which allows to obtain 

a wide variety of compounds, including bis- and tris-cyclometalated complexes. The 

classical procedure adopted to synthesize bis-cyclometalated and tris-cyclometalated 

species, involves the formation of a chloro-bridged dimer incorporating the desired 

cyclometalated ligand (C^N), followed by the bridge splitting reaction of the chloro-bridge 

through the introduction of an ancillary ligand (N^N, L^X or X^X)[1,2] or of the 

cyclometalated ligand (C^N) already used for the formation of the dimer.[3] In the first case, 

a bis-cyclometalated complex will be obtained, whereas the second way leads to tris-

cyclometalated compound. 

In addition, through the appropriate choice of the chelating ligand, neutral, cationic or 

anionic Ir(III) complexes can be obtained (Fig.1.1). The use of a neutral ligand (N^N), such 

as 2,2’-bypyridine (bpy),[4]  1,10-phenanthroline (phen),[5]  2,2’-biquinoline (biq),[6] etc., 

results in a cationic complex. Conversely, neutral Ir (III) coordination compounds have 

been synthesized by using bidentate, anionic ancillary ligands (L^X), as acetylacetone 

(acac) or 2-picolinic acid (pic) and their derivatives.[7] Finally, anionic Ir(III) complexes 

were produced employing bidentate dianionic ligands, as tetrazolate (N^N),[8]  catecholate 

(O^O)[9]  and orotate acid (O^N).[10] 
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Fig.1.1. Schematic representation of  a tris-cyclometalated Ir(III) complex (a), a neutral bis-cyclometalated Ir 

(III) complex (b), a cationic bis-cyclometalated Ir(III) complex (c) and an anionic bis-cyclometalated Ir(III) 

complex (d), with corresponding examples: Ir(ppy)3
[3]

, (ppy)2Ir(acac),
[7]

 [(ppy)2Ir(bpy)]
+
,
[4]

 [(ppy)2Ir(or)]
-
.
[10] 

 

 

 

1.2 Photophysical properties 

 

The large attention received by Ir(III) compounds is due to the appealing features 

displayed by these materials, in particular to their interesting photophysical properties. 

Intense phosphorescence at room temperature, high photoluminescence quantum yields 

(ϕ), large Stokes shift and, in some cases, much longer (μs) lifetimes (τ) have been 

reported for many Ir(III) complexes.[11-13]  

Iridium (III) complexes exhibit two basic transitions in their excited state: the metal-to-

ligand charge transfer (MLCT) and the ligand-centered (LC) transitions. The MLCT 

involves the transition of an electron from a metal d orbital to a vacant π* antibonding 

orbital on one of the ligands, and it can be viewed as a metal oxidation with concomitant 

ligand reduction. This transition is typical of transition metal complexes with a d6 

configuration (W0, ReI, OsII and IrIII). Contrary, the LC transition is characterized by an 

electronic transition between a π and a π* orbitals, both localized on one of the ligands.[14] 

Generally, the transition identification is based on the measurement of the luminescence 

lifetimes and on the observation of the band shapes.[15]   
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The presence of the heavy metal centre affords strong spin-orbit coupling, which 

determines the inversion of the relative orientation of an electron pair, removing the spin-

forbidden character of the phosphorescent transitions. This phenomenon promotes 

intersystem crossing, thus the transition from a singlet excited electron state to a triplet 

excited state, from which a phosphorescent emission can take place (Fig.1.2). 

 

 

Fig.1.2. The Jablonski diagram.
[16]

 

 

The triplet excited state in Iridium(III) complexes generally is a mixed excited state which 

derives from a good overlap between 3LC and 3MLCT (Fig.1.3).[15] 

The photophysical properties of an Ir(III) coordination compound is based on absorption, 

emission and excited-state lifetime measurements in solution and/or in solid-state. These 

techniques allow the determination of two important parameters for a phosphor: ϕ and τ. 

The emission quantum yield (ϕ) and the lifetime of the excited state (τ) depend on the 

combination of radiative (kr) and non-radiative (knr) processes, as shown in the following 

equations:[17]   

∅ =
��

�� + ���

 

 

� =  
1

�� +  ���

 



 

To further understand the lumine ent propertie  of Ir

theory (DFT) calculations can be performed in order to e aluate

molecular orbital (HOMO) and the lowe t uno upied mole ular orbital (LUMO)

for Ir(III) complexes, DFT calculation  

mixed “Double-ζ” quality basis et  6

Theoretical calculations can be al o be e perimentall  u tained b  e timation of the 

energy level of the frontier orbital

the primary energy levels re pon ible 

cyclometalated complex Ir(ppy)

by a mix between the Iridium 

whereas the LUMO level consist  of the π* orbital  of 

Fig.1.3. The overlap between 
3
LC and 

 

Since luminescence in Ir(III) comple e  i  b  nature

emission colour can be potentiall  

the chemical nature of the ligand oordinated to the metal entre

the above mentioned tris-cyclometalated Ir(III) omple  

[(ppy)2Ir(acac)] are well-known green emitter  (

system of both phenyl and pyridine ring , u ing ben oquinoline (

(pq) as cyclometalated ligands, lead  to a batho hromi  effe t, thu  the olor emi ion 

shifts to red.[22] A hypsochromi  effe t, 

achieved increasing the energ  gap between HOMO and LUMO,

level. The presence of an ele tron

phenyl rings represents an opportunit  to indu e thi  effe t.

To further under tand the luminescent properties of Ir (III) complexes

al ulation  can be performed in order to evaluate the 

mole ular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO)

DFT calculations are performed with the B3LYP[18

qualit  basis sets 6-31G(d) for the ligands[19] and LANL2DZ for Ir

Theoreti al al ulation  can be also be experimentally sustained by e timation of the 

energ  le el of the frontier orbitals through cyclic voltammetry. For example, Ha  tudied 

the primar  energ  le els responsible for the green emission of the 

omple  Ir(ppy)3.
[20] According to his study, the HOMO le el 

the Iridium d orbitals and the π orbitals of the cyclometalated ring

wherea  the LUMO le el consists of the π* orbitals of the pyridine rings

 

LC and 
3
MLCT (adapted from ref. [1]) 

Sin e lumine en e in Ir(III) complexes is by nature involving the ligand, 

potentially performed over all the visible spectra, 

ligand coordinated to the metal centre (Fig.

cyclometalated Ir(III) complex (ppy)3Ir 

nown green emitters (λmax = 515 nm).[21] The e pan ion of the π 

tem of both phen l and pyridine rings, using benzoquinoline (bzq) or

) a  lometalated ligands, leads to a bathochromic effect, thus the olor emi ion 

A h p ochromic effect, meaning a blue shift of the emi ion, an be 

a hie ed in rea ing the energy gap between HOMO and LUMO, e.g.

le el. The pre en e of an electron-withdrawing group, such as fluoride

phen l ring  repre ent  an opportunity to induce this effect.[23]   

6 

(III) omplexes, density functional 

he highest occupied 

mole ular orbital (HOMO) and the lowe t uno upied mole ular orbital (LUMO). Generally, 

18] functional and the 

and LANL2DZ for Ir. 

Theoreti al al ulation  an be al o be e perimentall  u tained by estimation of the 

For example, Hay studied 

the green emi ion of the prototypical 

the HOMO level are consisting 

of the cyclometalated rings, 

rings. 

in ol ing the ligand, tuning of the 

o er all the i ible pectra, by simply varying 

(Fig.1.4). For example, 

 and the complex 

The expansion of the π 

) or 2-phenylquinoline 

) a  lometalated ligand , lead  to a batho hromi  effe t, thus the color emission 

a blue hift of the emission, can be 

e.g. lowering HOMO 

a  fluoride atoms, on the 



 

Fig.1.4. The shift of the emission spe tra of ome Iridium (III) omple e , obtained 

cyclometalated ligand (adapted from ref. [

 

 

 

Therefore, the introduction of an ele tron

substituent in the phenylpyridine

and LUMO levels, resulting in a hange in the emi ion

Also the position of an eventual ub tituent pla  an important role in the modulation of the 

energy levels involved in the tran ition

In this case the cyclometalated ligand

with the electron-withdrawing di ano in l group: the meta

presents a blue-green emission, ontrar  to the para

displays a deep red emission. 

. The hift of the emi sion spectra of some Iridium (III) complexes, obtained 

lometalated ligand (adapted from ref. [24]) 

he introdu tion of an electron-donating or of an ele tron

ub tituent in the phen lpyridine ligand modifies the energy band gap between t

re ulting in a change in the emission colour of the re ulting omple .

Al o the po ition of an e entual substituent plays an important role in the modulation of the 

energ  le el  in ol ed in the transition, as reported for a (ppy)2Ir(pic) comple

the lometalated ligands (ppy) are functionalised in two different po ition  

withdrawing dicyanovinyl group: the meta-modified comple

green emission, contrary to the para-modified complex
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. The hift of the emi ion pe tra of ome Iridium (III) omple e , obtained simply varying the 

donating or of an electron-withdrawing 

the energ  band gap between the HOMO 

of the resulting complex. 

Al o the po ition of an e entual ub tituent pla  an important role in the modulation of the 

complex (Fig.1.5).[25] 

in two different positions 

modified complex (Fig.1.5_a) 

modified omplex (Fig.1.5_b)  which 
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Fig.1.5. Chemical structures of (ppy)2Ir(pic) derivative complexes: a)meta-substituted complex; b)para-

substituted complex.
[25] 

 

 

Besides the maximum emission wavelength, the functionalisation of a ligand can affect 

also the emission quantum yield (ϕ) and the lifetime of the excited state (τ). An example 

was given by Dragonetti et al., who compared the photophysical properties of some Ir (III) 

complexes bearing phenylpyridine as cyclometalated ligands and differently substituted 

1,10-phenanthroline as ancillary ligand (Fig.1.6).[5] They observed a marked decrease of 

the quantum yields moving from the compounds incorporating the methyl group (ϕ = 34-

38%) to the complexes including the electron-donor group NMe2 (ϕ = 0.3-6%) and the 

electron-withdrawing moiety NO2 (ϕ < 0.1%). Through DFT calculations, they explained 

these experimental observations as an effect of substituents on the energy level of the 

frontier orbitals. In particular, weak electron-donating substituents such as the methyl 

group do not significantly alter the geometry and the electronic structure of the 

[(ppy)2Ir(1,10-phen)] cationic complex, whereas strong electron-withdrawing substituents, 

such as the NO2 group, lead to extensive perturbation of the phenanthroline π* levels, 

stabilizing the LUMO energy level. Finally, strong electron-donor substituents, as NMe2, 

destabilize the π-bonding levels of the phenanthroline ligand. 
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Fig.1.6. Chemical structures of [(ppy)2Ir(5-R-1,10-phen)]PF6 derivative complexes.
[5] 

 

The interesting photophysical properties of Ir (III) complexes and the high tunability of their 

emission features prompt their use not only as phosphorescent dyes in highly efficient, 

color-switchable optoelectronic devices, such as organic light-emitting diodes (OLEDs) 

and light-emitting electrochemical cells (LEECs), but also as photosensitizer in 

photodynamic therapy and as probe for bioimaging. 

Some of the main applications of Ir (III) coordination compounds are summarized below. 

 

 

 

1.3 Application of Ir (III) complexes  

 

1.3.1 Optoelectronic devices 

 

1.3.1.1 OLEDs 

An Organic-Light Emitting Diode (OLED) is a solid-state semiconductor device able to emit 

light as a response to an electric current. An OLED device consists of diverse layers, as 

schematically represented in Fig.1.7: 

 a flat and transparent substrate, usually glass; 

 a transparent anodic material, with low resistivity and large work function; generally 

indium tin oxide (ITO) meets these requirements; the anode is responsible for the 

holes injection into the device; 



 

 a hole injection, or hole condu ting

the anode and the hole tran port la er and 

 a hole transport layer, whi h tran port  hole

emissive material; 

 an electron blocking layer

electrode to be discharged on the athode

 an emissive layer; 

 a hole blocking layer, whi h pre ent  

be discharged on the anode

 an electron transport layer, whi h tran port  ele tron  generated into the 

the emissive layer; 

 an electron injection layer, that, imilar to the hole inje tion la er, a t  a  an 

interface layer between the ele trode and the tran port la er, minimi ing the energ  

barrier for injection from the athode;

 a cathode material, re pon ible for the generation of the negati e harge , 

generally consisting of a 

 

 

Fig.1.7. OLED schematic drawing
[27

 

 

or hole conducting, layer which acts as an interfa e la

the anode and the hole transport layer and improves the injection pro e ;

, which transports holes generated into the anode

an ele tron blo ing layer, which prevents electron injected from the op

ele trode to be di harged on the cathode; 

which prevents holes injected from the oppo ite ele trode to 

anode; 

an ele tron tran port layer, which transports electrons generated into the 

an ele tron inje tion layer, that, similar to the hole injection la er, a t  a  an 

interfa e la er between the electrode and the transport layer, minimi ing the energ  

barrier for inje tion from the cathode; 

a athode material, responsible for the generation of the negati e harge , 

generall  on i ting of a reflective metallic layer.[26] 

27]
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whi h a t  a  an interface layer between 

impro e  the injection process; 

generated into the anode to the 

, whi h pre ent  ele tron injected from the opposite 

inje ted from the opposite electrode to 

an ele tron tran port la er, whi h tran port  ele tron  generated into the cathode to 

an ele tron inje tion la er, that, imilar to the hole injection layer, acts as an 

interfa e la er between the ele trode and the tran port la er, minimizing the energy 

a athode material, re pon ible for the generation of the negative charges, 
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Note that all the listed layers may not be needed in an OLED device because a single 

layer can often perform more than one function. 

In an OLED device, light emission derives from a photoemissive relaxation mechanism of 

an exciton, arising from the recombination of an electron and a hole into the emissive 

material. The emissive layer is an electroluminescent material (EL) able to emit light under 

the influence of an applied electric field, and it can be made by small 

organic/organometallic compounds or by polymers. The main requirements for an EL 

material, suitable for use in OLEDs, are the monochromaticity of the wavelength emission, 

a high luminescence quantum yields and a medium excited-state lifetime, since lifetimes 

too short may avoid recombination of the exciton within the emissive layer, whereas 

lifetimes too long could induce non-radiative relaxation mechanisms, both phenomena 

decreasing the overall efficiency of the devices.[28] On this premise, triplet emitters based 

on Ir(III) complexes are ideal candidates as emissive materials for these optoelectronic 

devices. Potentially, phosphorescence emission of every wavelength in the visible spectra 

can be obtained with Ir(III) phosphors. For example, the homoleptic Ir(ppy)3 and the 

heteroleptic (ppy)2Ir(acac) complexes, mentioned in the previous paragraph, have been 

widely used for the development of green-emitting OLEDs.[21]  

Red-emitting OLEDs were recently fabricated using an active layer of 4,4’-Bis(N-

carbazolyl)-1,1’-biphenyl (CBP) doped with Iridium(III) complexes of acetylacetone (acac) 

and 1-phenyl-isoquinoline (piq) derivatives.[29] 

Furthermore, De Cola reported the fabrication of an OLED device with a bright blue 

emission, using an Ir(III) complex bearing two cyclometalating  2’,6’-difluoro-2,3’-bipyridyl 

H(dfpypy) ligands and one pyridyl pyrazolate ligand (fpbpz).[30] 

The CIE chromaticity diagram of some of the more efficient Ir(III) complexes employed in 

OLED devices is presented in Fig 1.8 to illustrate the versatility of these complexes. Their 

chemical structures and emission wavelength are reported in Table 1.1. 
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COMPLEX CHEMICAL STRUCTURE λmax/nm Ref. 

Fac-[(ppy)3Ir] 

 

515 31 

(4-acetyl-piq)2Ir(acac) 

 

658 29 

 (dfpypy)2Ir(fpbpz)  

 

440 30 

[(Fppy)2Ir(dmb)][PF6]  

 

522 32 

[(ppy)2Ir(dmb)][PF6]  

 

580 32 

 (Fppy)2Ir(pic) 

N

Ir

N

N

N

PF6

 

470 33 

Table 1.1. Chemical structures and λmax emission of selected Ir(III) complexes. 



 

Fig.1.8. Chromaticity diagram with CIE oordinate  

 

 

1.3.1.2 LEECs 

Due to their ionic nature, charged Ir(III) omple e  ha e been 

fabrication of other electrolumine ent de i e , named light

(LEECs). LEECs represent a implified er ion of OLED , on i ting in a ingle

device in which the ionic light

cathode (Fig.1.9).  

 

Fig.1.9. A schematic representation of a ingle

it  diagram with CIE coordinates of selected  Ir(III) complexes. 

harged Ir(III) complexes have been also exten i el

fabri ation of other ele troluminescent devices, named light-emitting ele tro hemi al ell  

pre ent a simplified version of OLEDs, consisting in a ingle

light-emitting material is sandwiched between an anode and a 

 

A hemati  repre entation of a single-layer LEEC device (from ref. [34]) 
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extensively used for the 

emitting electrochemical cells 

pre ent a implified er ion of OLED , onsisting in a single-layer 

emitting material i  andwi hed between an anode and a 
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The working mechanism of these devices has been the subject of many studies,[35-37] and 

can be summarised in important stages: first, the application of an external electric field 

allows electrons and holes to be injected from the electrodes respectively into the LUMO 

and HOMO levels of the active material. Subsequently, the injected charges will be 

compensated by cations and anions, creating n-type dopants and p-type dopants. The two 

doped regions will expand over time until ohmic contact will be created, generating a p-n 

junction. In this domain, holes and electrons will recombine, producing an exciton which 

will ultimately decay through the emission of a photon. 

LEECs devices present many advantages with respect to their OLEDs counterparts, such 

as the ease of fabrication through spin-coating technique, the higher stability of the low-

work-function electrodes used and the requirement of very low voltage of operation. 

The light-emitting material can consist either in a polymer[38] or in a transition metal 

complex (TMC).[39] The polymer-based LEECs require polymer doping with an electrolytic 

salt, in order to supply the ions necessary to compensate electrons and holes. In a TMC-

LEECS, the coordination compound is both responsible for ionic and electronic 

conductivity. 

The first TMC-LEECs devices were based on Ru(II) complexes,[40,41] which, however, 

offered limited color tuning. Currently, the metal complexes of choice for the preparation of 

LEECs are ionic Ir(III) coordination compounds, by virtue of their physical and chemical 

properties, which can lead to high emission efficiency and high color tunability.[42] 

Two important parameters of a LEEC system are the device’s lifetime, expressed by 

means of the time lasting for the radiance to decay to halve its maximum value,[43] and the 

turn-on time, defined as the delay between the device switch on and the achieving of a 

steady-state light emission, caused by the redistribution of ions.[44] For practical 

applications, the turn-on time should be close to a few seconds, which is generally not 

observed. Unfortunately, all the strategies to shorten the turn-on time are at the expense of 

the device stability. 

Rudmann et al. demonstrated the strong dependence of the device turn-on time and 

lifetime on the nature of the counterion: small counterions, such as BF4
-, increase ionic 

conductivity, resulting in a short turn-on time of the device.[45] At the same time, large 

counterions can enhance device lifetime, therefore, a compromise between turn-on time 

and lifetime is often needed.[43]
  

Recently, the fabrication of highly stable and efficient LEECs using cationic Ir (III) 

complexes bearing 2-phenylpyridine as cyclometalated ligand, arylazole as ancillary 
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ligands and PF6
- as counterion was reported.[46] In particular, the introduction of 1-methyl-

2-pyridin-2-yl-1H-benzimidazole as ancillary ligand in the complex [(ppy)2Ir(pyMebim)]PF6 

led to a yellow light-emitting electrochemical cell, presenting high luminance, great 

efficiency and high stability (lifetime over 2500h) (Fig.1.10).  

Moreover, benzothiazole derivatives, such as [(ppy)2Ir(pybth)]PF6, have been exploited 

for the synthesis of red-emitting Ir(III) complexes which have been used as 

electroluminescent material in LEECs.[47] The devices so manufactured shown very long 

lifetimes. Blue and green-blue Ir(III) phosphors, as [(dfppy)2Ir(phpzpy)]PF6 have also 

being incorporated in LEECs devices (Fig.1.10).[48] 

 

 

 

Fig.1.10. Chemical structures of yellow ([(ppy)2Ir(pyMebim)]PF6), red ([(ppy)2Ir(pybth)]PF6) and blue 

([(dfppy)2Ir(phpzpy)]PF6) emitters for LEEC devices. 

 

 

However, the general method to improve the turn-on time involves the addition of an ionic 

liquid (IL) to the TMC layer, increasing the density of the mobile ions by virtue of their high 

intrinsic ionic conductivity.[49] In this regard, Costa et al. reported the addition of three ILs, 

1-ethyl-, 1-butyl-, and 1-hexyl-3-methylimidazolium hexafluorophosphate (EMIM+, BMIM+ 

and HMIM+ respectively), on the emissive layer of a LEEC consisting of [(ppy)2Ir(bpy)]PF6 

(Fig.1.11), demonstrating an optimization of the LEECs turn-on time without sacrificing 

their stability.[50] 

 



 

N

Ir

N

N

N

Fig.1.11. Chemical structures of [(ppy)

1.3.2 Oxygen 

 

The triplet excited state of Ir (III) omple e  an effi ientl  tran fer energ  to the 

ground state of molecular oxygen (

of oxygen (1O2) and to the lumine en e quen hing

Fig.1.12. A schematic representation of the o gen en ing me hani m for lumine ent Ir (III) omple e  

(from ref. [51]) 

 

 

The process, illustrated in Fig.

                                                 

On this basis, Ir (III) phosphor  an be a tuall  u ed a  o gen en or, mea uring 

concentration as a function of the hange of lumophore  photoph i al propertie .

PF6

N

N

R

PF6

 

[(ppy)2Ir(bpy)]PF6  (left) and three ILs EMIM
+
, BMIM

 

 

 sensing and photodynamic therapy (PDT)

The triplet e ited tate of Ir (III) complexes can efficiently transfer energ  to the 

oxygen (3O2), leading to the formation of the singlet e ited tate 

luminescence quenching of the complex (Fig.

A hemati  repre entation of the oxygen sensing mechanism for luminescent Ir (III) omple e  

The pro e , illu trated in Fig.1.12, can be simplified as follows: 

                                                 IrIII* + O2                          Ir
III + O2* 

On thi  ba i , Ir (III) phosphors can be actually used as oxygen sensor, mea uring 

on entration a  a fun tion of the change of lumophores photophysical propertie .

16 

EMIM+ R = C2H5

BMIM+ R = C4H9

HMIM+ R = C6H13

, BMIM
+
 and HMIM

+
 (right).

[50] 

ing and photodynamic therapy (PDT) 

The triplet e ited tate of Ir (III) omple e  an effi ientl  tran fer energy to the triplet 

, leading to the formation of the singlet excited state 

Fig.1.12).[51]  

 

A hemati  repre entation of the o gen en ing me hani m for luminescent Ir (III) complexes 

On thi  ba i , Ir (III) pho phor  an be a tuall  u ed a  o gen sensor, measuring O2 

on entration a  a fun tion of the hange of lumophore  photoph sical properties.[52,53] 
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Moreover, singlet oxygen is a reactive oxygen species (ROS), which has a relatively long 

lifetime, since its return to the ground state is spin-forbidden, although the time decay is 

highly influenced by the nature of the solvent. By virtue of its high reactivity which gives 

rise to a pronounced cytotoxic effect, singlet oxygen plays the principal role in 

photodynamic therapy (PDT).[54-56] PDT constitutes an alternative to chemotherapy for the 

treatment of some early-stage cancers and it is less invasive than surgery. This treatment 

involves the use of two components, a photosensitizer (PS) and light, which are combined 

in order to induce apoptosis and necrosis in tumor cells, via the generation of singlet 

oxygen.[57] The ideal PS should present some important features, such as low toxicity, high 

selectivity and should be easily eliminated by the patient.[58] Several studies demonstrated 

that Ir(III) complexes can be effectively used as photosensitizer in photodynamic therapy 

by virtue of their high luminescence quantum yield, the long lifetime of the excited state 

that results in high yield of singlet oxygen, the cell permeability and the ability to generate 

ROS also under hypoxia conditions.[59-62] 

The main disadvantage of using Ir (III) complexes, or in general transition metal 

complexes, as PSs is the short light wavelength required to activate the compound; 

indeed, longer wavelengths of activation allow deeper tissue penetration. Ir (III) phosphors 

generally absorb in the UV/vis region, thus their use in PDT is limited to few cases, such 

as skin cancers. Very recently, McKenzie et al. presented two Ir(III) complexes (Fig.9) 

bearing 2-phenylpyridine as cyclometalated ligands, bis-benzimidazole and its N,N-

dimethylated derivative as ancillary ligands and PF6
- as counterion ([Ir(ppy)2(bbzH2)]PF6 

and [Ir(ppy)2(bbzMe2)]PF6) (Fig.1.13).[63] One of these complexes acts as photosensitizer 

under near-IR (760 nm) two photon excitation (TPE), representing a possibility to 

overcome the above described limitation of Ir(III) complexes use in PDT. 

 

 

Fig.1.13. Chemical structures of ([Ir(ppy)2(bbzH2)]PF6 and [Ir(ppy)2(bbzMe2)].
[63]

 



 

Besides their use as PSs in photod nami  therap , 

anticancer activity through se eral me hani m ,

organelles, catalysis of cellular redo  rea tion , DNA binding

complexes represent an alternati e to platinum

antitumour market. 

For example, Meggers et al. de ribed ome o tahedral iridium omple e  able to inhibit 

the protein kinase FIt4, an important en me in ol ed in the generation of new blood 

vessels.[64] Angiogenesis and l mphangiogene i  are fundamental pro e e  in tumor 

progression, thus their repression lead  to a anti an er a ti it .

synthetized bear an unprotected maleimide mo

atoms are able to form two hydrogen bond  with the hinge region of the ATP

of protein kinases, inhibiting it.
 

 

Fig.1.14. Chemical structures of Ir (III) omple e  able to inhibit protein ina e 

 

Another possible mode of action of Ir(III) antitumor agent  i  

organelles, such as mitochondria and 

Since mitochondria are indispen able

induce cell death, through an

can selectively accumulate into mitho ondria, au ing ROS produ tion, ell le hange  

and apoptosis, as reported 

groups as ligands (Fig.1.15).[65

acceptor and donor, playing an

towards mitochondria. 

1.3.3 Anticancer agents 

in photodynamic therapy, Iridium (III) comple e  

anti an er a ti it  through several mechanisms, as protein inhibition, targeting of 

organelle , atal i  of cellular redox reactions, DNA binding and therefore Ir(III) 

repre ent an alternative to platinum-based drugs, which a tuall  go ern the 

described some octahedral iridium comple e  able to inhibit 

the protein ina e FIt4, an important enzyme involved in the generation of new blood 

Angiogene i  and lymphangiogenesis are fundamental pro e e  in tumor 

ression leads to a anticancer activity. The Ir(III) omple e  the  

unprotected maleimide motif (Fig.1.14). The free maleimide nitrogen

hydrogen bonds with the hinge region of the ATP

ing it. 

Chemi al tru ture  of Ir (III) complexes able to inhibit protein kinase FIt4.
[64

Another po ible mode of action of Ir(III) antitumor agents is the targeting

, u h a  mito hondria and lysosomes, triggering their dysfunction . 

indispensable for the survival of eukaryotic cells

an apoptotic mechanism. Many Ir(III) coordination ompound  

an ele ti el  a umulate into mithocondria, causing ROS production, ell le hange  

and apopto i , a  reported for cyclometalated Ir(III) complexes bearing 

65] Indeed, the guanidinium group acts as 

ing an important role in drug design, exhibiting al o ele ti it  
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Iridium (III) complexes can exert 

a  protein inhibition, targeting of 

and therefore Ir(III) 

, which actually govern the 

de ribed ome o tahedral iridium omplexes able to inhibit 

the protein ina e FIt4, an important en me in ol ed in the generation of new blood 

Angiogene i  and l mphangiogene i  are fundamental processes in tumor 

The Ir(III) complexes they 

. The free maleimide nitrogen 

h drogen bond  with the hinge region of the ATP binding site 
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apoptoti  me hani m. Man  Ir(III) coordination compounds 

an ele ti el  a umulate into mitho ondria, au ing ROS production, cell cycle changes 

bearing guanidinium 

a ts as hydrogen bonding 

drug de ign, exhibiting also selectivity 
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Fig.1.15. Chemical structures of Ir (III) complexes bearing guanidinium group.
[65]

 

 

Recently, Mao et al. described Ir(III) compounds targeting mitochondria and lysosomes 

which are able to induce apoptosis through reactive oxygen species (ROS) generation and 

caspase activation upon visible light irradiation.[66] 

The cytotoxic effect of Ir(III) compounds can also derive from the catalysis of  cellular redox 

reactions. Some pentamethylcyclopentadienyl (Cp*) Ir (III) complexes, an example of 

which is reported in Fig.1.16, can exert antitumor effect thanks to their well-known catalytic 

activity.[67-69] As explained by Sadler, the π-bound negatively charged Cp* ligand, occupies 

one face of the octahedron (3 coordination sites) and affects the stability of the remaining 

ligands through modification of their electronic behaviour. Moreover, the functionalization 

of Cp* ligand with phenyl group may play a role in interactions with a target, for example, 

by intercalation into DNA base pairs, and the hydrophobicity of the ligand enhances 

cellular uptake of the complex.[69] Pentamethylcyclopentadienyl (Cp*) Ir (III) complexes can 

use NADH as an hydride source for hydrogenation reactions, with concomitant NADH 

oxidation. Following this route, organoiridium compounds, incorporating a Cp* ligand, can 

reduce many cellular substrates, for example quinones and ketones, with formation of 

semiquinones and alcohols respectively. The hydride of NADH can be also transferred to 

oxygen, generating hydrogen peroxide in cells, a strong oxidant. In any case, the resulting 

effect is the alteration of the cellular redox potentials and of the NADH-mediated cell 

signalling pathways.[67-69] 
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Fig.1.16. An example of aqua-Cp* Ir(III) complex, able to catalyze NADH oxidation.
[68]

 

 

Finally, Ir(III) coordination compounds can also exert an antitumor effect through the 

binding in the minor groove of DNA and through inhibition of telomerase, although the 

mechanism of action had not yet been elucidated.[70-72] 

 

 

1.3.4 Bioimaging 

Iridium (III) lumophores have been widely used in fluorescence cell imaging, owing to their 

well-known photophysical properties, e.g. large Stokes shift, high emission quantum yield 

and relatively long emission lifetime, which prevents the interference of the short cell 

autofluorescence. Besides these photophysical features, a suitable cell probe should 

exhibit also water solubility, low cytotoxicity, good uptake and high chemical- and photo-

stability.[73,74] Many Ir (III) complexes meet some of these requirements, in particular they 

rarely undergo photobleaching during irradiation.  

Even though several Ir(III)-based lumophores show preferential localisation in specific 

cellular organelles, these complexes can easily be chemically modified or conjugated to 

biological motifs, in order to address them more specifically to a specific target. 

Recently, 1,10-phenanthroline-5,6-dione (phd) was introduced in an Ir(III) complex as 

recognition unit for thiourea, a possible human carcinogen.[75] Upon addition of thiourea 

(Fig.1.17), this complex changes its photophysical properties, in particular, the 

luminescence intensity is increased. Hence, this organoiridium compound could be use for 

the imaging of thiourea in living cells. 
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Fig.1.17. The reaction between [(ppy)2Ir(phd)]PF6 and thiourea.
[75]

 

 

The inclusion of an aldehyde group into an Ir(III) cell probe induces selectivity towards 

homocysteine (Hcy), an amino-acid considered an important biomarker for the diagnosis 

and prognosis of several diseases.[76] Indeed, the aldehyde motif can make a cyclization 

reaction with aminoalkylthiol groups of Hcy. Ir(III) complexes bearing an aldheyde function 

on the ancillary ligand can effectively be applied to detect and image intracellular Hcy 

through confocal fluorescence imaging.[77] 

Ir (III) complexes have been also conjugated to biological moieties, such as biotin (vitamin 

H) (Fig.1.18).[78] Biotinylation provides high affinity for the glycoprotein avidin and allows 

the active transport of the probe into the cells. 

 

 

Fig.1.18. Chemical structures of a biotinylated Ir (III) complexes.
[78]

 

 

Ir (III) phosphors have been also employed to probe enzymes in human cells, as 

cyclooxygenase-2 (COX-2), which is over-expressed in cancerous cells. The complexes 

described by Ma et al.[79] are able to bind COX-2, through a chemical motif which is a  

structural analogue of the well-known COX-2 inhibitor indomethacin (Fig.1.19). These 

complexes can be considered consisting of a “signal unit” conjugated to a “binder unit” via 

an amide bond linkage. The signal unit is responsible for the generation of an intense 

luminescence in cancer cells. 



 

Fig.1.19. Chemical structures of a COX

 

Usually Ir (III) complexes-based lumine ent bioprobe  how lo ali ation in the topla m, 

rather than membrane or nucleu

 

 

Fig.1.20. Confocal luminescence (a), brightfield (b) and o
[(dfpy)2Ir(bpy)]PF6 (from ref. [80]). 
 
 
 

 

An exception to this trend is repre ented b  the 

complex [Ir(ppy)2(DMSO)2]PF

many cell lines, it accumulates in the nu lei and 

proteins, generating a lumines ent addu t, thu  through a me hani m whi h doe  not 

involve the nucleic-acid bonding 

 

 

Chemi al tru ture  of a COX-2 selective Ir (III) complex.
[79]

 

based luminescent bioprobes show localisation in the topla m, 

rather than membrane or nucleus, as reported for [(dfpy)2Ir(bpy)]PF6 (Fig.1

), brightfield (b) and overlay (c) images of HeLa cell  in ubated with 
 

An e eption to thi  trend is represented by the cyclometalated iridium

]PF6.
[81] This compound is non-emissive, but after in ubation in 

a umulates in the nuclei and reacts with histidine/

generating a luminescent adduct, thus through a mechanism whi h doe  not 

bonding (Fig.1.21). 
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ba ed lumine ent bioprobe  how lo alisation in the cytoplasm, 

(Fig.1.20).[80] 
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lometalated iridium (III) solvent 

emi i e, but after incubation in 

rea t  with hi tidine/histidine-containing 

generating a lumine ent addu t, thu  through a me hanism which does not 



 

 

Fig.1.21. Confocal luminescence (a), brightfield (b) and o
[Ir(ppy)2(DMSO)2]PF6 (adapted from ref. [
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canonical four-stranded structure 
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as DNA replication and transcription, thu  e eral tudie  ha e fo u ed on the 
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sensing assays. For example, He et al. de ribed an Ir (III) omple

(Fig.1.22), which is able to bind a guanine

a weak luminescence signal. 

of DNA, that creates a G-quadruple  tru ture with great enhan ement of lumine en e 

emission of the Ir (III) probe

another Ir (III) complex [(ppyr)

parallel quadruplexes and its appli ation for 
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Fig.1.22. Two Ir(III)-based G-quadruple  probe

), brightfield (b) and overlay (c) images of MSC cell  in ubated with 
(adapted from ref. [81]). 

1.3.5 G-quadruplex probe 

been used as G-quadruplex probes. G-quadruple  i  a non

tranded tructure of DNA that can originate in a guanine

π ta ing intera tions. These motifs are related to many biological pro e e , u h 

d transcription, thus several studies have focused on the 

quadruplex probes.[82] The interaction of an Ir(III) comple  with the G

quadruple  motif ha  al o been exploited for the development of G

For e ample, He et al. described an Ir (III) complex

whi h i  able to bind a guanine-rich single-stranded DNA sequen e, generating 

The addition of Pb2+ ions results in a conformational hange 
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emi ion of the Ir (III) probe.[83] The same research group reported the 

[(ppyr)2Ir(dip)]PF6 (Fig.1.22) as selective lumine ent 

parallel quadruple e  and its application for Ca2+ ion detection assays.
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quadruplex probes (from ref. [83-84]). 
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1.3.6 Catalysis 

 

An additional application of Ir (III) complexes which has emerged in the last few years is 

catalysis. The recent attention to Ir(III)-based catalysts has been triggered by a study 

published by Bernhard and coworkers in 2008.[85] They described a series of 

cyclometalated Ir(III) complex, bearing two phenylpyridine ligands and two water 

molecules, able to catalyze water-oxidation. The archetype compound of these molecules 

is reported in Fig.1.23. 

 

Fig.1.23. Chemical structures of a cyclometalated Ir(III) aquo complex.
[85]

 

 

Subsequently, the introduction of a pentamethylcyclopentadienyl (Cp*) ligand was 

exploited for the development of robust Ir(III) catalysts for water-oxidation.[86-87] The 

strongly electron-donating nature of Cp* ligand plays a beneficial role in allowing high 

iridium oxidation states to be reached.[88] Although high catalytic performance have been 

reported for Ir(III) complexes incorporating Cp*, several studies have indicated that the Cp* 

motif is transformed under catalytic conditions, generating the putative real catalytic 

species.[88] 

Furthermore, at present, Ir (III) metallacycles are employed as catalysts in organic 

chemical synthesis.[89] In particular, their catalytic activity has been explored for the 

hydrogenation of imines,[90] asymmetric transfer hydrogenation of ketones,[91] 

dehydrogenation of primary and secondary alcohols,[92] racemisation of chiral alcohols and 

amines,[93]  and many other organic reactions. 
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1.4 Dedicated reviews on Ir(III) complexes 

The great attention received by Ir(III) complexes is evidenced by the large number of 

dedicated reviews. The main reviews published in the last five years, concerning the 

design, the properties and the various applications of Ir(III) complexes, are summarised in 

table 1.2. 

 

TOPIC TITLE YEAR REF. 
Cytotoxic activity, cellular 

uptake efficiency and 
mechanisms, and 

intracellular distribution of 
Ir(III) complexes 

Iridium(III) complexes as therapeutic and 
bioimaging reagents for cellular 

applications 
2012 94 

Ir(III) complexes for 
application in 

phosphorescent bioimaging 
of metal ions 

Cyclometalated Iridium(III) Complexes for 
Phosphorescence Sensing 

of Biological Metal Ions 
2013 95 

Design and development of 
bioactive Iridium complexes 

Bioactive iridium and rhodium complexes as 
therapeutic agents 

2013 96 

Ir(III) complexes as biolabels 
and biosensors 

Phosphorescence bioimaging using 
cyclometalated Ir(III) complexes 

 
2013 97 

Iridium(III) metallacycles for 
homogeneous catalysis 

Pentamethylcyclopentadienyl Iridium(III) 
Metallacycles Applied to Homogeneous 
Catalysis for Fine Chemical Synthesis 

2016 89 

Design of Ir(III) emitters for 
OLED devices 

Strategies for Tuning Emission 
Energy in Phosphorescent 

Ir(III) Complexes 
2017 28 

Design and photophysical 
properties of neutral Ir(III) 

complexes for OLED devices 

Phosphorescent Neutral Iridium (III) 
Complexes 

for Organic Light-Emitting Diodes 
2017 98 

Design and properties of 
Ir(III) complexes for OLED 

and LEC applications 

Recent Progress in Ionic Iridium(III) 
Complexes for Organic Electronic Devices 

2017 99 

Design of cyclometallated 
iridium(III) complexes for 

applications in (LECs) 

Over the LEC rainbow: Colour and stability 
tuning of cyclometallated 

iridium(III) complexes in light-emitting 
electrochemical cells 

2017 100 

 

Table 1.2 The main reviews concerning Ir(III) complexes. 
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Chapter 2 

Water-soluble Ir(III) complexes 

 

2.1 Introduction 

Although the Ir (III) complexes present appealing features, whose general description has 

been reported in the precedent chapter, their effective use has been limited by their poor 

solubility in pure water, an essential requisite for many applications, especially biologically-

related issues, such as bioimaging and anticancer agents. For example, as reported by 

Coogan et al., the ideal lumophore for fluorescence imaging applications should display 

several important features, like low toxicity to the organism at least over the course of the 

experiment, good uptake into the cells, preferential localisation in a certain organelle of the 

cell and, above all, the ideal lumophore should be stable and soluble in aqueous buffers.[1] 

Actually for bioimaging and other related applications, due to their low water solubility, 

lumophores based on Ir(III) complexes are dissolved in a small amount of 

dimethylsulfoxide (DMSO), and then diluted in aqueous culture medium. However, it is well 

known that DMSO is not inert in the cellular environment, as reported by You et al.[2]  

Indeed, thanks to its high polarity, its small and compact structure and its capacity to 

accept hydrogen bonds,  DMSO is not only able to quickly penetrate through biological 

membranes and cellular barriers, but also capable to enhance the permeability of several 

low molecular weight solutes across biomembranes.[3] The mechanism of the 

enhancement of the cell membrane permeability is still controversial, however it probably 

arises from the ability of DMSO to induce non-lamellar structures in phospholipids.[2] 

Another mechanism, proposed by Anwar et al. through molecular dynamics (MD) 

simulations, involves the membrane softening induced by DMSO, which would facilitate 

the membrane fusion and, at high concentration, the induction of water pores in lipid 

bilayers.[4] According to this model, the DMSO molecules appear to occupy the membrane 

region just below the headgroup of lipids and act as spacers that enhance lipid-lipid 

separation, inducing a curving and a softening of the membrane.[4] DMSO is also known to 

cause protein denaturation, as reported by Henderson et al. who suggested that reversible 
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alterations in protein structure are the major effect of exposure to low DMSO levels at low 

temperatures, while irreversible denaturation of subunit proteins may be an appreciable 

effect at higher temperatures and higher DMSO concentrations.[5] The destabilization of 

the native state of protein systems caused by this organic solvent has been described also 

by Turner et al. who studied  the thermal denaturation of ribonuclease in aqueous dimethyl 

sulfoxide, through Differential Scanning Calorimetry (DSC).[6] Moreovere, You et al. also 

described DMSO as an inducer of cell differentiation, probably by exerting some effect on 

the genetic regulation.[2] Not so long ago, it was commonly assumed that the described 

effects on cellular environment did not occur at the low concentrations in which DMSO is 

generally used for solubilize poorly soluble compounds in cell assays, and, this 

assumption has led to its ubiquitous use and widespread application. Actually, more recent 

studies have evidenced that DMSO can exert toxic effects and perturb biomolecules also 

at very low concentrations. For example, Farber et al. reported that in an in vitro rat 

hippocampal culture preparation, DMSO produced neuronal loss at concentrations of 0.5% 

and 1.0%, probably for a direct cellular effect.[7] Moreover, Salvi et al. applied different 

concentration of DMSO to cochlear organotypic cultures to evaluate its cytotoxic effects on 

cochlear organotypic cultures, demonstrating that DMSO concentrations of 0.1% and 

0.25% caused little or no damage, whereas concentrations between 0.5% and 6% resulted 

in stereocilia damage, hair cell swelling and a dose-dependent loss of hair cells.[8]  Another 

study supporting the appearance of cellular effects also at very low concentration of 

DMSO was carried out by Cordeiro et al. who reported that DMSO induces retinal 

apoptosis in vitro in a retinal neuronal cell line, at concentrations below 1% (v/v).[9] For all 

these reasons, in order to test an Ir(III) complex in a cell line for bioimaging, anticancer 

activity, photosensitizers and other biorelated applications, it would be preferable to avoid 

the use of DMSO, which could interfere with the cellular environment. In addition, the 

availability of water-soluble Ir(III)-based drugs, would open the doors also to the possibility 

of delivering an Ir(III)-based drug by the intravenous and intramuscular route in in vivo 

experiments. 

The general technique for inducing water-solubility in Ir(III) complexes consists in 

functionalizing the ancillary or, occasionally, the cyclometallated ligands with solubilizing 

groups. For example, recently Pang et al., by means of the introduction of an auxiliary 

ligand with two carboxylate groups, synthetized an Iridium (III) complex [(pq)2Ir(bpy-

COOK)]Cl (where pq = 2-phenylquinoline, bpy-COOK = potassium 2,2’-bipyridine-4,4’-

dicarboxylate) with excellent water solubility (Fig.2.1.1).[10] 
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Fig.2.1.1. Chemical structure of the water-soluble [(pq)2Ir(bpy-COOK)]Cl complex.
[10]

 

 

This complex was synthesized by refluxing the dichloro-bridge dimer precursor [(pq)2Ir(μ-

Cl)]2 in CH2Cl2/CH3OH with  2 equivalent of 2,2’-bipyridine- 4,4’-dicarboxylic acid (bpy-

COOH) and 4 equivalent of KOH under nitrogen atmosphere for 8 h. 

Another opportunity to synthetize water-soluble Ir(III) complexes consists in the 

modification of the ancillary ligand, by embedding it with high soluble fragments. This 

strategy was exploited by Chen et al., who prepared [Ir(pq)2(bpy-sugar)]Cl (Fig.2.1.2).[11] 

 

 

Fig.2.1.2. Chemical structure of the water-soluble [Ir(pq)2(bpy-sugar)]Cl complex.
[11]

 

 

However, the preparation of this sugar-appended ancillary ligand requires long times and 

several purification steps in order to couple thioglycosidically the carbohydrate residues to 

bipyridine.[12] 



34 

 

In addition, the water-solubility of the Ir(III) complexes can be realized through the 

introduction of a quaternary ammonium salt in the N^N ligand.[13] This strategy was 

described by Ma et al., who synthetized a hydrophilic N^N ligand through nitrification of the 

1,10-phenanthroline and subsequent reduction of the nitrate group. The resulting amino-

group was then amidated with the chloroacetyl chloride. This N^N ligand was then used in 

the bridge splitting reaction of a dichloro-bridge dimer precursor. Finally, the reaction of the 

chloroacetyl group with triethylamine results in the formation of a quaternary amino group 

(Scheme 2.1.1). Employing this methodology, four completely water soluble complexes 

were obtained using four different cyclometalated ligands: 2-(2,4-difluorophenyl)pyridine 

(dfppy), 2-(4-(tert-butyl)phenyl)pyridine (t-buppy), 2-(thiophen-2-yl)quinoline) (thq), 4-

(pyridin-2-yl)benzaldehyde (pba). 

 

 

Scheme 2.1.1. Synthetic procedure to obtain water soluble Ir(III) complexes bearing a quaternary amino 

group. Reaction conditions:(i) H2SO4, HNO3, 160°C−170°C, 2h; (ii) 5% Pd/C, hydrazine hydrate, EtOH, 

reflux, 5h; (iii) chloroacetyl chloride, triethylamine, R.T., overnight; (iv) [Ir(C^N)2Cl2]2, CH2Cl2, MeOH, reflux, 

4h; (v) KPF6, R.T., 1h; (vi) DMF, triethylamine, 110 °C, 3h.
 [13]

 

 



35 

 

Although the obtained complexes display good water-solubility, the synthetic pathway 

implies thorny and expensive procedures which required a long time and several steps. 

The introduction of disulfonic groups on the ancillary ligand is another way to increase the 

hydrophilicity of an Ir(III) complex, hence its solubility in water. In this context, Zhou et al. 

synthetized several anionic Ir(III) compounds incorporating the commercial ancillary ligand 

disulfonated bathophenanthroline (DSdip) and various cyclometalated ligand, in particular 

2-phenylpyridine (ppy), 2,4-difluorophenylpyridine (dfppy), 2-phenylbenzothiazole (bt) and 

1-phenylisoquinoline (piq) (Fig. 2.1.3).[14] However, ancillary ligands incorporating 

hydrophilic groups are not so frequently commercially available. 

 

Fig.2.1.3. Chemical structure of the water-soluble [(ppy)2Ir(DSdip)]Na, [(dfppy)2Ir(DSdip)]Na, 

[(bt)2Ir(DSdip)]Na and [(piq)2Ir(DSdip)]Na complexes.
[14]

 

 

Another mechanism to induce the water-solubility in an Ir (III) complex is represented by 

the chemical modification of the cyclometalated ligand. For example, recently, Fan et al. 

described the synthesis of water-soluble Ir(III) compounds bearing a sulfonate-modified 

bis-benzimidazole-type organic ligand (3,3′-(2,2′-(1,3-phenylene)bis(1H–

benzo[d]imidazole-2,1-diyl))dipropane-1-sulfonic acid, MBS, and different ancillary 

ligands.[15] The hydrophilic ligand MBS was synthesized by introducing sulfonate groups 

with a propyl chain onto a tridentate N^C^N ligand 1,3-di(1H-benzo[d]imidazol-2-

yl)benzene. This reaction is illustrated in Scheme 2.1.2 together with two of the obtained 

complexes, chosen as examples. 



36 

 

H
N

N N

H
N

+
O

S
O O i) N

N N

N

HO3S HO3S

N

N N

N

HO3S HO3S

Ir

N N

N

N N

N

HO3S HO3S

Ir

N N

[(MBS)Ir(bpy)Cl]
[(MBS)Ir(dmbpy)Cl]

Cl Cl

 

Scheme 2.1.2. Synthesis of the hydrophilic ligand MBS (reaction conditions:(i) KOH, Bu4NBr, DMSO/H2O, 

MW) and chemical structures of compounds [(MBS)Ir(bpy)Cl] and [(MBS)Ir(dmbpy)Cl].
 [15]

   

 

Beside sulfonates, also the introduction of carboxylate groups has been exploited in order 

to prepare water-soluble Ir(III) complexes. In this context, Pope et al. used ethyl-2-

phenylquinoline-4-carboxylate (epqc) as cyclometalated ligand for the synthesis of cationic 

heteroleptic iridium(III) complexes.[16] The ligand (Hepqc) was prepared by dissolving and 

heating 2-phenylquinoline-4-carboxylic acid (pqca or cinchophen) in ethanol with a few 

drops of concentrated H2SO4. Hepqc was then used for the formation of the corresponding 

Ir(III) bridge-dimer, which, in turn, was employed as precursor for the bridge splitting 

reaction in the presence of several ancillary ligands (2,2’-bipyridine (bpy), 4,4’-dimethyl-

2,2’-bipyridine (dmbpy), 1,10-phenanthroline (phen), 4,7-diphenyl-1,10-phenanthroline 

(dip),  dipyridophenazine (dppz), benzo[i]dipyridophenazine (dppn), 

naphtha[a]dipyridophenazine-5,18-dione (qdppz)), in order to obtain the corresponding 

cationic Ir(III) complexes, three examples of which are reported in Fig.2.1.4.  
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Fig.2.1.4. Chemical structure of three complexes incorporating epqc ligand [(epqc)2Ir(phen)]PF6, 

[(epqc)2Ir(dip)]PF6 and [(epqc)2Ir(dppz)]PF6.
[16]

 

 

Actually, in order to achieve water solubility, further chemical steps are required for these 

epqc-appended Ir(III) complexes. In particular, the conversion of epqc-complexes to their 

corresponding free acids was performed through an hydrolysis reaction in the presence of 

KOH, followed by neutralisation with HCl, removal of solvent and extraction with methanol 

(allowing removal of KCl).  The corresponding complexes, incorporating phenylquinoline 

carboxylic acid (pqca or cinchophen) as cyclometalated ligand, were obtained as chloride 

salts, [(pqca)2Ir(N^N)]Cl.[16]  

A further reported method for dissolving Ir(III) probes directly in aqueous media is 

represented by the covalent attachment of the complexes to water-soluble polymers. In 

this context, Yang et al. synthetized a water soluble Ir(III) compound for application in 

bioimaging, through its functionalization with the biocompatible polymer poly(ethylene) 

glycol (PEG).[17] The incorporation of PEG polymer chain onto a neutral ligand has been 

obtained through click chemistry, hence several reaction steps were required (Scheme 

2.1.3). 
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Scheme 2.1.3. Synthesis of the PEG-functionalized Ir(III) complex. Reaction conditions:(i) pyridine, S2Cl2, 

Br2, 1-chlorobutane, 82°C; (ii) Pd(pph)3, CuI, trimethylsilyacetylene, THF/triethylamine; (iii) [(ppy)2Ir(μ-Cl)]2, 

CH2Cl2/MeOH, reflux; (iv) KF
.
2H2O, MeOH, r.t.; (v) PEG-N3, CuSO4, sodium ascorbate, DMF/H2O, 35°C.

[17]
   

 

Since requiring a so large number of steps, including also the PEG functionalization with 

the -N3 chemical motif, this method could not be regarded as a convenient approach for 

inducing water-solubility into an Ir(III) compound. 

Another example of water-soluble polymer containing an Ir(III) complex was given by 

Huang et al. who synthesize a water-soluble phosphorescent probe for homocysteine 

(Hcy) and cysteine (Cys) in human cells, by the introduction of the Iridium(III) complex 

(pba)2Ir(hpa), incorporating 4-(2-pyridyl)-benzaldehyde (pba) as cyclometalated ligand 

and 3-hydroxypicolinic acid (hpa) as ancillary ligand, into the backbone of water-soluble 

poly(N-isopropylacrylamide) (PNIPAm) (Scheme 2.1.4).[18] Also in this case, many reaction 

steps are required, making this approach not so simple. 
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Scheme 2.1.4. Synthesis of the PNIPAm -functionalized Ir(III) complex. Reaction conditions:(i) 3-Bromoprop-

1-ene, K2CO3, acetone, 90°C, 12h; (ii) 2,2'-azobis(isobutyronitrile) (AIBN), THF, 70°C, overnight.
[18]

   

 

 

In conclusion, the preparation of structurally modified ligands, or dedicated vectors, 

frequently implies thorny and expensive procedures which commonly require a large 

number of steps. Furthermore, chemical functionalizations often engender contamination 

concerns, since these syntheses are generally performed in organic solvents in the 

presence of toxic reagents, such as metal oxidants used for example for the introduction of 

carboxylate groups. 

In this chapter, an alternative and sustainable approach towards water-soluble 

luminescent Ir(III) metal complexes, which only requires the choice of the appropriate 

counter anion, has been exploited. 
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2.2 Water-soluble [(ppy)2Ir(N^N)]CH3CO2 complexes 

In this chapter the synthesis and characterization of several water-soluble Ir(III) complexes 

are presented. The compounds described herein are Ir(III) octahedral cationic complexes, 

which bear acetate group as counteranion. The choice of this hydrophilic counterion was 

crucial for the induction of water-solubility in the synthetized compounds, as recently 

reported for the cationic complex [(ppy)2Ir(bpy)]CH3CO2 incorporating 2-phenylpyridine 

H(ppy) as cyclometalated ligand and bipyridine (bpy) as ancillary ligand.[19]  This complex 

displays a good solubility in water, differently from the parent complexes [(ppy)2Ir(bpy)]X 

(X = Cl-, PF6
-)[20] which are all insoluble in water, confirming that the water solubility is 

related to the nature of the counteranion. Furthermore, in that case, the water-solubility 

was accompanied by the formation of supramolecular assemblies in a defined range of 

concentration. This peculiarity will be the object of chapter 3, which is dedicated to the 

structural study of the metallogel phases displayed by novel water-soluble Ir(III) 

complexes. 

The water-solubility of an Ir(III) complex can open the doors to its eventual application in 

biologically-related systems, for example in bioimaging, cellular probes and antitumor 

agents. Indeed, by virtue of their water-solubility, the above mentioned complex 

[(ppy)2Ir(bpy)]CH3CO2, together with two analogous complexes [(ppy)2Ir(phen)]CH3CO2 

and [(ppy)2Ir(en)]CH3CO2 respectively bearing 1,10-phenanthroline (phen) and 

ethylenediamine (en) as ancillary ligands (Fig.2.2.1), and whose synthesis has been 

reported by Rossi et al [21]  and Ricciardi et al. respectively,[22] have been preliminary tested 

as cytotoxic agents towards a pancreatic cancer cell line (MIAPaCa-2) by the group of 

Prof. Neamati (University of Michigan).[23] 

 

 

 

Fig.2.2.1. Chemical structure of [(ppy)2Ir(bpy)]CH3CO2, [(ppy)2Ir(phen)]CH3CO2 and [(ppy)2Ir(en)]CH3CO2. 
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The preliminary results of IC50, defined as  the half minimal (50%) cell growth inhibitory 

concentration (IC) of a substance, are reported in Table 2.2.1 and point out different 

behaviour of the three complexes. 

 

Complex Mean IC50 (μM) 

[(ppy)2Ir(phen)]CH3CO2 0.1 

[(ppy)2Ir(bpy)]CH3CO2 0.3 

[(ppy)2Ir(en)]CH3CO2 >20 

Table 2.2.1. IC50 values of [(ppy)2Ir(phen)]CH3CO2, [(ppy)2Ir(bpy)]CH3CO2 and [(ppy)2Ir(en)]CH3CO2 

tested on MIAPaCa-2. 

 

The complexes bearing aromatic ancillary ligands, bpy and phen, exert a cytotoxic effect 

towards the cell line MIAPaCa-2 much more larger than the Ir(III) compound which 

incorporates an aliphatic ancillary ligand, (en). 

Taking these preliminary results as starting point, the first objective of the present thesis 

was to synthesize novel [(ppy)2Ir(N^N)]CH3CO2 complexes by varying the chemical 

nature of the N^N ancillary ligand in order to formulate a structure-activity relationship. For 

this reason, novel aromatic N^N ligands, in particular 2,2’-biquinoline (biq), 4,7-diphenyl-

1,10-phenanthroline (dip), 2,2’-dipyridylamine (dpa), 2,2’-dipyridyl ketone (dpc), 

dipyridinoquinoxaline (dpq) and dipyridophenazine (dppz), have been selected, whose 

chemical structure is reported in Fig.2.2.2.  
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Fig.2.2.2. Chemical structure of the N^N ancillary ligands biq, dip, dpa, dpc, dpq and dppz used for the 

synthesis of [(ppy)2Ir(N^N)]CH3CO2 complexes. 
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The biq, dip, dpq and dppz ligands were chosen in order to investigate the effect of the 

increase of aromaticity, with respect to the bpy motif, on the properties of the resulting 

complexes. Analogous Ir(III) complexes,  incorporating these ancillary ligands but different 

counterions, have been investigated for their interesting potential application in biorelated 

systems. For example, the complex [(ppy)2Ir(dip)]PF6, analogous to the compounds 3 and 

4 presented in this chapter (par. 2.2.2), was tested in human cancer cell lines HeLa, MCF-

7 and A549, and was found to induce endoplasmic reticulum stress and mitochondria-

mediated apoptosis.[24] This compound, thanks to the high lipophilicity of the N^N ligand, 

exhibited a high cellular uptake efficiency and a significant cytotoxic activities, with IC50 

lower than that of cisplatin. However, the compound synthetized by Cao et al. was 

dissolved in a small amount of DMSO and diluted in the cell culture medium in order to be 

incubated with the cells, since it is not soluble in aqueous solutions.[24]  

The biq ligand was selected for mainly two reason, first the complex [(ppy)2Ir(biq)]PF6 

analogous to compounds 1 and 2 (par. 2.2.2), has received attention by virtue of its ability 

to inhibit tumor necrosis factor-α (TNF-α), which is a pro-inflammatory cytokine that plays a 

key role in many biological processes, such as haematopoiesis, immunity, and 

inflammation.[25]  Moreover, as described in paragraph 1.3.5, [(ppy)2Ir(biq)]PF6 can be 

used as G-quadruplex probe.[26]  

The extended dppz aromatic ligand has been employed for the synthesis of 

[(ppy)2Ir(dppz)]PF6, analogous to compounds 11 and 12  (par. 2.2.2), which 

demonstrated its ability to trigger both oxidation and reduction of DNA bases.[27] Indeed, 

thanks to its extended π electron system and its planarity, dppz is recognized as an 

intercalative ligand, thus metal complexes incorporating dppz may “bind” DNA. The above 

mentioned compound [(ppy)2Ir(dppz)]PF6 is effectively able to non-covalently bind DNA, 

and, upon irradiation, an electron-transfer process occurs, leading to guanine oxidation 

and thymine reduction.[27] The electron-transfer (ET) process takes place normally 

between DNA and proteins, but externally triggered ET may result in a cell damage.[28]  On 

this basis, an Ir(III) complex incorporating dppz could be tested as cytotoxic agent, 

justifying the choise of dppz as ancillary ligand. 

Also the less extended dpq ligand may exert an analogous cytotoxic effect, as reported by 

Lo et al. who described the synthesis and characterization of cationic Ir(III) complexes 

incorporating this N^N ligand (dpq), different cyclometalated ligands (phenylpyrazole ppz, 

benzoquinoline bzq and phenylquinoline pq) and PF6 as counterion (Fig.2.2.3).[29] 
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Fig.2.2.3. Chemical structure of [(ppz)2Ir(dpq)]PF6, [(bzq)2Ir(dpq)]PF6 and [(pq)2Ir(dpq)]PF6.
[29]

 

 

Lo et al. reported that these [(C^N)2Ir(dpq)]PF6 complexes present a good cellular uptake 

and are able to bind proteins and intercalate into the base-pairs of double- stranded 

DNA.[29] 

Finally, the dpa and dpc ligands were chosen by virtue of the presence of the –NH and –

CO groups respectively, which could act as sites for hydrogen bonding formation,  either 

as donor or acceptor respectively, resulting in a possible increase of the water-solubility of 

the resulting complexes. 

 

 

2.2.1 Synthesis of the precursor [(ppy)2Ir(μ-Cl)]2 (I) 

All the cationic Ir (III) complexes of general formula [(ppy)2Ir(N^N)]CH3CO2  were obtained 

starting from the cyclometalated Ir(III) chloro-bridged dimer [(ppy)2Ir(μ-Cl)]2 (I). The 

reaction of cyclometalation of nitrogen heterocyclic bases with Iridium (III) was first 

reported by Nonoyama[30] and is currently recognised as the basic method to form a metal-

carbon σ-bond. Since Ir (III) is characterized by the great inertness of its coordination 

sphere, this reaction requires very drastic conditions in order to substitute the chlorine 

ligands of the Iridium precursor. Indeed, usually high-boiling-point solvents, such as 

ethylene glycol derivatives, reflux and long reaction times, ranging from 24h[31]  to 32h,[30]  

are needed. Following previous reports on the use of microwave irradiation to promote 

cycloplatination[32] and cycloiridation,[33,34] for this research work the reaction of 

cyclometalation of the ligand 2-phenylpyridine H(ppy), using Iridium (III) chloride as metal 

source, was achieved by microwave (MW) assisted synthesis in degassed (N2) 2-

ethoxyethanol/water solution at 250 W (Scheme 2.2.1). 
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Scheme 2.2.1. Synthesis of the precursor [(ppy)2Ir(μ-Cl)]2 (I). Reaction conditions: (i) EtOCH2CH2OH/H2O, 

250W, 110 °C, 1 h. 

 

This simple method allows to obtain the chloro-bridged dimer [(ppy)2Ir(μ-Cl)]2  (I) in large 

yield, with high purity and, more importantly, in a shorter time (1h) with respect to 

conventional heating source. This result arises from the greater efficiency of microwave 

heating respect to conventional heating source.[35,36] Indeed, microwaves speed up 

chemical reactions via a dielectric thermal effect which derives from the dielectric 

polarization of charges in a material and allows a higher temperature homogeneity in the 

sample. This effect occurs only in substances presenting a permanent dipole moment 

which are able to align themselves with the direction of the electric field. The fast change 

in the polarity of the MW radiation electric field leads to a rotation of the molecules in a 

polar solvent. Since this change is faster  than the rotation solvent molecules around their 

dipole centre, a phase shift occurs, energy is absorbed from the electric field and hot-spots 

and superheating effect can be induced. 

 

2.2.2 Synthesis of the [(ppy)2Ir(N^N)]CH3CO2 complexes 

Several water-soluble cationic Ir(III) complexes have been synthetized. All these Ir(III) 

coordination compounds incorporate two 2-phenylpyridine as cyclometalated ligands, 

different N^N ancillary ligands and the acetate (CH3CO2
-) as counterion. All the selected 

ancillary ligands are commercially available, with the exception of dppz, which was 

synthetized following the procedure reported by Wang et al. (Scheme 2.2.2).[37]  The 

synthesis of the dppz ligand (b in Scheme 2.2.2) involves the oxidation of 1,10-

phenanthroline (phen) in order to obtain 1,10-phenanthroline-5,6-dione (a in Scheme 

2.2.2),[38] which was subsequently reacted with benzene-1,2-diamine, recovering the 

desired product. 
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Scheme 2.2.2. Synthesis of the N^N ligand dppz (b). Reaction conditions: i) H2SO4, HNO3, KBr, reflux, 3h; 

ii) 1.1 eq. of benzene-1,2-diamine, 4-methylbenzenesulfonic acid, EtOH, reflux, 12h.. 

 

The synthetic procedure adopted to obtain water-soluble cationic Ir(III) complexes involved 

two steps: first, a bridge-splitting reaction was performed by the addition of the selected 

ancillary ligand to the precursor chloro-bridged dimer [(ppy)2Ir(μ-Cl)]2, obtaining the 

corresponding complex of general formula [(ppy)2Ir(N^N)]Cl. The bridge-splitting 

reactions were all performed in MeOH or MeOH/CH2Cl2 mixtures, under inert atmosphere, 

for ca. 24h. The mixture MeOH/CH2Cl2 was used in the case of solubility issues 

encountered in pure MeOH. 

The second synthetic step involved an anion-exchange reaction between the complexes 

bearing chloride ions and silver acetate (CH3COOAg), which was previously prepared 

(Scheme 2.2.3), thus the formation of the correspondent water-soluble 

[(ppy)2Ir(N^N)]CH3CO2 was achieved (Scheme 2.2.4).  

 

 

Scheme 2.2.3. Synthesis of silver acetate (CH3COOAg). Reaction conditions: i) EtOH/H2O, r.t., 2h; ii) 

AgNO3, r.t., 2h. 

 

 

 

Scheme 2.2.4. The bridge-splitting reaction of I followed by the counterion-exchange reaction. 
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Hence, the anion exchange reaction of compounds [(ppy)2Ir(biq)]Cl (1), [(ppy)2Ir(dip)]Cl 

(3), [(ppy)2Ir(dpa)]Cl (5), [(ppy)2Ir(dpc)]Cl (7), [(ppy)2Ir(dpq)]Cl (9) and 

[(ppy)2Ir(dppz)]Cl (11) allows the formation of the correspondent acetate complexes 

[(ppy)2Ir(biq)]CH3CO2 (2), [(ppy)2Ir(dip)]CH3CO2 (4), [(ppy)2Ir(dpa)]CH3CO2 (6), 

[(ppy)2Ir(dpc)]CH3CO2 (8), [(ppy)2Ir(dpq)]CH3CO2 (10) and [(ppy)2Ir(dppz)]CH3CO2 (12) 

(Fig. 2.2.4). 

 

Fig.2.2.4. Chemical structure of compounds [(ppy)2Ir(biq)]CH3CO2 (2), [(ppy)2Ir(dip)]CH3CO2 (4), 

[(ppy)2Ir(dpa)]CH3CO2 (6), [(ppy)2Ir(dpc)]CH3CO2 (8), [(ppy)2Ir(dpq)]CH3CO2 (10) and 

[(ppy)2Ir(dppz)]CH3CO2 (12). 

 

All the synthetized complexes illustrated in Fig.2.2.4 were soluble in water and their 

solubility limit were roughly determined (Table 2.2.2). The determination was performed by 

dissolving increasing amounts of each compound in a fixed volume of water, until a 

suspension ( or a precipitate) was obtained.  

Complex Solubility Limit (g/L) 

[(ppy)2Ir(biq)]CH3CO2 (2) 0.83 

[(ppy)2Ir(dip)]CH3CO2 (4) 0.80 

[(ppy)2Ir(dpa)]CH3CO2 (6) 1.35 

[(ppy)2Ir(dpc)]CH3CO2 (8) 10.40 

[(ppy)2Ir(dpq)]CH3CO2 (10) 162.80 

[(ppy)2Ir(dppz)]CH3CO2 (12) 1.01 

Table 2.2.3. Solubility limits of complexes 2, 4, 6, 8, 10 and 12 in water. 



47 

 

Only for [(ppy)2Ir(dpq)]CH3CO2 (10) and [(ppy)2Ir(dppz)]CH3CO2 (12) was observed the 

formation of viscous/gel phases when increasing the concentration of the complex in 

water. A comprehensive structural study of these phases will be presented in chapter 3. 

 

2.2.3 DFT calculations 

To provide a quantum chemical insight into all the synthesized complexes, the Density 

Functional Theory (DFT) method was employed to investigate their ground-state electronic 

structures and orbital configurations. Calculation were performed starting from the crystal 

structure, when possible.[39-42] Full geometry optimizations of all Iridium cations in their 

singlet ground state were performed through DFT calculations using the B3LYP 

functional[43,44] and the mixed “Double-ζ” quality basis sets, the relativistic effective core 

potential (ECP) and basis set LANL2DZ[45] was used to treat the heavy metal iridium atom, 

whilst the basis set 6-31G(d)[46] was employed for the remaining atoms. The relativistic 

effective core potential (ECP)[47,48] on the Ir atom replaced the inner core electrons leaving 

the outer core [(5s)2(5p)6] electrons and the (5d6) valence electrons of the Ir(III) metal 

center. No symmetry constraints were applied during the geometry optimizations, which 

were carried out with the Gaussian 09 package.[49] This calculation level has widely been 

used throughout the literature for the computational modellisation of both neutral or ionic 

Iridium (III) complexes.[50-52] The HOMO-LUMO distributions and the corresponding energy 

values of the optimized geometries of the Iridium cations [(ppy)2Ir(biq)]+, [(ppy)2Ir(dip)]+, 

[(ppy)2Ir(dpa)]+, [(ppy)2Ir(dpc)]+, [(ppy)2Ir(dpq)]+ and [(ppy)2Ir(dppz)]+ are reported in 

Fig. 2.2.5. For all the cationic motifs, the HOMO is evenly distributed onto the two ppy 

cyclometalated ligands, whereas the LUMO is mainly localized onto the ancillary ligands. 

Nevertheless the frontier orbitals distribution is similar for all the complexes, slight 

differences due to electronic effects can be observed in the energy values of the HOMO-

LUMO levels, and this effect is more pronounced for the LUMO frontier orbitals. Indeed, 

while the HOMO energy value ranges from -7.57 eV to -8.00 eV within the series, the 

LUMO energy values ranges from -4.28 eV to -5.46 eV. Noteworthy, while the band gap 

HOMO/LUMO is ca. 2.8 eV for most of the complexes, only for [(ppy)2Ir(dpa)]+ and 

[(ppy)2Ir(dpc)]+ band values slightly differ (3.54 eV for [(ppy)2Ir(dpa)]+ and 2.54 eV for 

[(ppy)2Ir(dpc)]+), probably arising from the insertion of the N-H and C=O functional groups 

respectively within the pseudo-aromatic metallocycles.  
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All the atom coordinates of the optimi ed geometrie  are reported in the Appendi  of thi  

thesis.  

Noteworthy, DFT calculations pointed out the di tortion of the an illar  ligand 

cationic motif [(ppy)2Ir(biq)]+ 

steric hindrance exerted by the bul  

Fig.2.2.6. Two different views of the d

 

Regarding the [(ppy)2Ir(dpa)]

converged towards a structure of the ation  in whi h the N^N ligand  

bent, not showing the planarity di pla ed b  all the other N^N ligand  of the erie  (Fig. 
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All the atom oordinate  of the optimi ed geometrie  are reported in the Appendix of this 

Noteworth , DFT al ulation  pointed out the di tortion of the ancillary ligand biq in the 

in Fig. 2.2.6, due to the 

ppy ligands. 
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2.2.4 Photophysical characterization 

The photophysical properties of compounds 2, 4, 6, 8, 10 and 12 were investigated in 

diluted water solution (c = 5.10-6M). The absorption spectra of all the complexes are 

dominated in the UV region (250-350 nm) by intense spin-allowed 1π-π* 1LC transitions 

involving the aromatic ligands; at higher wavelength (350-450 nm) less-intense 1MLCT 

bands are present (Fig.2.2.8). The absorption spectra are all similar in shape, with the 

exception of those of compounds 2 and 10, which present structured and intense bands 

between ca. 240 and 400 nm. 
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Figure 2.2.8 Absorption spectra of complexes 2, 4, 6, 8, 10 and 12 in water solution. 

 

 

The emission spectra of compounds [(ppy)2Ir(biq)]CH3CO2 (2), [(ppy)2Ir(dip)]CH3CO2 

(4), [(ppy)2Ir(dpa)]CH3CO2 (6) and  [(ppy)2Ir(dpc)]CH3CO2 (8) were recorded in 

deaerated and aerated water diluted solutions (c = 5.10-6M) and are reported in Fig.2.2.9. 

The complexes [(ppy)2Ir(dpq)]CH3CO2 (10) and [(ppy)2Ir(dppz)]CH3CO2 (12) do not emit 

in these conditions. A structureless intense orange emission is recorded with a maximum 

centred at 620 nm for the compound 4, whereas the same emission band results less 

intense and red-shifted (centered at 670 nm) for the analogous complex incorporating biq 

ligand. On the contrary, the compounds 6 and 8 display structured emission bands with 

maximum at 479, 509 and 550 nm.  
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Figure 2.2.9. Emission spectra of complexes 2, 4, 6 and 8 in water solution. 

 

The emission quantum yields for the four compounds range from 0.08% to 8.65% in 

aerated water solution. Moreover, excited state decays of these compounds show bi-

exponential kinetics, whose deconvolution gave τ1= 67 ns and τ2= 288 ns values for 2, τ1= 

86 ns and τ2= 241 ns values for 4, τ1= 293 ns and τ2= 518 ns values for 6 and τ1= 12 ns 

and τ2= 409 ns values for 8. The two different lifetimes of the excited states of these 

emissive complexes can be attributed to two different emissive “species” in solution, 

corresponding to solvated single molecule and molecular aggregates. All the 

photophysical data for compounds 2, 4, 6 and 8 are reported in table 2.2.3.  

 

Compound 
Emission, 
λmax/nm 

Ф 
(%)* 

Lifetime, τ(α)* 
ns(%) 

Ф (%)** 
Lifetime, τ(α)** 

ns(%) 

2 670 0.76 
67(87.41), 

288(12.59) 
0.77 

67(97.33), 

305(2.67) 

4 618 2.94 
86(92.48), 

241(7.52) 
2.93 

89(84.82), 

149(15.18) 

6 479, 509, 550 8.65 
293(11.26), 

518(88.74) 
71.5 

661(3.16), 

2237(96.84) 

8 479, 509, 550 0.08 
12(4.64), 

409(95.36) 
0.40 

358(9.95), 

2233(90.05) 

Table 2.2.3. Photophysical data of complexes 2, 4, 6 and 8 in water solution* and deaerated water solution** 
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The quantum yield and the excited state lifetime remain almost unchanged for compounds 

[(ppy)2Ir(biq)]CH3CO2 (2) and [(ppy)2Ir(dip)]CH3CO2 (4) also in deaerated water solution. 

On the contrary, for complexes [(ppy)2Ir(dpa)]CH3CO2 (6) and  [(ppy)2Ir(dpc)]CH3CO2 

(8), upon degassing, hence upon O2 removal, the two lifetime of the excited state undergo 

to a substantial increase, giving τ1= 661 ns and τ2= 2237 ns values for 6 and τ1= 358 ns 

and τ2= 2233 ns values for 8. In addition, [(ppy)2Ir(dpa)]CH3CO2 (6) in deaerated water 

solution exhibit a pronounced enhancement of its luminescence quantum yield (71.5%), 

opening the way to its possible application as O2 sensor and Photodynamic Therapy. 

Taking into account the excited state lifetime values, it is reasonable to state that the non-

radiative decay is much greater for compounds 2 and 4, leading to shorter lifetime values 

with respect to the ones of 6 and 8, although all the de-excitation mechanisms should 

follow a phosphorescence pathway. The absence of planarity and the V-bending in the 

N^N ligands of [(ppy)2Ir(dpa)]CH3CO2 (6) and  [(ppy)2Ir(dpc)]CH3CO2 (8) and the 

presence of the functional group (NH or C=O in 6 and 8 respectively) within the 6 member 

metallocycle generated by the coordination of the N^N ancillary ligand, with respect to the 

5 member metallocycle created for all other complexes, could be responsible of the 

differences observed in their photophysical behaviour respect to complexes 2 and 4. 

Further Time Dependent Density Functional Theory (TD-DFT) calculations could clarify 

this issue, which are however beyond the immediate scope of this thesis and would 

require a more specialized analysis.  
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2.2.5 Conclusion 

Six new water-soluble Ir(III) complexes, [(ppy)2Ir(biq)]CH3CO2 (2), [(ppy)2Ir(dip)]CH3CO2 

(4), [(ppy)2Ir(dpa)]CH3CO2 (6), [(ppy)2Ir(dpc)]CH3CO2 (8), [(ppy)2Ir(dpq)]CH3CO2 (10) 

and [(ppy)2Ir(dppz)]CH3CO2 (12), have been synthetized starting from the corresponding 

non-water-soluble chloride analogous, through a simple methodology which involves an 

anion exchange reaction. With the exception of compounds 10 and 12, which are able to 

generate supramolecular assemblies in water, the solubility in water of the synthetized 

complexes is highly influenced by the nature of the ancillary ligand. In particular, the 

complexes 6 and 8, bearing more hydrophilic ligands, display higher water solubility than 

compound 2 and 4, that are incorporating ancillary ligands with more extended aromatic 

systems. The photophysical study of these compounds was performed in water solution, 

and interesting emission properties were found for [(ppy)2Ir(biq)]CH3CO2 (2), 

[(ppy)2Ir(dip)]CH3CO2 (4), [(ppy)2Ir(dpa)]CH3CO2 (6) and [(ppy)2Ir(dpc)]CH3CO2 (8). In 

particular, all the emissive complexes are characterized by two different lifetimes of the 

excited states which can be attributed to two different emissive “species” in solution, 

corresponding to solvated single molecule and molecular aggregates. Finally, the 

complexes [(ppy)2Ir(dpq)]CH3CO2 (10) and [(ppy)2Ir(dppz)]CH3CO2 (12) displayed the 

ability to generate supramolecular “gel” phases in determined range of concentrations in 

water, whose structural architectural organization will be comprehensively studied and 

described in chapter 3. 

All these newly synthetized complexes are currently under study through collaboration with 

Prof. Neamati (University of Michigan, USA) to probe their biological activity as anticancer 

drugs in various tumour cell lines. 
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Chapter 3 

Supramolecular Gels and Metallogels 

 

3.1 Introduction 

Gels represent a very wide category of soft materials, and giving a precise definition 

remains a rather difficult task. In 1949 Hermans[1] defined a gel as a colloidal disperse 

systems of at least two components which exhibits mechanical properties characteristic of 

the solid state. The dispersion medium could be a gas in an aerogel or a liquid in a 

common gel. The dispersed component and the dispersion medium form together a 

continuous system.  

In 1974, Flory[2] provided a more precise description, according to which a gel can be 

considered as a dispersion of a liquid, the major component (usually above 90 wt %), 

within a fibrillar solid network. Although they are mainly composed by a liquid, gels do not 

flow in the steady-state and have a solid-like rheology, meaning that they respond to 

deformations as elastic bodies. Actually, a substance is still classified as a gel by 

observing its characteristic flow through a typical test tube experiment[3] or through the 

dropping ball method,[4]  which can be referred as crude rheological measurements. In the 

first method the tubes in which gels are prepared at increasing concentrations are turned 

upside down until no flow is observed, allowing the determination of the minimum gel 

concentration. In the second method, a small metal ball is placed on the top of the gel and 

its behaviour is observed: ideally, the ball should be immobile in the gel, but move 

downward in the sol. 

Furthermore, Flory classified gels in four main categories on the basis of structural criteria: 

(1) well-ordered lamellar structures, including gel mesophases which are arranged in 

parallel and present a long-range order (e.g., soap gels and phospholipids); 
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(2) covalent polymeric networks, which exhibit a disordered continuous structure provided 

by a three-dimensional network of structural units covalently linked  (e.g., vulcanized 

rubbers, condensation polymers containing polyfunctional groups, phenolic resins and 

paint films); 

(3) polymer networks formed through physical aggregation, which display a predominantly 

disordered structure with the exception of some regions of local order (e.g., gelatin);  

(4) particulate, disordered structures composed of highly anisotropic particles or reticular 

networks of fibers (e.g., V2O5 gels or gels formed by aggregation of proteins). 

A further class of gels, that can be considered as a subgroup of the last category, is 

represented by “supramolecular gels”, called also physical gels.[5] They derive from the 

self-assembly, in a specific solvent, of small molecules, called Low Molecular Weight 

Gelators (LMWG), through non-covalent interactions. Depending on the nature of the 

solvent, supramolecular gels can be distinguished in organogels, if the liquid component is 

an organic solvent, and hydrogels, if it is water. The main feature of supramolecular gels is 

the reversibility of the sol-gel transition allowed by the noncovalent nature of the 

interactions between molecular building blocks, responsible for the generation of the 3D 

gel network. 

 

 

 

3.1.1 Mechanism of physical gel formation 

The most common used method for the preparation of physical gels implies the dissolution 

of the gelator in the suitable heated solvent and the cooling of the resulting solution below 

the Tgel (gelation temperature).[6]  

The gelator concentration is expressed as percentage by weight and is usually comprised 

in a range between 1% and 10% w/w. Molecules that create gel-phase below 

concentration of 1% w/w are called “supergelators”. 

In an appropriate solvent, the gelator molecules establish non-covalent interactions, 

generating first small aggregates, tipically fibers. These structures become gradually 

bigger and entangled, generating a 3D network which traps solvent molecules via surface 

tension effect (Fig.3.1.1). 



 

Fig.3.1.1. Schematic representation of a upramole ular gel formation (adapted from Ref

 

Usually in an organogel, the dri ing for e for the elf

hydrogen-bonds within the gelator mole ule , wherea  in a h drogel the formation of the 

solid network is induced by h drophobi  intera tion  and π

starting molecules. 

In order to achieve gel formation, there mu t be a pre i e balan e between olubili ation 

and phase separation. Moreover, gelation i  a hierar hi al pro e  that ompri e

number of steps:[8] 

1. Interaction between  two adja ent mole ul

2. Oligomerization of dimers by intera tion with other mole ule ;

3. Lengthening of oligomers and generation of trand ;

4. Bundling of strands to form fiber ;

5. Interconnection of fibers and reation of a 3D 

6. Immobilization of solvent mole ule  in the fiber  matri .

In a fascinating description, Hamilton

proteins. Indeed, gelation is chara teri ed b  hierar hi al le el , mu h li e the primar , 

secondary and tertiary structure  of a protein (

gelator molecules represents the primar  tru ture; the growth of the e aggregate  gi e  

rise to fibers, ribbons, sheets or mi elle , on idered the e ondar  tru ture; la tl , the 

interaction between the secondar  tru ture  generate  the 3D tem, that i  the tertiar  

structure. 

S hemati  repre entation of a supramolecular gel formation (adapted from Ref

U uall  in an organogel, the driving force for the self-assembly is  repre ented b  

bond  within the gelator molecules, whereas in a hydrogel the formation of the 

olid networ  i  indu ed by hydrophobic interactions and π-π stac ing between the 

In order to a hie e gel formation, there must be a precise balance between olubili ation 

and pha e eparation. Moreover, gelation is a hierarchical process that ompri e

adjacent molecules to form a dimer; 

Oligomeri ation of dimers by interaction with other molecules; 

of oligomers and generation of strands; 

Bundling of trand  to form fibers; 

Inter onne tion of fibers and creation of a 3D continuous network; 

Immobili ation of ol ent molecules in the fibers matrix. 

In a fa inating de ription, Hamilton[6] compared gel formation with the gene i  of 

protein . Indeed, gelation is characterized by hierarchical levels, much li e the primar , 

tructures of a protein (Fig.3.1.2). The anisotropi  aggregation of 

gelator mole ule  repre ents the primary structure; the growth of these aggregate  gi e  

ri e to fiber , ribbon , heets or micelles, considered the secondary stru ture; la tl , the 

a tion between the econdary structures generates the 3D system, that i  the tertiar  
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S hemati  repre entation of a upramole ular gel formation (adapted from Ref.[7]). 

a embly is  represented by 

bond  within the gelator mole ule , wherea  in a h drogel the formation of the 

π stacking between the 

In order to a hie e gel formation, there mu t be a pre i e balan e between solubilization 

and pha e eparation. Moreo er, gelation i  a hierar hi al process that comprises a 

gel formation with the genesis of 

protein . Indeed, gelation i  hara teri ed b  hierar hi al le el , much like the primary, 

). The anisotropic aggregation of 

gelator mole ule  repre ent  the primar  tru ture; the growth of these aggregates gives 

ri e to fiber , ribbon , heet  or mi elle , on idered the e ondary structure; lastly, the 

a tion between the e ondar  tru ture  generate  the 3D stem, that is the tertiary 
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Fig.3.1.2. Schematic representation of the three hierarchical levels of organization in a supramolecular gel 
(from Ref.[6]). 

 

3.1.2 Characterization of supramolecular gels 

Since gels can be considered as an intermediate state of matter, being not quite solid, 

neither liquid, similar to liquid crystals, their characterization is not straightforward. Many of 

the common laboratory techniques used are generally adopted for solid or liquid materials, 

so need to be adapted to the analysis of gels. In other cases the interpretation of the 

results may imply some approximations. 

Anyhow, the possible techniques are manifold, ranging from microscopy to rheology, 

depending on the scale to which the investigation is performed. For example, Simmons et 

al. studied some phenolic organogels,  employing different techniques.[9] They managed to 

elucidate the gel molecular architecture at three length scales, using NMR, SAXS and 

AFM: single strands with a diameter of ca. 2nm self-assemble into fibers with hexagonal 

symmetry, which, in turn, self-organize into bundles (Fig.3.1.3). 

 



 

 

Fig.3.1.3. Schematic representation of the three le el  of organi ation of a gel and the method  emplo ed 
that allowed to characterized the supramole ular ar hite ture

 

 

The most frequently used obser ational method  to in e tigate upramole ular gel

listed below and briefly described.

 

3.1.2.1 Nuclear Magnetic Resonance (NMR)

Solution-state 1H-NMR is often u ed to in e tigate gel pha e , although it pre ent  e eral 

limitations arising from the low mobilit  of gelator mole ule  in thi  ondition.

resulting spectra are characteri ed b  er  broad pea  and therefore b  inadequate 

spectral resolution.[7] Neverthele , the broadening of NMR pea , the hange  in their 

chemical shifts and sometime  their appearan e/di appearan e whi h o ur with 

temperature variations, could be e ploited for the tud  of the non o alent intera tion  

(hydrogen bonds, π-π stacking) that lead to the gel formation. For e ample, ung 

acquired 1H-NMR spectra at different temperature  of a ugar appended h drogelator, 

observing the chemical shift and the appearan e of the 

moving from the gel phase to the ol tate 

chemical shift between the aromati

result of the breaking of π-π sta ing and h drogen

S hemati  repre entation of the three levels of organization of a gel and the method  emplo ed 
that allowed to hara teri ed the supramolecular architecture(from Ref.[9]). 

observational methods to investigate supramole ular gel

and briefl  described. 

3.1.2.1 Nuclear Magnetic Resonance (NMR) 

NMR i  often used to investigate gel phases, although it pre ent  e eral 

limitation  ari ing from the low mobility of gelator molecules in this condition.

re ulting pe tra are haracterized by very broad peaks and therefore b  inadequate 

Ne ertheless, the broadening of NMR peaks, the hange  in their 

hemi al hift  and ometimes their appearance/disappearance whi h o ur with 

temperature ariation , ould be exploited for the study of the nonco alent intera tion  

cking) that lead to the gel formation. For example, ung 

NMR pe tra at different temperatures of a sugar appended h drogelator, 

ob er ing the hemi al hift and the appearance of the aromatic peaks upon heating, thu  

pha e to the sol state (Fig.3.1.4).[10] They explained t

hemi al hift between the aromatic protons and their manifestation in the ol tate a  a 

stacking and hydrogen-bond interactions. 
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S hemati  repre entation of the three le el  of organi ation of a gel and the methods employed 

ob er ational method  to in e tigate supramolecular gels are 

NMR i  often u ed to in e tigate gel pha e , although it presents several 

limitation  ari ing from the low mobilit  of gelator mole ule  in this condition. Indeed, the 

re ulting pe tra are hara teri ed b  er  broad pea  and therefore by inadequate 

Ne erthele , the broadening of NMR peaks, the changes in their 

hemi al hift  and ometime  their appearan e/di appearance which occur with 

temperature ariation , ould be e ploited for the tud  of the noncovalent interactions 

ing) that lead to the gel formation. For example, Jung et al. 

NMR pe tra at different temperature  of a ugar appended hydrogelator, 

peaks upon heating, thus 

The  e plained the difference in 

and their manife tation in the sol state as a 

bond intera tions.  
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Fig.3.1.4 Chemical structure of a sugar-based gelator and its 1H-NMR spectra in D2O and methanol-d4 (1:1 
v/v) registered at different temperatures (adapted from Ref.[10]). 

 

Other possibilities are solid-state NMR experiments[11] and relaxation time measurements 

(T1 and T2).[12] However, solid state NMR of gels presents several disadvantages, 

especially, due to high spinning speed. The significant centrifugal force generated upon 

spinning can result in the disintegration of gels. Therefore, low spinning speeds are 

generally recommended, which shall determine poor resolution of the NMR spectrum.[11] 

Indeed, longitudinal relaxation time T1 and the NMR transverse relaxation time T2, have 

been measured during volume phase transition in PMMA gels,[12] but the analysis of these 

parameters is not straightforward. 

 

 

 



 

3.1.2.2 Other spectroscopic techniques

Supramolecular gels which in orporate 

characterized through UV-vis pe tro op  and fluore en e pe

comparison between spectra re orded in the ol pha e and in the gel pha e ould pro ide 

information about the change in the urrounding en ironment

molecule, hence suggestions about the po ible mole ular 

Moreover, FTIR spectroscopy i  a u eful method to monitor the formation of ph i al 

interactions. For example, Wegner 

codendrimers organogelators in olution (toluene wa

solid state (Fig.3.1.5). They did not found ignifi ant differen e  between the gel pha e 

and the solid state, but they ob er ed the hift of the band  orre ponding to the C=O 

stretching, the N-H bending, the C

solution, which indicates that upon gelation the amide or urethane group  be ome trongl  

hydrogen bonded.[13] 

 

Fig.3.1.5 Chemical structure of codendrimer  organogelator 
and solution (adapted from Ref.[13]).

 

 

 

.2 Other spectroscopic techniques 

Supramole ular gel  which incorporate chromophores or fluorophore  an be 

vis spectroscopy and fluorescence spe

ompari on between pe tra recorded in the sol phase and in the gel pha e ould pro ide 

information about the hange in the surrounding environment polarity 

, hen e ugge tions about the possible molecular packing could be e tra ted.

Moreo er, FTIR pe tro copy is a useful method to monitor the formation of ph i al 

. For e ample, Wegner et al. correlated the FTIR spectra of amphiphili  diblo  

odendrimer  organogelators in solution (toluene was used as solvent), gel pha e and 

They did not found significant differences between the gel pha e 

and the olid tate, but they observed the shift of the bands corresponding to the C=O 

H bending, the C-N stretching and the N-H stretching after gelation from 

olution, whi h indi ate  that upon gelation the amide or urethane group  be ome trongl  

codendrimers organogelator and its FTIR spectra in olid tate, 
). 
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romophore  or fluorophores can be 

i  pe tro op  and fluore ence spectroscopy. The 

ompari on between pe tra re orded in the ol pha e and in the gel phase could provide 

polarity of the single gelator 

pa ing could be extracted. 

Moreo er, FTIR pe tro op  i  a u eful method to monitor the formation of physical 

. orrelated the FTIR pe tra of amphiphilic diblock 

u ed a  solvent), gel phase and 

The  did not found ignifi ant differen e  between the gel phase 

and the olid tate, but the  ob er ed the hift of the band  orresponding to the C=O 

H tretching after gelation from 

olution, whi h indi ate  that upon gelation the amide or urethane groups become strongly 

 

and it  FTIR pe tra in solid state, gel phases 



 

3.1.2.3 Microscopy techniques

Electron microscopies (SEM and TEM) are 

insight of the gel-phases morpholog . The e method  allow to determine, with re olution 

up to 0.2 nm, the dimension and the hape of the upramole ular aggregate  whi h form 

the 3D network. Unfortunately, SEM and 

vacuum conditions, so they require the omplete dr ing of the ample, either under 

ambient conditions or under va uum. Thu , the ob er ed ample  are erogel , rather 

than gels, implying that the dete ted tru tu

However, it is commonly assumed that the ariation  in the gel ar hite ture are rather 

minimal. These limitations can be o er ome through r o

SEM and cryo-TEM), in which the gel

cryo-EM micrographs exhibit more e panded and ol ated matri e , in whi h the ol ent 

is immobilized in the interstitial

Fig.3.1.6 Cryo-SEM (A) and SEM (B) of a dendriti  g
nm for micrograph A and 1 μm for B (adapted from Ref.[

Furthermore, gel phases could be e amined with polari ed opti al mi ro ope (POM), 

similarly to liquid crystalline pha e . Although there are

supramolecular gels POM image

indicating an anisotropic arrangement of mole ule  and of their aggregate  

Fig.3.1.7 POM images of an alanine

Microscopy techniques 

Ele tron mi ro opie  (SEM and TEM) are the more suitable technique  to get a deep 

pha e  morphology. These methods allow to determine, with re olution 

up to 0.2 nm, the dimen ion and the shape of the supramolecular aggregate  whi h form 

the 3D networ . Unfortunately, SEM and TEM measurements are carried out under high 

a uum ondition , o they require the complete drying of the sample, either under 

ambient ondition  or under vacuum. Thus, the observed samples are erogel , rather 

than gel , impl ing that the detected structure is not completely identical to the nati e one. 

Howe er, it i  ommonl  assumed that the variations in the gel archite ture are rather 

minimal. The e limitations can be overcome through cryo-electron mi ro opie  ( r o

TEM), in which the gel samples are rapidly frozen in liquid nitrogen. U uall  

EM mi rograph  e hibit more expanded and solvated matrixes, in whi h the ol ent 

interstitial cavities (Fig.3.1.6).[14] 

SEM (A) and SEM (B) of a dendritic gel in bromobenzene. The length of the white bar i  100 
and 1 μm for B (adapted from Ref.[14]). 

Furthermore, gel pha e  could be examined with polarized optical mi ro ope (POM), 

imilarl  to liquid r talline phases. Although there are only few e ample  of 

upramole ular gel  POM images,[15-17] these materials could show birefringent te ture  

indi ating an ani otropi  arrangement of molecules and of their aggregate  

POM image  of an alanine-derivative organogel (a)[17] and a tripeptide-based h drogel (b).
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the more uitable techniques to get a deep 

pha e  morpholog . The e method  allow to determine, with resolution 

up to 0.2 nm, the dimen ion and the hape of the upramole ular aggregates which form 

TEM mea urement  are carried out under high 

a uum ondition , o the  require the omplete dr ing of the sample, either under 

ambient ondition  or under a uum. Thu , the ob er ed amples are xerogels, rather 

re i  not ompletel  identical to the native one. 

Howe er, it i  ommonl  a umed that the ariation  in the gel architecture are rather 

ele tron microscopies (cryo-

ample  are rapidl  fro en in liquid nitrogen. Usually 

EM mi rograph  e hibit more e panded and ol ated matri es, in which the solvent 

 
The length of the white bar is 100 

Furthermore, gel pha e  ould be e amined with polari ed optical microscope (POM), 

only few examples of 

the e material  ould how birefringent textures 

indi ating an ani otropi  arrangement of mole ule  and of their aggregates (Fig.3.1.7). 

 
based hydrogel (b).[16]   
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3.1.2.4 Differential scanning calorimetry (DSC) 

DSC is a useful technique to analyze the response of a physical gel to temperature 

variations. This method has been used to determine the thermal stability and 

thermoreversibility of the sol-gel transition in many gel phases. Usually, in a DSC curve the 

gel-sol transition appears as an endothermic peak, whereas an exothermic peak can be 

monitored during the sol-gel transition. The integration of these peaks provides the direct 

measure of the phase-change enthalpy (ΔHgel–sol).
[18,19] For example, Sundararajan et al. 

investigated the sol-gel transition of organogelators based on octadecyl carbamates with 

alkyl side chains of different lengths through DSC experiments.[19] The DSC heating curve 

of the carbamate gelator C18H37(NHCOO)C8H17 (alkyl chain of 8 carbon atoms) exhibits an 

endothermic peak (ΔH = 6.1 J/g) due to the transition from gel to solution, whereas the 

DSC cooling curve exhibits an exothermic peak (ΔH = -5.8 J/g) due to the transition from 

solution to gel (Fig.3.1.8). The transition temperature from gel to solution was found to be 

8-10 °C higher than that from the solution to gel. Repeated heating and cooling showed 

similar transition behaviour, indicating thermoreversibility of the sol-gel transition in this 

gel. 

 
Fig.3.1.8 DSC curves of an octadecyl carbamate gelator (from ref.[19]) 

 

3.1.2.5 X-ray techniques 

Wide Angle X-ray Scattering (WAXS) is frequently used in order to check the possible 

presence of an ordered structure within the gel. However, since a gel is mainly composed 

by a liquid, the interpretation of its XRD pattern is not straightforward, due to a strong 

interference of the liquid part. Therefore, the XRD analysis of these materials is often 

carried out on the dried samples, thus in the corresponding xerogels. This means that 

results must be treated with care, as samples drying could induce some morphological 



 

changes, but it is commonly as umed that the e ariation  are negligible. The inde ation 

of gels/xerogels XRD pattern  ha

supramolecular structures, usuall  hara teri ed b  lamellar

mode, as liquid crystals (Fig.3.1.9). U uall , the organi ation of mole ule  in the 

gel/xerogel phase differs from the one in the olid

Fig.3.1.9. Schematic representation of the lamellar and olumnar orga
(adapted from Ref.[24]). 

 

Small Angle X-ray Scattering (SAXS) an be emplo ed in the hara teri ation of 

supramolecular gels. Important parameter  of the aggregate , u h a  ma imum 

intermolecular distance, size, shape and

profiles. For example, by a SAXS e periment, Shin ai 

arrangement of a sugar-appended organogelator in it  gel pha e at different 

temperatures.[23] Below Tgel SAXS profile e hibit  a latti e attering, indi ating 

ordered lattice is present in the gel tate

the lattice peak position for the Miller
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where qkl is the peak position orre ponding to (

nearest adjacent lattices. Con idering the quite

positions in the SAXS profile and the alue  al ulated through equation 

demonstrated that the gelator and 

hexagonally packed fibrils. 

ge , but it i  ommonly assumed that these variations are negligible. The inde ation 

of gel / erogel  XRD patterns has led to the identification of well

upramole ular tru ture , usually characterized by lamellar[20,21] or columnar

mode, a  liquid r tals (Fig.3.1.9). Usually, the organization of mole ule  in the 

gel/ erogel pha e differ  from the one in the solid-state, with just few exception .

. S hemati  repre entation of the lamellar and columnar organizations in a upramole ular gel 

ra  S attering (SAXS) can be employed in the chara teri ation of 

upramole ular gel . Important parameters of the aggregates, su h a  ma imum 

mole ular di tan e, ize, shape and the packing mode, can be extra ted from SAXS 

profile . For e ample, b  a SAXS experiment, Shinkai et al. studied the upramole ular 

appended organogelator in its gel pha e at different 

SAXS profile exhibits a lattice scattering, indi ating 

ordered latti e i  pre ent in the gel state (Fig.3.1.10). For hexagonally

the latti e pea  po ition for the Miller index of (k,l) is given by: 

��                                             eq. 3.1.1 

i  the pea  position corresponding to (k,l) and a is the distan e between the 

. Considering the quite-perfect accordance between pea  

po ition  in the SAXS profile and the values calculated through equation 

demon trated that the gelator and the solvent (xylene) molecules cooperated generating 
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ge , but it i  ommonl  a umed that the e ariation  are negligible. The indexation 

led to the identifi ation of well-organized 

or columnar[22] packing 

mode, a  liquid r tal  (Fig.3.1.9). U uall , the organi ation of molecules in the 

tate, with ju t few exceptions.[19,23] 

 
ni ations in a supramolecular gel 

ra  S attering (SAXS) an be emplo ed in the characterization of 

upramole ular gel . Important parameter  of the aggregates, such as maximum 

the pa ing mode, an be extracted from SAXS 

. tudied the supramolecular 

appended organogelator in it  gel phase at different 

SAXS profile e hibit  a latti e attering, indicating that an 

or he agonally packed cylinders, 

i  the distance between the 

perfe t a ordance between peaks 

po ition  in the SAXS profile and the alue  al ulated through equation 3.1.1, they 

ol ent ( lene) mole ules cooperated generating 



 

Fig.3.1.10 SAXS profiles of a sugar-
the peaks show the values of the square root in eq.

 
 

3.1.2.6 Rheology 

The mechanical behaviour of a gel an be in e tigated through rheometr . B  u ing thi  

technique, the elastic modulu  (G’), whi h i  defined a  the abilit  of a material to 

regenerate its initial shape upon deformation, and the ela ti  lo  modulu  (G’’), 

designated as the ability of the material to flow

oscillatory shear. These parameter  er e a  an indi ation of ome potential appli ation  

of supramolecular gels, in particular for elf

 

 

 

 

3.1.3 The design of a supramolecular gelator

Physical gelation of a solvent is a er  en iti e pro e , whi h depend  on the deli ate 

balance between the dissolution and the aggregation of gelator mole ule . Indeed, 

nowadays it is commonly accepted the pr

gelator molecules must be partiall  oluble in the ele ted ol ent, but not too oluble, 

-appended organogel at different temperatures. The number  atta hed to 
the pea  how the alue  of the square root in eq.3.1.1 (adapted from ref.[23]) 

The me hani al beha iour of a gel can be investigated through rheometr . B  u ing thi  

te hnique, the ela ti  modulus (G’), which is defined as the ability of a material to 

regenerate it  initial hape upon deformation, and the elastic los  modulu  (G’’), 

the abilit  of the material to flow under stress, can be

. The e parameters serve as an indication of some potential appli ation  

of upramole ular gel , in particular for self-healing materials.[25] 

3.1.3 The design of a supramolecular gelator 

Ph i al gelation of a olvent is a very sensitive process, which depend  on the deli ate 

balan e between the dissolution and the aggregation of gelator mole ule . Indeed, 

nowada  it i  ommonl  accepted the principle whereby, in order to achie e gelation, the 

gelator mole ule  mu t be partially soluble in the selected solvent, but not too oluble, 
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appended organogel at different temperatures. The numbers attached to 

The me hani al beha iour of a gel an be in e tigated through rheometry. By using this 

te hnique, the ela ti  modulu  (G’), whi h i  defined a  the ability of a material to 

regenerate it  initial hape upon deformation, and the ela tic loss modulus (G’’), 

, an be determined under 

. The e parameter  er e a  an indi ation of ome potential applications 

 

Ph i al gelation of a ol ent i  a er  en iti e pro e , whi h depends on the delicate 

balan e between the di olution and the aggregation of gelator molecules. Indeed, 

in iple whereb , in order to achieve gelation, the 

gelator mole ule  mu t be partiall  oluble in the ele ted ol ent, but not too soluble, 
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otherwise a solution may eventually be obtained; at the same time the gelator must be 

partially insoluble in this solvent, but not too insoluble, otherwise precipitation may occur. 

Thus, the design of a gelator is a challenging and difficult task and relies on the correct 

balance between its hydrophylicity and hydrophobicity, which can be achieved for example 

introducing into the molecule skeleton several functional groups able to form multiple 

noncovalent interactions.[8] Many structural motifs with the ability to generate 

supramolecular gels have been identified, including lipids, peptides, carbohydrates, etc. 

For example, Sodium Deoxycholate (SDC), a bile salt with a rigid steroid structure 

(Fig.3.1.11), creates a biocompatible hydrogel through the formation of a three 

dimensional network of helical aggregates.[26] 

 
Fig.3.1.11 Chemical structure of SDC gelator (from Ref.[26]). 

 

Similarly, using natural derivative products known to gelate different solvents, 

Bhattacharya synthesized tetrameric sugar derivatives containing azobenzene core, 

capable of gelate water at very low concentration and very stable to pH variations 

(Fig.3.1.12).[27] Employing UV-vis and FTIR spectroscopies he demonstrated that the 

driven force for gelation is the combination of the π-π stacking of the azobenzene groups 

and the hydrogen bonding of the sugar groups.  
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Fig.3.1.12 Chemical structure of a tetrameric sugar derivative containing azobenzene core able to gelate 
water  (from Ref.[27]). 

 

 

Also, N-protected amino acids bearing aromatics groups have been exploited as low 

molecular weight hydrogelators. An example is Fmoc (fluorenylmethyloxycarbonyl)-

protected pentafluorophenylalanine (F5-Phe) which self-assembles into entangled fibers in 

water via hydrophobic interactions involving the aromatic groups (Fig.3.1.13).[28]  

 

 
Fig.3.1.13 Chemical structure of Fmoc protected F5-Phe and TEM micrograph of its gel phase in water 
(adapted from Ref.[28]). 

 

Even the urea and bisurea functionalities have been introduced in many molecules in 

order to induce the formation of a physical gel in water. These chemical groups provide 

sites for strong hydrogen bonds and the possibility of a 1D growth of their aggregates.[21] 
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Although considerable progress have been made in the gel design area, gelators are often 

discovered serendipitously.[29,30]
 

 

 

3.1.4 A special class of gel: Supramolecular Metallogels 

Among supramolecular gels, a special class known as metallogels has received particular 

attention over the last few years. The term metallogel is generally referred to gel 

incorporating metal ions. The presence of metal ions in the gel network can introduce new 

interesting properties, such as catalytic, redox, optical and magnetic properties. 

Metallogels can be classified into two main categories: gels in which the metal atom acts 

as a linker between ligands, inducing the formation of a coordination metallopolymer, and 

gels in which the metal atom is part of a discrete metal complex. In the former class, the 

metal-ligand interactions are the primary force in the formation of 3D gel networks, which 

consist of metal ions spaced by organic bridging ligands.[5] The commonly used ligands 

are multidentate, thus they display the ability to link together two metal ions. A 

metallopolymer usually does not exhibit a reversible sol-gel transition and once it is 

prepared, it cannot be redissolved,[31] as recently reported by Maitra et al., who described 

the formation of a thermo-irreversible metallo-hydrogel by the addition of Indium ion (InCl3) 

to sodium cholate (Na-Ch) and sodium deoxycholate (Na-DCh) solutions (Fig.3.1.14).[32] 

 
Fig.3.1.14 Preparation of a thermo-irreversible Indium metallogel (from Ref.[32]). 

 

In the second class, the metal atom is part of a coordination complex and usually is not 

directly involved in the formation of the 3D gel matrix. Since the complex molecules self-

assemble through hydrogen bonds, van der Waals forces, π-π interactions, etc., these 

metallogels are effectively physical gels. 



 

The rational design of metallogelator  i  ubje t to the ame rule  a  the de ign of 

supramolecular gelators and then pre ent  the 

approach entails the introduction of fun tional group  able to form multiple intermole ular 

weak interactions. 

For example, Kishimura et al.

long alkyl chains (Fig.3.1.15).

the van der Waals forces exerted b  the o tade lo  hain  oupled with Au(I)

metallophilic interactions, generating a upramole ular gel on i ting of re tangular 

columns. 

Fig.3.1.15. Chemical structure of a gold(I) metallogelator and the PXRD pattern of it  erogel. The ob er ed 
peaks were indexed as a 2D columnar tem with re tangular 

 

 

Zhang et al. reported the synthe i  of metalloh drogelator on i ting of a Ru(II) tri

bipyridine complex incorporating a tripeptide deri ati e.

promote the self-organization 

and/or naphthyl groups, and via h drogen bond  

groups. These interactions allo

of water, producing a luminescen

The rational de ign of metallogelators is subject to the same rules a  the de ign of 

gelator  and then presents the same difficulties. The general ntheti  

approa h entail  the introduction of functional groups able to form multiple intermole ular 

et al. synthesized a trinuclear Au(I) pyrazolate omple  bearing 

(Fig.3.1.15).[22] This complex is able to self-assemble in he ane through 

the an der Waal  for es exerted by the octadecyloxy chains coupled with Au(I)

tion , generating a supramolecular gel consisting of re tangular 

. Chemi al tru ture of a gold(I) metallogelator and the PXRD pattern of its erogel. The ob er ed 
pea  were inde ed a  a 2D olumnar system with rectangular c2mm symmetry.[22] 

reported the synthesis of metallohydrogelator consisting of a Ru(II) tri

in orporating a tripeptide derivative.[15] This molecular motif i  able to 

organi ation in water of the complex via π-π stacking between the

, and via hydrogen bonds formed by amide group  and h dro l 

The e intera tions allow the supramolecular chains to hold a con iderable amount

produ ing a luminescent and birefringent gel (Fig.3.1.16). 
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The rational de ign of metallogelator  i  ubje t to the ame rules as the design of 

ame diffi ultie . The general synthetic 

approa h entail  the introdu tion of fun tional group  able to form multiple intermolecular 

nthe i ed a trinu lear Au(I) p razolate complex bearing 

a emble in hexane through 

the an der Waal  for e  e erted b  the o tade lo  hain  coupled with Au(I)-Au(I) 

tion , generating a upramole ular gel onsisting of rectangular 

 

. Chemi al tru ture of a gold(I) metallogelator and the PXRD pattern of its xerogel. The observed 
 

reported the nthe i  of metalloh drogelator onsisting of a Ru(II) tris-

Thi  molecular motif is able to 

π ta king between the phenyl 

b  amide groups and hydroxyl 

to hold a considerable amount 
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Fig.3.1.16. Chemical structure of a tripeptide fun tionali ed [Ru(bp )
under normal light, UV light and polari ed light (adapted from ref.[15]).

 

As previously mentioned, another fun tional group fa ouring gelation i  urea and it ha  

been exploited by Steed et al.

In these Pt(II) complexes, the metal atom i  bound to p ridine

motifs and dodecyl chains. The gelation of man  organi  ol ent  ( lene, toluene, 

chloroform) is achieved through e eral non o alent intera tion , u h a  intermol

bonding of the urea moieties, an der Waal  for e  among the al l hain , π

interactions involving the pyrid

synergistically to the formation of a networ  of entangled fiber .
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. Chemi al tru ture of a tripeptide functionalized [Ru(bpy)3]
2+ and images of it  h drogel pha e 

under normal light, UV light and polarized light (adapted from ref.[15]). 
 

A  pre iou l  mentioned, another functional group favouring gelation i  urea and it ha  

. for the preparation of some Pt metallogelator (

In the e Pt(II) omple e , the metal atom is bound to pyridine-based ligand  bearing urea 

motif  and dode l hains. The gelation of many organic solvents ( lene, toluene, 

hloroform) i  a hie ed through several noncovalent interactions, such a  intermol

bonding of the urea moieties, van der Waals forces among the al l hain , π

intera tion  in ol ing the pyridyl rings and Pt-Pt interactions, whi h 

to the formation of a network of entangled fibers. 
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and images of its hydrogel phase 

A  pre iou l  mentioned, another fun tional group fa ouring gelation is urea and it has 

for the preparation of ome Pt metallogelator (Fig.3.1.17).[33] 

ba ed ligands bearing urea 

motif  and dode l hain . The gelation of man  organi  olvents (xylene, toluene, 

hloroform) i  a hie ed through e eral non o alent intera tion , such as intermolecular 

bonding of the urea moietie , an der Waal  for e  among the alkyl chains, π-π 

Pt intera tions, which contribute 
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Fig.3.1.17 Chemical structure of some Pt(II) metallogelators. [33] 

 

 

Supramolecular metallogels have also been obtained using cholesterol-appended 

ferrocene derivatives.[34] The use of steroids is a well-known expedient to induce gelation 

of several solvents[35] and, in this case, the additional presence of amide groups 

strengthens the gel scaffold through the instauration of hydrogen bonds. 

 

 

3.1.5 Applications of supramolecular gels 

Supramolecular gels are promising materials with potential applications in many fields, 

mainly depending on the special features displayed by the gelator molecules constituting 

the gel matrix. 

Physical gels can find application in photovoltaic and light-emitting devices, as light-

harvesting and energy transfer materials, since these phenomena are affected by 

supramolecular organization of donor and acceptor molecules and could benefit from an 

almost fixed and ordered spacing between them. In this regard, organogels based on 

some oligo(phenylenevinylene)s derivatives (OPV), wherein  Rhodamine B was dispersed, 

provide an efficient donor-acceptor system.[36] This system displays an effective 

fluorescence-resonance energy transfer (FRET), which disappears upon heating as a 

consequence of the gel matrix collapse. 



 

Another attracting feature of supramole ular gel  i  their po ible u e a  medium for 

crystal growth.[33] The high visco it  of the e material  allow  to lo

substrates and the local ordering of gel fiber  ould be 

Biocompatible hydrogels are al o intere ting andidate  for drug deli er  tem

for biomaterials to use in regenerati e medi ine

Among all the potential appli ation  of upramole ular gel ,

most intensively exploited uses are a  en ing agent  and templating agent . The e two 

employments of physical gels are briefl  de ribed in the following paragraph .

 

 

3.1.5.1 Sensing agents 

The noncovalent nature of the intera tion  between mole ular building blo , re

for the formation of the gelator 3D arrangement, ma e  the ol

reversible, therefore supramole ular gel  are 

applications, for example taking ad antage of a olour hange. Indeed, Kimi

the preparation and characteri ation of organogel  deri ed from lipophili  Co(II)

triazole complexes (Fig.3.1.18).

displays the characteristic color of obalt (II) in the tetrahedral oordination. Unli e mo t 

gel phases, a pale pink solution i  obtained 

the octahedral geometry. On thi  premi e, the e gel  pro ed to be intere ting 

thermoresponsive materials. 

Fig.3.1.18 Chemical structure of a metallogelator ba ed on a Co(II) tria ole omple .
in chloroform: (a) a blue gel-like phase at 25 °C; (b) a pa

 

Another attra ting feature of supramolecular gels is their possible use a  medium for 

The high viscosity of these materials allows to slow down the diffu ion of 

ub trate  and the lo al ordering of gel fibers could be transferred to the growing r tal.

Bio ompatible h drogel  are also interesting candidates for drug deliver  tem

for biomaterial  to u e in regenerative medicine.[38]   

Among all the potential applications of supramolecular gel ,

uses are as sensing agents and templating agent . The e two 

emplo ment  of ph i al gels are briefly described in the following paragraph .

The non o alent nature of the interactions between molecular building blo , re

for the formation of the gelator 3D arrangement, makes the sol-gel tran ition thermall  

re er ible, therefore upramolecular gels are appealing materials for thermo en ing 

, for e ample taking advantage of a colour change. Indeed, Kimi

the preparation and haracterization of organogels derived from lipophili  Co(II)

(Fig.3.1.18).[39] A blue gel phase is formed at room temperature and 

di pla  the hara teri ti  color of cobalt (II) in the tetrahedral coordination. Unli e mo t 

gel pha e , a pale pin  olution is obtained upon cooling, pointing out the on er ion to 

try. On this premise, these gels proved to be intere ting 

 

Chemi al tru ture of a metallogelator based on a Co(II) triazole complex.
li e phase at 25 °C; (b) a pale pink solution at 0 °C (from ref.[3
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Another attra ting feature of upramole ular gel  i  their po ible use as medium for 

w down the diffusion of 

tran ferred to the growing crystal. 

Bio ompatible h drogel  are al o intere ting andidate  for drug delivery systems[37]  and 

Among all the potential appli ation  of upramolecular gels, their 

u e  are a  en ing agent  and templating agents. These two 

emplo ment  of ph i al gel  are briefl  de ribed in the following paragraphs. 

The non o alent nature of the intera tion  between mole ular building blocks, responsible 

gel transition thermally 

materials for thermosensing 

, for e ample ta ing ad antage of a olour hange. Indeed, Kimizuka reported 

the preparation and hara teri ation of organogel  deri ed from lipophilic Co(II)-1,2,4-

A blue gel pha e i  formed at room temperature and 

di pla  the hara teri ti  olor of obalt (II) in the tetrahedral oordination. Unlike most 

, pointing out the conversion to 

tr . On thi  premi e, the e gel  proved to be interesting 

 

Chemi al tru ture of a metallogelator ba ed on a Co(II) tria ole omplex. Images of the complex 
le pin  olution at 0 °C (from ref.[39]). 
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Supramolecular assemblies retain the chemical and physical properties of the starting 

gelator molecules, hence the incorporation of a gelator motif into a specific molecule can 

lead to smart materials that respond to several external stimuli, such as pH,[40] gases and 

ions,[41] light,[42] oxidation/reduction,[15] etc.  

For example, a yellow organogel of an asymmetric bisphenazine turns into a red solution 

upon addition of a small amount of an acid, demonstrating to be a pH responsive material 

(Fig.3.1.19).[40] 

 

Fig.3.1.19 Chemical structure of an asymmetric bisphenazine organogelator and images of: (a) its yellow gel 
phases in 1,1,1-trichloroethane, (b) immediately after the addition of one drop of trifluoroacetic acid, and (c) 
the red solution formed 4h after the addition of trifluoroacetic acid (from ref.[40]). 
 

 

The observation of the sol-gel transition could be also a useful method to visually monitor 

the presence of some substances, such as anions and CO2.
[41] 

In addition, a multistimuli responsive supramolecolar gel have been described by Liu and 

coworkers.[42] The gelator (Azo-G3) has a dendritic structure, incorporating an azobenzene 

group as photoresponsive motif. This molecule is able to gelate most of the organic 

solvents through heating-cooling cycles and, unexpectedly, it gelates also some polar 

solvent as a response to a sonication treatment. Furthermore, the sol-gel transition could 

be triggered by light: UV irradiation induces the disruption of the gel fibrous network, by 

photoisomerization of the azobenzene motif from trans-to-cis isomer, generating a 
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solution; this solution could turn again into gel-phase via visible light irradiation 

(Fig.3.1.20). 

 

 

Fig.3.1.20. Chemical structure of the Azo-G3 gelator and its reversible sol-gel transition triggered by several 
stimuli (from Ref.[42]). 

 

 

3.1.5.2 Templating agents 

Since supramolecular gels exhibit several shapes such as fibers, rods, helices, ribbons or 

tubes, probably the most promising application of supramolecular gels is their use as 

templates for nanostructured inorganic materials, because these inorganic nanostructures 

could resemble the gel network.[43]   

SiO2, TiO2, ZrO2, ZnO and WO3 nanotubes were prepared employing a tripodal-

cholamide-based hydrogel.[44] The metal salts precursors were dissolved in a warmed 

water solution of the gelator, and the mixture was left to rest at room temperature. The 

metal precursors reacted around the just formed gel fibers, creating metal oxide 

nanotubes. The gel template was then removed through calcination. 

Generally, the gelators used as agents directing the structure of inorganic nanomaterial 

are positively charged in order to electrostatically attract the negative charged precursors 

(Fig.3.1.21). 

  



 

Fig.3.1.21. Schematic representation of metal  o ide n
from Ref.[45]). 

 

In addition, metal and metal oxide nanoparti le  an be effe ti el  prepared emplo ing a 

supramolecolar gel scaffold a  Stru tural Dire ting Agent (SDA

Hanabusa et al.  reported the fabri ation of TiO

lysine based organogelator (2) (

lysine gelator (1) they obtained 

solvent used. 

Fig.3.1.22 Chemical structures of L-
with organogel of (1) in 1-buthanol and TiO
ref.[45]). 

Finally, metal helical nanowires ha e been u e full  nthe i ed ta ing ad antage of 

chiral organogelators; as a re ult, right

produced.[47] 

. S hemati  repre entation of metal  oxide nanotubes around positively charged gelator (adapted 

In addition, metal and metal oxide nanoparticles can be effectively prepared emplo ing a 

upramole olar gel affold as Structural Directing Agent (SDA).[18,

.  reported the fabrication of TiO2 nanoparticles using a negati e harged L

l ine ba ed organogelator (2) (Fig.3.1.22).[45] On the contrary, employing an 

(1) the  obtained TiO2 nanotubes of different diameters depending on the 

-lys based organogelators. FE-SEM images of TiO
buthanol and TiO2 nanoparticles template with organogel of (2) in 1

 

metal heli al nanowires have been successfully synthesized ta ing ad antage of 

hiral organogelator ; as a result, right- and left-handed metal nanoheli e  were 
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anotube  around po iti ely charged gelators(adapted 

In addition, metal and metal o ide nanoparti le  an be effe ti ely prepared employing a 
[18,45,46] For example, 

nanoparti le  u ing a negative charged L-

ontrar , employing an uncharged L-

different diameters depending on the 

 
SEM image  of TiO2 nanotubes  template 

nanoparti le  template with organogel of (2) in 1-buthanol (from 

metal heli al nanowire  ha e been u e full  nthe ized taking advantage of 

handed metal nanohelices were 
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However, up to now, to the best of our knowledge, the use of a metallogel as a direct 

metal source for the synthesis of a metal nanostructured oxides has not yet been reported. 

 

 

 

3.1.6 Dedicated reviews on supramolecular gels and metallogels 

 

To emphasize the importance of this research field in material chemistry, the main reviews 

published in the last 15 years concerning the design, the characterization and the 

applications of supramolecular gels and metallogels are summarised in table 3.1.1. 

 

 

TOPIC TITLE YEAR REF. 
Design and 

characterization of 
hydrogels 

Water Gelation by Small Organic Molecules 2003 6 

Applications of 
supramolecular gels 

High-Tech Applications of Self-Assembling 
Supramolecular Nanostructured Gel-Phase 
Materials: From Regenerative Medicine to 

Electronic Devices 

2008 38 

Design, characterization 
and applications of 

metallogels 
Metal- and Anion-Binding Supramolecular Gels 2010 5 

Co-assembling gelators 
Supramolecular gels formed from multi-

component low molecular 
weight species 

2012 48 

Applications of 
supramolecular gels 

Control of molecular gelation by chemical 
stimuli 

2013 49 

Design of metallogelators 
Metal-organic gels: From discrete 

metallogelators to coordination polymers 
2013 31 

Synthesis and properties 
of metallogelators Recent advances in metallogels 2013 50 
Characterization of 

physical gels Characterization of supramolecular gels 2013 7 
Design and application of 

organogelators Functional π- Gelators and Their Applications 2014 51 

Design and applications of 
supramolecular gels 

Multistimuli-Responsive Supramolecular Gels: 
Design Rationale, Recent Advances, and 

Perspectives 
2014 52 

Design of metallogelators 
Metallogels from Coordination Complexes, 
Organometallic, and Coordination Polymers 

2016 53 

 

Table 3.1.1 The main reviews concerning supramolecular gels and metallogels. 
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3.2 Metallo-hydrogels based on Ir(III) complexes 

 

A large proportion of the research work described in this thesis was devoted to the 

synthesis and characterization of some Iridium (III) complexes with the ability to self-

assemble in water. The compounds described herein are Ir(III) octahedral ionic 

complexes, embedded with hydrophilic counterions, and they are able, in defined ranges 

of concentrations, to form supramolecolar metallo-hydrogels. 

This work was inspired from the observation of the gel phases formation from the 

octahedral Ir(III) complexes bearing ppy as cyclometalated ligands, bpy as ancillary 

ligands and carboxylate counterions with different alkyl chains.[54] Since the parent 

complexes [(ppy)2Ir(bpy)]X (X=Cl-, PF6
-)[55] are insoluble in water and also unable to self-

organize into supramolecular structures, clearly the nature of the counteranion plays an 

important role into the self-assembly property of the compound. Indeed, carboxylate 

anions are non-innocent motifs that can strengthen a supramolecular assembly through 

the formation of hydrogen-bonds, as reported for many physical gels.[56-60]  

However, it is worth noting that, despite the Ir (III) complexes described in the previous 

chapter incorporate acetate as counterion, only [(ppy)2Ir(dppz)]CH3CO2 and 

[(ppy)2Ir(dpq)]CH3CO2  are capable of creating supramolecular organizations, displaying 

“gel” phases in water. Therefore, a synergy effect between the counterion and the ligands 

should be involved in the self-assembly properties of this kind of coordination compounds. 

As previously reported, the complexes [(ppy)2Ir(bpy)]X (X = CH3CO2, C2H7CO2, 

C5H11CO2) are able to self-assemble in water and were defined chromonic-like physical 

gels.[54] Szerb et al. observed the formation of viscous luminescent gels at room 

temperature and at low concentrations and the appearance of textures similar to 

chromonic phases studied under polarized optical microscopy. They investigated these 

supramolecular materials through WAXS, SAXS and SANS, supposing the presence of 

polyelectrolytic strands which self-organize into a columnar superstructure through non-

covalent interaction (Fig.3.2.1). However, a precise classification of these Ir(III) complexes 

into a definite class of compounds forming supramolecular organization in water was not 

made unequivocally. 



 

Fig.3.2.1. From the left: chemical stru ture of 
counterions; test-tube experiment of the gel
supposed organization of these Ir (III) omple e  in the gel

During the course of this thesis

complex [(ppy)2Ir(bpy)]CH3CO

analogous [(ppy)2Ir(phen)]CH

ligand.[61] The ability to generate birefringent upramole ular tru ture  wa  

for the latter complex (Fig.3.2.2

increasing the aromaticity of the 

the formation of smaller and more mmetri al

Fig.3.2.2. Chemical structure of [(ppy)

concentration gradient observed under POM

Noteworthy, the replacement of the 

motif [(ppy)2Ir(N^N)]+ by ethylenediamine

From the left: hemical structure of Ir(III) octahedral ionic complexes bearing arbo late  a  
tube e periment of the gel-like phase originated from [(ppy)2Ir(bpy)]

uppo ed organi ation of the e Ir (III) complexes in the gel-like phase.[54]
 

 

During the our e of thi  thesis, Szerb et al. reported the rheological in e tigation of the 

CO2 together with the synthesis and chara teri ation of 

)]CH3CO2 bearing 1,10-phenanthroline (

The abilit  to generate birefringent supramolecular structures wa  

Fig.3.2.2). Moreover, they reported through rheologi al tud ,

the aromati it  of the N^N ancillary ligand, passing from bpy

maller and more symmetrical shape aggregates. 

[(ppy)2Ir(phen)]CH3CO2 and its birefringent texture
under POM.[61]

 

 

the repla ement of the N^N aromatic ancillary ligand bpy

ethylenediamine (en) or 2-picolylamine (pam
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bearing carboxylates as 
Ir(bpy)]CH3CO2 in water; the 

reported the rheological investigation of the 

together with the nthe i  and characterization of the 

phenanthroline (phen) as ancillary 

The abilit  to generate birefringent upramole ular tructures was also proved 

reported through rheological study, that 

bpy to phen, leads to 

 

and it  birefringent textures in water at r.t. in 

bpy from the cationic 

pam) yielded water 
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soluble complexes, [(ppy)2Ir(en)]CH3CO2 and [(ppy)2Ir(pam)]CH3CO2 respectively, that 

are unable to self-assemble into organized superstructures (Fig. 3.2.3).[62]  The loss of the 

self-assembling ability in these complexes, can be explained by the high increase of their 

water-solubility, considering that, as explained in paragraph 3.1.1, in order to achieve 

gelation, there must be a precise balance between solubilization and phase separation. 

 

Fig.3.2.3. Chemical structure of [(ppy)2Ir(en)]CH3CO2 and [(ppy)2Ir(pam)]CH3CO2.
[62]   

 

Within this context, it is therefore not surprising that the Ir(III) complexes 

[(ppy)2Ir(dpq)]CH3CO2 (10) and [(ppy)2Ir(dppz)]CH3CO2 (12), whose synthesis has been 

described in the previous chapter, were found to form supramolecular assemblies in water, 

both presenting a further increase in the aromaticity of the ancillary ligands with respect to 

the analogous complexes bearing bpy and phen. The self-assembling properties in water 

of the compounds 10 and 12 were investigated through several experimental techniques, 

including POM, TEM, PXRD and DSC in order to get a deeper insight on the 

supramolecular architecture of the gel. 

 

3.2.1 Supramolecular phase of [(ppy)2Ir(dpq)]CH3CO2 

The Ir(III) compound [(ppy)2Ir(dpq)]CH3CO2 (10) shows the ability to gelate water in a 

large well-defined range of concentration from 3% to 14% w/w. 

The gel-phases were prepared dissolving the opportune quantity of complexes in warm 

distilled water. The mixtures were then heated and shaken in a closed tube until clear 

solutions were obtained. Subsequently, the solutions were slowly cooled down to room 

temperature. The formation of gel phases was determined through a typical inversion test 



 

tube experiment: tubes of increa ing on entra

was observed (Fig.3.2.4).  

Fig.3.2.4. Chemical structure of compound 
critical gel concentration. 

As reported for the analogou  omple e  

[(ppy)2Ir(phen)]CH3CO2,
[61] the water gel pha e  of ompound 

concentrations were observed under a Polari ing Opti al Mi ro ope.

placed in closed cells in order to a oid e aporation of the ol ent, hen e 

change of the gel concentration

concentrations within the range of 3%

through the 10x objective of an opti al mi ro ope

supramolecular aggregates, in parti ular gel fiber , large enough to be dete ted with an 

optical microscope, have not yet been reported.

morphology of supramolecular a emblie , ele tron mi ro op  i  required.

superstructures observed for the 3

birefringent and appear as a tangle of wire  (Fig.3.2.5_  and.3.2.5_d).

birefringent fibers acquire great mobilit  and tart to flow upon heating

the temperature of ca. 45°C ha  been rea hed. 

disappear and a liquid isotropic 

specimen leads to the reappearan e of the birefringent fiber , whi h elf

structures resembling braided hair

tube e periment: tube  of increasing concentration were turned upside down until no flow 

Chemi al tru ture of compound 10 and the test tube experiments, below (a) and abo e (b) 

 

3.2.1.1 POM analysis 

A  reported for the analogous complexes [(ppy)2Ir(bpy)]CH

the water gel phases of compound 

were ob erved under a Polarizing Optical Microscope.

in order to avoid evaporation of the solvent, hen e 

the gel on entration during observation. Surprisingly, the gel pha e  at 

on entration  within the range of 3%-8% w/w presents elongated fiber , 

je ti e of an optical microscope (Fig.3.2.5_a). Up to now, e ample  of 

upramole ular aggregates, in particular gel fibers, large enough to be dete ted with an 

opti al mi ro ope, ha e not yet been reported. Indeed, generally, in order to anal e the 

morpholog  of upramolecular assemblies, electron microscopy i  required.

uper tru ture  ob er ed for the 3%-8% w/w gel phases of [(ppy)2Ir(dpq)]CH

birefringent and appear as a tangle of wires (Fig.3.2.5_c and.3.2.5_d).

fringent fiber  a quire great mobility and start to flow upon heating

°C has been reached. At this temperature the e aggregate  

i otropic phase is observable. Lastly, a subsequent ooling of the 

pe imen lead  to the reappearance of the birefringent fibers, which elf

tru ture  re embling braided hair (Fig. 3.2.5_f). 

82 

were turned upside down until no flow 

 

e t tube e periment , below (a) and above (b) its 

)]CH3CO2
[54]  and 

the water gel pha e  of ompound 10 at different 

were ob er ed under a Polari ing Opti al Mi ro ope. The samples were 

in order to a oid e aporation of the ol ent, hence to prevent a 

Surpri ingly, the gel phases at 

8% w/w pre ent  elongated fibers, already visible 

). Up to now, examples of 

upramole ular aggregate , in parti ular gel fiber , large enough to be detected with an 

enerall , in order to analyze the 

morpholog  of upramole ular a emblie , ele tron mi ro opy is required. The 

Ir(dpq)]CH3CO2 are 

birefringent and appear a  a tangle of wire  (Fig.3.2.5_  and.3.2.5_d). Furthermore, these 

fringent fiber  a quire great mobilit  and tart to flow upon heating (Fig. 3.2.5_e), until 

At thi  temperature these aggregates 

La tl , a ubsequent cooling of the 

pe imen lead  to the reappearan e of the birefringent fiber , which self-organize in 



 

 

Fig.3.2.5. POM micrographs of the gel pha e  originated b  
microscope objective (MO); (b) 3% w/w, r.t., 50  MO; ( ) 3%w/w, r.t., 20  MO; (d) 6% w/w, r.t., 20  MO; (e) 
4% w/w, 37°C, 20x MO; (f) 4% w/w, 28°C, 20  MO. Image  
polarizators. 

 

of the gel phases originated by [(ppy)2Ir(dpq)]Ac in water
mi ro ope obje ti e (MO); (b) 3% w/w, r.t., 50x MO; (c) 3%w/w, r.t., 20x MO; (d) 6% w/w, r.t., 20  MO; (e) 
4% w/w, 37°C, 20  MO; (f) 4% w/w, 28°C, 20x MO. Images c, d, e and f were acquired between two ro ed 
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water: (a) 3% w/w, r.t., 10x 
mi ro ope obje ti e (MO); (b) 3% w/w, r.t., 50  MO; ( ) 3%w/w, r.t., 20  MO; (d) 6% w/w, r.t., 20x MO; (e) 

were a quired between two crossed 
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Furthermore, the gel phases of [(ppy)2Ir(dpq)]CH3CO2 (10) in the range of concentrations 

between 9% and 14% w/w, exhibit intense and homogeneous birefringent textures under 

POM (Fig.3.2.6_a). The most concentrated gel phase (14% w/w) was selected as example 

and its POM micrographs are reported in Fig.3.2.6. In these most concentrated samples, 

the supramolecular fibers are no longer visible at room temperature. This could be 

explained considering that in these highly viscous specimens the superstructures are too 

close and packed together to be clearly distinguished. However, the presence of these 

supramolecular wires was confirmed by their appearance upon heating (Fig.3.2.6_b). 

Indeed, the birefringent texture of the 14% w/w gel phase disappears at ca. T = 47°C (Ti, 

isotropic transition temperature), indicating the transition from the gel phase to the sol 

state, thus the achievement of the isotropic condition. However, during the texture 

vanishing, the birefringent fibers become well visible and persist in the sample up to the 

temperature of 49°C, after which they fade. Upon cooling, at ca. 40°C the re-assembly of 

the molecules into wires occurs (Fig.3.2.6_c), and, by continuing to reduce the 

temperature, a new birefringent tiger-skin texture emerges at 33°C (Tgel, temperature of 

gelation) (Fig.3.2.6_d), which becomes gradually more defined (Fig.3.2.6_e and 

Fig.3.2.6_f). Furthermore, a second heating-cooling cycle was performed in order to better 

investigate the anisotropic arrangement of molecules in these samples. During this second 

increase of temperature, the same trend experienced during the first cycle was observed, 

thus at ca. 47°C the texture dissolving occurred, followed by the disappearance at ca. 

49°C of the wires. In the course of the second cooling, at first the birefringent fibers appear 

(Fig.3.2.6_g) which gradually enlarge themselves (Fig.3.2.6_h) and which are evident also 

without the crossed polarizers (Fig.3.2.6_i). However, surprisingly, a focal conic fan texture 

started to form in some regions of the sample (Fig.3.2.6_k), becoming well-defined by 

leaving the sample to rest at room temperature (Fig.3.2.6_j and Fig.3.2.6_l). 

Since focal conic fan textures have been reported for several of discotic liquid crystals,[63-

66] a two-dimensional columnar organization of the molecular building blocks in the 

concentrated gel phases of [(ppy)2Ir(dpq)]CH3CO2, can be assumed.  

 

 

 

 



 

Fig.3.2.6. POM micrographs of the 14% w/w gel pha e  originated b  
r.t; (b) first heating, 47°C; (c) first cooling, 40°C; (d) fir t ooling, 33°C (e) 
of (e); (g) second cooling, 40°C; (h) and (i)
respectively; (j) second cooling, 33°C; ( )

 

Moreover, similar to lyotropic liquid r tal

obtained leaving water to evaporate from a gel ample depo ited onto a gla  lide, do not 

retain the starting birefringent te ture under POM. Indeed, an important feature 

liquid crystals is the role played b  the ol ent, whi h

First heating-cooling cycle

Second heating-cooling cycle

POM mi rograph  of the 14% w/w gel phases originated by [(ppy)2Ir(dpq)]

r.t; (b) fir t heating, 47°C; ( ) fir t cooling, 40°C; (d) first cooling, 33°C (e) first cooling, 3
40°C; (h) and (i) second cooling, 40°C, with and without ro ed polari er , 

re pe ti el ; (j) e ond ooling, 33°C; (k) second cooling, 32°C; (l) second cooling, r.t. 

Moreo er, imilar to l otropic liquid crystals (LLCs), the dried gel sample , 

obtained lea ing water to evaporate from a gel sample deposited onto a gla  lide, do not 

retain the tarting birefringent texture under POM. Indeed, an important feature 

liquid r tal  i  the role played by the solvent, which provides fluidity to the tem, filling 
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Ir(dpq)]CH3CO2 in water: (a) 
fir t ooling, 32°C; (f) magnification 

, with and without crossed polarizers, 
e ond ooling, r.t.  

, the dried gel amples, i.e. the xerogel, 

obtained lea ing water to e aporate from a gel ample depo ited onto a glass slide, do not 

retain the tarting birefringent te ture under POM. Indeed, an important feature of lyotropic 

pro ide  fluidity to the system, filling 



86 
 

the space around the compounds. Indeed, a LLC undergoes its phase transitions by 

adding or removing the solvent. Usually, when solvent is removed from a lyomesophase, 

the supramolecular architecture can be totally or partially destroyed, in the latter case with 

just loss of some degree of order, as demonstrated by the signals broadening in the dried-

film XRD spectra.[67] Generally, the orientationally order of lyotropic phases, thus 

birefringence and characteristic diffraction patterns, can be retained in a dried film if the 

sample in the LC state has been aligned before solvent evaporation.[68,69] 

 

 

3.2.1.2 PXRD analysis 

The PXRD pattern of the gel phase (10% w/w) was acquired between 5 and 50° (2θ). 

Unfortunately, due to the limitation of the diffractometer that has been used which does not 

allow to observe the low-angle region of the spectra, the detection of useful reflection 

peaks in the small-angle region was not possible. Anyhow, the presence of interesting 

signals in the medium-angle region of the PXRD pattern allowed to determine the 

supramolecular architecture of the gel-phase. Taking into account the characteristic focal 

conic fan texture observed under POM, that are often indicative of a columnar mesophase, 

this system was successfully indexed using  LCDixRay program,[70] a recently developed 

free software for the indexation of PXRD patterns of columnar liquid crystals. The 

indexation performed suggests a columnar rectangular lattice exhibiting cell parameters of 

ar = 18.46 Å and br = 28.04 Å, with a p2mm space-group. According to the extinction rules 

governing 2D rectangular lattices, the p2mm is the only possible space-group, since the 

indexation revealed the presence of dhk reflection peaks with odd values both for h and k, 

ruling out all other possible symmetries.[70] The PXRD spectra, the indexation and the 

supramolecular model proposed for the gel phase of [(ppy)2Ir(dpq)]CH3CO2 (10% w/w) 

are reported respectively in Fig.3.2.7, Table 3.2.1 and Fig.3.2.8. 



 

Fig. 3.2.7. PXRD pattern of the gel pha e of

 

 

dobs (Å) 

15.42 
14.02 
9.53 
8.84 
8.24 

 

7.17 
6.57 
6.55 
5.65 

 
Table 3.2.1.Indexation of PXRD spe tra of the gel pha e of
were obtained using LCDixRay program.
reflection peaks 

pattern of the gel phase of [(ppy)2Ir(dpq)]CH3CO2 (10% w/w) with relati e inde ation.

dhk dcalcd (Å)[a] 

Cell parameters
 

Colr 
ar = 18.46
br = 28.04

 
 

d11 15.42[b] 
d02 14.02[b] 
d03 9.35 
d21 8.77 
d13 8.34 

d22 7.71[c] 

d04 7.01 
d23 6.57 
d14 6.55 
d32  5.63 
d05 5.61[c] 

of PXRD spectra of the gel phase of[(ppy)2Ir(dpq)](CH3CO

LCDi Ray program.[70]  [b] Data chosen for calculations. [c] 
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with relative indexation. 

Cell parameters 

 
46 Å 
04 Å 

CO2) [a] Calculated data 
ata ho en for al ulations. [c] possible overlapped 



 

Fig. 3.2.8. Proposed model for the Col
[(ppy)2Ir(dpq)]CH3CO2. 

 

The PXRD analysis performed on 

leaving water to evaporate from a gel ample 

diffractometer, corroborates the e perimental e iden e  

Indeed, the PXRD spectra of the erogel deri ed from 

phase (10% w/w) shows the total ab en e of u eful refle tion pea  and the pre en e of

broad halos attributable to a ompletel  

evaporation from the highly organi ed gel pha e lead  to the lo  of the ani otropi  

supramolecular architecture, as 

Fig.3.2.9 PXRD patterns of the xerogel deri ed from the 

Propo ed model for the Colr  structure (p2mm symmetry) of the supramolecular pha e of 

The PXRD anal i  performed on the dried gel samples, i.e. the xerogel, obtained

lea ing water to e aporate from a gel sample cast onto the sample holder of the 

orroborates the experimental evidences seen under

Indeed, the PXRD pe tra of the xerogel derived from the [(ppy)2Ir(dpq)]CH

how  the total absence of useful reflection peaks and the pre en e of

broad halo  attributable to a completely amorphous material (Fig.3.2.

e aporation from the highly organized gel phase leads to the loss of the ani otropi  

upramole ular ar hite ture, as it is often observed in the case of lyotropi  liquid r tal .

xerogel derived from the [(ppy)2Ir(dpq)]CH3CO2 gel pha e (10% w/w).
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upramolecular phase of 

. the xerogel, obtained by 

the sample holder of the 

een under POM observation. 

Ir(dpq)]CH3CO2 gel 

how  the total ab en e of u eful refle tion peaks and the presence of 

Fig.3.2.9). The solvent 

e aporation from the highl  organi ed gel pha e lead  to the loss of the anisotropic 

in the a e of lyotropic liquid crystals. 

 

gel phase (10% w/w). 



 

 

In order to determine more accuratel  the thermore er ibilit  of the ol

supramolecular phases originated b  

measurements were carried 

analysis were performed between 10°C and 60°C, with a an rate of 5°C/min, in hermeti  

aluminium pans. Unfortunately, the DSC ur e

not exhibit any transitions (the DSC ur e of the 4% w/w gel pha e i  reported a  e ample 

in Fig. 3.2.10). This could be e plained on idering

present in these samples with re pe t to the quantit  of water,

transition below the detection limit of the in trument.

Fig.3.2.10 DSC curve of 4% w/w gel sample of 

 

However, the DSC curves of the on entrated 

defined peaks, that can be attributed to the ol

w/w sample is reported in Fig.3.2.

3.2.1.3 Thermal analysis 

In order to determine more accurately the thermoreversibility of the sol

pha e  originated by [(ppy)2Ir(dpq)]CH3CO2 

mea urement  were arried out, both in diluted and concentrated sample .

anal i  were performed between 10°C and 60°C, with a scan rate of 5°C/min, in hermeti  

Unfortunately, the DSC curves of the diluted 3-10% w/w 

(the DSC curve of the 4% w/w gel phase is reported a  e ample 

Thi  ould be explained considering the small quantit  of ompound 

with respect to the quantity of water, which probabl  

e dete tion limit of the instrument.  

 

DSC ur e of 4% w/w gel sample of [(ppy)2Ir(dpq)]CH3CO2. 

Howe er, the DSC ur es of the concentrated 11-14% w/w gel pha e  pre ent well

defined pea , that an be attributed to the sol-gel transition. The DSC ur e of the 14% 

Fig.3.2.11 as example.  
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In order to determine more a uratel  the thermore er ibilit  of the sol-gel transition in the 

 in water, DSC 

out, both in diluted and on entrated samples. The DSC 

anal i  were performed between 10°C and 60°C, with a an rate of 5°C/min, in hermetic 

10% w/w gel phases do 

(the DSC ur e of the 4% w/w gel pha e is reported as example 

the mall quantity of compound 

which probably renders any 

 

gel phases present well-

gel tran ition. The DSC curve of the 14% 



 

Fig.3.2.11 DSC curve of 14% w/w gel ample of 

 

The heating DSC curve of the 14% w/w ample

the gel-sol transition. This peak pre ent  it

with the Ti detected through POM ob er ation. 

exothermic peak, assigned to the ol

once again in accordance with the ob er ation performed

that the two opposite curves pre ent a h tere i  feature, probabl  ari ing from the 

sluggishness of the exothermic tran ition, a  reported for man  gel pha e

liquid-crystalline phases.[71] Furthermore, the integration of the e ign

direct measurement of the phase

The heating-cooling cycles were repeated three time , demon trating the re er ibilit  of 

the transitions and the stability of the 

heating curves and the three on e uti e ooling ur e  are almo t uperpo able, 

presenting quasi-identical value  of the tran ition temperature  and of the orrelated ΔH 

(Table 3.2.2). 

ur e of 14% w/w gel sample of [(ppy)2Ir(dpq)]CH3CO2. 

of the 14% w/w sample shows an endothermic pea , indi ati e of 

This peak presents its maximum at ca. 47°C, in perfe t agreement 

dete ted through POM observation. The cooling DSC ur e how  an 

gned to the sol-gel transition. The peak maximum fall  at 

with the observation performed through POM. It

that the two oppo ite urves present a hysteresis feature, probably ari ing from the 

luggi hne  of the e othermic transition, as reported for many gel pha e

Furthermore, the integration of these sign

of the phase-change enthalpy (ΔH), whose value is 

ooling les were repeated three times, demonstrating the re er ibilit  of 

the tran ition  and the tability of the sample (Fig.3.2.12). Indeed, the three on e uti e 

heating ur e  and the three consecutive cooling curves are almo t uperpo able, 

identi al values of the transition temperatures and of the orrelated ΔH 
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how  an endothermic peak, indicative of 

in perfect agreement 

he ooling DSC curve shows an 

gel tran ition. The pea  maximum falls at ca. 32°C, 

through POM. It is worth noting 

that the two oppo ite ur e  pre ent a h tere i  feature, probably arising from the 

luggi hne  of the e othermi  tran ition, a  reported for man  gel phases[18,19] and for 

Furthermore, the integration of these signals provides the  

, who e alue is ca. 2.3 J/g.  

ooling le  were repeated three time , demon trating the reversibility of 

Indeed, the three consecutive 

heating ur e  and the three on e uti e ooling ur e  are almost superposable, 

identi al alue  of the tran ition temperature  and of the correlated ΔH 



 

Fig.3.2.12 DSC curve of 14% w/w gel ample of 

 

CYCLE Tmax gel-sol 

transition (°C)

1 47.71 

2 47.93 

3 47.85 

 

Table 3.2.2 Parameters of the transition  ob er ed in three on e uti e heating
w/w gel sample of [(ppy)2Ir(dpq)]CH

 

Noteworthy, no additional transition to the i otropi  one  were ob er ed, 

unique supramolecular organization in water.

The [(ppy)2Ir(dpq)]CH3CO2 diluted 

microscopy. The confocal image  of the 5% w/w ample are reported in 

example. Surprisingly, even though

emission in high diluted water olution (5 10

structures are generated in water gel pha e

ur e of 14% w/w gel sample of [(ppy)2Ir(dpq)]CH3CO2, repeated three time .

sol 

(°C) 
ΔH gel-sol 

transition (J/g) 
Tmax sol-gel 

transition (°C) 
ΔH

transition

2.364 31.5 

2.238 32.45 

2.165 32.49 

Parameter  of the transitions observed in three consecutive heating-cooling DSC le  of 14% 
CH3CO2. 

Noteworth , no additional transition to the isotropic ones were observed, 

unique upramole ular organization in water. 

 

 

3.2.1.4 Confocal microscopy 

diluted gel phase was investigated also through onfo al 

mi ro op . The onfo al images of the 5% w/w sample are reported in 

e en though the gelator molecules do not exhibit lumine en e 

emi ion in high diluted water solution (5x10-6 M, Chap.2), luminescent

in water gel phases. This luminescence allowed to ob er
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repeated three times. 

ΔH sol-gel 

transition (J/g) 

2.231 

2.359 

2.257 

cooling DSC cycles of 14% 

Noteworth , no additional tran ition to the i otropi  one  were observed, indicative of a 

wa  in e tigated also through confocal 

mi ro op . The onfo al image  of the 5% w/w ample are reported in Fig.3.2.13 as 

do not exhibit luminescence 

M, Chap.2), luminescent supramolecular 

allowed to observe the 



 

wire-shaped superstructures under a onfo al mi ro ope. When e ited 

gel fibers showed an intense

bundles.  

Fig.3.2.13. Confocal images of the 5% w/w gel pha e  originated b  

This is a clear example of AIPE (Aggregation

which is an extraordinary phenomenon for whom n

induced to emit efficiently through

complexes, able to originate thi  effe t, ha e been reported.

described an Ir(III) compound, reported 

but exhibits high phosphorescen e in the olid tate

was explained considering that in olution, the Ir(III) ha  a non

relaxation channel for the excited tate to de a . In 

generated and the rotation is re tri ted due to the ph i al on traint,

state deactivated radiatively. 

Fig.3.2.14. Chemical structure of an Ir(III) omple  e hibiting AIPE feature.

uper tru tures under a confocal microscope. When excited 

an intense emission and the presence of three

Confo al image  of the 5% w/w gel phases originated by [(ppy)2Ir(dpq)]Ac

Thi  i  a lear e ample of AIPE (Aggregation-Induced Phosphorescn e Enhan ement), 

phenomenon for whom non- or weakly emissi e mole ule  are 

indu ed to emit effi iently through aggregate formation.[72] Up to now, man  Ir(III) 

able to originate this effect, have been reported.[72] For example, 

de ribed an Ir(III) ompound, reported in Fig.3.2.14, which is weakly emi i e in 

high pho phorescence in the solid state, showing AIPE activit .

wa  e plained on idering that in solution, the Ir(III) has a non

rela ation hannel for the excited state to decay. In the solid state, aggregate  are 

the rotation is restricted due to the physical constraint,

N

Ir

N

O

N

R

R =

tru ture of an Ir(III) complex exhibiting AIPE feature.[73] 
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uper tru ture  under a onfo al mi ro ope. When excited at 488 nm, the 

emi ion and the pre en e of three-dimensional fiber 

 

Ir(dpq)]Ac in water. 

Indu ed Pho phorescnce Enhancement), 

or wea l  emissive molecules are 

Up to now, many Ir(III) 

example, Park et al. 

emissive in  solution, 

, howing AIPE activity.[73] This feature 

wa  e plained on idering that in olution, the Ir(III) ha  a non-radiative rotational 

the olid state, aggregates are 

the rotation i  re tri ted due to the ph i al onstraint, thus the excited 

 



 

A deep insight of the fiber-shaped uper tru ture  wa  pro ided b  TEM anal i  of gel 

samples. The 6% w/w gel sample wa  diluted with di tilled water 

to dry at room temperature. The o obtained erogel wa  e amin

micrographs clearly show the pre en e of the upramole ular wire  e en in the erogel 

film (Fig.3.2.15_a). Moreover, e er  ma ro

number of smaller wires which twi t around ea h other, a  di pla e

images (Fig.3.2.15_b). 

Fig.3.2.15. TEM images of the xerogel originated from a 5% w/w gel pha e of 

Although TEM micrographs elucidate the pre en e of fiber

the dried samples, i.e. in the erogel, whi h i  a ommon feature of gel pha e  

(paragraphs 3.1), the observed feature  of the water

displayed by LLCs. Indeed, POM and PXRD anal i

phases derived from [(ppy)2Ir(dpq

nature is very similar to lyome opha e , de pite the 

compound 10 is highly different from

by a polar head and a long lipophili  hain

 

3.2.2 Supramolecular phase of 

The Ir(III) compound [(ppy)2Ir(dpp )]

10, is not capable to generate genuine gel pha e  whi h do not flow in a t pi al te t tube 

experiment. However, its highe t 

corresponds to the 1% w/w solution

could suggest the generation of ome upramole ular a emblie . In order to pro e thi  

3.2.1.5 TEM microscopy 

shaped superstructures was provided by TEM anal i  of gel 

ample . The 6% w/w gel sample was diluted with distilled water (dil. 1/1000)

The so obtained xerogel was examined through TEM. TEM 

mi rograph  learl  how the presence of the supramolecular wires e en in the erogel 

_a). Moreover, every macro-fiber is actually composed b  a 

number of maller wire  which twist around each other, as displayed in magnified TEM 

TEM image  of the erogel originated from a 5% w/w gel phase of [(ppy)2

Although TEM mi rographs elucidate the presence of fiber-shaped super tru ture  al o in 

in the xerogel, which is a common feature of gel pha e  

the observed features of the water-phase is also lo e to the one  

POM and PXRD analysis performed on the upramole ular 

Ir(dpq)]CH3CO2 in water allowed to demon trate that their 

er  imilar to lyomesophases, despite the fact that the chemi al tru ture of 

different from conventional LCCs, that are generall  hara

lipophilic chain. [74,75] 

3.2.2 Supramolecular phase of [(ppy)2Ir(dppz)]CH3CO

Ir(dppz)]CH3CO2 (12) (Fig.3.2.16), differentl

i  not apable to generate genuine gel phases which do not flow in a t pi al te t tube 

e periment. Howe er, its highest reachable concentrated water olution, whi h 

to the 1% w/w solution (solubility limit), displays an elevated i o it , whi

ould ugge t the generation of some supramolecular assemblies. In order to pro e thi  
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haped uper tru ture  wa  pro ided by TEM analysis of gel 

(dil. 1/1000) and was left 

ed through TEM. TEM 

mi rograph  learl  how the pre en e of the upramole ular wires even in the xerogel 

fiber i  a tuall  omposed by a variable 

d in magnified TEM 

 

2Ir(dpq)]CH3CO2. 

haped superstructures also in 

in the erogel, whi h i  a ommon feature of gel phases 

pha e i  also close to the ones 

performed on the supramolecular 

in water allowed to demonstrate that their 

chemical structure of 

generally characterized 

CO2 

, differently from compound 

i  not apable to generate genuine gel pha e  whi h do not flow in a typical test tube 

on entrated water solution, which 

, di pla  an elevated viscosity, which 

ould ugge t the generation of ome upramole ular a emblies. In order to prove this 



 

hypothesis, POM, TEM and PXRD in e tigation  ha e been arried out on the i ou  

solution and on the corresponding erogel, obtained through omplete deh dration of 

first. 

Fig.3.2.16. Chemical structure of [(ppy)

The viscous 1% w/w solution of 

Polarizing Optical Microscope. 

(Fig.3.2.17_a), hence the presen e of an ani otropi  organi ed uper tru ture an be 

assumed. Moreover, differently from the gel pha e  originated b  ompound 

complete dehydration of this i ou  p

temperature for several days, the birefringent te ture wa  pre er ed. Indeed, the POM 

micrograph of the xerogel deri ed from 

(Fig.3.2.17_b),  shows the same olour  and hape  feature  of the te ture di pla ed b  

the starting sample. 

Figure 3.2.17. POM micrographs of the 
xerogel obtained after complete dehydration (b).

POM, TEM and PXRD investigations have been carried out on the i ou  

olution and on the orresponding xerogel, obtained through complete deh dration of 

N

Ir

N

N

N

CH3CO2

N

N

 

[(ppy)2Ir(dppz)]CH3CO2 (12). 

 

3.2.2.1 POM analysis 

olution of [(ppy)2Ir(dppz)]CH3CO2 (12) was ob er ed under a 

Polari ing Opti al Mi ro ope. Also for this phase, an intense birefringen e wa  ob er ed 

, hen e the presence of an anisotropic organized super tru ture an be 

differently from the gel phases originated by compound 

omplete deh dration of this viscous phase, obtained leaving the ample at room 

temperature for e eral days, the birefringent texture was preserved. Indeed, the POM 

mi rograph of the erogel derived from [(ppy)2Ir(dppz)]CH3CO2 

how  the same colours and shapes features of the te ture di pla ed b  

mi rographs of the viscous phase in water of 12 (1 % w/w) (a) and the orre ponding 
dehydration (b). 
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POM, TEM and PXRD in e tigation  ha e been arried out on the viscous 

olution and on the orre ponding erogel, obtained through omplete dehydration of the 

was observed under a 

, an inten e birefringence was observed 

, hen e the pre en e of an ani otropi  organi ed superstructure can be 

differentl  from the gel pha e  originated b  compound 10, after the 

ha e, obtained lea ing the sample at room 

temperature for e eral da , the birefringent te ture wa  pre erved. Indeed, the POM 

 in water (1% w/w) 

how  the ame olour  and hape  feature  of the texture displayed by 

 

(a) and the corresponding 



 

On this basis, with a good appro imation,

xerogel of a quasi-identical supramole ular organi ation to the tarting i ou  pha e of 

complex 12 can be assumed. 

 

The presence of supramole ular a emblie  in the 

[(ppy)2Ir(dppz)]CH3CO2 was 

xerogel phase (Fig. 3.2.18). 

 

Fig.3.2.18. TEM images of the xerogel originated from the dilution of a 1% w/w water olution of 

[(ppy)2Ir(dppz)]CH3CO2. 

 

Similar to the xerogel originated from omple  

dilution of the 1% w/w viscou  water olution of ompound 

aggregates wrapped in fiber bundle .

wider than in the xerogel of [(ppy)

supramolecular aggregates generated b  

ranging from short needle-like aggregate  to genuine long wire .

assemblies upon increasing the aromati it  of the N^N ligand, i  in line with the 

observation of Szerb et al.[

aggregates demonstrates the tenden  of the e ompound to elf

columnar-like structures. 

 

ba i , with a good approximation, as already reported,[76,77]  the

identi al supramolecular organization to the starting i ou  pha e of 

 

3.2.2.2 TEM analysis 

The pre en e of upramolecular assemblies in the 

was  unequivocally revealed by the TEM image  a quired on it  

image  of the erogel originated from the dilution of a 1% w/w water solution of 

Similar to the erogel originated from complex 10, the dried samples deri ed from the 

dilution of the 1% w/w viscous water solution of compound 12, pre ent elongated 

fiber bundles. However, in this case, the fiber-

[(ppy)2Ir(dpq)]CH3CO2. Indeed, as shown in 

upramole ular aggregates generated by [(ppy)2Ir(dppz)]CH3CO2 prese

like aggregates to genuine long wires. The generation of maller 

a emblie  upon in reasing the aromaticity of the N^N ligand, is in line with the 
[61] In any case, the formation of elongated fiber

aggregate  demon trates the tendency of these compound to self
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the persistence in the 

identi al upramole ular organi ation to the tarting viscous phase of 

The pre en e of upramole ular a emblie  in the water phase of 

re ealed b  the TEM images acquired on its 

 

image  of the erogel originated from the dilution of a 1% w/w water solution of 

, the dried amples derived from the 

, present elongated 

-length distribution is 

. Indeed, a  shown in Fig.3.2.18, the 

present different sizes, 

The generation of smaller 

a emblie  upon in rea ing the aromati it  of the N^N ligand, is in line with the 

In an  a e, the formation of elongated fiber-shape 

aggregate  demon trate  the tenden  of the e ompound to self-assemble into 



 

The observation of birefringent te ture  in the 

investigation of the supramolecular ar hite ture of 

viscous water solution and in erogel film , 

analysis. Unfortunately, the PXRD pattern of the qua i

any reflection peaks, but just the liquid ba ground. Indeed, in thi  ample, the amount of 

water is far too high to allow the dete tion of 

assuming that the dried sample pre er e  the upramole ular ar hite ture of the 

corresponding starting phase, the PXRD anal i  wa  arried out on the erogel film.

The PXRD patterns of the crude pol r talline powder of 

through complete dehydration of it  water “gel” pha e (prepared at 

presented in Fig.3.2.19. 

Fig.3.2.19. PXRD patterns of the crude powder
 
 

 

Although if two main peaks are pre ent in both pattern  at 

the PXRD are clearly not superimpo able

the xerogel into the polycrystalline form of the rude produ t. Furthermore, the relati e 

intensities of these two common pea  are different between the pattern , di pla ing a 

quasi-inverse proportion. Consequentl , the diffra tion pattern of the erogel

indexed as a new organized solid form.

3.2.2.3 PXRD analysis 

The ob er ation of birefringent textures in the viscous solution and xerogel film

the upramolecular architecture of [(ppy)2Ir(dppz)]CH

i ou  water olution and in xerogel films, through Powder X-Ray Diffra tion (PXRD) 

Unfortunatel , the PXRD pattern of the quasi-gel 1% w/w phase doe  not e hibit 

an  refle tion pea , but just the liquid background. Indeed, in this sample, the amount of 

high to allow the detection of any useful signals. For thi  rea on,

a uming that the dried sample preserves the supramolecular ar hite ture of the 

orre ponding tarting phase, the PXRD analysis was carried out on the erogel film.

The PXRD pattern  of the crude polycrystalline powder of 12 and of the erogel obtained 

through omplete deh dration of its water “gel” phase (prepared at 

crude powder (in black) and of the xerogel (in red) of omple  

Although if two main pea s are present in both patterns at ca. 2θ = 13.2 ° and 2

the PXRD are learl  not superimposable, ruling out the possibility of re r talli ation of 

the erogel into the pol crystalline form of the crude product. Furthermore, the relati e 

of the e two ommon peaks are different between the pattern , di pla ing a 

onsequently, the diffraction pattern of the erogel

inde ed a  a new organi ed solid form. 
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and xerogel films led to the 

CH3CO2 (12), both in 

Ray Diffraction (PXRD) 

phase does not exhibit 

an  refle tion pea , but ju t the liquid ba ground. Indeed, in this sample, the amount of 

u eful ignals. For this reason, and 

a uming that the dried ample pre er e  the upramole ular architecture of the 

orre ponding tarting pha e, the PXRD anal i  wa  arried out on the xerogel film. 

and of the xerogel obtained 

through omplete deh dration of it  water “gel” pha e (prepared at ca. 1% w/w), are 

 

of complex 12. 

= 13.2 ° and 2θ = 7.7 °, 

ruling out the po ibility of recrystallization of 

the erogel into the pol r talline form of the rude produ t. Furthermore, the relative 

of the e two ommon pea  are different between the patterns, displaying a 

on equentl , the diffra tion pattern of the xerogel can be 



 

The PXRD pattern of the xerogel

medium angle region (2θ = 13.311, 7.753 and 6.750 °) and three maller one  into the 

high angle region (2θ = 5.04, 4

Fig.3.2.20. PXRD patterns of the xerogel 
relative d values. 
 
 

Interestingly, the relative position of the e pea  oupled with the ontinuou  de rea e of 

intensity with the increase of refle tion angle

displayed by a columnar liquid r tal. Correlating thi  ob er ation with the pre en e of 

fibrils within the xerogel, observed through TEM mi ro op ,

the complex to self-organize into olumnar a emblie , an attempt of inde ation of the 

PXRD pattern of the xerogel wa  performed b  u ing LCDi Ra

complete indexation of the PXRD pattern of the erogel wa  u e ful, orre ponding to 

a columnar hexagonal lattice (Col

hexagonally 2D systems, the latti e pea  po ition for the Miller inde  of (

eq.3.2.1 and the positions of all the pea  are proportional to the fir t d

with the ratio reported in table 3.2.

	
���� �

Peak d10 d11 d20 

Ratio 1 	
�� �⁄  

1
2 

Table 3.2.3  Characteristic ratios between the ob er ed pea  of a PXRD pattern of a

The PXRD pattern of the xerogel (Fig.3.2.20) presents 3 intense pea  in the mall

= 13.311, 7.753 and 6.750 °) and three smaller one  into the 

= 5.04, 4.46 and 3.86 °).  

pattern  of the xerogel originated from the water viscous solution of omple  

relati e position of these peaks coupled with the continuou  de rea e of 

inten it  with the in rease of reflection angle, remembers the typi al PXRD profile

b  a olumnar liquid crystal. Correlating this observation with the pre en e of 

ithin the erogel, observed through TEM microsopy, that implies

organize into columnar assemblies, an attempt of inde ation of the 

PXRD pattern of the erogel was performed by using LCDixRay

lete inde ation of the PXRD pattern of the xerogel was successful, orre ponding to 

a olumnar he agonal lattice (Colh) with a cell parameter of ah= 15.46 Å.

, the lattice peak position for the Miller index of (

eq.3.2.1 and the po itions of all the peaks are proportional to the first d

table 3.2.3. 

�  �
�  ���� ��� ��

���
                  eq. 3.2.1 

d21 d30 d22 d31 … 

	
!� �⁄  

1
3 

	
	�� �⁄  	

	�� �⁄  … 
"� �
Chara teri ti  ratios between the observed peaks of a PXRD pattern of a
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3 intense peaks in the small-

= 13.311, 7.753 and 6.750 °) and three smaller ones into the 

 
originated from the water i ou  olution of complex 12, and 

relati e po ition of the e pea  oupled with the continuous decrease of 

remember  the typical PXRD profile 

b  a olumnar liquid r tal. Correlating thi  ob er ation with the presence of 

ies a high tendency of 

organi e into olumnar a emblie , an attempt of indexation of the 

PXRD pattern of the erogel wa  performed b  u ing LCDi Ray.[70] Interestingly, a 

lete inde ation of the PXRD pattern of the erogel wa  u essful, corresponding to 

= 15.46 Å. Indeed, for 

, the latti e pea  po ition for the Miller index of (h,k) is given by 

eq.3.2.1 and the po ition  of all the pea  are proportional to the first d10 observed peak 

dhk … 

1

 �  "� �  ��	 �⁄  … 

Chara teri ti  ratio  between the ob er ed pea  of a PXRD pattern of a Colh 2D system.[27] 



 

The indexation of the PXRD pattern of 

solution of complex 12 is reported in table 

dobs hk 

13.311 d10 
7.753 d11 
6.750 d20 
5.038 d21 
4.462 d30 
3.864 d22 

Table 3.2.4 Indexation of PXRD spectra of
obtained using LCDixRay program. [

 

Noteworthy the value of cell parameter 

comparable to the length value of the 

geometry optimization performed 

model for the Colh structure of the erogel deri ed from ompound 

and it is reported in Fig.3.2.21

Fig. 3.2.21. Proposed model for the Col
orientation of the moleculaes within the 
the figure. In inset the molecular dimen ion  determined on the optimi ed geometr  obtained through DFT 
calculations. 

of the PXRD pattern of the xerogel originated from the water i ou  

i  reported in table 3.2.4. 

dcalcd
[a] dcacd 

after refinement 
System and

parameters
13.311[b] 13.39  

Col
 
ah

 

7.685 7.731 
6.655 6.695 
5.031 5.061 
4.437 4.463 
3.843 3.865 

of PXRD spectra of the xerogel of  [(ppy)2Ir(dppz)]CH3CO2. [a] 
[70]  [b] Data chosen for calculations. 

the alue of ell parameter ah= 15.46 Å, determined through

to the length value of the cation [(ppy)2Ir(dppz)]+ (a = 15.12 Å)

optimi ation performed through DFT calculations (Chapter 2). On thi  ba i , a 

tru ture of the xerogel derived from compound 12

21. 

Propo ed model for the Colh structure of the xerogel of [(ppy)2Ir(dppz)]

orientation of the mole ulae  within the circles are unknown, chosen in this representation onl  for larit  of 
the figure. In in et the mole ular dimensions determined on the optimized geometry obtained through DFT 
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the erogel originated from the water viscous 

System and 
Cell 

parameters 

Colh 

h= 15.46 Å 

[a] Calculated data were 

determined through PXRD analysis, is 

(a = 15.12 Å) determined via 

(Chapter 2). On this basis, a 

12 has been proposed 

 

Ir(dppz)]CH3CO2. Note that the 
ir le  are un nown, ho en in thi  representation only for clarity of 

the figure. In in et the mole ular dimen ion  determined on the optimi ed geometry obtained through DFT 
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In conclusion, the water viscous 1% w/w solution of [(ppy)2Ir(dppz)]CH3CO2 is 

characterized by an ordered bidimensional architecture, pointed out by the birefringent 

textures and the PXRD pattern. However, the presence of this extended aromatic ancillary 

ligand dppz led to a decrease in the water solubility of compound 12 with respect to the 

parent complexes [(ppy)2Ir(bpy)]CH3CO2, [(ppy)2Ir(phen)]CH3CO2 and 

[(ppy)2Ir(dpq)]CH3CO2, and to the inability to generate a genuine gel phase. 

 

3.2.3 Synthesis of novel [(ppy)2Ir(bpy)]X metallo-hydrogelators 

In order to synthesize further Ir(III) complexes able to generate organized self-assembled 

structures, a feature displayed by many compounds,[78-81]  the inclusion of other hydrophilic 

counterions into the archetype cationic Iridium (III) complex  [(ppy)2Ir(bpy)]+ was 

performed, taking into account that the analogous [(ppy)2Ir(bpy)]CH3CO2 creates gel-

phases in water. The compounds [(ppy)2Ir(bpy)]X (X = EtO-, OH-, EtOCH2CO2
-, 

MeOCH2CO2
-) were obtained, and they are effectively Ir(III)-based metallo-hydrogelators, 

able to form luminescent physical gel phases with a well-ordered supramolecular 

architecture.  

Furthermore, the presented materials retain the same organized structure also after 

complete evaporation of the liquid component, thus in the corresponding xerogels.  

 

 

3.2.3.1 Synthesis of [(ppy)2Ir(μ-OH)]2 (II) 

All the complexes of type [(ppy)2Ir(bpy)]X, described in this chapter, were obtained 

starting from a versatile and very reactive precursor, the μ-dihydroxy bridged dimer 

[(ppy)2Ir(μ-OH)]2 (II). This binuclear complex has been already used for the synthesis of 

meridional tris-cyclometalate Ir(III) complexes at low-temperatures, but, in that case, it was 

prepared using a synthetic procedure which involved the transition from an intermediate 

Ir(III) complex coordinated to two molecules of acetonitrile.[82]  

[(ppy)2Ir(μ-OH)]2 was chosen as precursor for a subsequent bridge-splitting reaction with 

the archetype 2,2-bipyridine (bpy) ligand in order to introduce the OH− as counterion in the 

ionic complex [(ppy)2Ir(bpy)]+, similarly to what happens with the split of the chloro-



 

bridged dimer [(ppy)2Ir(μ-Cl)]

cationic Ir(III) complex bearing Cl

The dinuclear intermediate (II)

metathesis reaction of [(ppy)2Ir(

opening of the chloro bridge (Scheme

 

N

Ir

N

N

Ir

N

Cl

Cl

I
Scheme 3.2.1. Synthesis of the pre ur or
EtOCH2CH2OH/THF, r.t., 48 h; (ii) KOH, THF, r.t., 3h.

 

The binuclear complex II was fir t identified b  it  hara teri ti  

of the μ-OH bridge proton at δ

due to strong-fielding effect 

atoms, thus the confirmation of the 

determined through scanning ele tron mi ro op  oupled with energ

spectroscopy (SEM/EDX) performed on

Figure 3.2.22 1 H- NMR spectra of compound 

Cl)]2 with a N^N ligand, which leads to the orre ponding 

ationi  Ir(III) omple  bearing Cl- as counterion. 

II) was obtained in high yield and high purit  through the 

Ir(μ-Cl)]2 (I) under strong basic conditions, whi h allowed the 

Scheme 3.2.1). 

N

Ir

N

i)

ii)

the precursor [(ppy)2Ir(μ-OH)]2(II). Reaction ondition :
KOH, THF, r.t., 3h. 

was first identified by its characteristic 1H-NMR 

δ = -1.62 ppm, indeed this peak is shifted to er  high field, 

 (Fig.3.2.22).[83] Furthermore, the total ab en e of hlorine 

atom , thu  the onfirmation of the completeness of the metathe i  rea tion

anning electron microscopy coupled with energ

pe tro op  (SEM/EDX) performed on the crushed powder of (II). 

compound (II). 
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with a N^N ligand, whi h leads to the corresponding 

wa  obtained in high ield and high purity through the 

under trong ba i  onditions, which allowed the 

N

Ir

N

H
O

O
H

II  

Rea tion conditions: (i) KOH, 

NMR distinctive signal 

1.62 ppm, indeed thi  pea  i  hifted to very high field, 

the total absence of chlorine 

of the metathesis reaction, was 

anning ele tron mi ro op  oupled with energy-dispersive X-ray 
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3.2.3.2 Synthesis of [(ppy)2Ir(bpy)]EtO (13) 

The dimeric precursor (II) was initially used in a bridge-splitting reaction with the archetype 

2,2’-bipyridine (bpy) ligand to synthesize the ionic complex formed by the tris-chelated 

cation [(ppy)2Ir(bpy)]+ and the OH− anion. This reaction was performed in absolute 

ethanol. Unexpectedly, the formation of the complex [(ppy)2Ir(bpy)](EtO) was observed 

instead of the predictable [(ppy)2Ir(bpy)](OH). The ethoxide anion was clearly identified 

through 1H- and 13C-NMR spectroscopies. The incorporation of the ethoxide group (EtO−) 

as counter-anion in the Ir(III) cationic complex can only be attributable to the deprotonation 

of some solvent molecules. The basic behaviour of the hydroxy-bridged dimer (II) was 

already reported by Mann,[82] who found that this precursor promotes the deprotonation of 

the cyclometalating carbon atom in the ligands 2-phenylpyridine (ppy) and 2,2’-

thienylpyridine (thpy), observing the formation of tris-cyclometalated species. Probably, 

the compound (II) acts as source of OH- anions, which in turn exerts a basic action on 

some ethanol molecules.  

 

Scheme 3.2.2. Synthesis of the complex [(ppy)2Ir(bpy)]EtO (13). Reaction conditions: (i) EtOH, reflux, N2, 

72h. 
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3.2.3.3 Synthesis of [(ppy)2Ir(bpy)]OH (14) 

The hydroxide complex [(ppy)2Ir(bpy)]OH (14) was obtained through two different 

reactions (Scheme 3.2.3).  

 

Scheme 3.2.3. Synthesis of the complex [(ppy)2Ir(bpy)]OH (14). Reaction conditions: (i) THF/H2O; (ii) Et2O. 

 

First, (14) was recovered in almost quantitative yield by hydrolysis of the ethoxy anion of 

(13) in water/tetrahydrofuran solution and subsequent re-precipitation in diethyl ether. 

Indeed, the conjugate base of EtOH is strong enough to deprotonate water, generating 

EtOH and OH- ions. The latter replace ethoxide as counterion of the cationic 

[(ppy)2Ir(bpy)]+ motif. 

The complex (14) was also directly synthesized from the hydroxyl-bridged dimer (II) via a 

solid state reaction by liquid-assisted grinding (LAG) in the presence of a small amount of 

water. LAG is a widely used mechanochemical technique based on the grinding of the 

reactants in solid powders in the presence of a very small amount of solvent.[84-86] Liquid-

assisted grinding reactions are generally performed in a ball mill and are often faster and 

more selective than solvent-based reactions. Furthermore, the use of a minimum quantity 

of solvent results in reduced environmental pollution, making this method attractive for 

industrial applications.   

The synthesis of [(ppy)2Ir(bpy)]OH was performed by LAG, precisely in order to avoid the 

use of a solvent other than water. After acquiring powder X-ray diffraction (PXRD) patterns 



 

of the precursors (II) and bpy

between 5° and 40° (2θ) (Fig.3.2.2

 

 

Fig.3.2.23. Comparison between PXRD pattern  of 
after 2h of grinding, the r.m. after 3h of grinding and the final produ t 

 

 

After 4h of grinding, the pure final produ t wa  re o ered from water b  low

The PXRD pattern of the compound (

compared to the PXRD pattern of the ame omple , re o ered ia h drol i  of 

[(ppy)2Ir(bpy)]EtO (13) (Fig.3.2.2

uncontroversial chemical equalit  of the two olid  wa  onfirmed b  

 

 

Fig.3.2.24. PXRD patterns of (14) (in bla  from h drol i  of 

bpy, the progress of the reaction was followed 

3.2.23). 

Compari on between PXRD patterns of bpy, [(ppy)2Ir(μ-OH)]2 (II), the rea tion mi ture (r.m.) 
h of grinding and the final product [(ppy)2Ir(bpy)]OH (14).

he pure final product was recovered from water by low

The PXRD pattern of the compound (14), obtained through solid state rea tion, wa  

ompared to the PXRD pattern of the same complex, recovered ia h drol i  of 

3.2.24). The two patterns are perfectly superpo able

hemi al equality of the two solids was confirmed by 1H

(in black from hydrolysis of (13), in red from solid state nthe i ).
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was followed by PXRD 

 

 

the reaction mixture (r.m.) 
Ir(bpy)]OH (14). 

he pure final produ t wa  re o ered from water by slow dehydration. 

), obtained through olid state reaction, was 

ompared to the PXRD pattern of the ame omple , re o ered via hydrolysis of 

perfectly superposable. The 

H-NMR analysis. 

 

olid state synthesis). 
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Compound 14 was also used as precursor for the synthesis of complexes 17 and 18, 

incorporating CH3CO2 and BrCH2(CH2)4CO2 respectively as counter-anions (paragraph 

3.2.3.5), demonstrating its versatility. 

 

 

3.2.3.4 Synthesis of [(ppy)2Ir(bpy)]EtOCH2CO2 (15) and  

[(ppy)2Ir(bpy)]MeOCH2CO2 (16) 

 

The reaction between compound (II) and the ancillary ligand bpy was performed also in 

deoxygenated 2-ethoxyethanol. Taking into account the strong basic character of the 

precursor hydroxyl-bridged dimer (II), which in ethanol led to the formation of EtO- as 

counterion of the [(ppy)2Ir(bpy)]+ motif (complex 13), in the presence of 2-ethoxyethanol  

as solvent, the generation of the anion EtOCH2CH2O
- was expected. However in this case, 

the hydroxy-bridge splitting reaction of (II) results in the formation of complex 

[(ppy)2Ir(bpy)](CH3CH2OCH2CO2) (15), presenting as counterion the corresponding 

carboxylate anion originating from the in situ oxidation of the solvent (Scheme 3.2.4).  

 

Scheme 3.2.4. Synthesis of the complex [(ppy)2Ir(bpy)]EtOCH2CO2 (15). Reaction conditions: (i) 2-
EtOCH2CH2OH, reflux, N2, 72h. 

 

The presence of this unexpected counterion was identified through several techniques, 

including electrospray ionization mass spectrometry and NMR spectroscopy. The mass 

spectra in positive and negative ion modes show the peaks corresponding to the cation 

(ESI+, direct infusion) m/z = 657 (100% [(ppy)2Ir(bpy)]+) and the anion (ESI−, direct 

infusion) m/z = 103 (100% [EtOCH2CO2]
−), respectively (Fig.3.2.25).  



 

 

Figure 3.2.25. Mass spectra of comple  
 
 
 

The 1H-NMR spectrum of comple  

quartet and a singlet in the aliphati  region

ethoxyacetate counteranion of omple  

methyl protons, the quartet to the meth lene proton  lo e to the meth l group, and the 

singlet is associated to the meth lene

carboxylate chemical function. 

demonstrate that the reaction in 

of carboxylate anions for each Ir(III)

carboxylic carbon atom signal (

the counterion are observable

pe tra of complex (15) in negative (a) and positive modes (b) . 

NMR pe trum of complex 15, recorded in CDCl3 (Fig.3.2.26

in the aliphatic region, which can be attributed onl  to 

etho a etate ounteranion of complex 15. In particular, the triplet is a o iated to the 

meth l proton , the quartet to the methylene protons close to the meth l group, and the 

inglet i  a o iated to the methylene protons between the ether o gen and the 

arbo late hemi al function. The value of these protons integral  allowed to 

he rea tion in 2-ethoxyethanol leads exclusively to an equimolar amount 

of arbo late anion  for each Ir(III) metal center. Furthermore, the pre en e of a 

arbo li  arbon atom ignal (δ = 171 ppm) and of the other aliphatic carbon atom  within 

ob er able in the 13C-NMR spectra of complex (15) 
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6), shows a triplet, a 

, whi h an be attributed only to the 2-

In parti ular, the triplet is associated to the 

meth l proton , the quartet to the meth lene proton  lo e to the methyl group, and the 

proton  between the ether oxygen and the 

The alue of the e proton  integrals allowed to 

to an equimolar amount 

Furthermore, the presence of a 

and of the other aliphatic carbon atoms within 

 (Fig.3.2.27). 
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Figure 3.2.26. 1 H- NMR spectra of complex (15). 
 
 

 
 
Figure 3.2.27. 13C-NMR spectra of complex (15). 
 

 

Moreover, the precursor (II) was refluxed in deoxygenated 2-ethoxyethanol for 72h under 

inert atmosphere in the absence of the ancillary ligand, bpy. In this case, the hydroxyl-

bridged dimer remained unreacted and no solvent oxidation was observed, thus the 

presence of the ligand, involved in the splitting of the hydroxyl bridge, is necessary to 

expose the OH function, which should play an important role in the solvent oxidation. 

The surprising oxidation of 2-ethoxyethanol might be correlated with the peculiar reactivity 

of the μ-dihydroxy bridged dimeric Ir(III) complex II, as found out by Schubert.[83] Indeed, 

he used this reactive compound as precursor for the synthesis of several Ir(III) complexes 

bearing a phenyl-hydroxymethyl-triazole derivatives as ligands. In his work, the 

observation of the oxidation of the alcoholic function of the ligand to carboxylate was 

reported.   
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The hypothesis considered is that the μ-dihydroxy-bridged dimer probably acts as a source 

of OH• radicals. Oxidation of glycol ethers by OH• radicals has been reported by many 

groups.[87-90] In particular, Stemmler et al.[87,88] used an apparatus, filled with air containing 

NO, in which hydroxyl radicals were generated from the photolysis of methyl nitrite. 

However, in this case, the oxidation of 2-ethoxyethanol led to the formation of ethyl 

formate and ethoxyacetaldehyde as main products, thus the reaction stopped before the 

generation of the corresponding carboxylic acid. 

Consequently, in our case, the oxidation of the alcohol up to the carboxylate anion is still 

puzzling and the in situ “formation” of radicals may not be sufficient to elucidate this 

complete oxidation, suggesting a more complicated oxidation pathway. 

The reaction between [(ppy)2Ir(μ-OH)]2 (II) and the ancillary ligand bpy was carried out 

also in another glycol-ether, 2-methoxyethanol, following the same experimental conditions 

of (15). Once again, the in situ oxidation of the solvent was obtained and the complex 

[(ppy)2Ir(bpy)](CH3OCH2CO2) (16) was formed. Therefore, it can be concluded that the 

oxidizing activity of the hydroxyl-bridged dimer (II) is exerted only on glycol ether, thus the 

ether oxygen present in these compounds should play some role in this synthetic pathway. 

 

 

 

 

 

 

3.2.3.5 Synthesis of [(ppy)2Ir(bpy)]CH3CO2 (17) and  

[(ppy)2Ir(bpy)]BrCH2(CH2)4CO2 (18) 

The complex [(ppy)2Ir(bpy)](OH) (14) was used as precursor for the synthesis of 

analogous compounds bearing a carboxylate as counterion, [(ppy)2Ir(bpy)]CH3CO2 (17) 

and [(ppy)2Ir(bpy)]BrCH2(CH2)4CO2 (18) (Scheme 3.2.5). The synthesis of complexes 17 

and 18 were performed by dissolution of the precursor 14 in CH2Cl2 and subsequent 

addition of acetic acid (CH3COOH) for 17 and 6-Bromohexanoic acid (BrCH2(CH2)4COOH) 

for 18. The correspondent carboxylates, CH3COO- for 17 and BrCH2(CH2)4COO- for 18, 

were formed in a very short time (ca. 30 min), through reaction with the OH- ion of the 

precursor 14.  
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Scheme 3.2.5. Synthesis of the complexes [(ppy)2Ir(bpy)]CH3CO2 (17) and [(ppy)2Ir(bpy)]BrCH2(CH2)4CO2 
(18). Reaction conditions: (i) CH3COOH, CH2Cl2, 30 min., r.t.; (ii) BrCH2(CH2)4COOH , CH2Cl2, 30 min., r.t. 

 

 

 

Noteworthy, the synthesis of compound 17, has already been reported, although 

employing the anion exchange method with silver acetate.[54]  

This method demonstrates the versatility of complex [(ppy)2Ir(bpy)](OH) (14) as precursor 

for the synthesis of further water-soluble Ir(III) cationic complexes, incorporating potentially 

any carboxylate anion. Noteworthy, this synthetic approach avoids the use of ad-hoc 

prepared silver salts. 

 

 

 

3.2.4 Gel-phases derived from [(ppy)2Ir(bpy)]X complexes 

3.2.4.1 Gel preparation 

All the newly synthetized Ir(III) complexes [(ppy)2Ir(bpy)]X (X = EtO-, OH-, EtOCH2CO2
-, 

MeOCH2CO2
-) are highly soluble in water up to concentrations of ca. 6% w/w. As already 

reported for the analogous [(ppy)2Ir(bpy)](CH3CO2) complex,[54] a gel-phase formation is 

observable in a well-defined range of concentration.   
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The gel-phases were prepared by using the same method reported for compound 10 

(paragraph 3.2.1), thus dissolving the opportune quantity of complexes in warm distilled 

water and cooling down to room temperature the resulting solutions The formation of gel 

phases was determined through the typical inversion test tube experiment. 

This method allowed also to estimate the critical gel concentration, meaning the minimal 

gelator concentration required to generate a gel-phase, for all the complexes (13, 14, 15, 

16). Moreover, the maximum gel concentrations were determined by examining the gel 

samples of increasing concentrations under a microscope. The appearance of insoluble 

particles fixed the solubility limit of the compound, and consequently the maximum gel 

concentration. For these four complexes (13, 14, 15, 16) derived from [(ppy)2Ir(μ-OH)]2 

(II), the range of concentrations in which the generation of gel-phases occurs is reported in 

table 3.2.5. 

 

Complex Critical gel concentration 
(w/w , mol.L-1) 

Solubility limit 
(w/w , mol.L-1) 

13 2.3 %, 3.35 x 10-2  5.0 %, 7.30 x 10-2 
14 2.2 %, 3.35 x 10-2 4.5%, 6.84 x 10-2 
15 2.8 %, 3.79 x 10-2  6.0%, 8.12 x 10-2 
16 2.4 %, 3.30 x 10-2  5.2 %, 7.14 x 10-2 

 

Table 3.2.5. Critical gel concentrations and solubility limit of complexes 13-16 in water. 
 
 
The four metallo-hydrogels, originated from the four corresponding Ir(III) metallogelators 

(13, 14, 15 and 16), exhibit quasi-identical features in terms of supramolecular structures, 

POM textures, sol-gel transition temperatures, etc. This observation is in line with the 

quasi-identical chemical structures of the four compounds, which present the same 

cationic motif and slightly different counterions (EtO-, OH-, EtOCH2CO2
-, MeOCH2CO2

-). 

For this reason, in this chapter, the full characterization of only one complex is reported. In 

particular, since the most concentrated gel phase is achievable with complex 15, this 

compound was chosen as archetype of this class of Ir(III) metallogelators. 

 

3.2.4.2 Sol-gel transition 

The transition between the gel phase and the sol state is observable from a macroscopic 

point of view through the test-tube experiment. However, in order to extract more detailed 



 

information on the temperature alue  at whi h thi  tran ition o ur , h drogel pha e  of 

complex 15 at different concentration  (3%, 4%, 5% and 6% w/w) were prepared and 

examined under a polarizing mi ro ope equipped wit

are characterized by an inten e birefringen e, whi h di appear in the 

Heating/cooling cycles were carried out on the gel pha e

to avoid dehydration, and therefore to a oid a

isotropic condition (no birefringen e ob er ed) depend  on the

molecule. In particular, the mo t diluted gel 

temperature at ca.44 °C. This 

ca. 55 °C for the most concentrated gel

explained  with the instauration of an in rea

increasing concentration of the

higher thermal stability of the supramole ular

Fig. 3.2.28. Variation of the isotropic temperature with in rea e of the gelator
(15) concentration. 

3.2.4.3 Polarizing optical microscope (POM) analysis

The gel-phases, derived from the omple e  

cells and observed under a polari ing opti al mi ro ope (POM).  

four Ir (III) compounds displayed an inten e and 

is indicative of the presence of ordered ani otropi  

information on the temperature values at which this transition occurs, h drogel pha e  of 

at different oncentrations (3%, 4%, 5% and 6% w/w) were prepared and 

ing microscope equipped with a heating stage. 

are hara teri ed b  an intense birefringence, which disappear in the 

e carried out on the gel phases placed under ealed o er lip  

, and therefore to avoid a concentration change. 

ondition (no birefringence observed) depends on the concentration of the gelator 

most diluted gel (3 % w/w) displays an 

44 °C. This value increases quasi-linearly with concentration

. 55 °C for the mo t oncentrated gel (6 % w/w) (Fig.3.2.28). This beha iour 

with the in tauration of an increasing number of secondary

on entration of the gel phases; these interactions are re pon ible for the 

supramolecular structure. 

Variation of the i otropic temperature with increase of the gelator [(ppy)2

 

 

Polarizing optical microscope (POM) analysis

pha e , deri ed from the complexes 13, 14, 15 and 16, were 

and ob er ed under a polarizing optical microscope (POM).  The gel tate of all the e 

four Ir (III) ompound  di played an intense and homogeneous birefringen

i  indi ati e of the pre ence of ordered anisotropic supramolecular stru ture .
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information on the temperature alue  at whi h thi  tran ition o urs, hydrogel phases of 

at different on entration  (3%, 4%, 5% and 6% w/w) were prepared and 

h a heating stage. The gel phases 

are hara teri ed b  an inten e birefringen e, whi h di appear in the isotropic state. 

under sealed coverslips 

The transition to the 

oncentration of the gelator 

di pla s an isotropic transition 

concentration, to reach 

. This behaviour can be 

number of e ondary interactions upon 

intera tion  are responsible for the 

 

2Ir(bpy)]EtOCH2CO2 

Polari ing optical microscope (POM) analysis 

, were placed in closed 

The gel state of all these 

homogeneou  birefringent texture, which 

structures. Similarly to 



 

liquid crystalline phases, these gel pha e  

and in textures, upon heating and ooling le , indi ating a hange in their 

supramolecular arrangements

4 % w/w in water, deposited in a lo ed 

temperature, the gel phase exhibit  a pri tine te ture, ompo ed of aligned tring

structures (Fig.2.2.29_a). This ob er ation ould ugge t the pre en e of ani otropi  

fibrous aggregates within the gel 

40°C, indicating an architectural hange indu ed b  the ri e in temperature (Fig.

When temperature reaches 49°C, the tran ition to the i otropi  olution

no birefringence was observed.

similar to those of nematic liquid r tal

room temperature, the sample di pla  in ome region  a 

resembles the M-phase of chromoni  liquid r tal

 

Figure 3.2.29. POM micrographs of the gel pha e
water: a) r.t.; b) upon heating at ca. 40°C; ) upon ooling at
 

 

 

hese gel phases can exhibit changes in the 

heating and cooling cycles, indicating a hange in their 

upramole ular arrangements. The typical POM textures of the gel phase  

deposited in a closed cell, are illustrated in Fig.

temperature, the gel pha e exhibits a pristine texture, composed of aligned tring

This observation could suggest the presen e of ani otropi  

fibrou  aggregate  within the gel matrix. These structures disappear upon heating at 

40°C, indi ating an ar hitectural change induced by the rise in temperature (Fig.

When temperature rea hes 49°C, the transition to the isotropic solution

ob erved. Upon cooling the sol below Tgel, first a thread

imilar to tho e of nematic liquid crystals, appears (Fig.3.2.29_c), and

room temperature, the ample displays in some regions a herringbone te ture,

pha e of chromonic liquid crystals (Fig.3.2.29_d).[91,92

POM mi rographs of the gel phases textures of 15 at a concentration value of 4 % w/w in 
. 40°C; c) upon cooling at ca. 35°C; d) after return to r.t.
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hange  in the birefringence colour 

heating and ooling le , indi ating a change in their 

the gel phases of complex 15, 

in Fig.3.2.29. At room 

temperature, the gel pha e e hibit  a pri tine te ture, ompo ed of aligned string-shaped 

Thi  ob er ation ould ugge t the presence of anisotropic 

tru ture  di appear upon heating at ca. 

40°C, indi ating an ar hite tural hange indu ed b  the ri e in temperature (Fig.3.2.29_b). 

When temperature rea he  49°C, the tran ition to the i otropi  olution (sol) occurs and 

, first a thread-like texture, 

and, after the return to 

herringbone texture, which 
91,92] 

 
at a on entration value of 4 % w/w in 

after return to r.t. 
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Although birefringence was reported for some gel phases,[15-17] the appearance of these 

intense birefringent textures may create confusion in the attribution of these materials to 

either the classes of supramolecular gels and/or lyotropic liquid crystals (LLCs). However, 

the synthetized Ir(III) complexes have a chemical structure very different from the 

conventional lyotropic mesophases, which usually consist of a flexible lipophilic chain and 

a polar head.[74,75]  Moreover, LLCs are able to build up aggregates, generally in the shape 

of micelles, in a defined range of concentrations and in presence of a solvent. The critical 

micelle concentration and the Kraff-point are characteristic parameters for these 

materials[93] and are not displayed by the compounds 13, 14, 15 and 16, in a similar way to 

a particular class of lyotropic liquid crystals, named chromonic LCs. The chromonic 

systems are formed by soluble aromatic compounds, usually in water, and present two 

distinct mesophases: a low concentrated N phase and a high concentrated M phase.[91,92] 

The uncontroversial identification of a chromonic system is based on the observation of a 

distinctive phase diagram and of a unique X-ray diffraction pattern. The latter exhibits, for 

both N and M mesophases, a high angle axial reflection (3.4 Å), corresponding to the π-π 

stacking between aromatic rings, and a low-angle equatorial reflection, which appears 

diffuse in a N phase and splits in two separated signals in a M phase. However, the 

concentrated samples originated from the Ir (III) complexes 13, 14, 15 and 16 do not 

present two different phases, thus carry out a phase diagram for these systems is 

impossible. Furthermore, their XRD patterns differ from those of chromonic LCs, as 

described in the next paragraph.  

Moreover, as described in paragraph 3.2.1.1, in a lyotropic liquid crystal when the solvent 

is removed from the lyomesophase, the supramolecular architecture can be totally or 

partially destroyed, thus birefringence and characteristic diffraction patterns can be lost 

after solvent evaporation.[68,69] 

A different trend was observed for the supramolecular phases generated from the self-

assembly of the Ir(III) compound 13, 14, 15 and 16. The defined texture displayed by the 

sample in the gel phase is retained also after its complete dehydration, without the need 

for pre-treatments of the specimen. The POM micrograph of a 5% w/w gel of complex 15 

is illustrated in Figure 3.2.30_a, whereas the POM image of the corresponding xerogel, 

obtained leaving the gel sample several hours on a warm hot-stage (30°C), in order to 

undergo complete dehydration, is reported in Figure 3.2.30_b. The sample, before and 

after removal of the solvent, displays identical features in texture with exception of well 

defined cracks due to partial shrinkage that occurred during drying of the gel phase. 



 

Figure 3.2.30. POM micrographs of the gel pha e in water
the corresponding xerogel obtained after omplete

 

 

For all the above mentioned rea on , and on idering the low 

which a supramolecular phase i  obtainable for the e tem , the ompound  

and 16 can be labelled as hydro

 

 

3.2.4.4 Transmission 

As described in paragraph 3.1.1,

solvent and range of concentration, are able to elf

interaction, generating a 3D networ  of entangled fiber .

In order to verify the presence of the e aggregate , the gel pha e  formed b  ompound  

13, 14, 15 and 16, were examined under a tran mi ion ele tron mi ro ope (TEM).

samples were prepared depositing high diluted droplet  of the e gel pha e  on a opper 

grid and letting them dry for se eral da . 

the presence of the fibrous matri  t pi al

diameter. Although the deposition wa  effe tuated at on entration well

the slow evaporation of the sol ent indu e  ri e in the on entration of the omple  

molecules, which exhibit their 

structures. Noteworthy, the TEM image ta en at the edge of the re idual droplet  (Figure 

3.2.31_b) reveals an efficient ta ing of the fiber  in the preferential dire tion of the 

droplet borders giving rise to a highl  ordered te ture

 

POM mi rographs of the gel phase in water of 15 at a concentration value
orre ponding erogel obtained after complete dehydration on the warm hotplate (b).

For all the abo e mentioned reasons, and considering the low maximum on entration at 

whi h a upramole ular phase is obtainable for these systems, the compound  

an be labelled a  hydro-metallogelators. 

Transmission Electron Microscopy (TEM) analysis

paragraph 3.1.1, the supramolecular gelator molecule

ol ent and range of oncentration, are able to self-assemble through non

intera tion, generating a 3D network of entangled fibers. 

In order to erif  the pre ence of these aggregates, the gel phases formed b  ompound  

, were examined under a transmission electron miscro ope (TEM).

ample  were prepared depositing high diluted droplets of these gel pha e  on a opper 

dr  for several days. Indeed, the TEM images (Fig.

the pre en e of the fibrous matrix typical of gel phases, with filaments of

Although the deposition was effectuated at concentration well

the low e aporation of the solvent induces rise in the concentration of the omple  

mole ule , whi h e hibit their high tendency to self-assemble into ordered fibrou  

Noteworth , the TEM image taken at the edge of the residual droplet  (Figure 

re eal  an efficient stacking of the fibers in the preferential dire tion of the 

droplet border  gi ing ri e to a highly ordered texture. 
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at a on entration value of 5 % w/w (a) and 

deh dration on the warm hotplate (b). 

maximum concentration at 

whi h a upramole ular pha e i  obtainable for the e tem , the compounds 13, 14, 15 

analysis 

gelator molecules, in a defined 

through non-covalent 

In order to erif  the pre en e of the e aggregate , the gel pha es formed by compounds 

, were e amined under a tran mi ion ele tron miscroscope (TEM). The 

ample  were prepared depo iting high diluted droplet  of the e gel phases on a copper 

images (Fig.3.2.31) revealed 

of gel pha e , with filaments of ca. 20-30 nm of 

Although the depo ition wa  effe tuated at on entration well-below gelification, 

the low e aporation of the ol ent indu e  ri e in the on entration of the complex 

into ordered fibrous 

Noteworth , the TEM image ta en at the edge of the residual droplets (Figure 

re eal  an effi ient ta ing of the fiber  in the preferential direction of the 



 

Figure 3.2.31.  TEM micrograph  of a dried droplet of water olution of omple  
[(ppy)2Ir(bpy)](CH3CH2OCH2CO2) taken in the middle (a) and on the edge (b) of the re idual droplet
insert (c) showing magnification of the region in whi h fiber  

 

 

 

3.2.4.5 Powder X

The observation of birefringent te ture  in the gel pha e and erogel film , originated from 

the metallogelators [(ppy)2Ir(bpy)]X

some insight into the presence of ordered ani otropi  tru ture . For thi  rea on, the 

supramolecular architecture of the e material  wa  in e tigated through Powder X

Diffraction (PXRD) analysis. 

First, PXRD pattern were a quired for the gel pha e  of omple  

[(ppy)2Ir(bpy)]EtOCH2CO2 (15)

(Fig.3.2.32). 

 

 
Figure 3.2.32. PXRD patterns of gel pha e
 

TEM micrographs of a dried droplet of water solution of omple  
taken in the middle (a) and on the edge (b) of the re idual droplet

in ert ( ) howing magnifi ation of the region in which fibers self-align. 

Powder X-Ray Diffraction (PXRD) analysis

The ob er ation of birefringent textures in the gel phase and xerogel film , originated from 

Ir(bpy)]X (X = EtO-, OH-, EtOCH2CO2
-, MeOCH

into the presence of ordered anisotropic structures. For thi  rea on, the 

upramole ular ar hite ture of these materials was investigated through Powder X

Fir t, PXRD pattern were acquired for the gel phase  of omple  

(15) at different concentrations (3%, 4%, 5% and 6% w/w) 

of gel phases of compound 15 (3%, 4%, 5%, 6% w/w from bottom to top)
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TEM mi rograph  of a dried droplet of water solution of complex 

ta en in the middle (a) and on the edge (b) of the residual droplet, with 

Ray Diffraction (PXRD) analysis 

The ob er ation of birefringent te ture  in the gel pha e and erogel films, originated from 

, MeOCH2CO2
-), offers 

into the pre en e of ordered ani otropi  tru tures. For this reason, the 

upramole ular ar hite ture of the e material  wa  in e tigated through Powder X-Ray 

Fir t, PXRD pattern were a quired for the gel phases of complex 

at different on entration  (3%, 4%, 5% and 6% w/w) 

 

(3%, 4%, 5%, 6% w/w from bottom to top). 



 

As expected, the medium and wide angle region  of all the four pe tra are hara teri ed 

by broad halos, due to a strong interferen e of water. Indeed, it hould be pointed out that 

gels are binary systems, in whi h the ol ent i  the omponent pre ent in 

proportions (> 94%). Moreover, 

the liquid part completely preclude  the i uali ation of u eful refle tion pea  al o in the 

small-medium region of the spe trum, de pite birefringen e i  

low concentrations. The PXRD pattern of the ample at 5% w/w e hibit  ome emerging 

reflections in the small-medium region. The e pea  be ome well

concentrated gel phase (6% w/w) and 

10.85 Å and 7.70 Å. In order to e lude 

PXRD spectrum of the polycrystalline powder of omple  

to the profile of the 6% w/w gel ample

of overlap between the signal  belong

demonstrate that the reflection pea  

molecular arrangement. 

 

 

Fig.3.2.33. Comparison between PXRD pe tra of pol r talline powder
compound 15 (black). 

 

 

 

 

A  e pe ted, the medium and wide angle regions of all the four spectra are hara teri ed 

a strong interference of water. Indeed, it should be pointed out that 

gel  are binar  tem , in which the solvent is the component pre ent in 

Moreover, in the PXRD profiles of the gel phases at 3% and 4% w/w, 

the liquid part ompletel  precludes the visualization of useful reflection pea  al o in the 

medium region of the spectrum, despite birefringence is noticeable

The PXRD pattern of the sample at 5% w/w exhibit  ome emerging 

medium region. These peaks become well-defined in the mo t 

on entrated gel pha e (6% w/w) and correspond to the interplanar sp

In order to exclude the presence of solid particles

of the polycrystalline powder of complex 15 was acquired

the profile of the 6% w/w gel sample (Fig.3.2.33). The comparison re eal  the ab en e 

of o erlap between the signals belonging to the two different spectra and allow  to 

demon trate that the reflection peaks emerged in the 6% w/w gel pattern re ult from a new 

Compari on between PXRD spectra of polycrystalline powder (red) and 6% w/w gel ample of 
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A  e pe ted, the medium and wide angle region  of all the four pectra are characterized 

a trong interferen e of water. Indeed, it hould be pointed out that 

gel  are binar  tem , in whi h the ol ent i  the omponent present in higher 

PXRD profile  of the gel phases at 3% and 4% w/w, 

the liquid part ompletel  pre lude  the i uali ation of u eful reflection peaks also in the 

eable even at these 

The PXRD pattern of the ample at 5% w/w exhibits some emerging 

defined in the most 

orre pond to the interplanar spacing distances of 

the pre en e of olid particles of the gelator, the 

wa  acquired and compared 

The omparison reveals the absence 

to the two different spectra and allows to 

emerged in the 6% w/w gel pattern result from a new 

 
and 6% w/w gel sample of 
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Taking into account the TEM analysis performed in these samples, showing the high 

tendency of the complex to self-assemble into elongated fibers, which, in turn, can reflect a 

columnar aggregation of gelator molecules, the two observed reflections are in agreement 

with a simple columnar tetragonal 2-D system (Colt). For a tetragonal 2D system, the 

interplanar distances dhk are given by: 

	
���� �  �����

�#�
             eq. 3.2.2 

 

The first reflection peak (d = 10.85 Å) can be correlated to the d10 interplanar distance, 

while the second reflection (d = 7.70 Å) can be associated with the d11 distance. Indeed, 

due to the high symmetry of the p4mm space group, for a Colt system the d11 value is 

correlated to the d10 value through the relation d11 = d10/√2, which is perfectly fitting in this 

case (Table 3.2.6).  

 

dobs (Å) dhk (system) dcalcd (Å)[a] Cell 
parameters 
Colt 
at = 10.85 Å 

10.85 d10(Colt) 10.85 [b] 
7.70 d11 (Colt) 7.68 

 

Table 3.2.6. Indexation of PXRD spectra of [(ppy)2Ir(bpy)](CH3CH2OCH2CO2) in  6% w/w gel phase. [a] 
Calculated data were obtained using LCDixRay program. [70]  [b] Data chosen for calculations. 
 

 

The strong predisposition of compound 15, and of the other related complexes, to self-

assemble through non-covalent interaction generating soft materials, precluded the 

formation of single crystals, suitable for X-ray crystallography technique. Nevertheless, 

crystallographic data of the parent complexes [(ppy)2Ir(bpy)](Cl),[94] 

[(ppy)2Ir(bpy)](PF6)
[95] and [(ppy)2Ir(bpy)][B(C6F5)4],

[96] incorporating the same cationic 

part of 15, have been reported. Within the crystal structures of all the above mentioned 

compounds can be recognized tetrameric motifs in which the distances separating two 

Iridium atoms fall within the range 7,919 Å<dIr…Ir< 13,333 Å. These experimental data 

support the hypothesis of the presence of tetragonal columnar structures within the gel 

phase of [(ppy)2Ir(bpy)](CH3CH2OCH2CO2) (15). Furthermore, the lattice parameter 

at=10.85 Å of the Colt phase is comparable in value to the distances Ir-Ir observed in the 

complexes [(ppy)2Ir(bpy)](Cl), [(ppy)2Ir(bpy)](PF6) and [(ppy)2Ir(bpy)][B(C6F5)4] 

(Fig.3.2.34). 



 

 

Figure 3.2.34. Tetrameric motif  in the r tal tru ture  of a):
[(ppy)2Ir(bpy)](PF6)

[95] and c)[(ppy)
[(ppy)2Ir(bpy)](CH3CH2OCH2CO2) in gel pha e.

 

 

It is commonly assumed that the erogel pha e retain

organization than the relative gel

corroborated by the similaritie  of

(Fig.3.2.30). For this reason 

analysis allows a deeper insight of the upramole ular tru ture of

the strong solvent interference from the PXRD pe tra.

For all gel concentration solution  (3% to 6% w/w), the PXRD pattern

xerogels are all identical. The PXRD pattern of the

phase is reported in Figure 3.2.3

powder of complex 15, in order to rule out a partial r talli ation of the gelator

could occur during solvent evaporation

Tetrameri  motifs in the crystal structures of a):[(ppy)

[(ppy)2Ir(bpy)][B(C6F5)4].
[96] d) Hypothesized Col

in gel phase. 

ommonl  a umed that the xerogel phase retains quasi-identical upramole ular 

organi ation than the relative gel phase.[76] This hypothesis in the pre ent a e i  al o

the imilarities of textures observed under POM of the two pha e

 the PXRD study of the xerogels were arried out.

a deeper insight of the supramolecular structure of the gel

the trong ol ent interference from the PXRD spectra. 

all gel on entration solutions (3% to 6% w/w), the PXRD pattern

The PXRD pattern of the xerogel generated from the 6% w/w gel 

3.2.35 together with the PXRD spectrum of the pol r talline 

, in order to rule out a partial crystallization of the gelator

ould o ur during ol ent evaporation. Figure 3.2.35 shows the ab en e of o erlap 
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[(ppy)2Ir(bpy)](Cl)[94], b) 
H pothesized Colt lattice for 

identical supramolecular 

the present case is also 

under POM of the two phases 

of the erogel  were carried out. This 

the gel, by removing 

all gel on entration olution  (3% to 6% w/w), the PXRD patterns of the obtained 

from the 6% w/w gel 

he PXRD pe trum of the polycrystalline 

, in order to rule out a partial r talli ation of the gelator which 

the absence of overlap 



 

between the signals belonging to the two 

PXRD pattern results from a new mole ular arrangement.

between PXRD spectra of xerogel and 6%w/w gel pha e of omple  

 

Figure 3.2.35  PXRD patterns of the xerogel (in red) and of the pol r talline powder (in bla )

 

 

Figure 3.2.36  PXRD patterns of the xerogel (in
15. 

between the ignal  belonging to the two different spectra, indicating that the erogel 

from a new molecular arrangement. In Fig.

between PXRD pe tra of xerogel and 6%w/w gel phase of complex 15

of the xerogel (in red) and of the polycrystalline powder (in bla )

PXRD pattern  of the xerogel (in black) and of the 6% w/w gel phase (in red) of ompound 
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, indicating that the xerogel 

n Fig.3.2.36 a match-up 

15 is provided. 

 
of the erogel (in red) and of the pol r talline powder (in black). 

 
6% w/w gel phase (in red) of compound 
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The two reflection peaks found in the PXRD pattern of the most concentrated gel phase 

(6% w/w), corresponding to the d10 and d11 interplanar distances of a Colt system, can be 

retrieved in the PXRD spectrum of the xerogel at d = 10.75 Å and d = 7.56 Å respectively. 

These values are slightly lower than those measured in the pattern of the gel phase (10.85 

Å and 7.70 Å) probably for a shrinkage effect of the columnar lattice occurring during 

evaporation of the solvent. The same effect is responsible for the appearance of well 

defined cracks into the xerogel films observed under POM (Fig.3.2.30). The 

disappearance of the water-induced broadening background allows the detection of 

another reflection peak (indicated with the red * in Fig.3.2.36), that can be assigned to the 

Colt system, which falls at d = 5.37 Å and corresponds to the d20 interplanar distance. 

However, many other signals (indicated with black * in Fig.3.2.36) are evident in the 

xerogel PXRD pattern and cannot be relative to the Colt lattice.  

A similar case was reported by Resta et al.[76] who described the XRD analysis of a 

xerogel derived from a triphenilene-derivative gel in methanol. They indexed the XRD 

pattern as a simple hexagonal 2D system with an intercolumnar distance of 49 Å. Since 

this value shall be presumed to be too high for a simple stacking of triphenilene units and 

since the intensities of the reflections corresponding to d11 and d21 of the Colh system were 

too elevated, they suggested that each column with hexagonal symmetry is built up by four 

columns of individual triphenilene motifs self-organized in a 2D tetragonal lattice. 

Drawing inspiration from this study, the additional reflection peaks found in the PXRD 

pattern of the xerogel of complex 15 have been indexed as a second supramolecular 

ordered structure. In particular, using LCDiXray, all new peaks can be indexed through a 

columnar oblique (Colo) system built up by four columns of complexes molecules arranged 

in the Colt sub-unit system (Figure 3.3.37 and Table 3.2.7). 

For an oblique 2D system, the interplanar distances dhk are given by: 

 

	
���� �  $"� �  %�� �  &"�          eq. 3.2.3 

$ �  1 
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Figure 3.2.37. PXRD pattern of 
indexation.  

 

 

dobs (Å) dhk (system)

21.43 d10(Col
18.38 d01(Col
10.75 d10(Col

d11 (Col
d20 (Col

9.12 d02 (Col
7.56 d11 (Col
7.17 d12 (Col

d30 (Col

6.14 d03 (Col
5.68 d31 (Col
5.37 d20 (Col
4.55 d32 (Col
4.33 d23 (Col

 

Table 3.2.7. Indexation of PXRD spectra of
data were obtained using LCDixRay 
reflection peaks. 
 

 

pattern of [(ppy)2Ir(bpy)](CH3CH2OCH2CO2) in the xerogel pha e and relati e 

(system) dcalcd (Å)[a] Cell 
parameters
 
Col
at = 10.75 Å
 
Col
ao = 25.40 Å
bo = 21.79 Å
γ = 57.5 °

(Colo) 21.43[b] 
(Colo) 18.38[b] 
(Colt) 
(Colo) 
(Colo) 

10.75 
11.28[c] 
10.71[c] 

(Colo) 9.19 
(Colt) 7.60 
(Colo) 
(Colo) 

7.17[b] 
7.14[c] 

(Colo) 6.13 
(Colo) 5.70 
(Colt) 5.38 
(Colo) 4.80 
(Colo) 4.39 

of PXRD spectra of the xerogel of  [(ppy)2Ir(bpy)](CH3CH2OCH
data were obtained u ing LCDi Ray program. [70]  [b] Data chosen for calculations. [c] 
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in the xerogel phase and relative 

Cell 
parameters 

Colt 
= 10.75 Å 

Colo 
= 25.40 Å 
= 21.79 Å 

= 57.5 ° 

OCH2CO2) [a] Calculated 
ata ho en for al ulations. [c] possible overlapped 



 

Furthermore, the relative intensitie  and 

Å and d = 7.17Å) can also be rationali ed due to the

coming from the two columnar

All PXRD data reported in Table  

distances, were obtained through LCDiXR

Noteworthy, a carefull inspection of the PXRD pattern of the 6%

3.2.38) allows to notice, in addition 

distinguishable reflection peaks at 2

could be relative to the d02 = 9.19 Å and d

observed more accurately in the PXRD

supplementary peaks in the PXRD

and Colo organizations are present within the gel pha e. An in

the supramolecular highly ordered ar hite ture of the gel pha e

3.2.39. 

 

 

Figure 3.2.38. PXRD patterns of the 6%w/w gel pha e (in red) and of the erogel (in bla )

 

 

 

relati e intensities and the slight broadening of specific pea  (d =

Å and d = 7.17Å) an also be rationalized due to the possible overlapping of ignal  

oming from the two olumnar systems. 

Tables 3.2.5 and 3.2.6, together with the cal ulated

obtained through LCDiXRay program.[70] 

Noteworth , a arefull in pection of the PXRD pattern of the 6% w/w gel pha e (

) allow  to noti e, in addition to the two well defined Colt refle tion pea ,

peaks at 2θ = 9.6° (d = 9.16 Å) and 2θ = 14.

= 9.19 Å and d03 = 6.13 Å reflections of the Col

ob er ed more a urately in the PXRD pattern of the xerogel. The pre en e of the e 

upplementar  pea  in the PXRD pattern of the gel phase would indi ate that both Col

organi ation  are present within the gel phase. An in-plane view

the upramole ular highly ordered architecture of the gel phase are

of the 6%w/w gel phase (in red) and of the xerogel (in bla )
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light broadening of pecific peaks (d = 10.75 

po ible overlapping of signals 

together with the calculated interplanar 

w/w gel phase (Figure 

reflection peaks, less 

.4° (d = 6.15 Å), that 

of the Colo lattice that are 

The presence of these 

el pha e would indicate that both Colt 

plane view and a 3D view of 

are shown in Figure 

 

of the 6%w/w gel pha e (in red) and of the erogel (in black). 



 

 

Figure 3.2.39. Assumed self-assembled upramole ular tru ture for the gel pha e in water of
[(ppy)2Ir(bpy)](CH3CH2OCH2CO2), an in

 

In the case of compound 16 a 

minimally from complex 15. The

phase of [(ppy)2Ir(bpy)](CH

indexation (Table 3.2.8). Similar to the PXRD pe tra of erogel of 

peaks can be observed in the small

be attributed to a double symmetri al tem, on i ting of 

self-organized in an oblique olumnar onfiguration.

parameters both of the tetragonal and oblique tem

25.27 Å, bo = 21.32 Å, γ = 128.6 °

observed in the architecture of the erogel deri ed from ompound 

25.40 Å, bo = 21.79 Å, γ = 57.5 °

counter-anion present in 16

(CH3CH2OCH2CO2
-). Note that 

= 57.5 °. The 2D structures of the upramole ular pha e  originated from 

confronted in Fig.3.2.41. 

assembled supramolecular structure for the gel pha e in water of
, an in-plane view (a) and a 3D sketch (b).  

 similar trend was observed, since this compound differ  onl  

. The PXRD pattern of the xerogel derived from the 5% gel 

Ir(bpy)](CH3OCH2CO2) is reported in Fig.3.2.40

. Similar to the PXRD spectra of xerogel of 15

pea  an be ob er ed in the small- and medium-angle region of the spe tra, whi h an 

be attributed to a double symmetrical system, consisting of tetragonal olumn , in turn 

organi ed in an oblique columnar configuration. However, in thi  a e, the ell 

parameter  both of the tetragonal and oblique systems, at = 10.05 Å

 = 128.6 °(for the Colo), respectively, are slightl  lower than tho e 

ob er ed in the ar hite ture of the xerogel derived from compound 15

 = 57.5 °. This could be explained by the 

16 (CH3OCH2CO2
-) with respect to the one of 

Note that γ = 128.6 ° is approximately the complementar  angle of 

The 2D tru tures of the supramolecular phases originated from 
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a embled upramole ular tru ture for the gel phase in water of 

imilar trend wa  ob er ed, in e this compound differs only 

PXRD pattern of the erogel derived from the 5% gel 

40 together with its 

15, several reflection 

angle region of the spectra, which can 

tetragonal columns, in turn 

Howe er, in this case, the cell 

= 10.05 Å (for the Colt), ao = 

re pe ti el , are slightly lower than those 

15, at = 10.75 Å, ao = 

Thi  ould be e plained b  the smaller size of the 

) with re pe t to the one of 15 

i  appro imatel  the omplementary angle of γ 

The 2D tru ture  of the upramole ular pha e  originated from 15 and 16 are 



 

Figure 3.2.40. PXRD pattern of [(ppy)

 

 

dobs (Å) dhk (system)

19.89 d10(Col
16.79 d01(Col
10.12 d11(Col

d2-2 (Col
d10(Col

9.94 d20 (Col
8.20 d02(Col
7.72 d3-1 (Col
7.26 d11 (Col
6.85 d21 (Col
6.66 d30 (Col
5.17 d31 (Col
5.03 d20 (Col

Table 3.2.8  Indexation of PXRD spectra of the erogel of  
were obtained using LCDixRay program.
reflection peaks. 

[(ppy)2Ir(bpy)](CH3OCH2CO2) in the xerogel phase and relati e inde ation.

(system) dcalcd (Å)[a] Cell 
parameters
 
Col
at = 10.
 
Col
ao = 25.
bo = 21.
γ = 

(Colo) 19.89[b] 
(Colo) 16.79[b] 
(Colo) 
(Colo) 

(Colt) 

10.12 
10.24[c] 
10.05[c] 

(Colo) 9.94 
(Colo) 8.39 
(Colo) 8.10 
(Colt) 7.10 
(Colo) 6.89 
(Colo) 6.63 
(Colo) 5.17 
(Colt) 5.02 

of PXRD spectra of the xerogel of  [(ppy)2Ir(bpy)](CH3OCH2CO
program. [70]  [b] Data chosen for calculations. [c] possible o erlapped 
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in the erogel phase and relative indexation. 

Cell 
parameters 

Colt 
= 10.05 Å 

Colo 
= 25.27 Å 
= 21.32 Å 

= 128.6 ° 

CO2) [a] Calculated data 
possible overlapped 



 

Figure 3.2.41. Comparison between the 2D
(on the right).  

3.2.5 Photophysical characteri ation

The photophysical properties of all the ntheti ed metallo

14, 15 and 16, were investigated, both in olution and gel pha e, 

fluorescence and time-resolved 

The photophysical study in solution wa  p

in order to compare the photolumine en e

with the parent complex [(ppy)

potential influence of hydrophili  

the photoactive [(ppy)2Ir(bpy)]

In dichlorometane solution, the ab orption pe tra of omple e  

the reference [(ppy)2Ir(bpy)]Cl

between the 2D supramolecular structures of complexes 

 

 

 

Photophysical characterization of [(ppy)2Ir(bpy)]X metallo

The photoph i al properties of all the synthetized metallo-hydrogelator omple e , 

, were investigated, both in solution and gel phase, 

re olved spectroscopy. 

The photoph i al tud  in solution was performed in dichloromethane, a  well a  water,

the photoluminescence properties of compounds 

[(ppy)2Ir(bpy)]Cl. This parallelism allowed to

influen e of h drophilic counter-anions on the photoluminescen e

Ir(bpy)]+ cation.  

he absorption spectra of complexes 13–16

Ir(bpy)]Cl complex (Fig. 3.2.42).  
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of omplexes 16 (on the left) and 15 

Ir(bpy)]X metallo-hydrogelators 

h drogelator complexes, 13, 

, were in e tigated, both in olution and gel phase, through UV-vis, 

in di hloromethane, as well as water, 

of ompounds 13, 14, 15 and 16 

. Thi  paralleli m allowed to evaluate the 

anion  on the photoluminescence properties of 

16 are consistent with 
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Fig.3.2.42 Absorption spectra of complexes 13–16 and [(ppy)2Ir(bpy)]Cl in deaerated CH2Cl2 solution (5.0 × 
10−6 M). 

 

 

The spectra are dominated by two intense and partially overlapping absorption bands, with 

ε= 104 M–1cm–1, at 256 nm and 267 nm arising from spin-allowed 1π–π* 1LC transitions 

involving the (ppy) and (bpy). As reported by Zysman-Colman[97] et al. and Ko et al.,[98] 

these high energy intraligand (1IL) transitions, corresponding to those of the 

cyclometalated ligands and the ancillary ligands, are characteristic of polyimine Ir(III) 

complexes. At higher wavelengths (310–430 nm), meaning lower energies, less-intense 

absorption bands are present. The nature of these bands have been recently investigated 

by Colman et al.[97], with the aid of theoretical calculations. They attributed these bands to 

an admixture of spin-allowed charge-transfer (1CT) transitions that comprise both dπ - 

π*bpy metal-to-ligand (1MLCT) and πppy- π*bpy ligand-to-ligand (1LLCT) transitions. 

Additionally, very low intensity bands around 450 nm are assigned to spin-forbidden 
3MLCT and 3LLCT transitions induced by the large spin–orbit coupling of Ir. All compounds 

13-16 exhibit similar photophysical properties, the cation [(ppy)2Ir(bpy)]+ being the site of 

the explored electronic transitions.  

In water, only complexes 14-16 have been investigated. Indeed, ethoxy complex 13 is 

completely converted into the hydroxyl complex 14 when dissolved in water, as reported in 

paragraph 3.2.1.3, consequently the absorption spectra of both complexes in water 

solution are identical (Fig.3.2.43_a).  The absorption spectra of complexes 14-16 in 

deaerated water solution are shown in Fig.3.2.43_b. 



 

Figure 3.2.43. Absorption spectra of comple e
14, 15 and 16 in deaerated water solution

When highly diluted in water (  = 5.0 × 10

practically superimposable with the pe tra obtained in di hloromethane

All the synthetized Ir (III) metallo

visible spectrum. The cationic motif of the omple e  

the emission, as well as for the ab orption propertie , and the 

states has been recently studied 

calculations.[99] In this study, Chen 

green and orange bands, to the

respectively. Therefore, the ob er ation of orange emi ion for ompound  

ascribed to the radiative deacti ation
3MLCTbpy. 

Unlike the absorption spectra, the emi ion profile  of

recorded in dichlorometane and water olution (

respectively) show some substantial diff

 

Ab orption pe tra of complexes 13 and 14 in deaerated water solution
deaerated water solution (b). 

 

 

highl  diluted in water (c = 5.0 × 10−6 M), the absorption spe tra of 

with the spectra obtained in dichloromethane

All the ntheti ed Ir (III) metallo-hydrogelators 13-16 emit in the orange region of the 

The ationic motif of the complexes [(ppy)2Ir(bpy)]

the emi ion, a  well a  for the absorption properties, and the dynami  of 

studied through time-resolved spectroscop  and theoreti al 

In thi  tudy, Chen et al. attributed the triple phosphore en e

, to the possible emissive states, 3LLCT, 3MLCT

. Therefore, the observation of orange emission for compound  

deactivation to the ground state of lowest triplet e ited tate 

Unli e the ab orption pectra, the emission profiles of the [(ppy)2Ir(bpy)]

re orded in di hlorometane and water solution (Fig.3.2.44_a 

substantial differences. 
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in deaerated water olution (a) and of complexes 

the ab orption spectra of 14–16 are 

with the pe tra obtained in di hloromethane. 

emit in the orange region of the 

Ir(bpy)]+ is responsible for 

dynamics of its excited 

pe troscopy and theoretical 

he triple phosphorescence in blue, 

MLCTppy and 3MLCTbpy, 

. Therefore, the ob er ation of orange emi ion for compounds 13-16 was 

lowest triplet excited state 

Ir(bpy)]X complexes 

 and Fig.3.2.44_b, 



 

Figure 3.2.44. Emission spectra of comple e
solution (b). 
 
 
 

 

A structureless orange emission i  re orded with a ma imum entred at 606 nm

compound 14-16 in water solution, wherea  

blue-shifted (centered at 593 nm) 

varies from 1.9 to 2.2% in water, 

(16.2 < ϕ < 18.5 %). Moreover, e

kinetics in water solution, with a preeminent

lasting value ranging from 126 to 531 n , wherea  

exponential function in CH2Cl2

The maximum absorption and emi ion wa elength  (

quantum yields (ϕ) and lifetime  of the e ited tate  (τ), in water and CH

solutions, are reported in Table 

 

 

 

 

Emi ion pe tra of complexes 13-16 in CH2Cl2 solution (a) and of compound  

emission is recorded with a maximum centred at 606 nm

in water solution, whereas the same emission bands are

( entered at 593 nm) in CH2Cl2. The photoluminescence quantum ield (

arie  from 1.9 to 2.2% in water, thus are lower than the ones registered in di hlorometane 

< 18.5 %). Moreover, excited state decays of all complexes show bi

, with a preeminent lifetime value of 40 ns and a e ondar  more 

ranging from 126 to 531 ns, whereas decay times can be

2 solution and cover a values range from 485.0 to 549.3 n .

The ma imum ab orption and emission wavelengths (λmax), the photolumine en e 

) and lifetimes of the excited states (τ), in water and CH

in Table 3.2.9. 
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olution (a) and of compounds 14-16 in water 

emi ion i  re orded with a ma imum entred at 606 nm for the 

emi ion bands are narrowed and 

The photolumine ence quantum yield (ϕ) 

thu  are lower than the one  registered in dichlorometane 

omplexes show bi-exponential 

lifetime alue of 40 ns and a secondary more 

de a  time  can be fitted by a single 

olution and o er a alue  range from 485.0 to 549.3 ns. 

the photoluminescence 

) and lifetime  of the e ited tate  (τ), in water and CH2Cl2 diluted 
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Deaerated dichlorometane solution (5.0 x 10-6 M) 

 Absorption 
 λmax/nm(ε/M-1cm-1) 

Emission 
λmax/nm 

Ф/% Lifetime 
 τ/ns 

13 256(32310)-267(31150)-311(14080)-338(6250)-
380(4750)-410(2820)-475(575) 

593 18.5 549.3 

14 256(31345)-267(29590)-311(13485)-338(5870)-
380(4425)-410(2655)-475(570) 

593 18.0 533.6 

15 256(27915)-267(26875)-311(12550)-338(5500)-
380(4065)-410(2420)-475(455) 

593 18.0 530.9 

16 256(33530)-267(32080)-311(14875)-338(6900)-
380(4825)-410(2960)-475(660) 

593 16.2 485.0 

[(ppy)2Ir(bpy)]Cl 256(31615)-267(30750)-311(13980)-338(6025)-
380(4585)-410(2700)-475(535) 

590 14.9 448.1 

 

Deaerated water solution (5.0 x 10-6 M) 
 Absorption,  

λmax/nm(ε/M-1cm-1) 
Emission, 
λmax/nm 

Ф/% Lifetime, 
 τ/ns(α/%) 

14 255(29080)-295(16000,sh)-336(6095)-
373(4100)-415(2100,sh)-465(740) 

606 1.9 39.0(97.2),362.0(2.8) 

15 255(33555)-295(18900,sh)-336(7295)-
373(4965)-415(2800,sh)-465(1150) 

606 2.2 40.9(91.9),531.0(8.1) 

16 255(40125)-295(21300,sh)-336(7740)-
373(5130)-415(2600,sh)-465(790) 

606 2.1 39.0(97.6),126.5(2.4) 

 

Table 3.2.9. Photophysical data of complexes 13-16 and the analogous [(ppy)2Ir(bpy)]Cl in dichlorometane 
and water diluted solutions. 

 

 

 

The overall behaviour can be explained by considering the difference in the polarity of the 

two solvents and the formation of aggregates in water, whose the second lifetime value 

observed in this solvent can be attributed. In CH2Cl2, the single lifetime decays derives 

from the non-aggregated [(ppy)2Ir(bpy)]X ionic pairs and the lifetime values measured are 

almost invariant within the series of complexes, thus do not depend on the anion. The 

short lifetime observed in water, accounting for most of the luminescence decay (92–97%), 

is also unaffected by the type of anion, therefore it can be assigned to the isolated cationic 

species [(ppy)2Ir(bpy)]+. Indeed, in high diluted water solution, ionic compounds 14–16 

are mainly solvated and basically exist as isolated species. On the contrary, the additional 

longer decay observed in high diluted water solution clearly depends on the type of anion, 

displaying the values of 362 ns for complex 14, 531 ns for 15 and 126 ns for 16, but 

represent the smallest proportion of the luminescence decay (2.4 - 8.1%). Despite the fact 

that the concentration value (i.e. 5x10-6M) is very far from the critical gel concentrations of 

compounds 13-16, the estimation of the longer lifetime could be related to the pre-

generation of supramolecular assemblies. 

Moreover, the difference between the primary lifetime values measured in water (ca.40 ns) 

and the lifetime value registered in CH2Cl2 (ca. 520 ns) is due to the difference in the 
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polarity of the two solvents, as already observed by Chen et al.[99] Indeed, lifetime decays 

dramatically decrease with the increase of solvent polarity (normalising the values of 

relative polarity[100]). This is further confirmed by comparing the data registered in water 

solution with those reported for a series of [(ppy)2Ir(bpy)]X complexes (X− = Cl−, PF6
− or 

CH3COO−) in solvents with different polarity values (Fig.3.2.45, Table 3.2.10). Indeed the 

radiative decays of the excited isolated [(ppy)2Ir(bpy)]+ cation decrease from τ = ca. 520 

ns in CH2Cl2, ca. 350 ns in CH3CN,[101,102]  ca. 260 ns in CH3OH[54,101]   and ca. 40 ns in 

H2O (Table 5). In tandem with the decrease of the excited state lifetimes, a reduction of 

the associated photoluminescence quantum yield (Φ) occurs (from ca. 18% in CH2Cl2, 9% 

in CH3CN,[101,102] 8% in CH3OH[54,101] and 2% in H2O respectively). These two trends 

further confirm the attribution of the short time decay in water to the isolated 

[(ppy)2Ir(bpy)]+ cation. 

 

 
Fig. 3.2.45. Life time decay (τ, ns) and luminescence quantum yield ϕ, %) of the exited state of the cation 
[(ppy)2Ir(bpy)]+ with increase of solvent polarity. 
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Deaerated acetonitrile solution  

 Emission, λmax/nm Ф/% Lifetime, τ/ns Ref. 

[(ppy)2Ir(bpy)]PF6 588 9.3 370 101 
[(ppy)2Ir(bpy)]Cl 585 9 310 102 

 
Deaerated methanol solution  

 Emission, λmax/nm Ф/% Lifetime, τ/ns Ref. 

[(ppy)2Ir(bpy)]PF6 588 8.7 280 54 
[(ppy)2Ir(bpy)](CH3CO2) 585 7 240 101 

Table 3.2.10. Photophysical data of [(ppy)2Ir(bpy)]X complexes in acetonitrile and methanol solutions. 
 

In order to shed light onto the nature of the second longer lifetime decay observed in high 

dilution condition in water, the photophysical study of the gel phases originated from 

complexes 14-16 (3% w/w in water) has been performed (Fig.3.2.46). The emission 

spectra of compounds 14-16 in gel state show a maximum at λ ranging from 567 to 580 

nm, thus a blue shift of the emission maxima with respect to the diluted water solution 

occurs. Even this effect may be assigned to the change in polarity experienced by the 

cation [(ppy)2Ir(bpy)]+ upon aggregation. The dependence of the MLCT emission bands 

from the solvent polarity have been already reported for Ir (III) ortho-metalated complexes 

by Watts et al.[103] The creation of supramolecular assemblies in the gel phase can be 

viewed as a change in the enclosing polarity of the cations [(ppy)2Ir(bpy)]+, which are now 

surrounded by many other complex molecules rather than water molecules. 
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Figure 3.2.46. Emission spectra of complexes 14-16 in gel phase (3% w/w in deaerated water) at room 
temperature. 
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The excited state lifetime values for complexes 14-16 were fitted by three-exponential 

functions in the gel phase, thus the presence of three different lifetimes was observed 

(Table 3.2.11). 

 

Complex Emission,λmax/nm Lifetime, τ/ns(α/%) 

14 567 39.5 (14.2), 125.4 (56.3), 377.1 (29.5) 
15 580 28.5 (17.2), 115.9 (55.0), 336.4 (27.8) 
16 567 31.9 (12.6), 120.7 (47.9), 247.1 (39.5) 

 
Table 3.2.11. Photophysical data of complexes 14-16 in deaerated gel phase (3% w/w). 
 

In particular, the short lifetime ranges from 28.5 to 39.5 ns and it is similar to all 

compounds. These values are almost identical to those reported for diluted water solution 

(39.0 - 40.9 ns). The observation of this lifetime shows the presence of isolated cations 

within the gel phase, although its low weight in the function-fitting decay (13–17%) 

indicates a minor quantity of these species with respect to the major quantity of the 

aggregated ones. Taking into account the supramolecular architecture of compounds 15 in 

its gel phase, elucidated through PXRD analysis, the moderate and long lifetime decays 

can be correlated with the establishment of different interaction modes between 

aggregated [(ppy)2Ir(bpy)]+ cations that are present within the gel. Indeed, the molecules 

self-assemble into tetragonal strands, which, in turn, generate larger columnar oblique 

systems. The longest lifetime decay, already observed under high dilution conditions, is 

highly dependent on the nature of the anion and can be correlated to the formation of the 

smaller [(ppy)2Ir(bpy)]+ strands surrounded by the counter-anions. The stability of these 

strands is influenced by the surrounding polarity, hence by the nature of the counter-anion, 

explaining the disparities in lifetime decays and weight within the series of complexes 14-

16 (247.1 - 377.1 ns). The moderate lifetime decay, on the contrary, is unvaried within the 

series (ca. 120 ns). This decay can be associated with the coming nearer of single 

strands, which generate the tetragonal columns and the oblique systems. Therefore, 

additional interactions are established within the core of the resulting assemblies, which 

are reasonably less influenced by the polarity of the surrounding anions. 

However, the establishment of both these interactions takes place at a concentration well 

below gelification, as demonstrated through the photophysical study of 15 in water solution 

with the progressive increase of concentration (Table 3.2.12 and Fig. 3.2.47). 

 

 



 

Concentration (mol.L-1) Emission, λ

5. 10-6 

1.3.10-5 

1.3.10-4 

1.2.10-3 

4.0.10-2 (gel phase) 

 
Table 3.2.12. Photophysical data of comple  
 
 
 

Fig. 3.2.47. Variation of the relative weight of lifetime de a  of 
concentration. 
 

 

The shorter lifetime decay (τ

decreases with the increase of o

their longest lifetime decay (τ3

tendency of the cations. Intera tion  between trand , hara teri ed b  the moderate

lifetime decay (τ2) are already ob er able at 

further increase of concentration

 

 

Emission, λmax/nm Lifetime, τ/ns (α/%)

606 40.9 (91.9) 531.0 (8.1)

593 39.4 (81.57), 444.7 (18.43)

592 33.9 (60.72), 77.2 (34.44), 275.0 (4.84)

590 30.2 (47.27), 83.5 (45.85), 277.8 (6.87)

580 28.5 (17.2), 115.9 (55.0), 336.4 (27.8)

data of complex 15 in deaerated water solution at various on entration

of the relative weight of lifetime decays of 15 in water with the progre i e in rea e of 

τ1) relative to the isolated [(ppy)2Ir(bpy)]

the in rease of concentration. The strands of cations, hara teri ed

3), are always present, indicative of the high elf

Interactions between strands, characterized b  the moderate

) are already observable at ca. 10−4 M and their number in rea e  with 

further in rea e of on entration until gelification. 
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Lifetime, τ/ns (α/%) 

40.9 (91.9) 531.0 (8.1) 

39.4 (81.57), 444.7 (18.43) 

33.9 (60.72), 77.2 (34.44), 275.0 (4.84) 

30.2 (47.27), 83.5 (45.85), 277.8 (6.87) 

28.5 (17.2), 115.9 (55.0), 336.4 (27.8) 

in deaerated water olution at arious concentrations. 

 
with the progressive increase of 

Ir(bpy)]+ cations linearly 

The trand  of ations, characterized by 

indi ati e of the high self-assembling 

Intera tion  between trand , hara terized by the moderate 

their number increases with 
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3.3 Conclusions 

In this chapter, several Ir(III) cationic complexes, in particular [(ppy)2Ir(dpq)]CH3CO2, 

[(ppy)2Ir(dppz)]CH3CO2 and [(ppy)2Ir(bpy)]X ( X = EtO-, OH-, EtOCH2CO2
-, 

MeOCH2CO2
-), able to generate supramolecular assemblies through the instauration of 

non-covalent interactions, have been presented. The compound family of the 

[(ppy)2Ir(bpy)]X type was obtained through a newly devised synthetic pathway, 

summarized in Scheme 3.2.6. In addition, the complex 14 has been successfully employed 

as precursor of further water-soluble compounds [(ppy)2Ir(bpy)]CH3CO2 (17) and 

[(ppy)2Ir(bpy)]BrCH2(CH2)4CO2 (18), incorporating two carboxylates as counterions, 

showing the versatile use of the hydroxide complex 14 as an efficient precursor to prepare 

any carboxylated derivative by a straightforward acid-base reaction effectuated upon 

simple addition of the corresponding carboxylic acid. 

 

 

 

Scheme 3.2.6. Synthesis of complexes 13-16. Reaction conditions: i) reflux, 72h, N2; ii) THF/H2O; iii) Et2O; 
iv) CH3COOH, CH2Cl2, 30 min., r.t.; (v) BrCH2(CH2)4COOH , CH2Cl2, 30 min., r.t.. 

 

 

The small variation in the aromaticity of the ancillary ligand provided a great change in the 

supramolecular features of these compounds. In particular, passing from the bpy ligand to 

the more aromatic dpq ligand (Fig.3.2.48), an enhancement of the self-assembling abilities 

is observed, demonstrated firstly from the wider range of concentration in which self-
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assembly occurs. However, a further increase in the aromaticity, exploited through the 

extended dppz ligand, almost procures the annihilation of the self-organization capacity of 

the corresponding complex. 

 

 
Fig. 3.2.48. Chemical structures of the bpy, dpq and dppz ligands. 
 

 

Furthermore, the incorporation of these differently aromatic ligands in [(ppy)2Ir(N^N)]X 

complexes (X = CH3CO2 or the other hydrophilic counterions EtO-, OH-, EtOCH2CO2
-, 

MeOCH2CO2
-), generates different types of soft materials. More specifically, the 

introduction of the bpy ligand in the above mentioned complexes, provides effective 

metallo-hydrogelators, that display all the special features of this class of materials, such 

as the presence of an entangled fibers network within the gel sample, the responsiveness 

to the test tube experiment, the persistence of the starting supramolecular organization 

also after evaporation of the solvent. Contrary, the extreme case of the ligand dppz led to 

a complex [(ppy)2Ir(dppz)]CH3CO2 (12) that it is no longer a genuine gelator, having lost 

the crude rheological properties of the last category, but, at the same time, its ability to 

generate organized supramolecular structures was proved. Finally, the complex 

[(ppy)2Ir(dpq)] CH3CO2 cannot be classified as a simple gelator, by virtue of the important 

role played by the solvent in its supramolecular-phase, whose removal determines the loss 

of the organization. Moreover, its well-defined birefringent texture resemble those of true 

liquid crystalline phases. 

The precise classification of the above presented compound still remains controversial, 

however by simple playing with the nature of the ancillary ligand, complexes with self-

assembling properties can be devised. These complexes can behave either more like true 

lyotropic liquid crystals or true metallogelators, representing highly interesting building 

blocks for the supramolecular chemistry and soft matter research field. 
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Chapter 4 

Nanostructured Iridium Oxide 

 

 

4.1 Introduction 

 

Iridium Oxide (IrO2) is a noble metal oxide with a rutile crystalline structure,[1] analogous to 

the TiO2 rutile polymorph, with a space group P42/mnm. The rutile structure is 

characterized by a tetragonal unit cell in which every Iridium atom is coordinated to six 

Oxygen atom (Fig.4.1.1). 

 

Fig. 4.1.1. The unit cell of IrO2 rutile. Here, Ir atoms are yellow and O atoms are red.
 [2] 

 

 

4.1.1 Properties 

 

Unlike other transition metal oxides, IrO2 shows a metallic type conductivity (~104 S.cm-1).[3] 

The reason of this property has been first investigated by Gillson et al.[4]: IrO2, like other 

dioxides with a rutile-related structure, have incompletely filled d shells [ IrO2 (5d5)]. Later, 

Verbist et al.[5], by using X-ray Photoelectron Spectroscopy (XPS), confirmed the presence 

in IrO2 of a partially filled electron band, with a d character, just at the Fermi level, which 

could be responsible of the high conductivity of the metal oxide. 



 

IrO2 presents attractive propertie

nanostructures, as nanosheet ,

nanoparticles[11] and nanoporou  film .

transition metal oxides, can 

material. Indeed, 1D nanostructure  

properties modified respect to 

building blocks in optoelectroni  de i e .

ordered metal oxides architecture

 

 

4.1.2.1 Electrocatalysis for Oxygen Evolution Reaction (OER)

In recent years, many methodologi al and re ear h effort  ha e been made for the 

production of molecular hydrogen

cleanest method to produce mole ular 

water is split into hydrogen and o gen ga e , b  mean  of the pa ing of an ele tri  

current (Fig.4.1.2). 

 

Fig.4.1.2. A schematic representation of a water ele trol

electrolyzer (adapted from ref.[19]). 

attra ti e properties and can be synthesized in the form of 

a  nanosheets,[6] nanotubes,[7] nanorods,

nanoporous films.[12,13] Nanostructuration of IrO2, a  well a  for other 

 enhance its intrinsic properties with re pe t

, 1D nanostructures exhibit electrical, mechanical, chemi al and opti al 

propertie  modified re pect to the corresponding bulk material, and the  

building blo  in optoelectronic devices.[14,15] Indeed, devices made of

metal o ide  ar hitectures display better performances in many 

4.1.2 Applications 

4.1.2.1 Electrocatalysis for Oxygen Evolution Reaction (OER)

In re ent ear , man  methodological and research efforts have been made for the 

hydrogen, as an energy source in alternative to fo il fuel . The 

molecular hydrogen is water electrolysis, a pro e  in whi h 

water i  plit into h drogen and oxygen gases, by means of the pas ing of an ele tri  

A hemati  repre entation of a water electrolyzer and the half reactions taking pla e in a water 
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an be nthe i ed in the form of various types of 

nanorods,[8] nanowires,[9,10] 

, as well as for other 

with respect to the bulk 

ele tri al, me hani al, chemical and optical 

the orre ponding bul  material, and they can be used as 

de i e  made of well-defined and 

better performan e  in many applications.[16-18] 

4.1.2.1 Electrocatalysis for Oxygen Evolution Reaction (OER) 

In re ent ear , man  methodologi al and re ear h effort  have been made for the 

, a  an energ  our e in alternative to fossil fuels. The 

h drogen i  water ele trolysis, a process in which 

water i  plit into h drogen and o gen ga e , b  mean  of the passing of an electric 

 

half rea tions taking place in a water 
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The efficiency of the water electrolysis in acidic conditions is limited by the energy barrier 

of the Oxygen Evolution Reaction (OER), the anodic reaction of this process.[20-22] The cell 

voltage, and therefore the energy consumption of the process, is governed by this 

reaction. To overcome this problem, an efficient and stable electrocatalyst is required. Ir 

and Ru oxides are considered the best electrocatalysts for OER, showing the lowest 

overpotential in acidic media.[23] 

Electrochemical and XPS studies[24,25] demonstrated that IrO2 surface in contact with water 

undergoes to a partial hydroxylation, showing hydroxide sites which coexist with the oxide 

sites. During OER, the hydroxide sites are converted into oxide sites, passing through an 

OOH as intermediate. Furthermore, the simultaneous formation of some Ir (V) centres was 

verified, which could be responsible of the catalytic activity of IrO2 toward OER, since its 

subsequent two-electrons reduction to Ir (III) can be sufficient to oxidize water in an 

Oxygen molecule. 

IrO2 is slightly less active than RuO2, but presents a greater long-term stability in strong 

acidic media, proving its corrosion and poisoning resistance.[26] In order to achieve a 

comparable OER activity with RuO2, it is necessary to improve the morphology and the 

surface area of IrO2.
[27] A possible strategy is the nanostructuration of IrO2, hence the 

increase of surface area which results in an enhancement of electrocatalytic and sensing 

activities, due to an increased number of active sites on the material.[12] The improved 

accessibility for reactive species can also reduce the overpotential of OER, determining a 

better catalytic performance.[28] Recently nanosheets of IrO2 (Fig.4.1.3) have been 

prepared via exfoliation of layered iridic acid, showing an OER activity six times higher 

than that of IrO2 nanoparticles, making such thin films highly attractive candidates for the 

development of new electrode materials and efficient electrocatalysts.[6] 

 

 

Fig.4.1.3. TEM images of IrO2 nanosheets (from ref.[6]). 



 

4.1.2.

An electrochromic device (EC) hange  it  opti al propertie  upon appli ation of a oltage 

and could find application in mart window , a promi ing topi  for energ  a ing 

technology. It consists essentiall

and transparent electrodes separated b  an ele trol te la er 

Fig. 4.1.4. A schematic representation of an ele tro hromi  de i e (From Ref.[

 

Iridium oxide is an electrochromi  (EC) material, di pla ing a re er ible and per i tent 

colour change as a result of the appli ation of an e ternal ele tri  field. The hange in it  

optical properties may be ascribed to the following rea tion:

 

Ir (OH)n

transparen

 

 

During colouring, electrons and proton  are remo ed from the material b  appli ation 

anodic potential, whereas during blea hing ele tron  and proton  are inje ted into the 

substrate.[31] In its lower oxidation tate

higher oxidation state [Ir(IV)] is blue

region.[30] Iridium oxide present  e eral ideal feature  for an EC material, u h a  fa t 

colour change, good open-circuit memor  and long la t durabilit  (more than 10

lives) [30,32], which promote its appli ation in EC 

4.1.2.2 Electrochromic Material 

An ele tro hromi  de i e (EC) changes its optical properties upon appli ation of a oltage 

and ould find appli ation in smart windows, a promising topic for energ  a ing 

e sentially of an electrochromic material layer and two ondu ting 

and tran parent ele trodes separated by an electrolyte layer (Fig.4.1.4

. A hemati  repre entation of an electrochromic device (From Ref.[29]) 

Iridium o ide i  an ele trochromic (EC) material, displaying a reversible and per i tent 

olour hange a  a re ult of the application of an external electric field. The hange in it  

opti al propertie  ma  be ascribed to the following reaction:[30] 

n IrOx(OH)n-x + xH+ +xe

nt blue-black

During olouring, ele trons and protons are removed from the material b  appli ation 

, whereas during bleaching electrons and protons are inje ted into the 

In it  lower oxidation states [Ir(II) and Ir(III)], IrO2 is transparent, while in it  

is blue-black due to a strong absorption in the i ible pe tral 

Iridium o ide presents several ideal features for an EC material, u h a  fa t 

circuit memory and long last durability (more than 10

, whi h promote its application in EC devices. [33-36] 
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An ele tro hromi  de i e (EC) hange  it  opti al propertie  upon application of a voltage 

and ould find appli ation in mart window , a promi ing topic for energy saving 

of an ele tro hromi  material layer and two conducting 

4.1.4). 

 

Iridium o ide i  an ele tro hromi  (EC) material, di pla ing a reversible and persistent 

olour hange a  a re ult of the appli ation of an e ternal ele tri  field. The change in its 

e-

 

During olouring, ele tron  and proton  are remo ed from the material by application of an 

, wherea  during blea hing ele tron  and protons are injected into the 

i  transparent, while in its 

bla  due to a trong ab orption in the visible spectral 

Iridium o ide pre ent  e eral ideal feature  for an EC material, such as fast 

ir uit memor  and long la t durability (more than 107 cycle 
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The eventual nanostructuration of the EC layer could bring significant benefits to the 

device performance. Indeed, the high surface-to-volume ratio could also speed up the 

transition between the oxidation states of Ir (II/III to IV), resulting in a faster colour change 

in an electrochromic device.[30] 

 

 

4.1.2.3 Other applications 

The transition between two oxidation state [Ir(III) and Ir(IV)] is exploited also for the 

fabrication of Iridium Oxide based pH sensors. [7,9, 37,38] IrO2 provides a fast potentiometric 

response to pH change, thanks to its high conductivity. IrO2-based electrodes present 

useful properties, such as high stability in a wide range of temperature,[39] linear response 

in a broad pH range,[40] great chemical stability and low impedance,[41] and the pH 

response is not affected by most anions and complexing agents.[42] Furthermore, Food and 

Drug Administration (FDA) approved IrO2 as high biocompatible material, facilitating its 

application in biosensors[43] and stimulating and recording electrodes,[44] thanks also to its 

high charge capacity: for a given applied voltage pulse, IrO2 injects a very high charge 

density.[45] 

By virtue of its conductive nature, high chemical stability, low surface work function (4.23 

eV) and stability under influence of high electric fields, Iridium Oxide has been used as 

field emitter cathode in vacuum microelectronics.[46-49] Indeed, IrO2 doesn’t suffer from the 

eventual presence of residual oxygen in these devices, contrary to other metals, as Mo, 

that reacts quickly with O2 forming an insulating layer of oxide.[50]  

Further applications of Iridium Oxide include electrode material for direct methanol fuel 

cell,[51] for supercapacitors,[52] and for neural stimulation.[53] 

 

 

 

4.1.3 Nanostructures of IrO2  

Various methods have been employed to prepare Iridium Oxide nanostructures 

(nanoparticles, nanotubes, nanorods, nanowires, nanosheets and nanostructured films).  
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4.1.3.1 IrO2 nanoparticles 

Several methods to synthesize IrO2 nanoparticles have been experimented. In 2005 

Marshall [54]  introduced a modification to the well-known polyol method.[55] This procedure 

consists of dissolving or disperding the metallic precursor, usually hexachloroiridic acid 

(H2IrCl6
.
nH2O), in a polyol, such as ethylene glycol, which acts both as solvent and as 

reducing agent. Upon refluxing of the reaction mixture, a metallic precipitate, composed by 

nanoparticles with an average size of about 3 nm, is formed (Fig.4.1.5), which is then 

filtered and dried. The colloid is finally calcinated in order to oxidize to IrO2 the metallic 

powder obtained. 

 

Fig.4.1.5. TEM micrograph of Ir nanopowder obtained through the polyol method (from ref.[55]). 

 

 

Another approach is represented by the Adam fusion method,[56] in which the metallic 

precursor is melted with NaNO3. The possible reactions that may occur during the process 

are shown in Scheme 4.1.1. 

 

 

 

Scheme 4.1.1. The hypothesized reactions taking place in the Adam fusion method.
[54]

 

 

 

After cooling, the mixture is washed with water to remove salt residues, nitrites and 

nitrates. Anyway, sodium traces may remain in the metal oxide powder.  

Nanosized IrO2 powder can also be synthesized through the colloidal method.[20,57] This 

process involves the addition of NaOH to a water solution of the Iridium precursor, 



145 

 

(H2IrCl6
.
nH2O) in order to induce the formation of an Ir-hydroxide. The resulting colloidal 

solution is then washed, dried and calcinated, obtaining colloidal IrO2, composed by IrO2 

nanoparticles with an average size of ca. 7 nm. However, since the final product is a 

colloid, the nanoparticles are all aggregated to each other as shown in the reported TEM 

micrograph (Fig.4.1.6). 

 

Fig.4.1.6. TEM micrograph of colloidal IrO2 obtained through the colloidal method (from ref.[57]). 

 

In addition, the hard-templating route has been adapted to the preparation of IrO2 

nanoparticles. In this case, colloidal SiO2 microspheres were immersed in an ethanolic 

solution of (H2IrCl6
.
nH2O) to allow the impregnation of the Iridium precursor within the 

template, then the suspension was dried and calcinated, and the template was removed 

by using a concentrated HF solution.[20] Chen et al. demonstrated that using SiO2 

microspheres with a mean diameter of 330 nm and very low polydispersity (ca. 0.5%), 

macroporous IrO2, displaying an ordered honeycomb array of macropores, can be 

obtained (Fig.4.1.7).[20] The macropores are typically 300 nm in diameter, which is slightly 

smaller than the size of SiO2 microspheres, probably as a consequence of the contraction 

of the template during the heat treatment process. The main drawback of this synthetical 

method is the drastic acidic condition (concentrated HF solution) required in order to 

remove the templating SiO2 agent. 

 



 

Fig.4.1.7. (a) Low and (b) high magnifi ation SEM image  of 

template method (from ref.[20]). 

4.1.3.2 1D nanostructures: nanotubes, nanorods, nanowires

Beside IrO2 nanoparticles, also 

route coupled with electrodepo ition

(AAO) layer with controlled pore diameter  wa  fir t fabri ated through 

aluminium layer on a silicon sub trate,

electrodeposited on this template la e

nanopores. At the end of the pro e , the AAO template wa  remo ed b  di olution in 

concentrated KOH solution.  

Fig. 4.1.8. A schematic representation of the hard

Ref.[7]) 

a) Low and (b) high magnification SEM images of macroporous IrO2 prepared b  the hard

 

1D nanostructures: nanotubes, nanorods, nanowires

nanoparti le , also IrO2 nanotubes have been built using a hard

ele trodeposition (Fig.4.1.8).[7] Practically, an anodi  aluminium o ide 

(AAO) la er with ontrolled pore diameters was first fabricated through 

aluminium la er on a ilicon substrate, followed by an anodization pro e . 

epo ited on thi  template layer, generating nanotubes along the wall  of 

At the end of the process, the AAO template was removed b  di olution in 

. A hemati  repre entation of the hard-template route for the synthesis of IrO
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prepared by the hard-

1D nanostructures: nanotubes, nanorods, nanowires 

using a hard-templating 

Pra ti all , an anodic aluminium oxide 

(AAO) la er with ontrolled pore diameter  wa  fir t fabri ated through the sputtering of an 

anodi ation process. IrOx was 

along the walls of the AAO 

At the end of the pro e , the AAO template wa  removed by dissolution in 

 

template route for the nthesis of IrO2 nanotubes (From 



 

As reported by Chiao et al., the hape and 

this method depend on the morpholog  of the nanoporou  AAO template

wall thickness of nanotubes is pe ified b  

obtained present a diameter of 50 nm

uncommon presence of defecti e nanopore  in the AAO template re ult  in the formation 

of  incomplete and collapsed nanotube

Fig. 4.1.9. SEM micrographs of: (a) hollow

IrO2 nanotubes (from Ref.[7]). 

 

 

 

IrO2 nanorods were produced through e eral te hnique , in luding 

method,[58] Metalorganic Chemi al Vapor Depo ition (MOCVD)

route.[59] In the “molten salt” method the Iridium pre ur or (IrCl

KCl and then calcinated at high temperature (600°

procedure, Mao et al. obtained nano tru ture  with an a erage diameter of 15 nm and 

length of  ca. 200 nm (Fig.4.1.1

drying processes. 

Fig. 4.1.10. TEM image of IrO2 nanorod  obtained through the molten alt method (from ref.[

 

 

he shape and the length of the nanotubes 

depend on the morphology of the nanoporous AAO template

wall thi ne  of nanotubes is specified by the electrodeposition time.

diameter of 50 nm and length of around 750 nm

defective nanopores in the AAO template result  in the formation 

nanotubes together with hollow nanotubes (

. SEM mi rograph  of: (a) hollow-wall and incomplete IrO2 nanotubes; (b) ide

ced through several techniques, including 

Metalorgani  Chemical Vapor Deposition (MOCVD)[8] and the hard

In the “molten alt” method the Iridium precursor (IrCl4) is grinded with NaCl and 

KCl and then al inated at high temperature (600°C) for 12 hours.

. obtained nanostructures with an average diameter of 15 nm and 

200 nm (Fig.4.1.10). [58]  However, this method required 

 

nanorods obtained through the molten salt method (from ref.[
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nanotubes prepared through 

depend on the morpholog  of the nanoporou  AAO template, whereas the 

ition time.[7] The nanotubes 

length of around 750 nm. However, the not 

defe ti e nanopore  in the AAO template results in the formation 

together with hollow nanotubes (Fig.4.1.9). 

 

nanotubes; (b) side-view of collapsed 

ed through e eral te hnique , in luding the “molten salt” 

and the hard-template 

) is grinded with NaCl and 

hours.[58] Through this 

. obtained nano tru ture  with an a erage diameter of 15 nm and 

 long purification and 

nanorod  obtained through the molten alt method (from ref.[58]). 



 

Another method exploited to produ e IrO

unfortunately requires a comple  

transport and react with the organometalli  

grown on Si substrates using a low

cyclooctadiene) Iridium(I)] [(MeCp)Ir(COD)], a high o gen pre ure (10

temperature of ca. 350°C.[8] 

polycrystalline nature with man

Fig. 4.1.11. Chemical structure of the Ir pre ur or generall  emplo ed in the fabri ation of IrO

nanostructures through MOCVD, and FESEM image  of the IrO

Ref.[8) 

 

 

Finely by tuning the experimental parameter  in a MOCVD e periment, a

structures, i.e. IrO2 nanowires,

Iridium source, Oxygen as both arrier and rea tant ga , high temperature

and high pressure (33 Torr) were needed.

crystal IrO2 nanowires with dimen ion 

length (Fig.4.1.12).[10] 

 

Fig. 4.1.12. SEM image of IrO2 nanowire  obtained through MOCVD (from ref.[

 

Another method e ploited to produce IrO2 nanorods is the MOCVD te hnique

omplex reactor in which ultra-pure gases are inje ted in order to 

organometallic precursor. Via MOCVD, IrO

grown on Si ub trate  using a low-melting Iridium source [(Methylcyclopentadien l) (1,5

[(MeCp)Ir(COD)], a high oxygen pressure (10

 However, IrO2 nanorods fabricated in thi  wa  pre ent a 

ny defects and dislocations (Fig.4.1.11). 

. Chemi al tru ture of the Ir precursor generally employed in the fabri ation of IrO

nano tru ture  through MOCVD, and FESEM images of the IrO2 nanorods fabricated with thi  method

tuning the e perimental parameters in a MOCVD experiment, a

nanowires, is obtainable.[10] For this purpose, 

Iridium our e, O gen as both carrier and reactant gas, high temperature

were needed. Zhang et al. prepared in these ondition  

nanowire  with dimension ranging from 10 to 50 nm in diameter 

 

nanowires obtained through MOCVD (from ref.[10]). 
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MOCVD technique, which 

pure ga es are injected in order to 

Via MOCVD, IrO2 nanorods were 

[(Methylcyclopentadienyl) (1,5-

[(MeCp)Ir(COD)], a high o gen pre sure (10-60 Torr) and a 

fabri ated in this way present a 

 

 

. Chemi al tru ture of the Ir pre ur or generall  emplo ed in the fabrication of IrO2 

nanorod  fabricated with this method (from 

tuning the e perimental parameter  in a MOCVD e periment, another type of 1D 

For thi  purpose, [(MeCp)Ir(COD)] as 

Iridium our e, O gen a  both arrier and rea tant ga , high temperature (350-400°C) 

in these conditions single 

in diameter and 1–2 mm in 

 



 

IrO2 nanowires were also grown on Au and Si/SiO

(VPT).[9] IrO2 powder was used a  our e material and pla ed in a quart  tube furna e 

under He and O2 flow. The rea hing of er  high temperature (

precursor to sublimate and to be tran ported b  

recrystallization occurs in the form of nanowire .

nanowires displaying lateral dimen ion  ranging from 20 to 100 nm

with the length extending up to ten  of

obtained nanowires presented random orientation  with no uniform lateral dimen ion  

along the growth direction as can be ob er ed in the SEM image  reported in 

Fig. 4.1.13. SEM images of IrO2 nanowire  grown with the Vapor Pha e Tran port (from Ref.[

4.1.3.

IrO2 thin films can be prepared 

to reactive radio-frequency magnetron puttering.

a nanostructuration in a metal o ide film, therefore al o in an IrO

Induced Self-Assembly method

nanowire  were al o grown on Au and Si/SiO2 substrates via Vapor Pha e Tran port 

powder was used as source material and placed in a quart  tube furna e 

The reaching of very high temperature (ca. 1000°C) allow  the 

pre ur or to ublimate and to be transported by the gas flow to the ub trate , where

in the form of nanowires. Kim et al. reported the preparation of 

lateral dimensions ranging from 20 to 100 nm near the nanowire tip, 

with the length e tending up to tens of micrometers.[9]  However

obtained nanowire  pre ented random orientations with no uniform lateral dimen ion  

as can be observed in the SEM images reported in 

 

nanowires grown with the Vapor Phase Transport (from Ref.[

 

4.1.3.3 Nanostructured IrO2 films 

thin film  an be prepared through several techniques, ranging from pra  p rol i

frequen y magnetron sputtering.[36] Anyway, the easiest wa  to introdu e 

a nano tru turation in a metal oxide film, therefore also in an IrO2 film, i  the E aporation 

A embl  method (EISA) (Fig.4.1.14).  
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Vapor Phase Transport 

powder wa  u ed a  our e material and pla ed in a quartz tube furnace 

. 1000°C) allows the 

to the substrates, where 

. reported the preparation of IrO2 

near the nanowire tip, 

However, unfortunately, the 

obtained nanowire  pre ented random orientation  with no uniform lateral dimensions 

a  an be ob er ed in the SEM image  reported in Fig.4.1.13. 

nanowire  grown with the Vapor Pha e Tran port (from Ref.[9]). 

e eral te hnique , ranging from spray pyrolysis[60] 

An wa , the easiest way to introduce 

film, is the Evaporation 



 

Fig. 4.1.14. Schematic representation of E aporation Indu ed 

 

The EISA route involves the use 

non-ionic polymeric surfactant whi h elf

structures, including spherical mi elle , he agonal rod , lamellar liquid r tal  and other 

assemblies in solution, through

Van der Waals forces and electro tati  intera tion

These assemblies are the structural dire ting agent  (SDA) for the formati

mesostructures, indeed the sol

mesostructured polymeric phase. Sub equent thermal treatment indu e

the surfactant, the stiffening of the inorgani  networ

type of surfactant, its concentration in the tarting olution and the depo ition ondition , it 

is possible to tune the pore stru ture and i e of 

coupled with dip-coating or spin

of a thin layer of precursor on different ub trate .

synthesized IrO2 on Silicon wafer

[(poly(ethylene oxide)-poly(butadiene)

films presented nanocrystalline wall  

(Fig.4.1.15). Moreover, their 

Reaction was tested and compared 

experimental procedure. The current re pon e on

higher with respect to the untemp

advantages.  

. S hemati  repre entation of Evaporation Induced Self-Assembly (from Ref.[

route in ol e  the use of a soft-template, usually an ionic organi  urfa tant or 

pol meri  urfactant which self-assembles into a diversity of up

in luding pherical micelles, hexagonal rods, lamellar liquid r tal  and other 

through non-covalent weak interactions such as h drogen bonding, 

Van der Waal  for e  and electrostatic interactions, driven by evaporation of the ol

the structural directing agents (SDA) for the formati

the sol–gel precursor hydrolyzes and conden e  around the 

phase. Subsequent thermal treatment induce

tiffening of the inorganic network and its crystallization.

t pe of urfa tant, it  oncentration in the starting solution and the depo ition ondition , it 

to tune the pore structure and size of the porous materials.

oating or spin-coating deposition techniques, which allow the formation 

of a thin la er of pre ursor on different substrates. By this procedure, Ortel 

on Sili on wafers through dip-coating and employing

butadiene)-poly(ethylene oxide)] as templating agent.

film  pre ented nano r stalline walls and some areas with locall  ordered pore

. Moreo er, their electrocatalytic performance toward O gen E olution 

te ted and compared to untemplated IrO2 films obtained 

The current response on templated IrO2 films i  about 2.1 time  

untemplated IrO2 films, demonstrating the nano tru turation 
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A embl  (from Ref.[61]) 

ionic organic surfactant or 

into a di ersity of supramolecular 

in luding pheri al mi elle , he agonal rod , lamellar liquid crystals and other 

o alent wea  intera tion  uch as hydrogen bonding, 

, dri en b  e aporation of the solvent. 

the tru tural dire ting agent  (SDA) for the formation of inorganic 

gel pre ur or h drol e  and condenses around the 

pha e. Sub equent thermal treatment induces the removal of 

r tallization. By varying the 

t pe of urfa tant, it  on entration in the tarting olution and the deposition conditions, it 

porou  materials. EISA is generally 

oating depo ition te hnique , which allow the formation 

B  thi  procedure, Ortel et al. 

employing PEOy-PBx-PEOy 

a  templating agent.[12] These 

and ome area  with locally ordered pores 

ele tro atal ti  performan e toward Oxygen Evolution 

film  obtained with the same 

films is about 2.1 times 

demon trating the nanostructuration 



 

Fig. 4.1.15. Chemical structure of PEO

templated by this copolymer and calcinated at 500°C (from Ref.[

 

 

 

Similarly, Chandra et al. developed me oporou  IrO

copolymer “Pluronic F127” (EO

as deposition technique.[62] The  reported that ample  al inated at 400°C pre ent 2D 

hexagonal mesostructure (p6

temperature entails the transformation into di ordered me o tru ture.

performance of the mesoporou  tru ture

the untemplated IrO2 electrode

larger accessible surface-to-volume ratio

 

PEOy-PBx-PEOy and SEM images of a IrO2 mesoporou  thin film 

and calcinated at 500°C (from Ref.[12]). 

. developed mesoporous IrO2 thin films choo ing the 

F127” (EO106PO70EO106) as structural directing agent

They reported that samples calcinated at 400°C pre ent 2D 

6mm symmetry, Fig.4.1.16), but an increa e in treatment 

temperature entail  the transformation into disordered mesostructure. 

me oporous structure toward OER was found ca. 

electrode, and this performance improvement wa  

volume ratio.  
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mesoporous thin film 

choosing the triblock 

a  tru tural dire ting agent and spin-coating 

The  reported that ample  al inated at 400°C present 2D 

but an increase in treatment 

 The electrocatalytic 

 2 times higher than 

was ascribed to the 



 

Fig. 4.1.16. Chemical structure of 

templated with this copolymer, recorded along the a) [100] and b) [110] a e  of the 2D he agonal tru ture 

(from Ref.[62]). 

In conclusion, EISA is a very ver atile route to indu e a nano tru turation into an inorgani  

material, therefore into IrO2 film . Thi  method allow  t

the nanostructures and does not require a omple  in trumental equipment

an important drawback of thi  te hnique i  it  high dependen e on e perimental 

parameters, as temperature, humidit  and time

may drastically affect the final nano tru ture .

 

 

 

 

 

 

 

 

 

 

 

 

Chemi al tru ture of PEO106PPO70PEO106 and TEM images of me oporou  IrO

recorded along the a) [100] and b) [110] axes of the 2D he agonal tru ture 

 

In on lu ion, EISA i  a ery versatile route to induce a nanostructuration into an inorgani  

films. This method allows the modulation of i e and 

does not require a complex instrumental equipment

an important drawba  of this technique is its high dependence on e perimental 

parameter , a  temperature, humidity and time: every little variation of the e ondition  

affe t the final nanostructures.[64] 
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TEM image  of mesoporous IrO2 films, 

re orded along the a) [100] and b) [110] a e  of the 2D hexagonal structure 

In on lu ion, EISA i  a er  er atile route to indu e a nano tru turation into an inorganic 

of size and shape of 

doe  not require a omple  in trumental equipment.[63] However, 

an important drawba  of thi  te hnique i  it  high dependence on experimental 

: e er  little ariation of these conditions 
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4.2 Preparation of nanostructured IrO2 

In this chapter, a new method for the preparation of nanostructured IrO2 is described. The 

methodology here presented consists in employing the ordered supramolecular gel 

phases, reported in the previous chapter, as templating agent for the synthesis of 

nanostructured IrO2. Indeed, as described in paragraph 3.1.5, physical gels have been 

often used as templates for nanostructured inorganic materials, by virtue of the particular 

shapes (fibers, ribbons, cylinders, etc.) of their aggregates that can be transferred to the 

inorganic nanostructures. Many metal oxide (SiO2, TiO2, ZrO2, ZnO and WO3) 

nanostructures, such as nanotubes, nanoparticles, nanowires, have been efficiently 

prepared taking advantage of a supramolecular gel as structural directing agent (SDA).[65] 

The general method requires the in situ formation of a physical gel in the presence of a 

metal precursor which allows the growth of the inorganic nanostructures around the just 

formed supramolecular gel assemblies, followed by the template removal.[65] However, up 

to now, the use of a supramolecular gel for the synthesis of nanostructured IrO2 has not 

yet been reported. Moreover, the procedure here described employs a supramolecular gel 

both as templating agent and metal source, representing an innovation in the field of the 

synthesis of inorganic structures. 

Among the synthetized complexes, the compound [(ppy)2Ir(bpy)]EtOCH2CO2 (15) is able 

to generate the most organized supramolecular phase in water, composed by a 2D 

tetragonal columnar system further organized in a 2D oblique columnar assembly. 

Therefore 15 was chosen as the more promising example of template to prepare 

nanostructured IrO2 and to demonstrate the possible use of metallogels to promote 

nanostructuration in metal oxide. Through the use of complex 15, IrO2 nanopowder e IrO2 

nanostructured thin films have been obtained. 

 

 

4.2.1 IrO2 nanopowder 

IrO2 nanostructured powder has been synthetized employing [(ppy)2Ir(bpy)]EtOCH2CO2 

(15) both as SDA and Iridium precursor. Its most concentrated gel phase (6% w/w) in 

water was deposited through the drop-casting method onto glass substrates that were left 

to dry for several days at room temperature. The corresponding xerogels were calcinated 

at 600°C for 4h, obtaining non-uniform IrO2 deposits. The metal oxide films were then 

scraped from the glass substrates, collecting a fine black powder. In order to investigate 



 

the morphology of the obtained IrO

images revealed that the sample a tuall  on i t  of IrO

the first sight, appear to be smooth and 

Fig. 4.2.1. SEM images of IrO2 nanosheet  with mooth urfa e. 

 

However, a closer inspection of the ample

that becomes evident right beneath the urfa e 

of IrO2, which resemble the fibrou  ar hite ture of the gel

entrapped within the nanosheet la er  in “wool ball ”

4.2.2_b). Furthermore, some sample region  how the lear pre en e of ma ropore , 

whose walls are still composed b  rather empt  fibrou  material

Fig. 4.2.2. SEM images of: (a) IrO2 nano tru turation pre ent beneath the mooth urfa e of nano heet , (b) 

magnification of a, (c) macropores on the nano heet .

 

the morpholog  of the obtained IrO2 powder, a SEM-EDX analysis was arried out.

image  re ealed that the sample actually consists of IrO2 nanosheets (

appear to be smooth and externally non-nanostructured.

nanosheets with smooth surface.  

in pe tion of the sample revealed the presence of a nano tru turation 

right beneath the surface (Fig.4.2.2). In particular, fibrou  tru ture  

, whi h re emble the fibrous architecture of the gel-xerogel precur or, 

entrapped within the nanosheet layers in “wool balls”-like nanostructure

_b). Furthermore, ome sample regions show the clear presence of ma ropore , 

who e wall  are till omposed by rather empty fibrous material (Fig.4.2.2_ )

nanostructuration present beneath the smooth surfa e of nano heet , (b) 

on the nanosheets. 
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EDX anal is was carried out. SEM 

nano heets (Fig.4.2.1), that, at 

  

 

the pre en e of a nanostructuration 

In particular, fibrous structures 

erogel precursor, appear to be 

li e nano tructures (Fig.4.2.2_a and 

_b). Furthermore, ome ample region  how the lear presence of macropores, 

(Fig.4.2.2_c).  

 

nano tru turation pre ent beneath the mooth surface of nanosheets, (b) 



 

Furthermore, EDX analysis performed on thi  ample (Fig.4.2.3)

organic residues, displaying the e lu i e pre en e of Iridium and O gen atom .

Fig.4.2.3. EDX graph of IrO2 nanopowder.

Unfortunately, the acquisition of SEM mi rograph with a larger magnifi ation

possible for the IrO2 nanopowder, howe er, the pre en e of further maller pore  ha  

been pointed out through TEM anal i  (Fig.4.

surface, that appears smooth in the SEM image , a tuall  re eal  the pre en e

nanopores with an average dimen ion of 10 nm

Fig. 4.2.4. SEM (on the left) and TEM mi rograph (on the right) of a me oporou  region of IrO

performed on this sample (Fig.4.2.3) ruled out

organi  re idue , di pla ing the exclusive presence of Iridium and Oxygen atom .

nanopowder. 

Unfortunatel , the a qui ition of SEM micrograph with a larger magnification

nanopowder, however, the presence of further maller pore  ha  

been pointed out through TEM analysis (Fig.4.2.4). A magnification of the nano heet  

urfa e, that appear  mooth in the SEM images, actually reveals the pre en e

dimension of 10 nm.  

the left) and TEM micrograph (on the right) of a mesoporous region of IrO
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ruled out the presence of 

organi  re idue , di pla ing the e lu i e pre en e of Iridium and Oxygen atoms. 

 

Unfortunatel , the a qui ition of SEM mi rograph with a larger magnification has not been 

nanopowder, howe er, the pre en e of further smaller pores has 

). A magnifi ation of the nanosheets 

urfa e, that appear  mooth in the SEM image , a tuall  reveals the presence of 

 

the left) and TEM mi rograph (on the right) of a me oporou  region of IrO2 nanopowder. 
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It is clear from TEM image that the pores are not through pores, meaning genuine open 

channels, but they might be closed or blind pores (Fig.4.2.5), since the opening outwards 

is not visible. 

 

Fig. 4.2.5. Schematic representation of through, closed and blind pores (from ref. [66]) 

 

In order to evaluate the nature of these pores (closed or blind), a porosimetric study was 

performed on an ASAP 2460 instrument using N2 as gas at the liquid nitrogen 

temperature. The sample, maintained at 77K in a thermal bath, undergoes to a gradually 

increasing pressure of N2, in order to estimate the amount of gas absorbed. This 

measurement is carried out until the saturation pressure of N2 has been reached, then the 

inverse process, which consists in desorbing the gas, is performed. The absorption and 

desorption isotherms were analyzed employing the BET (Brunauer, Emmett, Teller), BJH 

(Barrett, Joyner, Halenda) and DA (Dubinin-Astakhov) models, obtaining information about 

the porosity and the specific area of the analyzed sample. 

The adsorption isotherm (Fig.4.2.7) shows the achievement of a plateau state at ca. 0.1 

relative pressure p/p0 value. This result is consistent with the micropores filling and with 

the formation of gaseous mono-layer absorbed on the material surface. Moreover, the 

desorption isotherm  presents an hysteresis, which indicates the capillary condensation of 

gas into mesopores (2-8 nm). 



 

Fig. 4.2.7. Absorption (red) and de orption (deep red) i otherm  of IrO

classification). 

The data, analysed through BET model, re ealed a pe ifi  urfa e area of 35 m

whereas the cumulative volume of pore , al ulated emplo ing B H model, orre pond

0.128 cm3/g. 

The sample presents a pore di tribution both in the mi ropore  (< 2nm) and the 

mesopores classes (2-50 nm).

occupy 35% of the specific surfa e area and 

0.014 cm3/g. Contrary, the mesopore , anal ed emplo ing the DA model o up  65% of 

the specific surface area, corre p

calculated using BJH model, pre ent a pea  ent

width (FWHM) of ca. 10 nm (Fig.4.2.

Fig. 4.2.8. Pores distribution (BJH model).

) and desorption (deep red) isotherms of IrO2 nanopowder (IIb t pe, IUPAC 

through BET model, revealed a specific surface area of 35 m

the umulati e olume of pores, calculated employing BJH model, orre pond

The ample pre ent  a pore distribution both in the micropores (< 2nm) and the 

50 nm). Through BJH model it was found that the mi ropore  

35% of the pe ific surface area and 10% of the total volume, orre ponding to 

Contrar , the mesopores, analyzed employing the DA model o up  65% of 

the pe ifi  urfa e area, corresponding to 23m2/g. The pores dimen ion di tribution, 

al ulated u ing B H model, present a peak centered at ca. 10 nm chara teri e

. 10 nm (Fig.4.2.8). 

i tribution (B H model). 
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nanopowder (IIb type, IUPAC 

through BET model, re ealed a pe ifi  urface area of 35 m2/g, 

the umulati e olume of pore , al ulated emplo ing B H model, corresponds to 

The ample pre ent  a pore di tribution both in the mi ropores (< 2nm) and the 

Through B H model it wa  found that the micropores 

10% of the total olume, corresponding to 

Contrar , the me opore , anal ed emplo ing the DA model occupy 65% of 

The pore  dimension distribution, 

. 10 nm characterized by a 

 



 

In conclusion, the presence of me opore  wa  effe ti el  demon trated b  

measurements, and, considering the pe ifi  urfa e area alue of 35 m

accessibility of the pores, they 

Finally, both mesopores and ma ropore  are pre ent, but mo t of the pore  ha e a 

dimension of 10 nm (mesopores), in agreement with the TEM ob er ation.

 

4.2.

The highly ordered gel phases

organometallic precursors for the formation

the preparation of IrO2 nanopowder, for whom drop

formation of IrO2 thin films wa  a hie ed u ing 

particular, the gel phases of 15

deposited onto quartz substrate  through pin

temperature for several days, obtaining 

chapter 3, the anisotropic gel ar hite ture i  retained al o after it  omplete deh dration, 

i.e. in the xerogel, as revealed b  the per i ten e of a well

under POM and by the PXRD pattern.

architecture of the constituent mole ular motif , were u ed both a  Iridium our e and 

templating agent for the generation of IrO

directly treated at high temperature

(Fig.4.2.9). 

 
 

 
 
 

Fig. 4.2.9. Images of the xerogel and the IrO

 
 

Also in this case, the effective formation of IrO

ligands were assured by EDX anal i , whi h re ealed onl  the

Oxygen atoms. 

n on lu ion, the pre ence of mesopores was effectively demonstrated b  

onsidering the specific surface area value of 35 m

a e ibilit  of the pore , they can be regarded as blind pores, rather than lo ed pore .

Finall , both me opore  and macropores are present, but most of the pore  ha e a 

dimen ion of 10 nm (me opores), in agreement with the TEM observation.

4.2.2 IrO2 nanostructured thin films 

The highl  ordered gel phases of [(ppy)2Ir(bpy)]EtOCH2CO2 (15) were al o emplo ed

organometalli  pre ur or  for the formation of nanostructured IrO2 thin film .

nanopowder, for whom drop-casting technique wa  emplo ed, t

thin films was achieved using spin-coating depo ition method.

15 at different concentrations (3%, 4%, 5% and 6% w/w) were 

quart  ubstrates through spin-coating and were left to dr  at

temperature for e eral days, obtaining the corresponding xerogels

hapter 3, the ani otropi  gel architecture is retained also after its complete deh dration, 

i.e. in the erogel, a  revealed by the persistence of a well-defined birefringent te ture 

under POM and b  the PXRD pattern. These xerogel films, pre enting ordered 

ar hite ture of the on tituent molecular motifs, were used both as Iridium our e and 

templating agent for the generation of IrO2 thin films. For this purpose, xerogel  film  were 

treated at high temperature (600°C) for 4h, obtaining uniform IrO

the erogel and the IrO2 thin films deposited onto quartz substrate.

effective formation of IrO2 and the total degradation of the organi

ligand  were a ured b  EDX analysis, which revealed only the presen e of Iridium and 
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n on lu ion, the pre en e of me opore  wa  effe ti el  demonstrated by porosity 

on idering the pe ifi  urfa e area alue of 35 m2/g, hence the 

blind pore , rather than closed pores. 

Finall , both me opore  and ma ropore  are pre ent, but most of the pores have a 

dimen ion of 10 nm (me opore ), in agreement with the TEM ob ervation. 

were also employed as 

thin films. Contrary to 

a ting te hnique was employed, the 

oating deposition method. In 

on entration  (3%, 4%, 5% and 6% w/w) were 

and were left to dry at room 

erogels. As described in 

hapter 3, the ani otropi  gel ar hite ture i  retained al o after its complete dehydration, 

defined birefringent texture 

he e erogel films, presenting ordered 

ar hite ture of the on tituent mole ular motif , were u ed both as Iridium source and 

thin film . For thi  purpose, xerogels films were 

(600°C) for 4h, obtaining uniform IrO2 thin films 

 

thin film  depo ited onto quart  ubstrate. 

and the total degradation of the organic 

presence of Iridium and 



 

The morphology of the IrO2 film  obtained tarting from the gel pha e  at 3, 4, 5 and 6% 

w/w were analyzed through SEM. Onl  for 

phases was observed an inner nano tru turation.

w/w) films resulted too thin for allowing u eful ob er ation .

starting from the 5% w/w gel pha e i  ompo ed of a 

organised (Figure 4.2.10_a). The mi rograph highlight  the pre en e of a den e film 

composed of ordered vertical IrO

film attained using the 6% w/w gel pha e how  a  elf

thin film of an overall 1μm thic ne  (

less homogeneous surface co erage re pe t to the IrO

phase, probably due to the higher i o it  of the 6% 

spin-coating prevents the effi ient and homogeneou  o erage of the ub trate

Nonetheless, the SEM micrograph re eal  the well

probably resulting for different orientation of the nan

within each layer. Noteworthy, the top urfa e la er pre ent identi al feature  of the film 

obtained for the 5% w/w gel pha e with erti al alignment of the IrO

the specific arrangement of the IrO

from the ordered self-assembled olumnar feature  of the tarting erogel .

 
 

Figure 4.2.10.  SEM micrographs of the IrO

(b). 

 

 

films obtained starting from the gel phases at 3, 4, 5 and 6% 

w/w were anal ed through SEM. Only for samples obtained from 5% 

pha e  wa  ob er ed an inner nanostructuration. For lower gel concentration

film  re ulted too thin for allowing useful observations. In particular, the film obtained 

the 5% w/w gel phase is composed of a ca. 80 nm thi  la er highl  

Figure 4.2.10_a). The micrograph highlights the presence of a den e film 

ompo ed of ordered ertical IrO2 arrays that outlines the nanostructure.

film attained u ing the 6% w/w gel phase shows a  self-assembled well

m thickness (Figure 4.2.10_b). However, the 

le  homogeneou  urface coverage respect to the IrO2 derived from the 5% w/w gel 

, probabl  due to the higher viscosity of the 6% w/w gel phase 

efficient and homogeneous coverage of the ub trate

Nonethele , the SEM micrograph reveals the well-ordered nanostructure of ea h la er, 

probabl  re ulting for different orientation of the nanostructured array  of IrO

within ea h la er. Noteworthy, the top surface layer present identical feature  of the film 

obtained for the 5% w/w gel phase with vertical alignment of the IrO2 arra . In both a e , 

the pe ifi  arrangement of the IrO2 structure can reasonably be attributed to be deri ing 

a embled columnar features of the starting xerogel .

SEM mi rographs of the IrO2 thin film obtained from the gel phases: 5% w/w (a) and 6% w/w 
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film  obtained tarting from the gel phases at 3, 4, 5 and 6% 

from 5% and 6% w/w gel 

For lower gel oncentrations (3 and 4% 

particular, the film obtained 

nm thick layer highly 

Figure 4.2.10_a). The mi rograph highlight  the presence of a dense film 

arra  that outline  the nano tructure. The metal-oxide 

mbled well-ordered multilayer 

Howe er, the sample displays a 

deri ed from the 5% w/w gel 

 solution, that during 

effi ient and homogeneou  o erage of the substrate. 

ordered nanostructure of each layer, 

o tru tured arrays of IrO2 present 

within ea h la er. Noteworth , the top urfa e la er pre ent identical features of the film 

arrays. In both cases, 

tru ture an rea onabl  be attributed to be deriving 

a embled olumnar feature  of the tarting xerogels. 

 

thin film obtained from the gel pha es: 5% w/w (a) and 6% w/w 



 

Furthermore, these inorganic film  w

get information about their eventual r talline nature

obtained from all the starting 

rutile phase of IrO2 (Figure 4.2.11). PXRD data are reported in Table 

observed peak intensity, together

powder[67] for direct compariso

Figure 4.2.11.  XRD pattern of IrO2 

 

dhkl 2θ

d110 28.07

d101 34.74

d200 40.10

d210 Not seen

d211 54.08

d220 Not seen

d002 58.50

d310 Not seen

d112 66.11

d301 Not 

d202 73.31

Table 4.2.1.  Indexation of the IrO2 thin film PXRD pe trum and relati e inten it  of the ob er ed pea . [a] 

data extracted from ref. [67].
 

Furthermore, the e inorganic films were investigated through PXRD anal i

get information about their eventual crystalline nature. The PXRD pattern  

tarting gel concentrations, are identical and are con i tent with the 

(Figure 4.2.11). PXRD data are reported in Table 4.2.1

ob er ed pea  inten it , together with the expected referenced data for the rutile IrO

omparison. 

 thin films. 

θ (°) Iexp Itheo
[a]

 

28.07 10 100 

34.74 100 92 

40.10 5 26 

Not seen  <1 

54.08 8 56 

Not seen  12 

58.50 35 6 

Not seen  12 

66.11 13 13 

Not seen  14 

73.31 3 8 

thin film PXRD spectrum and relative intensity of the ob er ed pea . [a] 
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in e tigated through PXRD analysis in order to 

. The PXRD patterns of the IrO2 

are identi al and are consistent with the 

4.2.1 with the relative 

with the e pe ted referen ed data for the rutile IrO2 

 

 

thin film PXRD pe trum and relati e inten ity of the observed peaks. [a] 
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Noteworthy, the PXRD pattern for the prepared IrO2 thin films displays relative intensity 

values for the main reflection peaks different from the reference IrO2 powder. In particular, 

in the PXRD pattern of the IrO2 reference, the (110) is the most intense reflection peak 

observed, whereas the PXRD pattern of the thin film shows much more intense (101) 

reflection peak and slightly more intense (002) and (112) reflections. Such variation in 

intensity can be attributed to a specific crystal growth orientation of the rutile unite cell, 

predominantly grown into the (101), (002) and (112) directions. This preferential orientation 

growth can be correlated to the high order self-assembled columnar architecture of the gel 

phase and is reflected in the nanostructured arrays previously observed by SEM.  

 

4.3 Conclusions 

A new method for the preparation of nanostructured IrO2, in the form of powder and thin 

films, has been proposed. The procedure here described is based on the use of an 

ordered starting organometallic material which acts both as metal source and templating 

agent. The so prepared inorganic materials resemble the ordered architecture of the 

supramolecular phases used as precursor.  In particular, the IrO2 thin film originated from 

the 5% w/w gel phase of compound 15 displayed an ordered nanostructure composed of 

ordered vertical IrO2 arrays. As described in the present chapter, the nanostructuration of 

IrO2, as well as for other transition metal oxides, could enhance its intrinsic properties 

compared with the bulk material. Specifically, the presence of a highly porous structure, 

with pores accessible from the surface, results in an increased number of active sites on 

the material, which induces an enhancement of electrocatalytic and sensing activities of 

IrO2. This effect can be efficiently exploited into electrocatalytic applications. Even the 

application of IrO2 in electrochromic devices can benefit from the increased surface-to-

volume ratio, determining faster colour change in the device.  

The procedure described could be the starting point for the development of a new method 

to prepare ordered IrO2 thin films and, in a more general perspective, other inorganic 

nanostructures taking advantage of a well-organized organometallic gel precursor. 
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Chapter 5 

Conclusions 

 

In this thesis, the synthesis and the characterization of several water-soluble Ir(III) 

complexes, [(ppy)2Ir(biq)]CH3CO2 (2), [(ppy)2Ir(dip)]CH3CO2 (4), [(ppy)2Ir(dpa)]CH3CO2 

(6), [(ppy)2Ir(dpc)]CH3CO2 (8), [(ppy)2Ir(dpq)]CH3CO2 (10), [(ppy)2Ir(dppz)]CH3CO2 

(12), [(ppy)2Ir(bpy)]EtO (13), [(ppy)2Ir(bpy)]OH (14), [(ppy)2Ir(bpy)]EtOCH2CO2 (15) and  

[(ppy)2Ir(bpy)]MeOCH2CO2 (16), have been presented. The solubility in water is a 

desirable feature that an Ir(III) complex should exhibit in order to be effectively used in 

biologically-related applications. In the Ir(III) cationic complexes presented herein, the 

solubility in water has been achieved simply by choosing the appropriate counterion. The 

hydrophilic nature of the selected counter-anions, CH3CO2
-, EtO-, OH-, EtOCH2CO2

- and 

MeOCH2CO2
-
, has issued water-solubility to these complexes through easy chemical 

methodologies, thus avoiding the long, thorny and expensive synthetic procedures 

commonly used in order to achieve this appealing feature. The synthetized compounds, 

with the exception of 10 and 12, are luminescent in high diluted water solution, and, in this 

context, the complex [(ppy)2Ir(dpa)]CH3CO2 (6) has displayed the most interesting 

photophysical properties, since its luminescence quantum yield (ϕ) is strongly dependent 

on the presence of molecular oxygen. For this reason, compound 6 may be a valuable 

candidate as O2 sensor and as photosensitizer in Photodynamic Therapy. 

In addition, the compound family of the [(ppy)2Ir(bpy)]X type, i.e. complexes 13, 14, 15 

and 16, was obtained through a newly synthetic pathway, which takes advantage of the 

versatility of the hydroxy-bridged dimer [(ppy)2Ir(μ-OH)]2 (II) used as a precursor. Indeed, 

depending on the solvent employed in the bridge splitting reaction of [(ppy)2Ir(μ-OH)]2 (II) 



166 

 

and in the presence of the ancillary ligand bpy, different counterions, derived from solvent 

molecules, can be introduced in the final complex [(ppy)2Ir(bpy)]X. 

Moreover, similarly to the parent compounds [(ppy)2Ir(bpy)]CH3CO2
[1] and 

[(ppy)2Ir(phen)]CH3CO2,
[2]  some of the presented complexes, i.e [(ppy)2Ir(dpq)]CH3CO2 

(10), [(ppy)2Ir(dppz)]CH3CO2 (12), [(ppy)2Ir(bpy)]EtO (13), [(ppy)2Ir(bpy)]OH (14), 

[(ppy)2Ir(bpy)]EtOCH2CO2 (15) and  [(ppy)2Ir(bpy)]MeOCH2CO2 (16), are able to self-

assemble in water in a determined range of concentrations, generating supramolecular 

phases. In particular, the complexes bearing bpy as ancillary ligand, i.e. compounds 13, 

14, 15 and 16, were found to form highly organized supramolecular metallo-hydrogel 

phases, presenting characteristic birefringent textures under POM, which are retained also 

after evaporation of the solvent, thus in the corresponding xerogel films, together with the 

initial supramolecular structure. These phases have been examined through PXRD 

technique, pointing out the supramolecular architecture of these samples, consisting in 

tetragonal columnar strands of the cationic moieties surrounded by the counterions, further 

arranged in a larger oblique columnar system. Also complexes 10 and 12, incorporating 

dpq and dppz respectively as ancillary ligands, were found to self-aggregate in water, 

though generating supramolecular phases different from those derived from the compound 

family [(ppy)2Ir(bpy)]X. Indeed, complex [(ppy)2Ir(dpq)]CH3CO2 (10), in concentrated 

water solution (3-14% w/w), exhibits a behaviour more similar to a lyotropic liquid crystal 

than to a physical gel. This similarity derived from the observation of the well-known focal 

conic fan textures and from the role played by the solvent in these phase, whose removal 

determines the loss of the rectangular columnar organization displayed in the hydrated-

phases. On the contrary, compound [(ppy)2Ir(dppz)]CH3CO2 (12), which incorporates a 

more extended aromatic ancillary ligand, dppz, with respect to complexes bearing bpy 

and dpq, loses the ability to generate genuine gel-phases, which do not flow in the steady 

state, but, at the same time, is still capable to form birefringent viscous solutions, whose 

dehydration evidenced the presence of an hexagonal columnar structure through PXRD 

analysis and the presence of fibrous aggregates through TEM observation. 

 

 

 

[1]  Y. J. Yadav, B. Heinrich, G. De Luca, A. M. Talarico, T. F. Mastropietro, M. Ghedini, B. Donnio, E. I. Szerb, 

Adv. Opt. Mater., 2013, 1, 844–854. 

[2]  C. Oliviero Rossi, C. Cretu, L. Ricciardi, A. Candreva, M. La Deda, I. Aiello, M. Ghedini, E. Ildyko Szerb, 

Liquid Crystals, 2017,  44, 880-888. 
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Since the complexes able to self-organize in water, incorporate bpy, phen, dpq and dppz 

as ancillary ligands, the presence of an aromatic rigid and planar N^N ligand seems to be 

a necessary condition for the generation of physical columnar aggregates. This hypothesis 

was further confirmed by the absence of supramolecular phases formation for the 

complexes [(ppy)2Ir(en)]CH3CO2 and [(ppy)2Ir(pam)]CH3CO2.
[3] 

A deeper insight into this issue has been given by the study of the geometry optimization 

performed through DFT calculation (Chapter 2). This analysis allowed to determine that, in 

the synthetized cationic moieties [(ppy)2Ir(N^N)]+ the HOMO is evenly distributed onto the 

two ppy cyclometalated ligands, whereas the LUMO is mainly localized onto the N^N 

ancillary ligand. It is therefore reasonable to propose a π-π stacking between ppy ligands 

and the N^N ligand of an adjacent Ir(III) molecule as an origin of the formation of columnar 

organization of molecules, which further aggregation results in the formation of the fibrous 

network observed through TEM. In this light, it is not surprising that, [(ppy)2Ir(biq)]CH3CO2 

(2), [(ppy)2Ir(dip)]CH3CO2 (4), [(ppy)2Ir(dpa)]CH3CO2 (6) and [(ppy)2Ir(dpc)]CH3CO2 (8), 

although soluble in water, do not form any “gel” phase. Indeed, in the case of complex 4, 

which does not form any supramolecular organization, the presence of the dip ancillary 

ligand prevents efficiently stacking of molecules in columnar structures, due to the two 

phenyl rings free rotation. Moreover, DFT calculations allowed to observe the distortion of 

biq, dpa and dpc ancillary ligands of complexes 2, 6 and 8 respectively. The absence of 

planarity in these ancillary ligands, probably rules out the efficient stacking of adjacent 

Ir(III) complexes. In addition, in the case of [(ppy)2Ir(dpa)]CH3CO2 (6) and 

[(ppy)2Ir(dpc)]CH3CO2 (8), the presence of the chemical groups –NH and –C=O into the 

N^N ligands dpa and dpc respectively, could also be involved in the further formation of 

hydrogen bonding with water molecules, improving the solubility of these complexes in 

water, thus disrupting the delicate balance between solubilisation and aggregation 

required in order to achieve gelation. 

The main features of the complexes of type [(ppy)2Ir(N^N)]X (X= CH3CO2
-, EtO-, OH-, 

EtOCH2CO2
- and MeOCH2CO2

-), together with their chemical structures, are summarized 

in Table 5.1. 

 

 

 

[3]  L. Ricciardi, T. F. Mastropietro, M. Ghedini, M. La Deda, E. Ildyko Szerb, J Organomet Chem., 2014, 772–

773, 307–313. 
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Complex Main features 

 

Highly water-soluble complexes. 
The presence of –NH2 groups 

promotes solubility by hydrogen 
bonding with H2O molecules, 

probably preventing gelification. 

 

Water-soluble complex, able to 
generate birefringent gel-phases. 
Molecular architecture composed 
by columnar strands of cations. 

 

Water soluble complexes, able to 
form highly organized 

supramolecular structures, 
composed by tetragonal 
columnar strands, in turn 

organized in an oblique columnar 
structure. 

 

Water-soluble complex, able to 
generate birefringent gel-phases. 
Molecular architecture composed 
by columnar strands of cations. 

 

 

Water-soluble complexes. No 
supramolecular phases 
formation was observed, 

probably due to the distortion of 
the biq, dpa and dpc ligands, 

which could prevent the 
formation of the columnar 

system. 
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Water-soluble complex. No 
supramolecular phases 
formation was observed, 

probably due to the free rotation 
of the two phenyl ring in the dip 
ligand, which could disrupt the 

columnar stacking of the 
complex molecules. 

 

Highly water soluble complex. 
Formation of a columnar 

lyotropic-like phase, 
characterized by big strands. 

 

Water soluble complex. 
Formation of birefringent viscous 

phase. 

Table 5.1.  Chemical structures and main features of the Ir(III) cationic complexes of type [(ppy)2Ir(N^N)]X 

(X= CH3CO2
-
, EtO

-
, OH

-
, EtOCH2CO2

- 
and MeOCH2CO2

-
). 

 

 

Finally, in this thesis, the highly organized phases of the metallo-hydrogelator 15, have 

been employed as template for the synthesis of nanostructured IrO2. Actually, for the first 

time, the starting metallogel has acted both as structural directing agent (SDA) for the 

formation of the inorganic nanostructures and as direct metal source.  In this context, the 

IrO2 thin film originated from the 5% w/w gel phase of compound 15 displayed an ordered 

nanostructure composed of ordered vertical IrO2 arrays, which could be valued for catalytic 

and electrochromic applications. The procedure described herein could lay the foundations 

for the development of a new methodology to prepare ordered IrO2 thin films and, in a 

more general perspective, other inorganic nanostructures taking advantage of a well-

organized organometallic gel precursor. 
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Chapter 6 

Experimental details 

 

6.1 General equipments and procedures 

All commercially available starting materials were used as received without further 

purification. IrCl3·nH2O, 2-phenylpyridine, 2,2’-bipyridine, 1,10-phenanthroline, benzene-

1,2-diamine, 2,2’-biquinoline, 4,7-diphenyl-1,10-phenanthroline, 2,2’-dipyridyl ketone, 2,2’- 

dipyridylamine, dipyridinoquinoxaline (pyrazino[2,3-f][1,10]phenanthroline), acetic acid, 6-

Bromohexanoic acid, 2-ethoxyethanol and 2-methoxyethanol were purchased from Sigma-

Aldrich. 

Microwave reactions were performed using a CEM Discover Synthesis Unit (CEM Corp., 

Matthews, NC). This instrument consists of a continuous focused microwave power 

delivery system with an operator-selectable power output (0–300 W). The reactions were 

performed in glass vessels (capacity 50 mL) equipped with a condenser under 

atmospheric pressure. The temperature of the contents of the vessel was monitored using 

an optical fibre inserted through a specially designed glass-tube directly into the centre of 

the reaction vessel. The contents of the vessel were stirred by means of a rotating 

magnetic plate located below the floor of the microwave cavity and a Tefloncoated 

magnetic stir bar in the vessel. 

1H NMR spectra were acquired on a Bruker Avance 300 MHz spectrometer in CDCl3 and 

CD3OD solution (with TMS as the internal standard), depending on the solubility of the 

complexes and on the overlap between the solvent peaks and the aliphatic peaks. 

13C NMR spectra were acquired on a Bruker Avance 500 MHz spectrometer in DMSO-d6.  

Infrared spectra (KBr) in the range 4000–400 cm−1 were recorded with a Spectrum One 

FT-IR Perkin-Elmer spectrometer.  

Elemental analyses were performed with a Perkin-Elmer 2400 microanalyzer. 
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Mass spectra were obtained using an AB Sciex API 2000 mass spectrometer equipped 

with a turboion spray ionization source in the positive or negative mode [ion spray voltage 

(IS) 4500 V; curtain gas 10 psi, temperature 25 °C, ion source gas (1) 20 psi, declustering 

and focusing potentials 50 and 400 V, respectively] through direct infusion (5 μL min−1) of 

a solution containing the appropriate compound dissolved in MeOH–H2O (20 μg mL−1). 

Powder X-ray diffraction patterns were acquired on a Bruker D2-Phaser equipped with 

Cu Kα radiation (λ = 1.5418 Å) and a Lynxeye detector, at 30 kV and 10 mA, with a step 

size of 0.01° (2θ). 

Acquisition of gel PXRD patterns: the gel samples were directly deposited on the 

instrument sample-holder. Since during measurement water quickly evaporates due to 

local warming generated by X-ray irradiation, the gels patterns were rapidly acquired with 

at most 3 scans in order to reduce the effective concentration change of the gel phase. On 

the contrary, xerogels patterns were registered after slow and complete evaporation of 

water from gel phases on the sample-holder. 

 

A Leica DMLP polarising microscope equipped with a Leica DFC280 camera and a 

CalCTec (Italy) heating stage was used to examine the textures of the hydrogels. 

Energy dispersive X-ray spectroscopy (EDX) was carried out by the use of a Phenom 

ProX scanning electron microscope. 

SEM morphologic images were acquired on a QUANTA FEG 400 F7 (FEI), equipped with 

a secondary electrons detector and a back-scattered electrons detector. 

 

TEM images were acquired using a Zeiss EM 10 TEM (Carl Zeiss AG, Oberkochem, 

Germany). The gel phase, 6% w/w in water, was diluted with distilled water (dil. 1/1000). 

The samples were prepared by depositing a drop of the diluted solution on 200 mesh 

formvar/carboncoated copper grids. After evaporation of the solvent in air at room 

temperature, the xerogel was observed at an operating voltage of 80 kV. 

 

Photophysical characterization: Spectrofluorimetric grade water was used for the 

photophysical investigations in solution without further purification. A Perkin Elmer Lambda 

900 spectrophotometer was employed to obtain the UV/Vis absorption spectra. Steady-

state emission spectra were recorded on a Horiba Jobin Yvon Fluorolog 3 

spectrofluorimeter, equipped with a Hamamatsu R-928 photomultiplier tube. The 
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luminescence quantum yields were determined through the optical dilution method[1] using 

Ru(bpy)3Cl2 in air-equilibrated water solution as a reference standard (Φ = 0.028).[2]  

Solutions were degassed by bubbling argon into quartz cells prior to measurements. Time-

resolved measurements were performed using the time-correlated single-photon counting 

(TCSPC) on the Fluorolog-3 apparatus. A NanoLED pulse centered at 379 nm (FWHM 

750 ps with 1 MHz repetition rate) was used as an excitation source and fixed directly on 

the sample chamber at 90° to a single-grating emission monochromator (2.1 nm mm−1 

dispersion; 1200 grooves per mm). Data analysis was performed using the commercially 

available DAS6 software (HORIBA Jobin Yvon IBH). The quality of the fit was assessed by 

minimizing the reduced χ2 function. The experimental uncertainties were 1 nm on the band 

maximum for the absorption and luminescence spectra, 10% on the molar extinction 

coefficient, 20% on the emission quantum yields and 5% on the lifetime values. 

 

DSC analysis were performed on a DSC Q2000 TA instrument. 10-15 mg of gel samples 

were placed in aluminium pans and covered with hermetic lids, in order to avoid 

evaporation of the solvent, hence a change in concentration. The DSC curves were 

acquired between 10°C and 60°C at a scan rate of 5°C/min. 

Porosimetry measurements were performed on ASAP 2460 instrument using N2 as gas 

at the liquid nitrogen temperature and the data were analyzed through the BET, BJH and 

DA models. 

Confocal microscopy: A 5% w/w gel phase of [(ppy)2Ir(dpq)]CH3CO2 was drop casted 

on a pre-cleaned glass slide and covered with a glass coverslip. The cell was sealed in 

order to avoid evaporation of water. The confocal images were taken on a Leica TCS SP2 

confocal laser scanning microscope (LSM). 
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6.2 Synthesis procedures 

 

Synthesis of [(ppy)2Ir(μ-Cl)]2 (I) 

 

To a degassed (N2) solution of 2-phenylpyridine, H(ppy) (0.48 ml, 3.39 mmol) in 2-

ethoxyethanol (30 mL) was added a degassed (N2) aqueous solution of IrCl3·nH2O (400 

mg, 1.13 mmol). The resulting mixture was refluxed in a microwave oven at 250 W for 1 h. 

The resulting precipitate obtained upon addition of water was filtered, washed with water 

and methanol and dried, to yield the desired product as a bright yellow powder. The crude 

powder was used in the following step without any further purification. Yield (82%, 492 

mg). M.p. >250 °C. Anal. calcd for [C44H32Cl2Ir2N4] (MW 1072.09 g mol−1): C: 49.29; H: 

3.01; N: 5.23%, found C: 49.32, H: 3.16, N: 5.02%. 1H NMR (300 MHz, CDCl3, TMS), δ 

(ppm): 9.23 (d, J = 5.7 Hz, 1H), 7.86 (d, J = 7.9 Hz, 1H), 7.73 (td, Jt = 8.7 Hz, Jd = 1.5 Hz, 

1H), 7.48 (d, J = 7.7 Hz, 1H), 6.8–6.7 (m, 2H), 6.55 (td, Jt = 6.7 Hz, Jd = 1.5 Hz, 1H), 5.92 

(d, J = 7.7 Hz, 1H). IR (KBr/cm−1): 3036, 1604, 1581, 1475,1421. 
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Synthesis of [(ppy)2Ir(μ-OH)]2 (II) 

 

Compound I (400 mg, 0.38 mmol) was suspended in tetrahydrofuran (100 ml) and 2-

ethoxyethanol (100 ml). An excess of KOH (900 mg, 16 mmol) was dissolved in H2O (2–3 

ml) and subsequently added to the solution I. Stirring was maintained at room temperature 

for 48 h. The solution was concentrated and water was added until an orange precipitate 

was formed. The solid was filtered off and dissolved in tetrahydrofuran (50 ml). The filtered 

solution was then treated with an aqueous solution of KOH (900 mg in 2–3 ml) and stirred 

for 3 h. Finally, the solution was concentrated and water was added until precipitation. The 

orange precipitate was eventually recovered by filtration and dried under vacuum. Yield 

(74%, 290 mg). M.p. >250 °C. Anal. calcd for [C44H34Ir2N4O2] (MW 1035.20 g mol−1): C: 

51.05, H: 3.31; N: 5.41%; found C: 51.22, H: 3.12, N: 5.28%. 1H NMR (300 MHz, CDCl3, 

TMS), δ (ppm): 8.63 (d, J = 5.7 Hz, 2H), 7.76 (d, J = 7.7 Hz, 2H), 7.50 (t, J = 7.7 Hz, 2H), 

7.44 (d, J = 7.8 Hz, 2H), 6.63 (t, J = 7.4 Hz, 2H), 6.53 (t, J = 6.5 Hz, 2H), 6.45 (t, J = 7.4 

Hz, 2H), 5.90 (d, J = 7.0 Hz, 2H), −1.62 (s, 1H). IR (KBr/cm−1): 3749, 3610, 3034, 1603, 

1580, 1541, 1472, 1413. 

 

Synthesis of CH3COOAg 

To a solution of acetic acid (0.38 ml, 6.6 mmol) in ethanol was added an aqueous solution 

of NaOH (266 mg, 6.6 mmol). After two hours of stirring at r.t., an equimolecular amount of 

AgNO3 (1.12 g, 6,6 mmol) was added and the mixture, protected from light with aluminium 

foils, was further stirred for 2 hours. The product, formed as a white precipitate in the 

reaction mixture, was filtered out, washed with water to remove NaNO3, dried and used 

without further purification. The product was stored in close vials protected from light. Yield 

86%. Anal. Calcd. for [C2H3AgO2] (MW 333.82 g/mol): C, 14.39; H, 1.81; found: C, 14.51; 

H, 1.74. IR(KBr/cm-1): 1569.8, 1408.4. 
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Synthesis of 1,10-phenanthroline-5,6-dione (a).  

N N

O O

a  

Compound a was prepared following the method of Gillard et al.[3]   An ice-cold mixture of 

sulphuric acid (20 mL) and nitric acid (10 mL) was slowly added to 1,10-phenanthroline (2 

g, 10 mmol) and potassium bromide (2 g, 17 mmol). The red mixture was refluxed (150 C) 

for 3 h.  The hot yellow solution was then poured over ice and neutralised using a 

saturated solution of sodium hydroxide. The solution was then filtered, extracted with 

CH2Cl2 and evaporated to dryness. Recrystallisation from hot ethanol, yielded yellow 

powder. Yield (66%, 1.39 g). Anal. Calcd. for [C12H6N2O2] (MW 210 g/mol): C, 68.57; H, 

2.88, N, 13.33; found: C, 68.29; H, 2.93, N, 13.45. 1H NMR (300 MHz, CDCl3, TMS), δ 

(ppm): 9.13 (dd, JD = 4.5 Hz, Jd = 1.8,  2H), 8.51 (dd, JD = 8.7 Hz, Jd = 1.8,  2H), 7.59 (q, J 

= 6.0 Hz, 2H). IR (KBr/cm−1): 3535, 3425, 3061, 1983, 1703, 1681, 1576, 1560,1459. 

 Synthesis of dipyridophenazine (dppz) (b).  

 

The ligand b was prepared following the procedure reported by Wang et al.[4]  A mixture of 

of 1,10-phenanthroline-5,6-dione (a) (210.2 mg, 1mmol), benzene-1,2-diamine (119 mg, 

1.1 mmol), 10 mL of ethanol, and 4-methylbenzenesulfonic acid (1.9 mg, 0.01 mmol) was 

refluxed for 12h. The crude product was filtered off and then recrystallized from ethanol to 

give the pure desired product. Yield (64%, 180 mg). Anal. Calcd. for [C18H10N4] (MW 282 

g/mol): C, 76.58; H, 3.57, N, 19.85; found: C, 76.16; H, 3.75, N, 19.22. 1H NMR (300 MHz, 

CDCl3, TMS), δ (ppm): 9.67 (dd, JD = 7.5 Hz, Jd = 1.8,  2H), 9.29 (dd, JD = 4.0 Hz, Jd = 1.8,  

2H), 8.40-8.36 (m, 2H), 7.96-7.92 (m, 2H), 7.83-7.79 (m, 2H).  
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Synthesis of [(ppy)2Ir(biq)]Cl (1). 

 

To 20 ml of degassed MeOH, were added compound I (200 mg, 0.186 mmol) and the 

ligand 2,2’-biquinoline (95 mg, 0,372 mmol). The resulting solution was refluxed under 

inert atmosphere. After 24h the reaction mixture was concentrated and diethyl ether was 

added. A red precipitate was recovered through filtration. Yield (66%, 194 mg). M.p. (dec.)  

184°C. Anal. calcd for [C40H28IrN4Cl] (MW 792.20 g mol−1): C: 60.63, H: 3.56; N: 7.07 %; 

found C: 60.22, H: 3.22, N: 7.26%. 1H NMR (300 MHz, CDCl3, TMS), δ (ppm): 9.58 (d, J = 

8.7 Hz, 2H), 8.87 (d, J = 8.7 Hz, 2H), 7.95-7.91 (m, 4H), 7.83 (d, J = 7.8 Hz, 2H), 7.74-7.67 

(m, 4H), 7.58 (d, 7.8 Hz, 2H), 7.48 (t, 7.2 Hz, 2H), 7.13 (t, 7.8 Hz,  2H), 7.01-6.85 (m, 6H), 

6.22 (d, J = 7.8 Hz, 2H). IR (KBr/cm−1): 3401, 3041, 1605, 1583, 1509, 1478, 1376, 1268. 

 

Synthesis of [(ppy)2Ir(biq)]CH3CO2 (2) 

 

The complex 1 (100 mg, 0.126 mmol) was dissolved in 10 ml of MeOH and AgCH3COO 

was added (23 mg, 0.07 mmol). The resulting solution was refluxed protected from light. 

After 4h the reaction mixture was cooled down and filtrated through celite in order to 

remove AgCl. The obtained solution was concentrated and diethyl ether was added. A red 

powder was recovered. Yield (83%, 86 mg). M.p. 170°C. Anal. calcd for [C42H31IrN4O2] 

(MW 816.20 g mol−1): C: 61.82, H: 3.83; N: 6.87 %; found C: 61.34, H: 3.72, N: 6.57%.  1H 
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NMR (300 MHz, CDCl3, TMS), δ (ppm): 9.50 (d, J = 9 Hz, 2H), 8.85 (d, J = 8.7 Hz, 2H), 

7.92 (t, J = 8.7 Hz, 4H), 7.82 (d, J = 8.6 Hz, 2H), 7.70 (t, J = 7.5 Hz, 4H), 7.58 (d, J = 6.9 

Hz, 2H), 7.47 (t, J = 7.2 Hz, 2H), 7.11 (t, J = 8.7, 2H), 6.98- 6.85 (m, 6H), 6.23 (d, J = 6.9 

Hz, 2H), 2.10 (s, 3H). IR (KBr/cm−1): 3400, 1605, 1581, 1560, 1509, 1477, 1418, 1384. 

 

Synthesis of [(ppy)2Ir(dip)]Cl (3). 

N

Ir

N

N

N

Cl

3  

To 20 ml of degassed MeOH, were added compound I (200 mg, 0.186 mmol) and the 

ligand 4,7-diphenyl-1,10-phenanthroline (124mg, 0,372 mmol). The resulting solution was 

refluxed under inert atmosphere. After 24h the reaction mixture was concentrated and 

diethyl ether was added. An orange powder was recovered through filtration. Yield (88%, 

285 mg). M.p.> 250°C. Anal. calcd for [C46H32IrN4Cl] (MW 868.20 g mol−1): C: 63.62, H: 

3.71; N: 6.45 %; found C: 63.27, H: 3.43, N: 6.85%. 1H NMR (300 MHz, CDCl3, TMS), δ 

(ppm): 8.34 (d, J =5.4 Hz, 2H), 8.17 (s, 2H), 7.96 (d, J = 8.1 Hz, 2H), 7.83 (t, J = 7.2 Hz, 

2H), 7.74 (d, J = 5.4 Hz, 4H), 7.59-7.56 (m, 12H), 7.19 (t, J = 6.3 Hz, 2H), 7.10 (t, J = 6.8 

Hz, 2H), 7.01 (t, J = 7.2 Hz, 2H), 6.43 (d, J = 7.5 Hz, 2H). IR (KBr/cm−1): 3391, 3042, 1605, 

1581, 1515, 1476, 1226, 850, 702. 
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Synthesis of [(ppy)2Ir(dip)]CH3CO2 (4) 

 

The complex 3 (100 mg, 0.115 mmol) was dissolved in 10 ml of MeOH and AgCH3COO 

was added (28 mg, 0.08 mmol). The resulting solution was refluxed protected from light. 

After 4h the reaction mixture was cooled down and filtrated through celite in order to 

remove AgCl. The obtained solution was concentrated and diethyl ether was added. A 

yellow precipitate was recovered. Yield (61%, 71mg). M.p. 237°C. Anal. calcd for 

[C48H35IrN4O2] (MW 892.20 g mol−1): C: 64.63, H: 3.95; N: 6.28 %; found C: 64.39, H: 3.77, 

N: 6.32%.  1H NMR (300 MHz, CDCl3, TMS), δ (ppm): 8.34 (d, J = 5.4 Hz, 2H), 8.18 (s, 

2H), 7.96 (d, J = 7.8 Hz, 2H), 7.82 (t, J = 8.4 Hz, 2H), 7.74 (d, J = 5.4 Hz, 4H), 7.60-7.52 

(m, 12H), 7.09 (t, J = 6.6 Hz, 4H), 6.99 (t, J = 7.2 Hz, 2H), 6.43 (d, J = 7.5 Hz, 2H), 2.33 (s, 

3H). IR (KBr/cm−1): 3400, 1605, 1581, 1559, 14767, 1384, 763. 

 

Synthesis of [(ppy)2Ir(dpa)]Cl (5). 

 

To 20 ml of degassed MeOH, were added compound I (200 mg, 0.186 mmol) and the 

ligand 2,2’ dipyridylamine (64 mg, 0,372 mmol). The resulting solution was refluxed under 

inert atmosphere. After 24h the reaction mixture was concentrated and diethyl ether was 

added. A yellow powder was recovered through filtration. Yield (78%, 205 mg). M.p. 205 

°C. Anal. calcd for [C32H25IrN5Cl] (MW 707.14 g mol−1): C: 54.34, H: 3.56; N: 9.90 %; found 



180 

 

C: 54.72, H: 3.44, N: 9.85%. 1H NMR (300 MHz, CDCl3, TMS), δ (ppm): 12.05 (s, 1H), 

8.38 (d, J = 8.4 Hz, 2H), 8.16 (d, J = 5.7 Hz, 2H), 7.90 (d, J = 8.1 Hz, 2H), 7.79 (t, J = 7.2 

Hz, 2H), 7.61-7.56 (m, 4H), 7.50 (d, J = 6.0 Hz, 2H), 7.11 (t, J = 6.0 Hz, 2H), 6.94 (t, J = 

7.5 Hz, 2H), 6.80 (t, J = 7.5 Hz, 2H), 6.52 (t, J = 6.3 Hz, 2H), 6.14 (d, J = 7.8 Hz, 2H). IR 

(KBr/cm−1): 3400, 3033, 1642, 1606, 1581, 1475, 1417. 

 

Synthesis of [(ppy)2Ir(dpa)]CH3CO2 (6) 

 

The complex 5 (100 mg, 0.141 mmol) was dissolved in 10 ml of MeOH and AgCH3COO 

was added (25 mg, 0.08 mmol). The resulting solution was refluxed protected from light. 

After 4h the reaction mixture was cooled down and filtrated through celite in order to 

remove AgCl. The obtained solution was concentrated and diethyl ether was added. A 

yellow solid was recovered. Yield (76%, 79mg). M.p.>250 °C. Anal. calcd for 

[C34H28IrN5O2] (MW 731.20 g mol−1): C: 55.88, H: 3.86; N: 9.58 %; found C: 55.44, H: 3.76, 

N: 9.82%.  1H NMR (300 MHz, CDCl3, TMS), δ (ppm): 12.04 (s, 1H), 8.20 (d, J = 5.4 Hz, 

2H), 7.97 (d, J = 8.4 Hz, 2H), 7.89 (d, J = 8.4 Hz, 2H), 7.78 (t, J = 8.4 Hz, 2H), 7.60-7.54 

(m, 4H), 7.47 (dd, JD = 5.7 Hz,  Jd = 1.5 Hz,  2H), 7.11 (t, J = 7.2 Hz, 2H), 6.93 (t, J = 7.5 

Hz, 2H), 6.80 (t, J = 7.5 Hz, 2H), 6.46 (t, J = 7.2 Hz, 2H), 6.15 (d, J = 7.2 Hz, 2H), 2.11 (s, 

3H). IR (KBr/cm−1): 3412, 3037, 1640, 1606, 1581, 1476, 1419, 1384. 
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Synthesis of [(ppy)2Ir(dpc)]Cl (7). 

 

To 20 ml of degassed MeOH, were added compound I (200 mg, 0.186 mmol) and the 

ligand 2,2’-dipyridyl ketone (68 mg, 0,372 mmol). The resulting solution was refluxed under 

inert atmosphere. After 24h the reaction mixture was concentrated and diethyl ether was 

added. A red powder was recovered through filtration. Yield (77%, 208 mg). M.p. 140 °C. 

Anal. calcd for [C33H24IrN4ClO] (MW 720.13 g mol−1): C: 55.03, H: 3.36; N: 7.78 %; found 

C: 55.12, H: 3.24, N: 7.85%. 1H NMR (300 MHz, CDCl3, TMS), δ (ppm): 8.29 (d, J = 7.5 

Hz,  2H), 8.21-8.15 (m, 4H), 8.07 (d, J = 5.7 Hz, 2H), 7.96-7.86 (m, 4H), 7.62 (d, J = 7.5 

Hz, 2H), 7.51 (t, J = 6.0 Hz, 2H), 7.31 (t, J = 5.7 Hz, 2H), 6.98 (t, J = 7.5 Hz, 2H), 6.86 (t, J 

= 7.8 Hz, 2H), 6.17 (d, J = 7.5 Hz, 2H). IR (KBr/cm−1): 3398, 3041, 1676, 1604, 1582, 

1475, 764. 

 

Synthesis of [(ppy)2Ir(dpc)]CH3CO2 (8) 

N

Ir

N

CH3CO2N

N

C O

8  

The complex 7 (100 mg, 0.138 mmol) was dissolved in 10 ml of MeOH and AgCH3COO 

was added (25 mg, 0.07 mmol). The resulting solution was refluxed protected from light. 

After 4h the reaction mixture was cooled down and filtrated through celite in order to 

remove AgCl. The obtained solution was concentrated and diethyl ether was added. A red 

solid was recovered. Yield (52%, 53 mg). M.p.>250 °C. Anal. calcd for [C35H27IrN4O3] (MW 
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744.17 g mol−1): C: 56.51, H: 3.66, N: 7.53%; found C: 56.74, H: 3.62, N: 7.54%.  1H NMR 

(300 MHz, CDCl3, TMS), δ (ppm): 8.28 (d, J = 7.8 Hz,  2H), 8.15-8.09 (m, 4H), 8.05 (d, J = 

5.1 Hz, 2H), 7.94-7.81 (m, 4H), 7.70 (t, J = 7.8 Hz, 2H), 7.61 (d, J = 7.8 Hz, 2H), 7.44 (t, J 

= 6.0 Hz, 2H), , 6.98 (t, J = 7.2 Hz, 2H), 6.86 (t, J = 7.2 Hz, 2H), 6.17 (d, J = 7.8 Hz, 2H), 

1.77 (s, 3H). IR (KBr/cm−1): 3412, 3037, 1640, 1606, 1581, 1476, 1419, 1384. 

 

Synthesis of [(ppy)2Ir(dpq)]Cl (9).  

 

To ca. 45 ml of hot and degassed CH2Cl2 was added compound I (200mg, 0.186 mmol). At 

the same time, to ca. 15 ml of hot and degassed MeOH was added the ancillary ligand 

dipyridinoquinoxaline (dpq) (86.6 mg, 0.372 mmol). After mixing up the two solutions, a 

clear orange solution was obtained. This solution was refluxed under inert atmosphere. 

After 24h the reaction mixture was evaporated through rotavapor and a yellow precipitate 

was recovered by addition of petroleum ether, followed by filtration. Yield (96%, 285 

mg).M.p.> 250°C. Anal. calcd for [C36H24ClIrN6] (MW 768.3 g mol−1): C: 56.28, H: 3.15, N: 

10.94%; found C: 56.13, H: 3.34, N: 5.01%. 1H-NMR (300 MHz, CDCl3, TMS), δ (ppm): 

9.76 (dd, JD = 8.4 Hz, Jd = 1.8, 2H), 9.20 (s, 2H), 8.41 (dd, JD = 6.6 Hz, Jd = 1.5, 2H), 8.14 

(q, J = 5.1 Hz, 2H), 7.95 (d, J =7.8, 2H), 7.79-7.73 (m, 4H), 7.51 (d, J = 5.7 Hz, 2H), 7.13-

6.96 (m, 6H), 6.40 (d, J = 6.9 Hz, 2H). IR (KBr/cm−1): 3367, 3035, 2956, 2917, 1728, 1605, 

1581, 1476, 1437. 
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Synthesis of [(ppy)2Ir(dpq)]CH3CO2 (10).  

 

Compound 9 (150 mg, 0.195 mmol) and CH3COOAg (35.6 mg, 0.215 mmol) were refluxed 

in ca. 40 ml of MeOH, repaired from light. After 4h the suspension was filtered through 

celite in order to remove AgCl. The solution was evaporated and hexane was added. An 

orange powder was recovered through filtration. Yield (75%, 115 mg). M.p. (dec.) 185°C. 

Anal. calcd for [C38H27IrN6O2] (MW 792.2 g mol−1): C: 57.64, H: 3.44, N: 10.61%; found C: 

57.18, H: 3.54, N: 10.01%. 1H-NMR (300 MHz, CDCl3, TMS), δ (ppm): 9.75 (d, J = 7.8, 

2H), 9.20 (s, 2H), 8.40 (d, J = 4.2 Hz, 2H), 8.10 (q, J = 5.4 Hz, 2H), 7.95 (d, J =8.1, 2H), 

7.80-7.73 (m, 4H), 7.46 (d, J = 5.7 Hz, 2H), 7.13-6.96 (m, 6H), 6.40 (d, J = 7.2 Hz, 2H), 

1.86 (s, 3H). IR (KBr/cm−1): 3411, 3040, 2961, 2857, 1605, 1581, 1477, 1437, 1404. 

 

Synthesis of [(ppy)2Ir(dppz)]Cl (11). 

 

To ca. 40 ml of hot and degassed CH2Cl2 was added compound I (170mg, 0.16 mmol). At 

the same time, to ca. 12 ml of hot and degassed MeOH was added the ancillary ligand 

dppz (b) (89.6 mg, 0.32 mmol). After mixing up the two solutions, a clear orange solution 

was obtained. This solution was refluxed under inert atmosphere. After 24h the reaction 

mixture was evaporated through rotavapor and a yellow precipitate was recovered by 

addition of petroleum ether, followed by filtration. Yield (95%, 248 mg).M.p.> 250°C. Anal. 



184 

 

calcd for [C40H26ClIrN6] (MW 818.2 g mol−1): C: 58.71, H: 3.20, N: 10.27%; found C: 58.13, 

H: 3.444, N: 10.81%. 1H-NMR (300 MHz, CDCl3, TMS), δ (ppm): 9.91 (d, J = 7.0 Hz, 2H), 

8.47-8.38 (m, 4H), 8.18-8.14 (m, 2H), 8.07-8.04 (m, 2H), 7.96 (d, J =7.8, 2H), 7.80-7.74 

(m, 4H), 7.58 (d, J = 5.7 Hz, 2H), 7.13-6.97 (m, 6H), 6.41 (d, J = 6.9 Hz, 2H). IR 

(KBr/cm−1): 3401, 3042, 2912, 2329, 1605, 1583, 1558, 1477. 

 

Synthesis of [(ppy)2Ir(dppz)]CH3CO2 (12). 

 

Compound 11 (100 mg, 0.12 mmol) and CH3COOAg (22.3 mg, 0.13 mmol) were refluxed 

in ca. 20 ml of MeOH, repaired from light. After 4h the suspension was filtered through 

celite in order to remove AgCl. The solution was concentrated through rotavapor and 

diethyl ether was added. A yellow powder was recovered through filtration. Yield (74%, 75 

mg). M.p.> 250°C. Anal. calcd for [C42H29IrN6O2] (MW 842.2 g mol−1): C: 59.92, H: 3.47, N: 

9.98%; found C: 59.33, H: 3.52, N: 10.02%. 1H-NMR (300 MHz, CDCl3, TMS), δ (ppm): 

9.90 (dd, JD = 9.0 Hz, Jd =1.5 Hz, 2H), 8.48-8.38 (m, 4H), 8.14-8.04 (m, 4H), 7.96 (d, J = 

8.1 Hz, 2H), 7.81-7.74 (m, 4H), 7.54 (d, J = 5.1 Hz, 2H), 7.13-6.97 (m, 6H), 6.41 (d, J = 6.9 

Hz, 2H), 1.84 (s, 3H). IR (KBr/cm−1): 3399, 3041, 2923, 2329, 1606, 1582, 1561, 1419. 
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Synthesis of [(ppy)2Ir(bpy)](EtO) (13).  

 

To 70 ml of degassed (N2) and anhydrous ethanol were added compound II (250 mg, 0.24 

mmol) and 2,2’-bipyridine bpy (75 mg, 0.48 mmol). The resulting solution was refluxed 

under an inert atmosphere (N2). After 72 h the solution was concentrated and petroleum 

ether (50 ml) was added. The obtained yellow precipitate was eventually filtered to yield 

complex 13 as a yellow powder. Yield (89%, 300 mg). Note that 13 must be kept in a 

sealed tube under a N2 atmosphere to avoid slow hydrolysis leading to the formation of 14. 

M.p. 155–156 °C. Anal. calcd for [C34H29IrN4O] (MW 701.84 g mol−1): C: 58.18, H: 4.16%; 

N: 7.98%; found C: 58.02, H: 4.38, N: 8.03%. 13C-NMR (125 MHz, DMSO-d6), δ (ppm): 

166.9, 157.5, 155.5, 150.5, 149.9, 148.9, 143.9, 139.8, 138.9, 131.2, 130.4, 128.7, 125.2, 

124.0, 122.5, 120.1, 79.2 (–CH2–OH), 25.5 (CH3–CH2–). 1H-NMR (300 MHz, CD3OD, 

TMS), δ (ppm): 8.70 (d, J = 7.8 Hz, 2H), 8.2–8.1 (m, 4H), 8.03 (d, J = 5.3 Hz, 2H), 7.9–7.8 

(m, 4H), 7.62 (d, J = 5.7 Hz, 2H), 7.56 (t, J = 7.3 Hz, 2H), 7.1–7.0 (m, 4H), 6.89 (t, J = 7.5 

Hz, 2H),6.29 (d, J = 7.3 Hz, 2H), 3.48 (q, J = 7.0 Hz, 2H), 1.15 (t, J = 7.0 Hz, 3H). IR 

(KBr/cm−1): 3399, 3034, 2608, 1645, 1631, 1605, 1582, 1472, 1418. 
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Synthesis of [(ppy)2Ir(bpy)](OH) (14). 

N

Ir

N

N

N

14

OH

 

Complex (13) (100 mg, 0.14 mmol) was dissolved in a small volume of water and THF was 

added. The solution was slowly added to a large volume of diethyl ether and a yellow 

precipitate was obtained. (14) was recovered by filtration and dried under vacuum. Yield 

(97%, 93 mg). M.p. (dec.) 165 °C. Anal. calcd for [C32H25IrN4O] (MW 673.7 g mol−1): C: 

57.04, H: 3.74; N: 8.32%; found C: 57.33, H: 3.92, N: 8.01%. 1H-NMR (300 MHz, CD3OD, 

TMS), δ (ppm): 8.71 (d, J = 8.1 Hz, 2H), 8.2–8.1 (m, 4H), 8.04 (d, J = 5.1 Hz, 2H), 7.9–7.8 

(m, 4H), 7.63 (d, J = 5.0 Hz, 2H) 7.56 (t, J = 6.3 Hz, 2H), 7.05–7.00 (m, 4H), 6.90 (t, J = 

6.6 Hz, 2H), 6.30 (d, J = 7.9 Hz, 2H), 1.88 (s, 1H). IR (KBr/cm−1): 3401, 3036, 1650, 1633, 

1605, 1581, 1477, 1438, 1417. 

The synthesis of complex 14 was also carried out through a solid state reaction. 

Compound (II) (45 mg, 0.043 mmol) and bpy (13.6 mg, 0.087 mmol) were ground in a ball 

miller for 4 h in the presence of a small amount of water (20 μl). The reaction evolution 

was monitored by powder X-ray diffraction (PXRD). The resulting powder was left to air-

dry and complex (14) was recovered in almost quantitative yield. 
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Synthesis of [(ppy)2Ir(bpy)](EtOCH2CO2) (15). 

 

 A procedure identical to that reported above for (13), but using 2-ethoxyethanol, instead of 

ethanol, was followed for the synthesis of complex 15. A yellow precipitate was obtained. 

Yield (68%, 250 mg). M.p. 157–158 °C. Anal. calcd for [C36H31IrN4O3] (MW 759.87 g 

mol−1): C: 56.90, H: 4.11; N: 7.37%; found C: 57.03, H: 3.96, N: 7.11%. 13C-NMR (125 

MHz, DMSO-d6), δ (ppm): 171.3 (–CH2–CO2), 166.8, 155.3, 150.4, 149.8, 148.8, 143.8, 

139.7, 138.8, 131.0, 130.2, 128.7, 125.1, 124.9, 123.9, 122.3, 120.0, 71.1 (–O–CH2–CO2), 

64.3 (CH3–CH2–O–), 15.3 (CH3–CH2–). 1H-NMR (300 MHz, CDCl3, TMS), δ (ppm): 9.76 

(d, J = 8.1 Hz, 2H), 8.30 (t, J = 7.2 Hz, 2H), 7.93 (d, J = 5.4 Hz, 2H), 7.85 (d, J = 5.1 Hz, 

2H), 7.75 (t, J = 8.2 Hz, 2H), 7.68 (d, J = 7.2 Hz, 2H), 7.47 (d, J = 5.6 Hz, 2H), 7.35 (t, J = 

6.7 Hz, 2H), 7.1–6.9 (m, 6H), 6.30 (d, J = 7.7 Hz, 2H), 4.04 (s, 2H), 3.65 (q, J = 7.0 Hz, 

2H), 1.23 (t, J = 7.0 Hz, 3H). IR (KBr/cm−1): 3368, 3032, 2971, 2920, 2862, 1607, 1577, 

1478, 1439, 1419, 1120. MS (ESI+, direct infusion) m/z = 657 (100% [(ppy)2Ir(bpy)]+). MS 

(ESI−, direct infusion) m/z = 103 (100% [EtOCH2CO2]
−). 
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Synthesis of [(ppy)2Ir(bpy)](MeOCH2CO2) (16).  

 

A procedure identical to that reported for (15), but using 2-methoxyethanol instead of 2-

ethoxyethanol was followed for the synthesis of complex 16. The obtained precipitate was 

dissolved in methanol and the resulting solution was filtered off in order to remove 

undissolved impurities. Finally, re-precipitation in diethyl ether allows recovering (16) as a 

yellow solid. Yield (93%, 332 mg). M.p. 178 °C. Anal. calcd for [C35H29IrN4O3] (MW 745.85 

g mol−1): C: 56.36, H: 3.92, N: 7.51%; found C: 56.07, H: 4.03, N: 7.79%. 13C-NMR (125 

MHz, DMSO-d6): δ (ppm) 172.5(–CH2–CO2), 166.8, 155.4, 150.5, 149.9, 148.9, 143.8, 

139.7, 138.8, 131.1, 130.3, 128.7, 125.1, 125.0, 123.9, 122.3, 120.0, 72.8 (–O–CH2–CO2), 

57.2 (CH3–O–). 1H-NMR (300 MHz, CDCl3, TMS), δ (ppm): 9.41 (d, J = 8.6 Hz, 2H), 8.20 

(t, J = 7.8 Hz, 2H), 7.84 (d, J = 7.9 Hz, 2H), 7.80 (d, J = 5.5 Hz, 2H), 7.68 (td, Jt = 7.6 Hz, 

Jd = 1.4 Hz, 2H), 7.61 (d, J = 7.8 Hz, 2H), 7.41 (d, J = 5.5 Hz, 2H), 7.29 (t, J = 6.5 Hz, 2H), 

7.0–6.9 (m, 4H), 6.84 (td, Jt = 7.4 Hz, Jd = 1.2 Hz, 2H), 6.23 (d, J = 7,5 Hz, 2H), 3.89 (s, 

2H), 3.40 (s, 3H). IR (KBr/cm−1): 3411, 3035, 2918, 2359, 1605, 1583, 1477, 1438, 1417, 

1313, 1161, 1110. MS (ESI+, direct infusion) m/z = 657 (100% [(ppy)2Ir(bpy)]+). MS (ESI−, 

direct infusion) m/z = 89 (100% [MeOCH2CO2]
−). 
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Synthesis of [(ppy)2Ir(bpy)](CH3CO2) (17). 

 

 

Complex (14) (100 mg, 0.15 mmol) was dissolved in a small volume of dichloromethane 

and an excess of acetic acid was added. The solution was stirred under inert atmosphere 

at room temperature. After 30 min an orange precipitate was recovered through the 

addition of hexane. Yield (95%, 102 mg). Anal. calcd for [C34H27IrN4O2] (FW 716.20 g/mol): 

C, 54.31; H, 4.16; N, 7.45, found: C, 54.12; H, 4.04; N, 7.74. 13C-NMR (75 MHz, CDCl3): 

177.2, 167.9, 156.2, 150.5 , 149.7, 148.5, 143.4, 140.5, 137.9, 131.7, 130.8, 127.8, 127.3, 

124.8, 123.2, 122.6, 119.6, 24.7. 1H NMR (300 MHz, CDCl3), δ (ppm): 9.48 (d, J = 8.4 Hz, 

2H), 8.29 (t, J = 7.5 Hz, 2H), 7.90 (m, 4H), 7.75 (t, J = 7.2 Hz, 2H), 7.68 (d, J = 7.7 Hz, 

2H), 7.47 (d, J = 5.5 Hz, 2H), 7.37 (t, J = 6.4 Hz, 2H), 7.0 (m, 4H), 6.91 (t, J = 7.5 Hz, 2H), 

6.29 (d, J = 7.7 Hz, 2H), 2.03 (s, 3H). IR(KBr/ cm-1): 3392.2, 3062.8, 3038.17, 2924.3, 

1562.6, 1403.0. 

 

Synthesis of [(ppy)2Ir(bpy)](BrCH2(CH2)4CO2) (18). 

 

 

Complex (14) (100 mg, 0.15 mmol) was dissolved in a small volume of dichloromethane 

and an excess of 6-Bromohexanoic acid (BrCH2(CH2)4COOH) was added. The solution 

was stirred under inert atmosphere at room temperature. After 30 min an orange 

precipitate was recovered through the addition of hexane. Yield (90%, 114 mg). Anal. 
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calcd for [C38H34BrIrN4O2] (FW 850.15 g/mol): C, 53.64; H, 4.03; N, 6.59, found: C, 53.32; 

H, 4.72; N, 6.12. 1H-NMR (CDCl3, 300 MHz, TMS), δ (ppm): 9.61 (d, J= 6.6 Hz, 2H), 8.28 

(t, J= 6.1 Hz, 2H), 7.91 (t , J= 9.0 Hz, 4H), 7.71 (t , J= 7.3 Hz, 2H), 7,69 (d , J= 7.9 Hz, 4H),  

7.49 (d , J= 5.2 Hz, 2H), 7.40 (t, J= 7.3 Hz, 2H), 7.03 (m, 4H), 6.93 (t , J= 7.5 Hz, 2H), 6.31 

(d, J= 7.7 Hz, 2H), 4.07 ( t, J= 6.4 Hz, 2H), 3.42 (t, J= 6.6 Hz, 2H), 2.37 (m, 2H), 1.50 (m, 

2H). 

 

 

 

 

6.3 Preparation of gel phases 

The opportune quantity of metallogelator was dissolved in warm distilled water. The 

mixture was then heated and shaken in a closed tube until clear solutions were obtained. 

Subsequently, the solution was slowly cooled down to room temperature. The formation of 

gel phases was determined through a typical inversion test tube experiment: tubes of 

increasing concentration were turned upside down until no flow was observed.[5] The gels 

were stored at room temperature. 

 

 

 

 

6.4 IrO2 thin films preparation 

The gel phases of compound 15 at various concentrations (3 %, 4%, 5% and 6% w/w) 

were deposited onto quartz substrates, previously cleansed with isopropanol, through 

spin-coating technique, at 1000 rpm for 30 sec. Thin films were deposited onto Suprasil 

300 Quartz slides (Starna) using a P6700 Spin-coater (Speedline Technologies). The 

obtained films were kept at room temperature for several days, allowing the solvent to 

slowly evaporate and were then calcinated at 600°C for 4hours to produce shining black 

IrO2 thin films coated onto the quartz substrates. 
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Appendix  

 

 

DFT calculations 

 

 

Compounds 13, 14, 15 and 16. Ground state geometry of the cation [(ppy)2Ir(bpy)]
+   

 

at B3LYP/6-31G(d)/LanL2DZ level of theory 

 

Charge = 1 Multiplicity = 1 

 

Atom X Y Z 

 

C -1,7232950 1,6691950 -2,0267750 

C -4,1146940 1,7460840 -2,1146470 

H -0,7371130 1,9760920 -2,3580230 

C -4,1417320 0,8116730 -1,0826460 

H -5,0427150 2,1269350 -2,5294700 

C -2,9396060 0,3281330 -0,5526840 

C -2,8814670 -0,6663840 0,5479600 

C -4,0195300 -1,2820720 1,0822430 

C -1,5179670 -1,8517630 2,0265010 

C -3,8846040 -2,2018070 2,1189860 

C -2,6103760 -2,4924710 2,6035030 

H -0,5030510 -2,0406800 2,3592660 

H -4,7624650 -2,6838890 2,5376650 

H -2,4568340 -3,2022040 3,4092100 

N -1,6449270 -0,9617580 1,0270640 

C -2,8829980 2,1836720 -2,5988410 

H -2,8135210 2,9112780 -3,4002200 

C -0,4136090 -2,0397770 -2,2273090 

C 0,7441750 -4,1155220 -2,4879690 

 

H -1,1422350 -1,3009070 -2,5377220 

C 1,4733360 -3,8104220 -1,3476170 

H 0,9261950 -5,0438460 -3,0209400 

C 1,2437510 -2,6093230 -0,6584530 

H 2,2299400 -4,4962410 -0,9853100 

C 1,9442760 -2,1627570 0,5437770 

C 2,9363560 -2,9229060 1,1873910 

C 2,2069410 -0,4188550 2,1902020 

C 3,5603230 -2,4319390 2,3282010 
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H 3,2260220 -3,8967350 0,8024720 

C 3,1925590 -1,1776520 2,8267580 

C 1,9524780 0,5538610 2,6006540 

H 4,3287960 -3,0171820 2,8239160 

H 3,6820240 -0,7864810 3,7151530 

C -0,2216530 -3,2118560 -2,9420420  

H -0,8116640 -3,4059860 -3,8308480  

C 2,1525440 0,6647350 -2,1837960  

C 3,2607980 2,8220100 -2,3263470  

C 1,4477860 1,0585220 -1,0364310  

H 2,0153110 -0,3326040 -2,5908880  

C 2,5821890 3,2394240 -1,1875300  

H 3,9557590 3,4920180 -2,8232480  

C 1,6846700 2,3701630 -0,5430320  

H 2,7555330 4,2416070 -0,8054410  

C 0,9359020 2,7347230 0,6578870  

C 1,0297100 3,9532260 1,3483400  

C -0,6502570 1,9835190 2,2236430  

C 0,2701200 4,1743970 2,4881890  

H 1,7066690 4,7187170 0,9880960  

C -0,5906720 3,1690360 2,9396560  

H -1,2931150 1,1685290 2,5329400  

H 0,3483810 5,1163040 3,0226650  

H -1,1997500 3,2956350 3,8277680  

N 0,0858290 1,7642920 1,1155200  

C 3,0436560 1,5316570 -2,8212880  

H 3,5768750 1,1978190 -3,7079050  

Ir 0,0677300 0,0034070 -0,0008970  

N -1,7460160 0,7649270 -1,0325650  

C 1,5561340 -0,8884980 1,0396410  

N 0,2914160 -1,7400580 -1,1176730  

H -5,0041570 -1,0556930 0,6917240  

H -5,0932550 0,4725410 -0,6916790  
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Compound 2. Ground state geometry of the cation [(ppy)2Ir(biq)]
+   

 

at B3LYP/6-31G(d)/LanL2DZ level of theory 

 

Charge = 1 Multiplicity = 1 

 

Atom X Y Z 

N

Ir

N

N

N

 

Ir -0,0001000 -0,2817310 0,0000380 

N -1,3354420 1,5862810 0,4309490 

C 0,7365090 2,7323380 -0,0905870 

C 2,1183430 -2,1242510 0,7785740 

C -1,4298660 -2,5786560 1,4913130 

H -0,8033360 -2,3804150 2,3557270 

C 2,6875620 1,6087710 -0,7150170 

C 0,6229710 0,4224050 2,9047310 

H -0,1734960 1,1369150 2,7358950 

C 2,3745100 -3,6063350 -1,5644800 

H 2,4638190 -4,1889310 -2,4779630 

C 1,2894100 -1,8050570 -0,3293130 

N 1,3354300 1,5859850 -0,4316320 

C 1,9083960 -1,3165200 1,9781740 

C 2,2887140 -0,6232740 4,2660930 

H 2,8239640 -0,7257610 5,2052590 

C -2,3745020 -3,6056080 1,5664040  

H -2,4638360 -4,1876220 2,4802550  

N 0,9253490 -0,3723420 1,8584620 

 

C -1,2894640 -1,8049930 0,3302160 

C 1,4297730 -2,5794540 -1,4899420 

H 0,8031230 -2,3818350 -2,3544120 

C 2,6009890 -1,4445390 3,1914240 

H 3,3797050 -2,1922400 3,2851550 

C -2,6876300 1,6093790 0,7140580 

C 3,2000300 -3,8957290 -0,4726630 

H 3,9316130 -4,6957260 -0,5328910 

C -0,7361890 2,7325150 0,0900610 

C 1,2768470 0,3311610 4,1241650 

H 0,9956770 0,9894770 4,9386440 

C 3,0671710 -3,1576530 0,6979130 

H 3,7023960 -3,3928240 1,5473740 

C -3,4720970 2,7960490 0,5187810 

N -0,9254620 -0,3734800 -1,8583070  

C 3,4723470 2,7952390 -0,5198120  

C -3,1998650 -3,8957870 0,4746910  

C -2,1182640 -2,1249740 -0,7775610  

H -3,9313770 -4,6958180 0,5353430  
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C -3,0669750 -3,1584260 -0,6963440  

H -3,7021020 -3,3941990 -1,5457120  

C -1,9083330 -1,3179130 -1,9776050  

C -2,6007690 -1,4467110 -3,1908530  

C -0,6231590 0,4207880 -2,9049540  

H 0,1731230 1,1355740 -2,7364100  

C -1,2769030 0,3287710 -4,1244070  

H -0,9957970 0,9867300 -4,9391960  

C -2,2885470 -0,6259500 -4,2659320  

H -2,8236940 -0,7290450 -5,2050890  

H -3,3793370 -2,1946060 -3,2842700  

C -1,4553250 3,9384110 -0,1201310  

C 1,4559810 3,9380320 0,1196290  

C 2,8146960 3,9583820 -0,0627720  

C -2,8140670 3,9590860 0,0620260  

H 3,3873830 4,8627370 0,1243100  

H -3,3864850 4,8636100 -0,1250570  

H -0,9363340 4,8232090 -0,4659480  

H 0,9372670 4,8229240 0,4656260  

C -4,8618040 2,7792080 0,8018610  

C -3,3294410 0,4658390 1,2501510  

C -5,4589830 1,6433720 1,2979400  

H -6,5212060 1,6351530 1,5221590  

C -4,6782270 0,4877310 1,5351470  

C 4,8619800 2,7781190 -0,8032440  

C 3,3289810 0,4651310 -1,2513610  

C 4,6776990 0,4867600 -1,5367130  

H 5,1450240 -0,3998670 -1,9547380  

C 5,4587750 1,6422050 -1,2996070  

H -5,1458610 -0,3988300 1,9529680  

H -2,7440230 -0,4197830 1,4448900  

H -5,4381030 3,6850020 0,6345060  

H 5,4385210 3,6837640 -0,6359180  

H 2,7433590 -0,4203860 -1,4459690  

H 6,5209320 1,6337740 -1,5241310  
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Compound 4. Ground state geometry of the cation [(ppy)2Ir(dip)]
+   

 

at B3LYP/6-31G(d)/LanL2DZ level of theory 

 

Charge = 1 Multiplicity = 1 

 

Atom X Y Z 

 

Ir 1,5004090 -0,0000520 -0,0000030 

N -0,2584640 1,3418870 -0,1296050 

C -1,4720920 -0,7179910 0,0775790 

C 3,2335800 -1,9965270 -1,2344690 

C 3,6158040 1,9386690 -1,1470150 

H 3,4276310 1,5270540 -2,1342770 

C -0,2308950 -2,6699830 0,2361520 

H 0,7538550 -3,1249620 0,2648560 

C 0,8986230 0,1708480 -2,9959800 

H 0,2232220 0,9477190 -2,6592090 

C 4,5495700 -2,9696180 1,0155200 

H 5,0661900 -3,3426940 1,8964170 

C 2,9312740 -1,4289930 0,0330470 

N -0,2585250 -1,3418920 0,1298950 

C 2,5066280 -1,4259110 -2,3665780 

C 1,9152490 -1,1631610 -4,7003940 

H 2,0371440 -1,4475590 -5,7412330  

C 4,5496000 2,9693020 -1,0160490  

H 5,0660910 3,3423450 -1,8970360 

 

N 1,6164820 -0,4409140 -2,0330020 

C 2,9313620 1,4287940 -0,0332980 

C 3,6158780 -1,9389110 1,1466440 

H 3,4279160 -1,5272720 2,1339370 

C 2,6576000 -1,7943250 -3,7125980 

H 3,3646810 -2,5721250 -3,9754960 

C -0,2307770 2,6699840 -0,2358250 

H 0,7539930 3,1249140 -0,2646060 

C 4,8307600 -3,5218520 -0,2389930 

H 5,5588170 -4,3213670 -0,3373030 

C -1,4720650 0,7180720 -0,0771530 

C 1,0151270 -0,1562480 -4,3381560 

H 0,4183480 0,3681610 -5,0761680 

C 4,1737140 -3,0340940 -1,3623980 

H 4,3977290 -3,4636160 -2,3350190 

C -1,3925600 3,4443350 -0,3349370  

H -1,3007050 4,5184850 -0,4550910  

N 1,6168650 0,4407990 2,0329750  

C -1,3927210 -3,4442850 0,3353200  
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C 4,8310600 3,5215020 0,2384180  

C 3,2339370 1,9962960 1,2341680  

H 5,5592000 4,3209580 0,3366040  

C 4,1741760 3,0337880 1,3619370  

H 4,3984010 3,4632850 2,3345210  

C 2,5071380 1,4257310 2,3664010  

C 2,6583620 1,7941330 3,7123960  

C 0,8991200 -0,1709100 2,9960710  

H 0,2236040 -0,9477280 2,6594090  

C 1,0158740 0,1561750 4,3382280  

H 0,4191790 -0,3681890 5,0763400  

C 1,9161300 1,1630220 4,7003160  

H 2,0382190 1,4474110 5,7411340  

H 3,3655410 2,5718830 3,9751760  

H -1,3009560 -4,5184600 0,4553350  

C -2,6984210 1,4260070 -0,1709290  

C -2,6984640 -1,4258610 0,1715150  

C -3,9187180 -0,6774950 0,0783880  

C -3,9186900 0,6777140 -0,0773430  

C -3,8621600 -3,6894870 0,4889530  

C -4,8179990 -3,4181980 1,4839280  

C -4,0378380 -4,8174870 -0,3304510  

C -5,9226460 -4,2530400 1,6488330  

H -4,6793380 -2,5708810 2,1495650  

C -5,1496400 -5,6432560 -0,1704150  

H -3,3110880 -5,0332630 -1,1088790  

C -6,0940370 -5,3637540 0,8196580  

H -6,6459030 -4,0391220 2,4303640  

H -5,2781540 -6,5044610 -0,8194900  

H -6,9573500 -6,0101510 0,9471570  

C -3,8619370 3,6897160 -0,4887230  

C -4,8185480 3,4175100 -1,4827220  

C -4,0367440 4,8188260 0,3293660  

C -5,9230460 4,2524830 -1,6479280  

H -4,6805740 2,5693980 -2,1474810  

C -5,1483920 5,6447350 0,1690500  

H -3,3094690 5,0353300 1,1070990  

C -6,0935490 5,3642860 -0,8200330  

H -6,6468810 4,0378120 -2,4287170  

H -5,2762050 6,5067810 0,8171450  

H -6,9567540 6,0107830 -0,9477550  

C -2,6495870 -2,8471220 0,3317450  

C -2,6494900 2,8472650 -0,3313090  

H -4,8598660 -1,2112830 0,1297030  

H -4,8598230 1,2115600 -0,1282510  
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Compound 6. Ground state geometry of the cation [(ppy)2Ir(dpa)]
+   

 

at B3LYP/6-31G(d)/LanL2DZ level of theory 

 

Charge = 1 Multiplicity = 1 

 

Atom X Y Z 

 

Ir 0,0648750 -0,0315950 0,0014830 

N 0,3055700 2,0854120 -0,7494570 

C -1,3116350 -2,6014690 -0,0605550 

C 1,6035390 -1,3336690 -2,3400850 

H 0,6678230 -1,4145560 -2,8849270 

C -1,8206630 0,1274750 -2,4144820 

H -1,3537370 1,0976220 -2,5266340 

C -0,0427450 -3,8949620 2,0520790 

H 0,4622980 -4,3993740 2,8720850 

C -0,2832520 -1,9180490 0,6402160 

N -1,6077090 0,8065950 1,2802050 

C -1,9023850 -1,8706200 -1,1805200 

C -3,3403290 -1,5843030 -3,1074020 

H -4,1025520 -1,9662030 -3,7798500 

C 2,7722730 -1,8094670 -2,9392460 

H 2,7273500 -2,2450120 -3,9342810 

N -1,3910930 -0,6158850 -1,3751540 

C 1,6217670 -0,7675440 -1,0573040 

C 0,3444260 -2,6005650 1,6929610 

H 1,1488100 -2,1254650 2,2471880 

 

C -2,8920720 -2,3590070 -2,0471000 

H -3,2962920 -3,3516410 -1,8884000 

C -1,0687290 -4,5480200 1,3620850 

H -1,3673000 -5,5534810 1,6425710 

C -2,7895260 -0,3143630 -3,3025040 

H -3,0975240 0,3204100 -4,1259700 

C -1,6994190 -3,9018460 0,3046520 

H -2,4904940 -4,4168480 -0,2332560 

N 1,6149800 0,3453690 1,3420810 

C 3,9986140 -1,7359120 -2,2695190 

C 2,8747600 -0,7019090 -0,3889090 

H 4,9041260 -2,1097250 -2,7375940 

C 4,0490170 -1,1820380 -0,9960200 

H 5,0031340 -1,1285260 -0,4790880 

C 2,8500360 -0,0864950 0,9374360 

C 3,9571080 0,0942770 1,7810040 

C 1,4750290 0,9530750 2,5372740  

H 0,4712480 1,2717650 2,7894400  
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C 2,5386150 1,1569550 3,4029750  

H 2,3737110 1,6483400 4,3554210  

C 3,8060590 0,7124390 3,0142880  

H 4,6638080 0,8487800 3,6659390  

H 4,9323260 -0,2544500 1,4625560  

C -0,4888510 4,3107500 -1,2141420  

C -3,4461680 2,3108880 1,6727630  

C -3,8890570 1,5403050 2,7327240  

C 0,7055000 4,6397470 -1,8312800  

H -4,7771250 1,8315690 3,2851250  

H 0,8481310 5,6308920 -2,2506720  

H -1,2894560 5,0399440 -1,1304660  

H -3,9719390 3,2176880 1,3883490  

C -0,6588880 3,0212950 -0,6719260  

C -2,2900200 1,9218100 0,9660460  

C -3,1638850 0,3965770 3,0836450  

H -3,4623730 -0,2373480 3,9108200  

C -2,0448470 0,0750760 2,3365600  

H -1,4633510 -0,8123130 2,5547300  

C 1,4778480 2,4342020 -1,3349690  

H 2,2256040 1,6523910 -1,3688850  

C 1,7209100 3,6797810 -1,8868860  

H 2,6778800 3,8875150 -2,3519160  

N -1,9007410 2,7381600 -0,0977610  

H -2,5546890 3,4967750 -0,2390300  
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Compound 8. Ground state geometry of the cation [(ppy)2Ir(dpc)]
+   

 

at B3LYP/6-31G(d)/LanL2DZ level of theory 

 

Charge = 1 Multiplicity = 1 

 

Atom X Y Z 

 

Ir -0,1482140 0,0301010 0,0020080 

N 0,3890070 -2,0676390 -0,6067660 

C 0,2803910 2,9126970 -0,1296770 

C -1,8747550 0,6087210 -2,4941330 

H -0,9844870 0,9616580 -3,0056020 

C 1,8139310 0,4476300 -2,3269010 

H 1,7007960 -0,6242750 -2,4272590 

C -1,4884240 3,7691310 1,8415570 

H -2,1879560 4,0995350 2,6052660 

C -0,5032390 1,9456310 0,5521020 

N 1,6235670 -0,1081360 1,4058280 

C 1,1524050 2,3895530 -1,1807830 

C 2,7226260 2,5481740 -3,0179260 

H 3,3572040 3,1446540 -3,6662790 

C -3,0942170 0,6381020 -3,1748200 

H -3,1298030 1,0045830 -4,1975990 

N 1,1015620 1,0309180 -1,3412230 

C -1,7898750 0,1441780 -1,1741060 

C -1,3931650 2,4088150 1,5323100 

H -2,0282720 1,7086960 2,0677240 

 

C 1,9752960 3,1565080 -2,0188390 

H 2,0159060 4,2311290 -1,8869110 

C -0,6974580 4,7074090 1,1720990 

H -0,7735700 5,7632870 1,4129940 

C 2,6363620 1,1634330 -3,1837760 

H 3,1895250 0,6446920 -3,9586090 

C 0,1832920 4,2786450 0,1848840 

H 0,7885200 5,0133830 -0,3385650 

N -1,5672410 -0,7959090 1,2875260 

C -4,2702210 0,2060560 -2,5518540 

C -2,9926350 -0,2917730 -0,5546890 

H -5,2163490 0,2337910 -3,0835770 

C -4,2185790 -0,2592450 -1,2435830 

H -5,1338250 -0,5951080 -0,7641570 

C -2,8509960 -0,7985050 0,8094110 

C -3,8900780 -1,2849800 1,6182000 

C -1,3084280 -1,2889250 2,5156130 

H -0,2699170 -1,2723210 2,8215670 
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C -2,2995040 -1,7857000 3,3478650  

H -2,0401220 -2,1680580 4,3288220  

C -3,6202070 -1,7744730 2,8882910  

H -4,4261750 -2,1473620 3,5130190  

H -4,9065380 -1,2744740 1,2430290  

C 1,9441940 -3,8675280 -0,9876730  

C 3,9064830 -0,7020510 1,8908010  

C 3,9137500 0,1218870 3,0117360  

C 0,9254280 -4,6864160 -1,4642500  

H 4,8036680 0,2099790 3,6272050  

H 1,1383620 -5,6982710 -1,7947420  

H 2,9726860 -4,2042510 -0,9433230  

H 4,7789900 -1,2711810 1,5942790  

C 1,6444810 -2,5705210 -0,5521380  

C 2,7436870 -0,8094620 1,1173560  

C 2,7532090 0,8275360 3,3196670  

H 2,6986400 1,4854340 4,1806510  

C 1,6436990 0,6944380 2,4888080  

H 0,7393270 1,2620000 2,6721290  

C -0,5879810 -2,8637400 -1,0853900  

H -1,5741700 -2,4205310 -1,1421950  

C -0,3674300 -4,1709030 -1,5105080  

H -1,2014480 -4,7595450 -1,8778610  

C 2,8211060 -1,7731170 -0,0402350  

O 3,9242950 -2,0383840 -0,4935830  
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Compound 10. Ground state geometry of the cation [(ppy)2Ir(dpq)]
+   

 

at B3LYP/6-31G(d)/LanL2DZ level of theory 

 

Charge = 1 Multiplicity = 1 

 

Atom X Y Z 

 

Ir -0,7930460 0,0000000 -0,0000010 

N 0,9706820 0,9167270 1,0036300 

C 2,1765290 -0,4965220 -0,5306590 

C -2,5212340 -2,3050280 -0,4532680 

C -2,9047480 0,6435300 2,1601270 

H -2,7201820 -0,3302700 2,6039340 

C 0,9417020 -1,8381000 -1,9714250 

H -0,0445140 -2,1391760 -2,3090120 

C -0,1955120 -1,9091530 2,3192100 

H 0,4769260 -1,1091860 2,6036430 

C -3,8362640 -1,4904760 -2,7658260 

H -4,3531170 -1,1654040 -3,6653070 

C -2,2202860 -1,0268790 -0,9970240 

N 0,9706810 -0,9167360 -1,0036240 

C -1,7970870 -2,6550350 0,7668810 

C -1,2083020 -4,0482510 2,6584460 

H -1,3299630 -4,9648360 3,2276990 

C -3,8362900 1,4904820 2,7657940 

H -4,3531550 1,1654090 3,6652680 

N -0,9099830 -1,7043510 1,1944990 

C -2,2202910 1,0268840 0,9970110 

 

C -2,9047270 -0,6435260 -2,1601500 

H -2,7201500 0,3302730 -2,6039570 

C -1,9479270 -3,8406250 1,5029380 

H -2,6527530 -4,5912000 1,1654270 

C 0,9417040 1,8380910 1,9714310 

H -0,0445110 2,1391700 2,3090160 

C -4,1151430 -2,7491900 -2,2225370 

H -4,8413500 -3,4035200 -2,6950700 

C 2,1765290 0,4965090 0,5306670 

C 3,3409750 1,9592790 2,0638930 

H 4,2703130 2,3486740 2,4645270 

C -0,3114120 -3,0618700 3,0805060 

H 0,2830560 -3,1780920 3,9798620 

C -3,4586530 -3,1545340 -1,0665260 

H -3,6813140 -4,1311530 -0,6457910 

C 2,1071410 2,3847790 2,5260100 

H 2,0267640 3,1300550 3,3101060 
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N -0,9099600 1,7043590 -1,1944950 

C 2,1071380 -2,3847910 -2,5260020  

C -4,1151570 2,7491990 2,2225060  

C 3,3409720 -1,9592940 -2,0638830  

C -2,5212270 2,3050360 0,4532560  

H -4,8413670 3,4035300 2,6950320  

C -3,4586510 3,1545440 1,0665050  

H -3,6813030 4,1311650 0,6457700  

C -1,7970620 2,6550460 -0,7668820  

C -1,9478830 3,8406430 -1,5029320  

C -0,1954730 1,9091640 -2,3191960  

H 0,4769630 1,1091940 -2,6036250  

C -0,3113530 3,0618880 -3,0804840  

H 0,2831270 3,1781120 -3,9798310  

C -1,2082430 4,0482720 -2,6584280  

H -1,3298890 4,9648620 -3,2276760  

H -2,6527090 4,5912210 -1,1654240  

H 2,0267600 -3,1300660 -3,3100990  

H 4,2703100 -2,3486920 -2,4645170  

C 3,3927510 0,9917260 1,0435480  

C 3,3927500 -0,9917420 -1,0435380  

C 4,6526460 -0,4885750 -0,5100710  

C 4,6526470 0,4885560 0,5100820  

C 6,9313830 0,4887310 0,5090530  

C 6,9313820 -0,4887520 -0,5090430  

N 5,8067950 0,9727420 1,0143540  

N 5,8067930 -0,9727620 -1,0143430  

H 7,8658110 0,8743820 0,9100290  

H 7,8658100 -0,8744080 -0,9100140  
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Compound 12. Ground state geometry of the cation [(ppy)2Ir(dppz)]
+   

 

at B3LYP/6-31G(d)/LanL2DZ level of theory 

 

Charge = 1 Multiplicity = 1 

 

Atom X Y Z 

 

Ir -1,3932320 -0,0000020 -0,0000500 

N 0,3679510 0,9580210 0,9623920 

C 1,5742990 -0,5192170 -0,5113100 

C -3,1245290 -2,3222890 -0,3412950 

C -3,5088960 0,7435790 2,1245450 

H -3,3241900 -0,2080130 2,6142690 

C 0,3341040 -1,9176160 -1,8940870 

H -0,6534260 -2,2312230 -2,2156650 

C -0,7947590 -1,7972690 2,4062110 

H -0,1215320 -0,9851830 2,6521130 

C -4,4433790 -1,6167090 -2,6870570 

H -4,9617810 -1,3338950 -3,5998670 

C -2,8222080 -1,0720410 -0,9459200 

N 0,3679280 -0,9579140 -0,9624360 

C -2,3985180 -2,6149960 0,8928550 

C -1,8075080 -3,9179550 2,8470040 

H -1,9284430 -4,8068450 3,4587660 

C -4,4435280 1,6164910 2,6869620 

H -4,9619770 1,3335990 3,5997210 

N -1,5104730 -1,6457080 1,2738710 

C -2,8222760 1,0719460 0,9458560 

C -3,5087640 -0,7437600 -2,1246720 

 

H -3,3240170 0,2077930 -2,6144550 

C -2,5484650 -3,7647670 1,6838790 

H -3,2536120 -4,5301500 1,3823180 

C 0,3341340 1,9177100 1,8940500 

H -0,6533940 2,2313790 2,2155770 

C -4,7236190 -2,8473710 -2,0834790 

H -5,4523390 -3,5219950 -2,5224690 

C 1,5743080 0,5192710 0,5112960 

C 2,7321980 2,0397830 1,9867910 

H 3,6611010 2,4438620 2,3735860 

C -0,9101930 -2,9128150 3,2211360 

H -0,3146980 -2,9866130 4,1243020 

C -4,0651560 -3,1982190 -0,9109150 

H -4,2890460 -4,1530610 -0,4433000 

C 1,4968620 2,4843950 2,4296880 

H 1,4154550 3,2600250 3,1837210 
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N -1,5104860 1,6457740 -1,2738710 

C 1,4968220 -2,4843810 -2,4296570  

C -4,7237410 2,8471980 2,0834680  

C 2,7321660 -2,0398220 -1,9867280  

C -3,1245700 2,3222470 0,3413180  

H -5,4524800 3,5217910 2,5224760  

C -4,0652140 3,1981390 0,9109660  

H -4,2890840 4,1530180 0,4434170  

C -2,3985260 2,6150420 -0,8927920  

C -2,5484140 3,7649000 -1,6837030  

C -0,7947400 1,7974300 -2,4061800  

H -0,1215270 0,9853520 -2,6521470  

C -0,9101290 2,9130540 -3,2210030  

H -0,3146130 2,9869190 -4,1241510  

C -1,8074240 3,9181840 -2,8467950  

H -1,9283190 4,8071370 -3,4584710  

H -3,2535430 4,5302740 -1,3820800  

H 1,4154000 -3,2600320 -3,1836650  

H 3,6610630 -2,4439640 -2,3734700  

C 2,7882750 1,0341160 1,0063570  

C 2,7882560 -1,0341250 -1,0063250  

C 4,0587930 -0,5148500 -0,4984750  

C 4,0588030 0,5148150 0,4985130  

C 6,3492140 0,5178400 0,5015310  

C 6,3492050 -0,5178980 -0,5015070  

C 7,5884170 1,0186870 0,9866930  

C 8,7672810 0,5116240 0,4956170  

H 9,7156290 0,8915500 0,8635720  

C 8,7672730 -0,5117080 -0,4956050  

H 9,7156140 -0,8916380 -0,8635720  

C 7,5884000 -1,0187630 -0,9866700  

H 7,5656620 -1,7981440 -1,7413540  

H 7,5656920 1,7980680 1,7413770  

N 5,1893890 1,0145200 0,9825350  

N 5,1893720 -1,0145640 -0,9825040  
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